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ABSTRACT

In the search for novel antibiotic and therapeutic targets, methionine aminopeptidase

(MetAP) and peptide deformylase (PDF) have recently been identified as eminently

compelling. These enzymes are involved in the co-translational modification of nascent

polypeptides, affecting majority of the cellular proteome across all the kingdoms of

living organisms. As a result, the various isoforms of MetAP and PDF have been

successfully targeted by antimalarial and anti-cancer drugs. However, in spite of great

interest in the bacterial forms of these enzymes as potent antibiotic targets, efforts to

develop such agents have failed. This investigation is a study of the biochemical and

biophysical features of the E. coli isoforms of MetAP and PDF in order to understand

the unique characteristics of these bacterial enzymes.

The catalytic properties of these enzymes were studied using a combination of

direct and coupled spectrometric assays. Potent inhibitors of MetAP were identified

by screening a focused library of compounds and potential pharmacophores were

determined. The inhibitor-enzyme interactions were further studied via steady-state

and transient kinetic methods. While attempting to enhance the solubility of the

tight-binding inhibitors using cyclodextrins, a novel substrate-driven mode of enzyme

inhibition by 2-hydroxypropyl-β-cyclodextrin was discovered. The metal-ion binding

properties of MetAP were studied and in this effort, the luminescence of the trivalent

lanthanide ion europium was identified as a convenient signal for monitoring metal-

ion binding to the enzyme. Moreover, europium was found to catalytically activate
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MetAP. These properties allowed the characterization of MetAP–metal-ion binding

with various metals, and this represents the most comprehensive study of the MetAP

metal-ion interactions. The C-terminal domain of PDF is implicated in imparting

highly unusual properties to PDF, hence the stability of PDF was characterized with

respect to this domain. The truncated form of PDF lacking the C-terminal domain

was found to be remarkably robust with the secondary structure as well as catalytic

activity being very resistant to loss by heat. The evidence suggests additional roles for

the C-terminal domain in regulating PDF. Overall, the work described here provides

new understanding and avenues for enzymological pursuits of MetAP, PDF and similar

valuable targets.
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1. INTRODUCTION

The evolution of life on earth has given rise to a vast assortment of organisms

more diverse than ever imaginable. Arising from the common building blocks of nucleic

acids, proteins, lipids and carbohydrates, these organisms have adapted themselves

for survival and propagation via a widely varied plethora of molecular mechanisms.

Yet in spite of the contrasting means employed by living systems for their goals,

some mechanisms have remained seemingly immutable across the millennia. One

such enduring system is the use of formylmethionine (fmet) and methionine (met),

by prokaryotes and eukaryotes respectively, to initiate protein synthesis. All known

proteins are generated with either of these amino acids at N-terminal end. However

in a large number of cases, these amino acids are soon removed from the nascent

polypeptide chain. This removal of the N-terminal met/fmet is an essential step in

the maturation of functional proteins and is specifically and sequentially catalyzed by

the enzymes peptide deformylase (PDF) and Methionine aminopeptidase (MetAP).

As these processes occur during the translation of the nascent polypeptide chain, they

are termed co-translational modification, and are in fact the very first modifications

taking place, often to be followed by numerous other co-translational as well as post-

translational modifications. The following sections present a review of the literature

concerning these two enzymes involved in the first co-translational modification step

of proteins: PDF and MetAP.

1.1. Discovery of PDF and MetAP

The field of molecular biology took roots in the late 19th century as Albrecht

Kossel determined the composition of nucleic acids and paved the way to understanding

the chemical nature of proteins. In the mid-20th century, RNAs and ribosomes were
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identified as the machinery responsible for the formation of peptide bonds. Following

this revelation, extensive research was conducted to study the process of protein

biosynthesis. The subsequent use of cell-free systems to study this process greatly

accelerated the advance of further research.

The path to the discovery of the co-translational N-terminal processing enzymes

essentially began in the early 1960s with the groundbreaking observations that

(a) proteins were synthesized in a sequential chain starting at the NH2-terminal

end [1, 2] and (b) the distribution of the N-termini of proteins was not random,

but predominantly populated by methionine and alanine [3, 4]. These were shown

to be true in both prokaryotic and eukaryotic systems. The use of radioisotope-

labeled amino acids in cell free systems, which lead to the initial observation, was

also instrumental in the next milestone which followed soon after in 1964 with the

discovery of formylmethionyl-tRNA by Marcker and Sanger [5]. While studying

the formation of methionyl-tRNA in cell free E. coli extracts using [35S]methionine,

they observed a second species of labeled aminoacyl-tRNA being produced. The

authors were not only able to identify the species as formylmethionyl-tRNA, but also

found that (a) the formylation occurs after the formation of Met-tRNA, (b) no other

aminoacyl-tRNAs are formylated, and (c) fMet-tRNA is incorporated into proteins

during protein biosynthesis.

Following these results, through studies involving in vitro phage protein synthesis

(and E. coli extracts later), Adams and Capecchi [6], Capecchi [7] showed that fMet-

tRNA was incorporated at the N-termini of polypeptides, often followed by alanine.

From their observations they were able to arrive at the profound conclusion that

(a) there exists an initiation signal for protein synthesis, AUG, encoding methionine,

and (b) there exists an enzyme that cleaves the N-formyl or N-fMet group from nascent

2



proteins, resulting in the occurrence of methionine and alanine as the most common

N-terminal amino acids respectively. This initiated the search for the enzymes that

catalyzed the removal of N-terminal residues from growing polypeptide chains.

The existence of such a specific catalytic activity was first shown towards the

removal of the N-terminal formyl group in E. coli by Fry and Lamborg [8] in 1967,

through the use of synthetic peptide substrates. Adams [9] later confirmed the presence

of the peptide deformylase enzyme. The author noted particular difficulty in isolating

the enzyme (presumably due to acute instability), and was unable to observe any

catalytic activity specific for the removal of N-terminal methionine. In 1970, Yoshida

et al. [10] showed that while nascent hemoglobin polypeptides up to 16 amino acids

in length retained an N-terminal methionine, the residue invariably was lost by the

time the chain grew longer than 30 amino acids. Further results from hemoglobin

synthesis in cell free extracts conducted by Housman et al. [11] indicated that the

initiating residue in eukaryotic systems was met and not fmet. The existence of specific

methionine aminopeptidase activity was eventually shown in 1972 by Yoshida and Lin

[12].

The methionine aminopeptidase (MetAP) enzyme was not isolated until much

later, in the late 1980s by Ben-Bassat et al. [13] who also identified the map gene

encoding the enzyme in E. coli . However similar success with peptide deformylase took

even longer as the enzyme was isolated and the def gene encoding it was identified in

the mid 1990s [14, 15].
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1.2. Physiological Roles of PDF and MetAP

The universal assignment of fmet or met as the initiating N-terminal amino

acid translates into the ubiquitous requirement of PDF and MetAP for N-terminal

processing of proteins. Commonly called the N-terminal Methionine Excision (NME)

pathway, it involves either one or two steps: (a) the cleavage of the formyl group,

in prokaryotes and the eukaryotic organelles mitochondria and plastids, and (b) the

cleavage of the methionine group, the only step in case of eukaryotic cytoplasm. The

removal of the N-terminal formyl residue occurs in almost 100% of the proteins [16,

17]. This systematic processing of the nascent polypeptide chain suggests a close

association of the PDF enzyme with ribosomes. Co-purification of the enzyme had

been observed in early studies and definitive proof of this association was reported

recently [18]. MetAP catalyzed removal of the N-terminal methionine occurs in at

least 60% to as high as 80% of all proteins [19] and studies suggest that this enzyme

may also be associated with the ribosome [20, 21].

The modification of proteins is an integral operation needed for their proper

function, localization and regulation. Indeed the different types of modifications

are the biggest source of cellular complexity and are too numerous to list here.

The co-translational excision of N-terminal formyl and methionine residues is of

particular significance to all known organisms. Perhaps the most obvious is that these

modifications are the most widespread in the proteome as indicated above. Another

indication of their importance arises from the fact that these modifications are the

very first to occur on a protein being newly synthesized. As a consequence, they

affect all subsequent N-terminal processing of the protein. In fact, when the nascent

polypeptide is about 40 to 70 amino acids long, the N-terminus undergoes acetylation

in majority of the proteins in eukaryotes [19, 22]. N-terminal myristoylation is another

4



process suspected to occur later during the translation process. The activities of

Nα-acetyltransferase A and N-myristoyltransferase are dependent on the removal of

N-terminal methionine.

The selective removal of N-terminal methionine also appears to play a major

albeit indirect role in the stability of the protein by affecting its half-life. It has been

noted that MetAP only removes the N-terminal methionine when the penultimate

residue is not destabilizing to the protein. This observation stems from the fact that

the specificity of protein degradation as given by the N-end rule coincides with that

of MetAP [23]. The removal of methionine has also been implicated in recycling the

residue considering that methionine is the most energetically expensive amino acid to

synthesize. Further support for this theory comes from the observation that certain

archaea substitute internal methionine residues in proteins under conditions of sulfur

limitation, but continue to use methionine at the N-terminal position.

Eukaryotic MetAPs have been found to play additional roles in the process of

protein synthesis and maturation. MetAP2 has been implicated in protecting the

initiation factor eIF-2α from inactivation, thus promoting protein synthesis via an

additional mechanism [24]. The enzyme has also been suggested to act as a molecular

chaperone for sarcoplasmic reticulum Ca2+-ATPase [25]. However further studies

corroborating these observations are currently lacking. MetAP2 has been identified as

a target for the S100A4 protein which is known to regulate various cellular processes as

well as tumor metastasis [26]. Activity of the isoform has been shown to be important

for the Wnt planar cell polarity signaling pathway which is required for normal function

of endothelial cells [27]. An unidentified MetAP isoform from Barley (H. vulgare) has

been found to play a role in freezing tolerance [28].

5



The removal of N-terminal methionine has been shown to be necessary for proper

protein function and subcellular localization [29–31]. Given their widespread function

affecting nearly all cellular activity, it is not surprising that both PDF and MetAP

have been found to be essential to the survival of all organisms [32–35].

1.3. Classification and Structure

1.3.1. Classification of PDFs

The various known isoforms of peptide deformylase have been found to have

very low sequence similarity as seen from a sequence alignment of representative PDF

isoforms (Figure 1.1). They do however retain the conserved motifs (indicated in violet):

(a) GΦGΦAAXQ (b) LΦNPξI/L (c) EGCLSΦ (d) VXR and (e) QHEΦDHLξG

where Φ, ξ and X are hydrophobic, hydrophilic and any amino acids respectively

[36]. Contained within the last motif is the equivalent of the Zn2+ binding HEXXH

domain. Sequences indicated in green represent the signal peptides of the PDFs found

in eukaryotic organelles.

Despite the low sequence similarity, a comparison of the sequences as well as

three dimensional structures indicate a close relationship between the PDF isoforms

as seen from the phylogenic tree (Figure 1.2). The isoform classes delineated by the

branches are identified as types I, II and III. The most common type I PDFs are

found in both prokaryotes and eukaryotes and further classified into subtypes A–D.

Type IA are found in mitochondria (representatives Human and Drosophila), with the

equivalent plastids containing type IB (representatives Arabidopsis and Plasmodium).

The latter subtype is also found in bacteria. While gram-negative bacterial PDFs are

6
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typically of the IB subtype (representatives E. coli and Bacillus), type 2 have also

been observed in gram-positive bacteria (representatives Bacillus and Enterococcus).

Type III have been identified in Trypanosomas and archaea.

1.3.2. Structure of PDFs

The E. coli type IB PDF is structurally the simplest and hence qualifies as

the typical representative of the different isoforms of PDFs. The full length crystal

structure of EcPDF is shown in Figure 1.3. The enzyme contains three major helices

(αA, αI and αJ), a short 310-helix and seven β-strands (βB–βH arranged into three

antiparallel β-sheets). These altogether form a hand-like fold with αA, βB and βC

forming the fingers, the βD, βG and βH sheet forming the palm and βE, βF and αJ

forming the thumb. The hand is wrapped around the highly conserved central helix,

α I, which contains the QHEΦDHLξG motif.

Site-directed mutagenesis of the Zn2+ form of PDF indicated that His132, His136

and Cys90 are involved in coordinating with the metal ion. As a consequence of

its structure and metal ligands, PDF is classified as member of a new subfamily

of the clan MA and MB metalloprotease superfamily, along with the similar S-

ribosylhomocysteinase LuxS. No significant differences have been observed between

the structures of Zn2+, Fe2+, Ni2+ or Co2+ forms of PDF.

Most PDFs (type IB and type II) have been found to be monomeric, however

type IA PDFs (as well as type IB PDFs from L. interrogans and M. tuberculosis)

have been suggested to function as dimers. The dimerization has been attributed to

hydrophobic interactions as well as a network of hydrogen bonds and salt bridges. In

addition, type IA PDFs differ from the type IB and type II PDFs in the following

features: (a) the C–D loop (b) the C-terminal domain and (c) the S1′ and S3′ subsites.

The C–D loop, which connects the β strands C and D, is located near the entrance

8



Figure 1.2. Phylogenetic tree of PDFs. Amino acid sequences of selected
representative PDFs were obtained from the UniProt database [37] and
aligned using Clustal Omega [38]. Phylogenic representation was prepared
in Dendroscope [40].
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Figure 1.3. X-ray crystal structure of EcPDF.
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to the active site and is 10 amino acids in length in the type IB PDFs. In type IA

PDFs however, an insertion in this region leads to a C–D loop of 15 to 20 amino acids

in length, containing two small α-helices (see Figure 1.4). This extended structure

partially covers the active site entrance and is involved in forming a S3′ subsite that is

absent in the type IB PDFs. As an exception, the type IB PDF from L. interrogans

also contains an extended C–D loop, but without the small α-helices. With the

resulting conformational flexibility, this extended loop is seen to adopt “closed” and

“open” conformations, named depending on its position relative to (and its effect upon)

the active site entrance (see Figure 1.5).

The C-terminal domain typically consists of a disordered loop, with an α-helix

in type IB PDFs. Whereas the C-terminus in type IB PDFs is positioned towards the

N-terminus, in type IA PDFs it is positioned adjacent to the βE strand. In contrast,

the C-terminus in type II PDFs ends in a conserved β-strand (βJ) which forms a

mixed parallel-antiparallel β-sheet with βE. Additionally, the type II PDFs contain

three insertions near the N-terminus, forming a small α-helix (αA′) between αA and

αB.

1.3.3. Classification of MetAPs

Unlike PDFs, the MetAP sequences appear to be significantly conserved across

the various organisms suggesting common ancestors to the current isoforms. This is

clearly seen in a sequence alignment of MetAPs from representative sources (Figure 1.6)

where the conserved regions are indicated in violet. In fact a phylogenic representation

shows that the distance between the nodes of all the different branches is very small

(Figure 1.7).
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Figure 1.4. Structures of representative PDF isoforms. Type IA from A.
thaliana (1ZXZ), type IB from H. pylori (2EW7) and type II from S. aureus
(1LQW). Distinctive features of each type are indicated in green.
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Figure 1.5. Conformations of extended C–D loop in PDF. The C–D loop
in L. interrogans PDF dimer (1Y6H) is formed by amino acids 66 to 76.
The monomer unit on top shows the open conformation with the active
site exposed, whereas the monomer unit at the bottom shows the closed
conformation with no access to the active site.
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Additionally it can be seen from the sequence alignment that all eukaryotic

MetAPs have large N-terminal extensions, and some eukaryotic MetAPs also have

C-terminal inserts. Based on these amino acid sequence features and their sequence

homology, MetAPs are classified into two main types. Type I and II MetAPs are

differentiated by the presence of a C-terminal insert in the latter. The two types

occupy two halves of the phylogenic tree in Figure 1.7 with type I on the top and type

II at the bottom.

Figure 1.7. Phylogenetic tree of MetAPs. Amino acid sequences of selected
representative MetAPs were obtained from the UniProt database [37] and
aligned using Clustal Omega [38]. Phylogenic representation was prepared
in Dendroscope [40].
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Each MetAP type is further classified into subtypes a and b depending on the

absence or presence of an N-terminal extension. While prokaryotes typically contain

only type Ia and archaea contain only type IIa MetAPs, eukaryotes are found to

contain both type Ib and IIb MetAPs. It is interesting to note that eukaryotic type

Ib and IIb MetAPs are closely related to the prokaryotic type Ia and archaeal type

IIa MetAPs respectively. This observation has lead to the suggestion that prokaryotic

and archaeal MetAPs are the ancestors of eukaryotic MetAPs [41]. Thus the presence

of N-terminal extensions in eukaryotic MetAPs may be evolved for cellular functions

that do not exist in their ancestral counterparts.

In addition to the above major isoforms of MetAPs, two subtypes c and d have

also been identified more recently. Subtype c is distinguished by the presence of a very

short N-terminal extension 40 amino acids in length (as opposed to 100 amino acids

in the case of subtype b). Type Ic has been found in plants and actinomyces [21] and

type IIc has been identified in Microsporidia [42]. MetAPs of subtype 1d have been

identified as dedicated enzymes of mitochondria and plastids [43, 44]. More recently, a

novel MetAP was identified in H. vulgare that contained a nuclear localization signal

in the C-terminal region [28]. While this isoform remains to be classified, it bears 90%

sequence identity with several other as yet unidentified proteins in plants, suggesting

a new subtype of MetAPs.

1.3.4. Structure of MetAPs

As in the case of PDFs, the MetAP from E. coli (type Ia) is the simplest of

the various MetAPs and ideally suited as the structural representative of the enzyme

isoforms. A representation of the crystal structure of EcMetAP is shown in Figure 1.8.

The structure of MetAP is described as a “pita-bread” fold also seen in creatinase

and aminopeptidase P [45]. It consists of pseudo two-fold-related N and C-terminal
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domains, each with two α-helices and two antiparallel β-strands. Together, they

form a cylindrical structure with a curved antiparallel β-sheet in the center with four

α-helices on one face, and connecting loops on the other.

The active site is asymmetrically formed primarily by the N-terminal domain

with two metal ions coordinated by monodentate His171 and Glu204, and bidentate

Asp97, Asp108 and Glu235. Although majority of MetAP structures have been

reported with a dinuclear metal center, several studies have indicated that the enzyme

may be monometalated in vivo. The mononuclear active site is shown in Figure 1.19.

A comparison of the structures of various MetAP isoforms is shown in Figure 1.9. The

C-terminal insert differentiating type 1 and 2 MetAPs forms two α-helices (indicated in

green), whereas the N-terminal extension differentiating subtypes a and b is indicated

in yellow. The N-terminal extension consists of two zinc-finger motifs in the type

Ib MetAP replaced by stretches of polybasic and acidic amino acids in the type IIb

MetAPs connected to the catalytic domain by a linker. Note that the large N-terminal

extension is not obvious from the representation of the human type IIb MetAP in

Figure 1.9 as the structure only contains the residues 110–468, with residues 139–152

also missing, attributed to a disordered structure [46]. In the type IIc MetAP from

M. tuberculosis the N-terminal extension appears to be a mostly disordered loop but

in fact contains a polyproline II helix that may be involved in interaction with the

SH3 binding domains on the ribosome [21]. Although the above features strongly

support the evolutionary relationship of type 1a and 2a with 1b and 2b respectively, it

is interesting to note that MetAPs of type 1a share a structural feature with those of

type 2b that is absent in the other types of MetAPs. The loop between α-helix 4 and

β-strand 4, consisting of residues 160–199 in MetAP type 1a, contains two β-strands

which form a part of the central curved β-sheet and include the the conserved metal

coordinating residue His171. While this loop forms a random coil in the other types,
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Figure 1.8. X-ray crystal structure of EcMetAP
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type 2b contains a similar β-sheet with an additional insert (residues 312–321) that

also forms a pair of β-strands. The significance of this structure has not yet been

realized, but the similarity points towards additional complexity in the evolutionary

path of the type 2b MetAPs.

Figure 1.9. Structures of representative MetAP isoforms. Type 1a from
E. coli (2MAT) [47], type 2a from P. furiosus (1XGS) [48], type 2b from
Human (1BN5) [21] and type 1c from M. tuberculosis (3PKA) [49]. Common
α-helices and β-sheets are shown in orange and magenta respectively, while
distinctive internal features are shown in cyan and green, and the N-terminal
domain is indicated in yellow.
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1.4. Biochemical and Biophysical Properties

1.4.1. The reaction catalyzed by PDF

Peptide deformylase catalyzes the irreversible hydrolytic removal of the formyl

group from the N-terminal methionine of nascent polypeptides (see Scheme 1.1). It is

thus classified as formyl-L-methionyl peptide amidohydrolase (EC 3.5.1.88).

(peptide)
met

N
H

C

O

H
PDF

H2O
(peptide)

met

NH
+
3 + HCOO

−

Scheme 1.1. Reaction catalyzed by peptide deformylase.

In addition it has been shown to exhibit some esterase activity and extremely

poor deacetylase activity, although these activities probably have no physiological

relevance since the enzyme would never encounter such substrates at its position on

the ribosome.

1.4.1.1. Substrate specificity of PDF

While PDF acts on a broad range of fmet-peptides, it shows drastically varied

rates for different substrates. It was predicted early on that PDF would ideally act

on short peptides, as the length of the natural substrate of the enzyme, the nascent

polypeptides exiting the ribosome tunnel, would be less than 10 amino acids. Using

E. coli extract and N-formyl peptides up to 3 amino acids long (fmet-ala-ser), Adams

[9] found that the rate of release of the formyl group increased with the length of the

peptide substrate, with very poor activity against fmet. Rajagopalan et al. [17] noted

that the enzyme pocket interacted with up to 4 amino acids when they observed that

the increase in reaction rate as a function of peptide length plateaued at tetrapeptides.
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The authors also found that while PDF was highly specific towards f-L-methionine

at the N-terminus, also acting on the stereoisomer f-L-norleucine, it could tolerate

D amino acids at the penultimate position. Hu et al. [50] employed a combinatorial

library of tetrapeptides to reveal the optimal consensus sequence for PDF substrates

as fMX(F/Y/K/R)Y where X is not Asp or Glu. Interestingly, the authors found that

the enzyme also efficiently catalyzed the deformylation of fFY(F/Y)X peptides. The

overall bias towards these substrates is explained by the predominantly hydrophobic

active site of PDF (see Figure 1.10). The flexibility of amino acids at the P1′ position is

presumed to be due the fact the this amino acid interacts with the hydrophobic Leu91

on one side but is completely solvent exposed on the other. The specificity towards

the formyl group as compared to the acetyl moiety is explained by the dual factors of

lower electrophilicity and steric hindrance in the case of the latter. Fluoro substituted

acetyl-peptides increased the catalytic rate indicating the role of electrophilicity, where

as increasing the substitution to three fluorines decreased the rate indicating greater

steric hindrance.

1.4.1.2. Mechanism of PDF catalyzed reaction

As a metalloprotease, PDF catalyzes the cleavage of an amide bond by the

nucleophilic action of a water molecule bound to the active site metal ion. The enzyme

has been suggested to employ two different catalytic mechanisms depending on the

identity of the bound metal ion [51–53]. Based on structural data and its similarity to

thermolysin, the general features of the catalytic mechanism are proposed as follows:

(a) the metal ion functions as a Lewis acid to reduce the pK a of the bound water

molecule, thus facilitating its activation as a nucleophile (b) Glu133 forms a hydrogen

bond with the metal-bound water molecule and acts as a general base to activate it

as a nucleophile (c) the metal-bound water molecule makes a nucleophilic attack on
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Figure 1.10. X-ray crystal structure of E. coli PDF active site pocket.
The peptide substrate met-ala-ser, indicated in stick, is bound at the active
site.
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the carbonyl carbon of the formyl group to form the tetrahedral intermediate which

is stabilized through hydrogen bonding by Gly45, Gln50 and Leu91 (d) a proton is

shuttled via Glu133 (acting as a general acid) to the P1′ amine facilitating the collapse

of the tetrahedral intermediate [54, 55].

The proposed catalytic mechanism of the Fe2+ and Co2+ forms of PDF is shown

in Figure 1.11. Besides the above features, the carbonyl oxygen OC of the formyl group

is proposed to coordinate with the metal ion increasing the tetrahedral coordination

to pentacoordinate. The metal ion functions as a Lewis acid to activate both, the

bound formyl group (increasing the electrophilicity of the carbonyl carbon) and the

bound water molecule (making it more nucleophilic). The subsequent nucleophilic

attack results in formation of the tetrahedral intermediate INT1 via the transition

state TSO-C which is the rate limiting step. The metal bound alcohol, Glu133 and

the peptide amine share a proton which requires the formation of the intermediate

INT2. This steep occurs via the transition state TSH-N in which the hydrogen bond

between the proton and the alcohol is broken and a hydrogen bond between Glu133

and the alcohol hydrogen is formed. As a proton is transferred from Glu133 to the

amine group, the second intermediate collapses to form EP in which the cleaved

formate is bound to the metal ion in a bidentate fashion (Figure 1.13, Top) while the

deformylated peptide dissociates. The formate is finally displaced by a water molecule

to regenerate the enzyme active site.

Alternatively, the catalytic mechanism of the Zn2+ form of PDF is shown in

Figure 1.12. In contrast to the previous mechanism, the OC does not interact directly

with the metal ion, but forms hydrogen bonds with Gln50 and Leu91. As a result

the carbonyl carbon is placed in close proximity ( 2.9Å) to the metal bound water

molecule [56, 57]. A nucleophilic attack by the water molecule on the carbonyl carbon

results in the formation of the tetrahedral intermediate INT1 similar to the previous
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Figure 1.11. Structure based mechanism for Fe2+-PDF.
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mechanism. However unlike the previous mechanism, the proton is not shared but

transferred completely from the water molecule to Glu133. The resulting proximity

of the proton to the P1′ amine allows the latter to be protonated and act as a leaving

group to collapse the intermediate, thus bypassing the need for the formation of the

second intermediate described in the previous mechanism. The cleaved formate is

now bound to the metal ion in a monodentate fashion (Figure 1.13, Bottom), and

the subsequent regeneration of the enzyme active site proceeds as described earlier.

The transition state energy of TSO-C in this mechanism is suggested to be about

7 kcalmol−1 higher than that of the equivalent state in the previous mechanism as

a result of an increase in the coordination of metal ion (Zn2+) from tetrahedral to

pentacoordinate during the substrate binding step. This difference may explain the

poor catalytic efficiency of the Zn2+ form of PDF as compared to the Fe2+ and Co2+

forms.

1.4.1.3. Steady-state characterization of PDF

Much of the understanding of the catalytic mechanisms described above was

gained through quantitative measurement of the reaction catalyzed by the enzyme.

Indeed the use of synthetic substrates (fmet and fmet-ala) to assay enzyme activity

was instrumental in obtaining the evidence for the existence of PDF [8]. As with any

enzyme assay, the activity of PDF is measured by quantitating the product(s) formed

by a known concentration of the enzyme, as a function of time. In the case of the

PDF catalyzed reaction, the end products are formate and peptide (with N-terminal

methionine) as described in Scheme 1.1. Early measurements of the PDF catalyzed

reaction were conducted with discontinuous (aka end-point) assays, where the reaction

is stopped at a fixed time and the product is then quantified. Typical discontinuous

assays involved the quantification of the product formed upon cleavage of the substrate
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Figure 1.12. Structure based mechanism for Zn2+-PDF.
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Figure 1.13. Metal dependent binding of formate in PDF. The cleaved formate
binds in a bidentate fashion in Fe2+ form of PDF (1XEN, Top) and in a
monodentate fashion in Zn2+ form of PDF (1XEM, Bottom).
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fmet-ala-ser using either (a) amine-reactive chromogenic probes that react with the

newly exposed N-terminal group of the peptide product or (b) chromogenic reactions

involving the formate product. The reactions were stopped after an incubation period

ranging from 30 s to 30min at room temperature (RT) and the product concentration

determined by adding the specific reagent. The different assay systems included

amine-reacting probes such as fluorescamine [58] or trinitrobenzene sulfonic acid [59]

(measured at the absorbance maxima of 380 and 335nm respectively). Alternatively

formate was quantified by initiating a dehydrogenase reaction by adding formate

dehydrogenase and NAD+, the resulting change in absorbance being monitored at

340nm [17].

However, a much more convenient and revealing method is the use of continuous

assays and these have been more commonly used in later studies. The end-point assay

involving the quantification of the formate product was in fact the first continuous assay

developed for monitoring PDF reactions in real time, where formate dehydrogenase

(with NAD+) and PDF were added simultaneously to the reaction mixture [60]. The

rate of conversion of NAD+ to NADH in the secondary (coupled) reaction is directly

proportional to the amount of formate produced by the first reaction catalyzed by

PDF, thus the rate of NADH formation (as determined by change in absorbance at

340nm) is a measure of the PDF reaction rate. Other continuous assays use similar

coupled systems to quantify the production of deformylated peptide instead. These

include the use of chromogenic or fluorogenic substrates such as fmet-leu-pNA [61]

or fmet-lys-AMC [62], with the deformylated product being coupled to a peptidase

reaction using Aeromonas aminopeptidase (AAP) or dipeptidyl peptidase I (DPPI)

respectively. The pNA or AMC residues are produced in the coupled reaction in two

steps as each amino acid is hydrolyzed, and the release is monitored by the absorbance

change at 405nm or fluorescence change at 460nm (λ ex = 360nm) respectively. In a
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separate continuous assay, the need for a coupling enzyme is obviated by the use of

thiol releasing substrates (N-formyl-(β-thiaphenylalanyl)-peptides) [63]. Deformylation

results in release of thiophenol from the destabilized product which is quantified by

Ellman’s reagent (DTNB), producing an absorbance change monitored at 412nm.

While the complications of using a coupling enzyme (such as sensitivity to pH, metal

chelators, PDF inhibitors) are avoided by this assay, it suffers from the fact that

substrate is tedious to synthesize, commercially unavailable and only moderately stable

in solution [62].

More recently a direct continuous assay has been reported that circumvents the

coupled system altogether by using the chromogenic substrate formyl-pNA, where

deformylation by PDF releases the chromophore pnitroaniline [64]. While the substrate

was found to be very poor as compared to other commonly used substrates, it has

facilitated the characterization of PDF inhibition by metal chelating agents. The

kinetic parameters of selected PDF isoforms for some of the above substrates are listed

in Table 1.1

1.4.2. The reaction catalyzed by MetAP

Methionine aminopeptidase (EC 3.4.11.18) catalyzes the irreversible hydrolytic

cleavage of the N-terminal methionine from nascent polypeptides (see scheme 1.2).

(peptide)
H
N

C

O

met MetAP

H2O
(peptide) NH

+
3 + met

Scheme 1.2. Reaction catalyzed by methionine aminopeptidase.
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Table 1.1. Steady state kinetic parameters of selected PDF isoforms.

Substrate Enzyme Metal kcat (s
−1) Km (µm) Ref

fMet-Ala-Aer E. coli Ni2+ 210 3.9 [65]
Zn2+ 6 70

A. thaliana 1A Zn2+ 22 0.25 [66]
1B Ni2+ 75 5.6

L. pneumophilia A Ni2+ 151 21 [67]
C 34 2.4

B Zn2+ 0.6 0.34

H. sapiens N∆62 Ni2+ 0.26 3.6 [43]
B.burgdorferi Zn2+ 20 0.51 [68]

fMet-Leu-pNA E. coli Fe2+ 70 0.02 [54]
Co2+ 19 0.02

G133A 4 0.03

H. sapiens N∆58 Co2+ 0.17 0.03 [69]
B. burgdorferi Zn2+ 5 0.003 [68]

formyl-pNA E. coli Ni2+ 0.03 29.4 [64]

1.4.2.1. Substrate specificity of MetAP

From the observation that a fraction of the proteome retains an N-terminal

methionine, it would be expected that MetAP is more selective towards the peptide

sequence of substrates as compared to PDF. The removal of N-terminal methionine

by MetAP is in fact strongly dependent on the penultimate residue. The enzyme

catalyzes this reaction only if the side chain of the P1′ amino acid is neutral and

has a radius of gyration of 1.29Å or less (Gly, Ala, Ser, Cys, Thr, Pro and Val) [70],

alternatively described as side chains with length less than 3.68Å [71]. This model of

specificity has been observed with MetAP from bacterial as well as eukaryotic sources

[13, 72]. The type II enzyme however has a very high preference for Val and Thr at

the P1′ position, with the activity being two orders of magnitude higher than type I

for Met-Val peptides. Studies with mutant MetAP type I have shown that Met329

and Gln356 of the S1′ subsite are responsible for the selectivity and changing them

30



to Ala resulted in catalytic activity against substrates with large amino acids such

as Met, Leu and Phe, as well as charged ones such as His, Asn and Gln [73]. It is

interesting to note that in spite of the mutations, no activity was observed with acidic

residues. In fact acidic residues are disfavored up to the P5′ position of the substrate

[74]. Surprisingly, although MetAP is able to cleave the imide bond with proline at

the P1′ position, it is unable to do so when Pro is present at the P2′ position [71, 72].

However most other residues are accepted at this position. Although no other obvious

selectivity is observed for positions P2′ to P5′, the overall efficiency of methionine

cleavage is significantly affected by the identity of residues up to the P5′ position.

For example, while acidic residues are poor candidates at most positions, the activity

towards substrates with Asp or Glu at the P2′ position is enhanced by the presence

of Ser or Thr at the P1′ position [74]. In the human type I MetAP the N-terminal

extension, while dispensable for catalysis, has been shown to affect substrate specificity

at the P1 position against substrates smaller than tripeptides [75]. No explanation

has been forwarded as yet for these observed complexities of substrate selectivity in

MetAPs.

1.4.2.2. Mechanism of MetAP catalyzed reaction

The catalytic mechanism of MetAP has been studied with considerable interest,

using a combination of structural and kinetic data from native and site specific mutants

of the E. coli enzyme. It is interesting to note the progressive development of the

proposed model in response to new experimental data. Having been identified as

an enzyme with a di-cobalt active site, the mechanism first proposed was based on

this model. The di-nuclear metal system with a bridging water observed through

x-ray crystallographic structure determination was thought to be consistent with other

aminopeptidases such as LeuAP and ProAP.
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The use of bestatin based substrate analogue provided the first structure based

insight into the catalytic mechanism of MetAP [47]. According to this structure,

one of the metal ions, Co1, is penta coordinated (Asp108, His171, Glu204, Glu235

and a bridging solvent) in a distorted trigonal bipyramidal geometry, whereas the

other metal ion, Co2, is hexa coordinated (bidentate Asp97, Asp108, Glu235, the

bridging solvent and a second solvent molecule) in a distorted octahedral geometry

(see Figure 1.14).

The structure of the substrate analog (3R )-amino-(2S )-hydroxyheptanoyl-l-Ala-

l-Leu (AHHpA-Ala-Leu) bound at the EcMetAP active site is shown in Figure 1.15.

His79, Cys59, Cys70, Tyr62, Tyr65, Phe177 and Trp221 form the conical hydrophobic

S1 subsite which is complementary to the methionine side chain. The S1′ subsite,

formed by Glu204, Gln233, Met206 and Tyr168 is shallow, corresponding to the

requirement of small side chains at the P1′ position of substrate.

It is proposed that the amino terminal of the substrate displaces the second

water molecule from Co2 and the carbonyl oxygen (OC) of the scissile peptide bond

interacts with Glu204. In addition, the bridging solvent (µOH) is assumed to be the

nucleophile (ON) leading to the formation of non-covalent tetrahedral gem-diolate

intermediate. Based on the probable transition states two variant reaction mechanisms

were proposed analogous to the mechanism of other aminopeptidases (Figure 1.16).

In mechanism I, solvent amine ligand exchange facilitates proton transfer from the

µOH to the OC, resulting in a hydrogen bonding interaction with Glu204. The ON

attacks the scissile bond carbonyl carbon leading to the formation of a tetrahedral

intermediate with His79 orienting the substrate in the correct manner. Collapse of

the intermediate is then mediated by His178 acting as a proton donor to the nitrogen

of the leaving amino group.
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Figure 1.14. X-ray crystal structure of dinuclear metal center of EcMetAP.
Co1 is penta coordinated with the ligands Asp108, His171, Glu204, Glu235
and a bridging solvent in a distorted trigonal bipyramidal geometry. Co2
is hexa coordinated with the ligands Asp97 (bidentate), Asp108, Glu235,
the bridging solvent and a second solvent molecule in a distorted octahedral
geometry
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Figure 1.15. X-ray crystal structure of bestatin derivative bound at the
di-metalated EcMetAP active site.
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In mechanism II, ligand exchange at the metal center activates the µOH for

nucleophilic attack which results in the tetrahedral intermediate. In addition to

orientation by His79 as in mechanism I, the intermediate is stabilized by coordinating

with Co1 and possibly hydrogen bonding with His178. Glu204 shuttles a proton from

the attacking µOH to the nitrogen of the leaving amino group leading to collapse of

the intermediate.

While the bestatin based substrate analog provided insight into the binding mode

of the N-terminal methionine of substrates, it was unable to clarify the interaction

between the metal center and the scissile peptide bond. A later study with phosphorous-

based transition-state analogs (1-amino-3-(methylmercapto)-propylphosphonic acid,

norleucine phosphonic acid) sought to resolve this mechanism. Results from the study

supported mechanism II described above, but indicated that His79 hydrogen bonded

with the nitrogen of the scissile bond (Figure 1.17) rather than with the carbonyl

oxygen of the penultimate residue as suggested previously [76].

The hydrogen bonding of His79 occurred via movement of the residue by 1.2Å

which appeared to be facilitated by the overall movement of an extended loop region

(residues 75–81 and 216–223) towards the metal site. Interestingly, the proposed

function of His79 (use of a conserved hydrogen bond to recognize a small portion

of a larger substrate) is similar to the case of peptide deformylase. In addition to

updating the role of His79, this mechanism also suggested a definitive function for

His178 in stabilizing the substrate by hydrogen bonding with OC, to account for its

highly conserved nature in the MetAP family as well as the effect of its mutation

on significantly reducing the catalytic activity [47]. In order to further elucidate the

role of His178 in the catalytic mechanism kinetic studies were conducted with the

H178A mutant EcMetAP. The results from pH dependent activities and electronic

absorption spectra of WT and H178A MetAP indicated that the the pK a of the µOH
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was more acidic by 0.5 pH units in the mutant, suggesting that His178 may indirectly

stabilize the µOH therefore facilitating the binding of the OC to the metal ion and its

activation for nucleophilic attack [77]. In cognizance of these observations, the catalytic

mechanism was modified (Figure 1.18) to the following steps: (a) recognition of the

N-terminal methionine side chain by the hydrophobic S1 pocket and stabilization of the

substrate by hydrogen bond between Asp97 and the terminal amine (b) coordination

of the OC to the metal ion along with hydrogen bonding between the residues Glu204,

His79 and the amino group of the scissile peptide bond (c) cleavage of the scissile

peptide bond followed by release of the products (d) regeneration of the active site by

addition of a water molecule to the metal ion and another water molecule bridging

between the first and His178.

Note that the mechanism proposed here only involves a single Fe2+ metal ion at

the active site. ICP-AES analysis of the metal content in crude extracts of E. coli

cells overexpressing MetAP suggested that Fe2+ may be the native co-factor of the

enzyme [78]. Further metal analyses of MetAP by ICP-AES as well as activation of

the apoenzyme by metal ions indicated that a single metal ion was required for full

catalytic activity of the enzyme [77, 79]. The Asp97 residue proposed to coordinate

the second metal ion in the previous mechanism (as indicated by the x-ray crystal

structures) is now suggested to orient the substrate by hydrogen bonding with the

terminal amino group, a role that was earlier assigned to the second metal ion.

Structural evidence for a mononuclear metal center based catalytic mechanism

was obtained from the x-ray crystal structure of NleP bound at the active site of

mono-Mn(II) EcMetAP [80]. The mono-metalated enzyme structures were produced

by using limiting amounts of the metal ion during crystallization. The metal center

is pentacoordinated with Asp97, His171, Glu204, Glu235 and a water molecule

(Figure 1.19).
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Figure 1.19. X-ray crystal structure of mono-nuclear metal center of
EcMetAP.
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The position and orientation of the active site bound substrate and transition

state analogs (AHHpA-Ala-Leu and NleP respectively) were found to be superimposed

in the mono and di-metalated structures. A revised catalytic mechanism for the mono-

metalated enzyme was described for the tripeptide substrate Met-Ala-Leu, where the

coordinates of Met were based on NleP and those of Ala and Leu were based on

AHHpA-Ala-Leu (see Figure 1.20).

According to the proposed mechanism, the catalysis proceeds in the following

steps: (a) the substrate approaches the metal ion in a trans configuration for the

formation of a Michealis complex (b) the side chains of Asp97 and Asp108 move

closer to, and form hydrogen bonds with, the amino terminus, His79 and His178

form hydrogen bonds with the nitrogen and carbonyl oxygen of the scissile peptide

bond respectively, and the metal ion interacts with the OC increasing its coordination

number to six (c) with Glu204 acting as a general base, the metal coordinated water

makes a nucleophilic attack on the carbonyl group to form a tetrahedral intermediate

(d) His79 transfers a proton to the scissile amide nitrogen to facilitate the breakdown

of the intermediate

1.4.2.3. Steady-state characterization of MetAP

Several methods are in use for the quantitative measurement of MetAP activity.

These include end-point and continuous assays, the latter type including both coupled

and direct assay systems. The first assay reported for MetAP involved the use of

the tripeptide substrate Met-Gly-Met-Met in a combination of end-point and coupled

systems [13]. The cleavage of N-terminal methionine by MetAP was terminated and

the resulting free Met was quantified in a coupled assay system consisting of l-amino

acid oxidase, horseradish peroxidase and ø-dianisidine dihydrochloride as described in
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Met-Gly-Met-Met + H2O
MetAP

Met + Gly-Met-Met

AAOH2O + O2

(met)2-ketoacid+H2O2 + NH4

HRP

H2N NH2

OCH3OH3C

HN NH

OCH3OH3C

(A450)

Scheme 1.3. Coupled end-point assay for MetAP using tetrapeptide
substrate.

Scheme 1.3. In a slight modification of this assay, the chromogenic dianisidine was

replaced by the fluorogenic reagent Amplex® Red, the oxidized product of which is

detected at 585nm (λ ex = 570nm) [81].

This assay has been used extensively and in spite of its tedious nature, continues

to be used today [82]. Several related assays were developed using alternative methods

of quantification of the released methionine. Typically the methionine was separated

and analyzed by reversed-phase HPLC [73, 83, 84]. However, these assays remain very

time consuming without providing any additional advantage. The development of

continuous assays greatly simplified the measurement of catalytic activity. One of the

earliest continuous assays reported by Zhou et al. [85] involved a coupled system with
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the use of a thioether substrate N-[(S-methionyl)-2-mercaptoacetyl]phenylalanine, the

resulting free thiol being quantified by DTNB. However the substrate was observed to

be unstable resulting in significant background. Moreover the DTNB was found to

slowly inactivate MetAP by reacting with a cysteine in the active site cavity, therefore

this assay has seen very limited usage. The authors also reported an alternative

coupled continuous assay using the chromogenic peptide substrate Met-Pro-pNA. The

peptide product is cleaved by the coupling enzyme prolyl aminopeptidase (ProAP) and

the resulting free pNA is measured by its absorbance at 405nm. While this peptide

substrate is relatively poor, this assay has seen widespread use due to its convenience

and has lead to the development of direct continuous assays using chromogenic and

fluorogenic substrates, Met-pNA and Met-AMC respectively [81, 86, 87]. Although

the substrates used in the direct assays are very poor as compared to the previous

substrates, they provide a clear advantage over the coupled assays due to potential

complications arising from interference with the coupling enzyme.

More recently, a new high-throughput assay has been reported wherein the

cleaved methionine residue is quantified using a simultaneous coupled assay involving

(a) ATP dependent conversion of free methionine to S-adenosyl-l-methionine (SAM),

inorganic phosphate and pyrophosphate (PPi), catalyzed by SAM synthase (MetK)

(b) conversion of pyrophosphate to inorganic phosphate, catalyzed by inorganic

pyrophosphatase and (c) spectrophotometric detection of inorganic phosphate by

malachite green/molybdate reagent at 650nm [88]. The assay is able to use any

peptide substrate, such as the highly efficient tetrapeptide substrate Met-Gly-Met-Met.

Moreover, although the authors have used an end-point detection technique for the

quantification of the phosphate, it may be replaced with a continuous detection system

allowing real time monitoring of the steady state reaction kinetics.
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A cell based assay has also been recently reported for E. coli MetAP involving

the use of a fluorogenic substrate [89]. E. coli cells overexpressing MetAP were

permeabilized by treatment with Ca2+, and hydrolysis of the substrate Met-AMC was

monitored over 4 h on addition to the live cells. The authors were able to test the

validity of the assay by screening known inhibitors of the enzyme. While the IC50

values determined by this assay were higher by as much as ten fold as compared to

those determined by the standard in vitro assay conducted with purified enzyme and

up to four fold higher than those obtained for the inhibition of cell growth, the relative

potencies of the inhibitors determined by this method closely matched those observed

with the traditional assays. The advantage of the cell based assay lies in the screening

of inhibitors against the native form of the enzyme. This is of particular importance

considering the fact that (a) the nature of the metal ion(s) at the MetAP active site

remains under debate and (b) the vast majority of the metal-coordinating ligands that

inhibit the enzyme under in vitro assays fail to show any effect on cell growth [90, 91].

The kinetic parameters of selected MetAP isoforms for some of the above substrates

are listed in Table 1.2.

Table 1.2. Steady state kinetic parameters of selected MetAP isoforms

Substrate Enzyme Metal kcat (s
−1) Km (µm) Ref

MSSHRWDW E. coli Co2+ 70 1 [92]

P. furiosus Co2+ 16 2 [93]

Fe2+ 22 1

S. cerevisiae 1 Co2+ 23 0.02 [73]

M329A 30 0.01

Q356A 13 0.04

continued...
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Table 1.2. Steady state kinetic parameters of selected MetAP isoforms
(. . . continued)

Substrate Enzyme Metal kcat (s
−1) Km (mm) Ref

MGMM E. coli Co2+ 18 3 [78]

H178A 39 3 [77]

D97A 0.003 1 [94]

H63A 5 3 [92]

E. coli Fe2+ 28 2 [77]

H178A 0.6 2

E. coli Mn2+ 5 1 [95]

H79A 2 2 [94]

P. furiosus Co2+ 188 5 [93]

Fe2+ 153 5

H. sapiens Co2+ 3 0.34 [81]

Met-Pro-pNA E. coli Co2+ 2 0.14 [85]

H178A 0.002 0.12 [77]

E. coli Fe2+ 0.01 0.13

P. furiosus Co2+ 157 0.2 [93]

Fe2+ 46 0.1

H. sapiens 1 Co2+ 0.11 0.7 [96]

Met-pNA E. coli Co2+ 0.006 0.44 [87]

H63A 0.0001 0.33 [92]

H. sapiens 2 Co2+ 0.16 0.7 [81]

Met-AMC E. coli Co2+ 0.011 4 [86]

continued...
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Table 1.2. Steady state kinetic parameters of selected MetAP isoforms
(. . . continued)

Substrate Enzyme Metal kcat (s
−1) Km (mm) Ref

Mn2+ 0.006 6

Ni2+ 0.002 1

H. sapiens 2 Co2+ 0.05 0.3 [81]

Zn2+ 0.011 0.2

1.4.3. Metal binding properties of PDF

Whereas all known PDFs are reported to have a mononuclear active site, the

various isoforms have been found to utilize different metal ions in their native form.

While initially reported as a Zn2+ containing enzyme [14], the E. coli PDF was

eventually found to use Fe2+ as its native cofactor [97]. The appearance of Zn2+ form

of the PDF was later attributed to the labile nature of the Fe2+ form of the enzyme

and the extremely high affinity of Zn2+ at the PDf active site. Several other PDFs have

been reported or proposed to contain Fe2+ at the active site. In contrast, certain PDFs

such as eukaryotic type IA [66], type IB from L. pneumophilia have been identified

as native Zn2+ enzymes. Both metalloforms of PDFs have also been reported to be

active with Ni2+ and Co2+ metal ions. However the relative activity with the different

metal ions is dependent on the metal ion used by the enzyme in its native state. Thus

Fe2+ containing PDFs exhibit a decreasing activity trend in the order: Fe2+, Ni2+ >

Co2+ >> Zn2+ [98], whereas Zn2+ containing PDFs exhibit the order: Zn2+ > Fe2+ >

Ni2+, Co2+ [99].
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Although the catalytic efficiency of different PDF metalloforms is known, the

relative binding affinities of the metal ions to the various PDF isoforms is not

yet reported. Fe2+, Ni2+ and Co2+ are known to bind weakly as the activity of

these metalloforms of PDFs is inhibited by metal chelating agents and the loss in

activity is almost completely irreversible [9, 17]. In contrast, the Zn2+ form of

PDF is resistant to inhibition by EDTA, dipicolinic acid and chelating resins, but

inhibited by 1,10-phenanthroline (presumably via formation of a ternary complex)

[100]. Moreover a stoichiometric amount of Zn2+ is able to replace the bound metal

ion at the PDF active site [59]. These observations indicate that Zn2+ binds extremely

tightly (possibly irreversibly [54]) to the PDF active site. However it is interesting to

note that the addition of millimolar Ni2+ was found to enhance the activity of the

Zn2+ form of EcPDF [65]. This observation has suggested the presence of a small

conformational subset of the Zn2+-PDF population that binds the metal ion weakly,

which can therefore be replaced by another metal ion provided sufficient mass action.

Detailed thermodynamic studies conducted more recently have not only confirmed

the presence of alternative conformational states in EcPDF, but have suggested that

the conformational states are at least partially modulated by the active site metal ion

[101].

1.4.4. Metal binding properties of MetAP

The nature of the metal ion at the MetAP active site has been studied with

great interest due to the relevance of the enzyme as a target for anti-cancer therapy.

The initial isolation of the E. coli MetAP indicated that it was a metalloenzyme

activated by Co2+ [13]. The crystal structure of the enzyme showed that the enzyme

active site contained two Co2+ metal ions [102]. However the possibility of alternative

metal ions as the native cofactor was suggested on the basis that under physiological
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concentrations of reduced glutathione (GSH), the yeast MetAP I was poorly activated

by Co2+ but highly activated by Zn2+ [103]. In contrast, the human and P. furiosus

MetAP I have been shown to be inactive in the presence of Zn2+ [81, 93].

The native cofactor of the EcMetAP enzyme was suggested to be Fe2+ on the

basis of significantly higher concentration of the metal ion observed upon whole cell

ICP-AES analysis of E. coli with overexpression of the enzyme [78]. The authors noted

that the enzyme was differentially activated by metal ions in the order Co2+ > Fe2+ >

Mn2+ >> Zn2+, where as Ni2+ was unable to activate the enzyme. Further studies

with analysis of the metal content of the purified Co2+-EcMetAP indicated that the

enzyme contained only 1 equivalent of the metal ion [79] suggesting that the enzyme

may be monometalated in contrast to earlier reports. The monometalated nature was

corroborated by the observation that maximal activation of the enzyme was achieved

by 1 equivalent of metal ions. The binding affinity of the second Co2+ was determined

by electronic absorption spectroscopy to be 2.5mm as opposed to the binding affinities

of the first Co2+ and Fe2+ being 0.3 and 0.2 µm respectively (determined by enzyme

activation) [79]. A similar profile has been reported for Mn2+ (3 µm and 4.4mm

determined by ITC) [95] and for the P. furiosus MetAP where the binding affinities

for the first metal site are 50 and 20 nm for Co2+ and Fe2+ respectively and that for

the second Co2+ is 0.35mm [93]. These observations suggest that the second metal ion

is not required for the catalysis and is probably absent under physiological conditions.

In spite of the above studies, the features of the MetAP metal ion have been

continued to be debated. Based on computational analysis of the MetAP catalytic

reaction at the DF-B3LYP level of theory, the most efficient (and by extension the most

probable native cofactor) metal ion for EcMetAP was reported to be Zn2+, with the

transition state energy barrier being about 6 to 8 kcalmol−1 lower than that for Mn2+,

Fe2+ and Co2+ [104]. However additional experimental evidence supporting Fe2+ as the
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native cofactor in EcMetAP has since been reported based on the selective inhibition

of E. coli cell growth by metalloform specific inhibitors specific for Fe2+-EcMetAP

[105]. In a separate study the number of activating metal ions was also reclaimed with

the observation that the activation of EcMetAP by Co2+ was sigmoidal with a Hill

coefficient of 2.1 [106]. It is clear that the features of the MetAP metal ion interaction

remain obscure and further studies are required to clarify the metal binding properties

of the enzyme.

1.4.5. Stability of PDF

It is of particular interest to note the biophysical properties of PDF with respect

to the unique stability features of the enzyme. The unusually acute enzymatic

instability of PDF thwarted the early attempts to isolate and study the enzyme. The

cause of this inactivation was later found to be two fold: (a) displacement of the native

Fe2+ cofactor by the weakly active but tight binding Zn2+ and (b) oxidation of the

Fe2+ in vitro to the inactive Fe3+ form. The ubiquitous presence of trace amounts of

zinc in laboratory glassware was enough to convert the highly active Fe2+ form of PDF

to the poorly active Zn2+ form, which could not be detected by the low sensitivity

assays used previously. However, by avoiding the displacement of the active site metal

and protecting the oxidative damage of Fe2+, the E. coli PDF has been shown to be

highly stable [17, 59]. The identity of the metal cofactor has also been shown to play

a role in the relative structural stability of PDFs. Increasing the temperature from 25

to 60
◦C was shown to increase the catalytic rate of the Zn2+-PDF by two orders of

magnitude [100]. The enhanced stability of the Zn2+ form of PDF is further observed

in unfolding studies using guanidinium chloride (GdmCl), which have indicated that

the stability of different metalloforms of PDF decreases in the order: Zn2+ > Co2+

> Fe2+ [54]. In fact later studies of GdmCl induced unfolding of PDF have revealed
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a most curious phenomenon wherein at low to moderate concentrations (< 2 m) of

GdmCl, the unfolding of PDF was abruptly reversed [107]. The energetic rationale

proposed for this unique observation suggests that the unfolding of PDF proceeds

via several intermediates and the free energy (∆G) of one of the later intermediates

varies as a function of the GdmCl concentration. At GdmCl concentrations < 2 m

the ∆G of this intermediate is lower than the energy barrier of the final transition

state (∆G‡) which in turn is higher than the ∆G
‡ of a previous transition state, thus

favoring the reversal of the unfolding process. On the other hand, with increasing

GdmCl concentration, the ∆G of this intermediate increases along with the ∆G
‡ of

preceding transition state(s) so that the final energy barrier now has a lower ∆G
‡,

allowing the unfolding pathway to proceed to completion.

In addition to the metal ions, the stability of PDFs has been found to be greatly

influenced by the C-terminal domain which forms an α-helix. While truncation of

up to 21 residues from the C-terminus had no effect on the catalytic activity of

EcPDF, it resulted in enhanced stability of the enzyme against thermal unfolding

[108]. Concentration has also been reported to affect the stability of PDFs, with dilute

concentrations resulting in inactivation of the enzyme [65], which can be alleviated by

the addition of BSA [64].

1.5. Therapeutic Potential of PDFs and MetAPs

The essential nature of the NME pathway as described in Section §1.2 has

established the component enzymes, PDF and MetAP, as valuable targets for thera-

peutics. The discovery of PDFs generated great interest in their potential as targets

for antibiotics particularly since they were only known to exist in bacteria. However

PDFs have since been also found in eukaryotic organelles and inhibitors of prokaryotic
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PDFs have been shown to be also active against those from eukaryotic sources. In

spite of these observations, they remain highly targeted for antibiotics especially

due to the emergence of multi-drug resistant strains of pathogens around the world.

In fact antibiotics targeting PDF have been found to no adverse effect on human

PDF at the concentrations required for antibacterial action. Moreover, due to their

presence in eukaryotes, they have now also been identified as targets for treatment

against pathogenic protists as well as for the development of herbicides. Similarly,

the existence of distinct as well as secondary forms of MetAPs in eukaryotes led to

the designation of the bacterial MetAPs (type I) as novel antibiotic targets. Like

PDFs, MetAPs have also been targeted in developing therapeutics against pathogenic

protists. While a plethora of compounds have been reported to inhibit the enzymes

in vitro only a small fraction of the inhibitors have shown potential for in vivo use.

Table(insert) lists the known inhibitors of PDFs and MetAPs with promising antibiotic

activity.

In addition to being targets for antibiotics, the role of the enzymes in cancer has

created a huge thrust in the development of inhibitors against them as anti-cancer

drugs. Interestingly this application came to light when the target of the well known

angiostatic compound fumagillin (and its derivative TNP-470) was identified as the

recently discovered MetAP type II [109]. Soon after, the naturally occurring PDF

inhibitor Actinonin, with known antibacterial effect, was shown to have anti-tumor

activity [110]. The enhanced expression of MetAP type II in several cancers further

underscored the importance of targeting the NME pathway for anti-cancer treatment

[111]. Inhibitors of these enzymes with anti-cancer activity have been shown to have

a range of action modes including cytotoxicity, antiproliferation and apoptosis. A

selection of bio-active antibiotic and therapeutic compounds targeting PDFs and

MetAPs are listed in Tables 1.3 and 1.4 respectively.
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2. STATEMENT OF PROBLEM

MetAP plays a major role in protein synthesis in all living organisms, especially

in concert with PDF in bacterial cells, by removing the N-terminal (formyl-)methionine

residue (an essential step for most proteins) from new protein chains while they are

being synthesized. As a result, both MetAP and PDF have attracted attention as novel

targets for drug design. However, both these metalloenzymes have yet to be thoroughly

characterized and understood and it is necessary to rectify this shortcoming in order to

be able to exploit them in the interest of medicine. Specifically, a poor understanding

of the metallo-specific properties of MetAP has been blamed for the failure to develop

effective antibiotics against the enzyme. Further, PDF has been noted to have highly

unusual properties and the C-terminal domain has been implicated to play a role in

these features.

The goal of this dissertation is to contribute to the effort in understanding these

two metalloenzymes. In particular, the investigation was carried out with the following

objectives:

1. To identify potent and bacterial isozyme selective inhibitors of MetAP.

2. To characterize metallo-specific inhibition and ligand interaction of MetAP.

3. To characterize the metal-ion binding and catalytic features of MetAP.

4. To elucidate the significance of the C-terminal domain with respect to the

structural-functional properties of PDF.

The studies were designed to provide new insight into the structure and function of

MetAP and PDF, particularly in the role of drug targets, as well as augment the

overall understanding of enzymes.
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3. MATERIALS

General: Yeast extract and tryptone were from Becton Dickinson (Sparks,

MD). HEPES, Tris, PMSF, TCEP and cyclodextrins were from Sigma-Aldrich (St.

Louis, MO). Dimethylformamide, acetonitrile and dimethylsulfoxide were from EMD

Chemicals (Billerica, MA). All other chemicals were of reagent A.C.S. grade.

Filtration and chromatography: Polycarbonate membrane filters and centrifugal

filtration devices were from Millipore (Billerica, MA). Polyethanesulfone membrane

filters and syringe filtration devices were from Pall Life Sciences (Ann Arbor, MI).

Dialysis membranes were from Spectrum Laboratories, Inc. (Rancho Dominguez,

CA). Sepharose and amylose resins were from GE Healthcare Biosciences (Pittsburg,

PA) and New England Biolabs (Ipswich, MA) respectively. Iminodiacetic acid was

from TCI America (Portland, OR). Butanediol diglycidyl ether was from Electron

Microscopy Sciences (Hatfield, PA).

Protein estimation and enzyme assays: Bradford reagent and protein estimation

kit for the BCA assay were from Bio-Rad (Hercules, CA) and Pierce Biotechnology

(Rockford, IL) respectively. Met-Pro-pNitroaniline was provided by Dr. Sanku Mallik.

Met-7-amonio-4-methylcoumarin was from Enzo Life Sciences (Farmingdale, NY).

Aeromonas aminopeptidase was from ProSpec (Ness-Ziona, Israel). 96 and 384-well

microplates were from Corning Life Sciences-Axygen Inc. (Union City, CA), or Greiner

Bio-One (Monroe, NC).

Cloning: The clones containing EcMetAP-6His and 6His-HsMetAP were provided

by Dr. Brian Matthews at the University of Oregon (Eugene, OR). E. coli DH5α

and BL21-DE3 competent cells and Pfu DNA polymerase were from Stratagene (La

Jolla, CA). Restriction enzymes and T4 DNA ligase were from New England Biolabs

(Ipswich, MA). Plasmid DNA purification kit was from Qiagen (Valencia, CA). Primers

were synthesized by Integrated DNA Technologies (Coralville, IA).
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4. METHODS

4.1. Cloning, Expression and Purification

4.1.1. Expression and purification of His-tagged E. coli MetAP

Recombinant clones of E. coli BL21-DE3 Gold cells containing EcMetAP-6His

were provided kindly by Dr. Anthony Adlagatta and Dr. Brian Matthews, in the

form of colonies on a Kanamycin nutrient agar plate. Expression and purification of

EcMetAP-6His was carried out as described by Lowther et al. [124], and modified as

reported by Addlagatta et al. [96]. Starter cultures were prepared by inoculating a

single colony into 5ml of sterile Luria-Bertani (LB) medium containing 50 µg/ml of

kanamycin. After incubation at 37
◦C for 16 hours, part of the culture was used to

inoculate 1L of media containing kanamycin and the rest was stored at −20
◦C in the

form of glycerol stocks. The 1L cultures were incubated at 37
◦C for 4 to 6 h, and then

expression of the enzyme was induced by adding 1mm isopropyl β-d-1-thigalactoside

(IPTG). Expression was allowed to continue overnight at room temperature (RT). The

cells were then pelleted out by centrifugation at 10,000 g and 4
◦C for 30 min. The

pellets were resuspended in lysis buffer (50mm HEPES, pH 8 containing 0.5 m KCl,

0.1% Triton X-100, 10% glycerol, 5mm imidazole and 0.1mg/ml phenylmethylsulfonyl

fluoride (PMSF)) and lysed by sonication (power level 4, 50% duty cycle) in an ice-bath

for 10min, in 1min steps. The lysate was centrifuged at 15,000 g and 4
◦C for 30min

and the resulting supernatant was loaded onto an iminodiacetic acid (IDA) sepharose

column that was charged with NiCl2 and pre-equilibrated with lysis buffer. The IDA

sepharose was prepared by cross linking IDA with oxirane activated Sepharose 6B as

described by Sundberg and Porath [125]. The loaded column was washed with lysis
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buffer until the absorbance at 280nm reached the baseline, followed by washing with 3

column volumes of wash buffer (lysis buffer containing 20mm imidazole, without Triton

X-100 and glycerol). The protein was then eluted with elution buffer (wash buffer

containing 100mm imidazole) and stored with 1mm EDTA until further processing.

An Econo low pressure chromatography system (BioRad, Hercules, CA) was used for

all column operations. The presence of pure EcMetAP-6His in the collected fractions

was confirmed by SDS-PAGE and such fractions were pooled and dialyzed into storage

buffer (25mm HEPES pH 8 containing 150mm, KCl and 5mm methionine). The

protein was then concentrated and stored in aliquots at −80
◦C.

4.1.2. Expression and purification of 6His-HsMetAP

Recombinant clones of E. coli BL21-DE3 Gold cells containing 6His-HsMetAP

were provided kindly by Dr. Anthony Adlagatta and Dr. Brian Matthews, in the

form of colonies on an Ampicillin nutrient agar plate. Expression and purification

of 6His-HsMetAP was carried out as reported by Addlagatta et al. [96] with some

modifications. Starter cultures were prepared by inoculating a single colony into

5ml of sterile Luria-Bertani (LB) medium containing 50 µg/ml of ampicillin. After

incubation at 37
◦C for 16 hours, part of the culture was used to inoculate 1L of

media containing ampicillin and the rest was stored at −20
◦C in the form of glycerol

stocks. The 1L cultures were incubated at 37
◦C for 4 - 6 hours, and then expression

of the enzyme was induced by adding 1mm IPTG. Expression was allowed to continue

overnight at room temperature (RT). The cells were then pelleted out by centrifugation

at 10,000 g and 4
◦C for 30 min. The pellets were resuspended in lysis buffer (50mm

HEPES, pH 8 containing 0.5 m KCl, 0.1% Triton X-100, 10% glycerol, 5mm imidazole

and 0.1mg/ml PMSF) and lysed by sonication (power level 4, 50% duty cycle) in

an ice-bath for 10minute, in 1minute steps. The lysate was centrifuged at 15,000 g
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and 4
◦C for 30min and the resulting supernatant was loaded onto an iminodiacetic

acid (IDA) sepharose column that was charged with NiCl2 and pre-equilibrated with

lysis buffer. The IDA sepharose was prepared by cross linking IDA with oxirane

activated Sepharose 6B as described by Sundberg and Porath [125]. The loaded

column was washed with lysis buffer until the absorbance at 280nm reached the

baseline, followed by washing with 5 column volumes of wash buffer (lysis buffer

containing 5mm imidazole, without Triton X-100 and glycerol). The protein was then

eluted by applying a gradient of 10 to 150mm imidazole and stored with 1mm EDTA

until further processing. The presence of pure 6His-HsMetAP in the collected fractions

was confirmed by SDS-PAGE and such fractions were pooled and dialyzed into storage

buffer (25mm HEPES pH 8 containing 150mm, KCl and 5mm methionine). The

protein was then stored in aliquots at −80
◦C.

4.1.3. Cloning, expression and purification of EcMetAP

In order to remove the C-terminal 6His-tag (as well as the accompanying thrombin

cleavage site) from EcMetAP-6His and introduce an N-terminal 6His-tag with a TEV

cleavage site, the EcMetAP-6His gene from the pET28 expression vector (obtained

from E. coli BL21-DE3 Gold cells as provided by Dr. Anthony Adlagatta and Dr.

Brian Matthews) was subcloned into a pLIC vector provided by Dr. Stephen Bottomley.

The overall process was accomplished via the ligation independent cloning method as

described by Cabrita et al. [126]. Plasmid DNA from the above clone was extracted

and the EcMetAP sequence was amplified by PCR using the oligonucleotides 5′–CC

AGGGAGCAGCCTCGATGGCTATCTCAATCAAGACC–3′ and 5′–GCAAAGCA

CCGGCCTCGTTATTCGTCGTGCGAGATTATCG–3′ as the forward and reverse

primers respectively. The PCR product was purified using QIAquick® spin columns

and treated with T4 DNA Polymerase (1U/0.1 pmol) and 2.5mm dATP at 22
◦C for
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30min, followed by a 20min heat inactivation step. The pLIC vector was similarly

treated but with 2.5mm dTTP. In the annealing step 1 µl of treated vector was

mixed with 2 µl of treated PCR product and incubated at RT for 1 hour followed by

addition of 1 µl of 25mm EDTA pH 8 and further incubation for 5min. The annealed

vector was then transformed into DH5α™ competent cells. The cells were plated

on nutrient agar plates containing 0.1mg/ml ampicillin and the resulting colonies

of transformed clones were stored as glycerol stocks at −80
◦C. Plasmid extracted

from the transformed DH5α™ cells was then transformed in to competent E. coli

BL21-DE3 Gold cells. Expression and purification of 6His-EcMetAP was carried out

as described in section §4.1.1. Purified 6His-EcMetAP was treated with 6His tagged

TEV protease (see section §4.1.6) at 4
◦C for 2 days and the tag free EcMetAP was

repurified by passing through a Ni-IDA column. Pure EcMetAP was eluted in the

load flow through and was concentrated and stored in aliquots at −80
◦C.

4.1.4. Expression and purification of EcPDF

EcPDF was expressed and purified from E. coli BL21-CodonPlus® DE3(RIL)

clones containing pT7HMT-PDFEc plasmid as described by Berg et al. [107]. 5ml

nutrient media containing 100 µg/ml ampicillin and 30 µg/ml chloramphenicol were

inoculated with glycerol stock of the above clone and incubated at 37
◦C for 16 hours.

The starter cultures were inoculated into 1L of media with the above antibiotics and

incubated at 37
◦C until the cultures reached an OD600 of 0.5. Expression of the enzyme

was induced by adding 1mm IPTG and the cells were allowed to grow overnight at

RT. The next day, the cells were harvested by centrifugation at 10,000 g and 4
◦C

for 30 min. The pellets were resuspended in lysis buffer containing 50mm HEPES

pH 7.5, 20mm NiCl2 and 0.1mg/ml PMSF and lysed by sonication. The lysate was

centrifuged and the supernatant was dialyzed overnight at 4
◦C against lysis buffer

63



without PMSF. Precipitate formed during dialysis was removed by centrifugation.

The supernatant was loaded onto a Fractogel TMAE column and washed with buffer

containing 50mm HEPES pH 7.5, 25mm KCl and 5mm NiCl2. The protein was eluted

using a KCl gradient from 20 to 200 mm. Fractions containing pure protein were

identified by SDS-PAGE, then pooled, concentrated and dialyzed at 4
◦C into storage

buffer (50mm HEPES pH 7.5 and 2mm NiCl2) and stored at 4
◦C for immediate or

at −20
◦C for later use.

4.1.5. Cloning, expression and purification of EcPDF-C∆21

The truncated protein EcPDF-C∆21 was obtained by deleting the coding region

for the 21 amino acid C-terminal helix Pro149 – Ala169 and cloning the truncated

gene into a pLIC vector. The truncation mutation was achieved by inserting a stop

codon after Ser148 using the oligonucleotides 5′–CCAGGGAGCAGCCTCGATGT

CAGTTTTGCAAGTGTTAC–3′ and 5′–GCAAAGCACCGGCCTCGTTATGACA

GATAATCCATAAACAGTTTG–3′ as the forward and reverse primers respectively

to amplify the EcPDF gene (from the plasmid described above) by PCR. The PCR

product was purified using QIAquick® spin columns and treated with T4 DNA

Polymerase (1U/0.1 pmol) and 2.5mm dATP at 22
◦C for 30min, followed by a 20min

heat inactivation step. pLIC vector containing N-terminal MBP tag with TEV cleavage

site was similarly treated but with 2.5mm dTTP. In the annealing step 1 µl of treated

vector was mixed with 2 µl of treated PCR product and incubated at RT for 1 hour

followed by addition of 1 µl of 25mm EDTA pH 8 and further incubation for 5min.

The annealed vector was then transformed into DH5α™ competent cells. The cells

were plated on nutrient agar plates containing 0.1mg/ml ampicillin and the resulting
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colonies of transformed clones were stored as glycerol stocks at −80
◦C. Plasmid

extracted from the transformed DH5α™ cells was then transformed in to competent

E. coli BL21-DE3 Gold cells.

Transformed E. coli BL21-DE3 Gold clones were inoculated into 5ml of LB

media containing 0.1mg/ml ampicillin and grown at 37
◦C for 16 hours. The starter

cultures were used to inoculate 1L of media and incubated in a shaker at 37
◦C for 4 -

6 hours. Expression of the protein was induced by adding 1mm IPTG and the cells

were allowed to grow overnight at RT. The cells were then harvested by centrifugation

at 10,000 g and 4
◦C for 30 min. The pellets were resuspended in lysis buffer (50mm,

HEPES pH 7.5 containing 2mm NiCl2 and 0.1mg/ml PMSF) and lysed by sonication

(power level 4, 50% duty cycle) in an ice-bath for 10minute, in 1min steps. The lysate

was centrifuged at 15,000 g and 4
◦C for 30min and the resulting supernatant was

loaded onto an amylose resin column pre-equilibrated with lysis buffer without PMSF.

The column was washed with buffer containing 50mm HEPES, pH 7.5 containing

2mm NiCl2 and 10mm maltose until the absorbance of the eluent at 280nm returned

to baseline. The protein was eluted with buffer containing 100mm maltose. The eluted

protein was reloaded onto a fresh amylose resin column and the process was repeated

once more to obtain pure MBP-EcPDF-C∆21 which was confirmed by SDS-PAGE.

The purified MBP-EcPDF-C∆21 was treated with TEV protease to cleave the MBP

tag and the tag was removed by running the mixture through an amylose resin column.

The protein eluting with the load flow through was reloaded on to a fresh amylose

resin column and pure EcPDF-C∆21 was collected in the load flow through. Purity

was confirmed by SDS-PAGE and the samples were stored at −80
◦C.
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4.1.6. Expression and purification of TEV protease

TEV protease containing N-terminal 6His tag was expressed and purified from

E. coli BL21-DE3 cells containing the pRK792 expression vector. The cells were

grown in LB media containing 100 µg/ml ampicillin and expression was induced with

1mm IPTG. After overnight growth at RT, the cells were pelleted by centrifugation

at 10,000 g and 4
◦C for 30 min. The pellets were resuspended in lysis buffer (50mm

HEPES pH 8, 100mm NaCl and 1mm TCEP) and lysed by sonication. The lysate was

centrifuged and the supernatant was loaded onto an IDA-sepharose column charged

with Ni2+ and pre-equilibrated with lysis buffer. The column was washed with lysis

buffer containing 15mm imidazole and the protein was eluted using a linear gradient

of imidazole from 15 to 250 mm. Fractions containing pure TEV were identified

by SDS-PAGE and pooled and dialyzed into buffer containing 20mm HEPES pH 8,

100mm NaCl, 1mm TCEP and 0.5mm EDTA. The protein was stored at 4
◦C for

immediate use.

4.1.7. Purity and yield of proteins

The level of expression of each of the above proteins and their purity during each

stage of purification was qualitatively determined by SDS-PAGE (ref). A resolving

gel of 12% acrylamide (acrylamide:bisacrylamide, 1:30) prepared in 1.5 m Tris, pH

8.8 and a stacking gel of 4% acrylamide prepared in 0.5 m Tris, pH 6.8 were used,

both containing 0.1% SDS. Samples were dissolved in loading dye (100mm Tris,

pH 6.8 containing 25% glycerol, 10% SDS, 5mm β-mercaptoethanol and 0.015%

bromophenol blue) and heated in a boiling water-bath for 10min before loading. The

gels were run at 200V in Tris-glycine buffer (25mm Tris, 190mm glycine and 0.1%,

pH 8.3 and then stained with 0.1% Coomassie blue solution (10% acetic acid and 10%

methanol) at 37
◦C for 15min. Destaining was carried out by a solution of 10% acetic

66



acid and 40% methanol. Protein estimation was carried out in 96 well micro-titre

plates by the Bradford method [127] with BSA as the standard. 2 - 10 µl of protein

sample was mixed with 200 µl of 1:5 diluted Bradford reagent and the absorbance was

measured at 595nm. The sample was compared with the BSA standards in the range

of 0.05 - 0.5mg/ml and the molar concentrations were determined using the molecular

masses listed below.

4.1.8. Determination of metal content of proteins

The Zn2+ content of EcPDF and EcPDF-C∆21 samples was determined by

inductively coupled plasma mass spectrometry at the University of Georgia Chemical

Analysis Laboratory (Athen, GA). Two samples of each protein were prepared by

dialyzing against 20mm HEPES pH 7.2 containing 20mm KCl, with and without

2.5mm NiCl2. A sample of EcPDF-C∆21 was also prepared by dialyzing against the

above buffer containing Nicl2 followed by a heat treatment of 60
◦C for 150min using

a thermal cycler, then incubating overnight at 4
◦C. Dialysate buffers were used as

blanks and the protein concentrations of the samples were determined by the Bradford

method prior to analysis. The concentration of Zn2+ in the samples was determined

in units of part-per-billion which was then converted to units of uM and mole fraction

of protein.
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4.2. Electronic Spectroscopic Characterization

4.2.1. Circular dichroism studies of peptide deformylases

Circular dichroic (CD) spectra of PDFs were measured on a J-710 spectropo-

larimeter (Jasco, Tokyo, Japan) using a 1mm path-length quartz cuvette. 150 µl

samples of 10 - 20 µm enzyme were prepared in 5mm HEPES buffer, pH 7.5 containing

2mm NiCl2.

4.3. Steady State Kinetic Methods

4.3.1. The coupled assay for methionine aminopeptidase

The coupled assay for measuring the activity of methionine aminopeptidases

was carried out as described by Zhou et al. [85] (see Scheme 4.1). Methionine from

the substrate Met-Pro-pnitroaniline was cleaved by MetAP, followed by cleavage of

proline by proline aminopeptidase (ProAP). The free pnitroaniline thus generated was

quantified over time by its absorbance at 405nm.

The assays were monitored either by a Lambda 3B spectrophotometer (Perkin-

Elmer, Waltham, MA) using a 1 cm path-length cuvette, or a SpectraMax® Plus384

absorbance microplate reader (Molecular Devices, Sunnyvale, CA) using a flat bottom

96-well microtitre plate. A typical assay (0.1ml in a 96-well plate or 1ml in a cuvette)

was carried out in 50mm HEPES buffer, pH 7.5 containing 100mm NaCl, 100 µm

CoCl2, 400 µm Met-Pro-pNA and 1U/ml ProAP. The assay was initiated by the

addition of 1 µm MetAP and monitored for up to 40min. The initial rate of the
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Scheme 4.1. Coupled spectrophotometric assay for MetAP.
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reaction was determined from the slope of the linear region of the progress curve. A

standard curve plot (absorbance vs. concentration) of the product (pNA) was used to

convert the units of the slope (Abs/min) into units of µm/min.

4.3.2. The direct assay for methionine aminopeptidase

The direct assay for measuring the activity of MetAP was carried out using

the fluorogenic substrate Met-7-amino-4-metylcoumarin (Met-AMC) as described in

Scheme 4.2. The assays were monitored at 460nm (λ ex = 360nm) by a Gemini™ EM

fluorescence plate reader (Molecular Devices, Sunnyvale, CA) using either 96-well or

384-well microtitre plates in a top-read configuration. A typical assay (100 µl in a

96-well plate or 75 µl in a 384-well plate) was carried out in 50mm HEPES buffer,

pH 7.5 containing 100mm NaCl, 10 µm CoCl2 and 100 µm Met-AMC. The assay was

initiated by the addition of 1 µm MetAP and monitored for up to 40min. The initial

rate of the reaction was determined from the slope of the linear region of the progress

curve. A standard curve plot (fluorescence vs. concentration) of the product (AMC)

was used to convert the units of the slope (RFU/min) into units of µm/min.

4.3.3. The coupled assay for peptide deformylase

The activity of native and truncated PDFs was measured using the coupled assay

reported by Wei and Pei [61] (see Scheme 4.3. The formyl group from the substrate

fMet-Leu-pNA was cleaved by PDF follwed by sequential removal of methionine and

leucine by leucyl aminopeptidase from Aeromonas proteolytica (AAP). The assays

were monitored at 405nm by the SpectraMax® Plus384 absorbance plate reader

using 96-well microtitre plates. A typical assay of 100 µl was carried out in 25mm

HEPES buffer, pH 7.5 containing 100mm KCl, 2mm NiCl2, 0.1mg/ml BSA, 10U/ml

AAP and 100 µm fMet-Leu-pNA. The assay was initiated by addition of PDF and

70



CH3

OO
H
NO

NH2

S

MetAP
H2O

O OH

NH2

S

+

CH3

OONH2

Met-AMC Met AMC

λ ex = 360 nm
λ em = 460nm

Scheme 4.2. Direct fluorometric assay for MetAP.

monitored for upto 20min. The initial rate of the reaction was determined from the

slope of the linear region of the progress curve. A standard curve plot (absorbance

vs. concentration) of the product (pNA) was used to convert the units of the slope

(Abs/min) into units of µm/min.

4.3.4. Determination of the kinetic parameters

The kinetic parameters Km and kcat of the above enzyme catalyzed reactions

were determined by measuring the reaction rate with varying substrate concentrations.

The initial rates were plotted as a function of substrate concentration and the data

were analyzed either by the standard Michealis-Menten equation

v =
Vmax[S]
Km + [S] (1)
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where Vmax is the maximum steady-state rate, [S] is the substrate concentration,

Km is the apparent binding constant of the substrate to the enzyme and v is the initial

rate at the substrate concentration [S], or by the modified equation incorporating

substrate inhibition

v =
Vmax[S]

Km + [S] (1 + [S]
Kmi

)
(2)

where Kmi is the apparent binding constant of the substrate to the enzyme other

than at the active site. The data analysis was performed by non-linear regression

using either GraFit 4.12 (Erithacus Software, London, UK) or Origin 7.5 (OriginLab,

Northampton, MA) softwares. The value of kcat was obtained from the relationship

kcat =
Vmax

[E]t

where [E]t is the enzyme concentration in the assay.

4.3.5. Steady state experiments to study the inhibition of methionine

aminopeptidases

Screening of inhibitors for MetAPs was carried out using the coupled assay

described in section §4.3.1. The assays were conducted in 96-well plates in the

presence of 10 µm inhibitors with a control assay without any inhibitor. The reactions

were initiated (simultaneously in each plate column) by addition of the enzyme using

a multi-channel pipette. The inhibitors that reduced the activity by 50% or more (as

compared to the control) were retested as potential inhibitors of the enzymes.
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The inhibition constant (Ki) of the potential inhibitors was determined by

measuring the activity of the enzyme in the presence of a range of concentrations of

the inhibitor. The data were analyzed by non-linear regression using the equation

described by Banerjee et al. [128]

v =
V0Ki

Ki + [I]t − 1

2
(([I]t + [E]t +Ki) −

√
([I]t + [E]t +Ki)2 − 4[I]t[E]t)

(3)

where V0 is the steady-state rate in the absence of inhibitor, [I]t and [E]t are

the total inhibitor and enzyme concentrations, Km and Ki are the apparent binding

constants of the substrate and inhibitor to the enzyme and v is the initial rate at the

inhibitor concentration [I]t.

4.4. Characterization of EcMetAP Inhibition by Cyclodextrin

4.4.1. Steady-state experiments to determine the inhibition model

For inhibition studies, the enzyme activity was measured using the direct assay

in the presence of varying concentrations of the substrate (10 -– 800 µm) and CD (0

to 12mm). The mode of inhibition was determined by assaying the enzyme activity

as a function of inhibitor as well as substrate concentrations. The data were analyzed

by non-liner regression using Dynafit 3 (BioKin Ltd., Watertown, MA) software [129]

which also utilized model discrimination analysis on the basis of Akaike weight [130]

to delineate the most probable mechanism of inhibition.
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4.4.2. Determination of the CD-MetAMC complex crystal structure

For crystallization of CD-MetAMC complex, 1mmol solutions of β-cyclodextrin

(β-CD) and MetAMC were prepared in water and ethanol, respectively. The solutions

were slowly mixed and heated to 60
◦C and maintained the temperature for 2 hours.

This was followed by slowly cooling the reaction mixture which resulted in the formation

of the β-CD-MetAMC crystal. Single crystal X-ray diffraction data set was collected

on a Bruker Apex Duo diffractometer (I µS microfocus Cu-radiation) with an Apex 2

CCD area detector. The structure was solved by direct methods and refined on F2

using Apex 2 v2010.9-1 software package, after integration with SAINT v7.68A and

multi-scan absorption correction.

4.4.3. Molecular modelling studies

The docking studies of CD bound Met-AMC to EcMetAP were carried out

using the software Autodock Vina 1.1.1 [131]. EcMetAP crystal structure from PDB

(2GTX) [80] was used as the model for the enzyme. MetAMC structure was produced

in GaussView 5.0 [132] or used from the data obtained above. β-cyclodextrin crystal

structure from PDB (1Z0N) [133] or from the crystallography data described above

was used as the model for CD as is. Alternatively, 2-hydroxypropyl-β-cyclodextrin was

generated by adding hydroxypropyl chains to the CD crystal structure. The docking

input files were prepared using AutoDock Tools 1.5.6rc1 [134]. Solvent molecules from

the crystal structure were deleted along with additional macromolecule chains (chain

B). Hydrogens and Gastieger charges were added to the protein molecule which was

saved in the PDBQT file format. The search space for the docking was set with a grid

box of 28x28x26 Å centered over the enzyme active site, for docking the CD-MetAMC

complex to EcMetAP. The docking was run with an exhaustiveness parameter of

50. Molecular dynamics simulations were conducted with the all-atom CHARMM22
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force field [135] in NAMD 2.8 [136]. Input files were for the MD simulations were

using prepared using VMD 1.9.1 [137]. The topology and parameter files for CD and

MetAMC were generated using SWISS-PARAM [138]. In a typical setup the protein

backbone atoms were set as fixed, the molecules were solvated in a water sphere

with a padding of 15Å using the TIP3P water model, and ions (Na+ and Cl–) were

added at a concentration of 100mm NaCl. The simulation was run with spherical

boundary conditions at 300 K (with Langevin dynamics) for up to 250ps, with 1 fs

time steps. Non-bonded interactions were cut-off at 12Å using a switching function at

10Å and the bond-lengths and bond-angles of water molecules were constrained using

the SHAKE algorithm. The equilibration of the systems was confirmed by RMSD

analysis [139] and calculation of internal as well as interaction energies.

4.5. Metal-ion Binding Studies of EcMetAP

4.5.1. Luminescence spectra of lanthanides

The luminescence experiments involving Eu3+ were carried out on a Quantamaster

life-time spectrofluorometer (PTI, Birmingham, NJ), configured with both pulsed

Xenon and LED as excitation sources. The Eu3+ luminescence spectra were acquired

using the pulsed Xenon as the excitation source with λ ex = 295nm, λ em = 525 to

625nm, and a high bandpass cutoff filter of 340nm. To eliminate the fluorescence

signal of the protein, a “gate time" of 150 µs was applied. The signal quality was

improved by integrating over 2150 µs and averaging 10 spectra. All experiments were

carried out in the assay buffer containing 3.6 µm EcMetAP. The binding affinity of

Eu3+ to the enzyme was measured by titrating EuCl3 into apo-EcMetAP and plotting

the increase in luminescence intensity (λ ex = 295nm, λ em = 614nm) as a function
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of the metal ion concentration. A control experiment was performed in the absence

of MetAP, and the data were subtracted from the binding experiment to correct for

background luminescence of free europium. The binding data were analyzed by a

complete solution of the underlying quadratic equation (Eq. (4)) as described by Wang

et al. [140]:

L = C ∗
(([M] +Kd + n[E]t) −

√
([M] +Kd + n[E]t)2 − 4n[E]t)

2
(4)

Where L, C, [M], n and [E]t represent the luminescence signal, total change in

signal, metal ion (Eu3+) concentration, stoichiometry of the enzyme-Eu3+ complex

and total enzyme concentration, respectively.

4.5.2. Determination of metal-ion binding affinity by displacement of

europium from MetAP

The binding affinities of various metal ions to EcMetAP were determined by

titrating the enzyme-Eu3+ complex (3.6 µm EcMetAP and 50 µm EuCl3) with different

metal ions and measuring the decrease in the luminescence intensity (due to competitive

displacement of Eu3+ from the enzyme’s active site) as a function of the metal ion

concentration. The data were analyzed by a modified form of the competitive binding

model (Eq. (5)) as described by Banerjee et al. [128]

L =
Lc

[E]t
([E]t − [EM]) + offset

where [EM] = [E]t + [M]t +Kd + (Kd/K ′
d) [Eu3+]

−

√
([E]t + [M]t +Kd + (Kd/K ′

d) [Eu3+])
2
− 4[E]t[M]t

2
(5)
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Where Lc is the total change in luminescence signal (L) upon complete displace-

ment of Eu3+ from the active site, [E]t, [M]t and [Eu3+] are the concentrations of

the enzyme, the displacing metal ion, and Eu3+ respectively, while Kd and K ′
d are the

dissociation constants of displacing metal ion and Eu3+ respectively.

4.5.3. Determination of metal-ion activation constant

The activity of various metalloforms of EcMetAP was measured using the direct

assay system described in section §4.3.2. The enzyme assay was performed at RT

in 50mm HEPES buffer, pH 7.5, containing 100mm NaCl, 400 µm substrate, and

varying concentrations of metal salts (total volume = 200 µl) in 96 well plates. The

enzymatic reaction was initiated by addition of appropriately diluted EcMetAP, and

the reaction progress was monitored for 30min at 460nm (λ ex = 360nm). The slope

of the linear region of the reaction trace was taken as the measure of the initial rate

of the enzyme catalyzed reaction. The activation constants (Ka ’s) of metal ions for

the enzyme were determined from the plots of the initial rates of the enzyme catalysis

as a function of metal concentrations, and the data were analyzed by applying the

quadratic equation Eq. (4) described earlier, as follows:

v = C ∗
(([M] +Ka + n[E]t) −

√
([M] +Ka + n[E]t)2 − 4n[E]t)

2
(6)

Where v, C, M , n and [E]t represent the signal (initial rate), change in signal

(maximal increase in rate at saturating concentration of the metal ions), metal

ion concentration, stoichiometry of the enzyme-metal complex and total enzyme

concentration respectively.
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4.6. PDF Stability Studies

4.6.1. Heat inactivation of peptide deformylase

Aliquots of PDF prepared in assay buffer (25mm HEPES buffer, pH 7.5 con-

taining 100mm KCl and 2mm NiCl2) were divided in 0.5ml microcentrifuge tubes

and incubated at 60
◦C in a water bath or thermal cycler. The different aliquots were

incubated for varying periods of time, ranging from approximately 1min to 3.5 h,

after which they were incubated at 4
◦C overnight. The aliquots were then added to a

96-well plate and the activity of the enzyme was assayed by adding 100 µm substrate

(fMet-Leu-pNA) in the presence of 0.1mg/ml BSA and 10U/ml AAP. An untreated

aliquot maintained at 4
◦C was used as the control. The initial velocities, observed in

a plate reader as an increase in absorbance at 405nm, were recorded and plotted as a

function of the period of heat treatment.

4.6.2. Thermal unfolding of peptide deformylase

The temperature dependent unfolding of the PDF secondary structure was

measured on a Jasco-715 CD spectropolarimeter equipped with a peltier temperature

control. The ellipticity (θ) of 15 to 25 µm PDF was measured at 223nm in 5mm

HEPES buffer, pH 7.5 containing 2mm NiCl2 using a 1mm path-length quartz cuvette.

The temperature was ramped from 25 to 90
◦C at a rate of 1

◦Cmin−1 and the change

in θ223 was plotted as a function of temperature. The data were analyzed by a modified

sigmoidal (Boltzmann) function

θ223 =
A0 − A1

1 + ex − p/dx1
+

A1 − A2

1 + ex − q/dx2
+ A2 (7)
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where A0 and A1 are the baseline ellipticity for each phase, p and q are the temperature

at unfolding transition (Tm) for each phase, dx1 and dx2 are the rates of unfolding at

each transition, and A2 is the final ellipticity after completion of unfolding.

Kinetic unfolding studies were conducted by incubating the enzyme solution at

60
◦C for up to 2.5 h, with an equilibration time of 30 s. Ellipticity measurements were

made as above and plotted as a function of time. The data were analyzed by a double

exponential function

θ223 = 1 − (A1e
−k1t + A1e

−k2t) + offset (8)

where the rate of unfolding of each phase is given by k1 and k2.
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5. RESULTS

5.1. Cloning, Expression and Purification of Methionine

Aminopeptidases and Peptide Deformylases

5.1.1. Expression and purification of 6His-tagged methionine aminopepti-

dases

The 6His-tagged methionine aminopeptidases (MetAPs) were expressed and

purified from clones of E. coli BL21-Gold (DE3) cells. The clones producing the E.

coli and human forms of MetAP, contained the genes for kanamycin and ampicillin

resistance respectively. The cells were grown in LB media in a batch of 4L, and

the cultures reached the recommended OD600 of 1.5 in 4 to 6 h. The expression of

the enzymes was induced by IPTG and the cells were allowed to grow overnight at

room temperature, prior to harvesting by centrifugation. The harvested cells were

freeze-thawed to aid in lysis prior to sonication. The cell lysate was loaded onto a

freshly prepared 30ml Ni-IDA column and the purification of the 6His-tagged MetAP

was carried out as described in sections §4.1.1 and §4.1.2. Most of the MetAP enzyme

was retained on the column as determined by measuring the enzyme activity and SDS-

PAGE analysis of the load flow-through fractions. A gradient of 5 to 150mm imidazole

was initially applied to elute both the enzymes. On optimization, it was noted that

EcMetAP-6His was eluted by 100mm imidazole after washing the column with 10

column volumes of wash buffer (50mm HEPES pH 8, containing 0.5 m KCl, and 5mm

imidazole). On the other hand, the concentration of imidazole at which 6His-HsMetAP

eluted varied from batch to batch and the overall process could not be optimized.

Therefore a gradient (5 to 100mm) was used for the elution of 6His-HsMetAP each
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time. The eluted enzymes were converted to their apo forms by adding EDTA and

dialysing against the storage buffer (25mm HEPES pH 8, containing 150mm KCl and

5mm methionine), then stored at −70
◦C. However, during the dialysis process, it was

observed that a considerable amount of 6His-HsMetAP was lost due to precipitation.

The purity of the enzyme preparations was confirmed by SDS-PAGE analysis

(Figure 5.1). The EcMetAP and HsMetAP bands corresponded to the molecular mass

of 29 kDa and 43 kDa respectively, as expected.

Figure 5.1. SDS-PAGE analysis of purified MetAPs. The bands in lane 1
represent the protein standard with the molecular sizes given in kDa. The
bands in lanes 2 and 3 represent the purified 6His-tagged EcMetAP and
HsMetAP respectively.

Protein estimation of the purified enzymes was carried out by the Bradford

method using BSA as the standard (see Figure 5.2). An initial comparison of protein

estimation results for EcMetAP-6His from the Bradford (with BSA and IgG standards)
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and BCA (with BSA standard) methods indicated that both methods yielded similar

results. On the other hand it was found that the estimation of 6His-HsMetAP by

the Bradford method using BSA as the standard was two times higher than that

obtained either by using IgG as the standard, or by estimating using the BCA method.

Therefore the protein estimation results of 6His-HsMetAP obtained by the Bradford

method (with BSA standards) were modified by a factor of 0.5. Yields of up to 90mg

of EcMetAP-6His and up to 10mg of 6His-HsMetAP were obtained per liter of their

respective E. coli culture.
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Figure 5.2. BSA standard plot for the Bradford assay. The estimation
was carried out using the ’standard procedure for microplate assay’ with
BSA concentrations of 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5mg/ml. The data were
averaged over four sets and the linear fit represents an R2 value of 0.997.
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5.1.2. Cloning, expression and purification of native EcMetAP

The plasmid vector containing the EcMetAP coding sequence with a C-terminal

6His tag and thrombin cleavage site was extracted from the E. coli clone as described

in section §4.1.3. The vector was then used as a template for the PCR amplification

of the EcMetAP coding sequence with modification to contain a TEV cleavage site.

The existing thrombin cleavage site (and the following 6His tag) was removed by

introducing a stop codon in the reverse primer. The N-terminal 6His tag and TEV

cleavage site were included in the receiving vector (pLIC) cloning site and thus were

incorporated at the N-terminal of the amplified EcMetAP coding sequence. The

plasmid was transformed into competent DH5α ™ cells, amplified by growing the

transformed cells and finally extracted. The purified plasmid was sent for sequencing

to confirm the presence of the 6His–EcMetAP coding region.

The purified pLIC plasmid containing the 6His–EcMetAP coding sequence was

transformed into competent E. coli BL21-DE3 Gold cells and the transformed cells

were grown in LB media containing ampicillin. Expression of 6His–EcMetAP was

induced by IPTG and purification of the enzyme was carried out on a Ni-IDA column

as described in section §4.1.1. The 6His tag was cleaved by treatment with 6His–TEV,

and the His-tag free EcMetAP was purified by running through a second Ni-IDA

column column. Estimation of the purified enzyme, as described in section §5.1.1,

indicated a net yield of 20mg of His-tag free EcMetAP from one liter of the E. coli

culture.

5.1.3. Cloning, expression and purification of truncated EcPDF

The coding sequence of native EcPDF was obtained from the pET20b(+) vector

that was previously generated in our lab [64]. The plasmid was expressed and purified

from DH5α ™ clones and used as the template to produce the truncated form of the
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coding sequence. Truncation was achieved by introducing a stop codon via the reverse

primer at cytosine 445 of the sense strand (the position equivalent to the amino acid

Pro149 of the EcPDF polypeptide). The forward and reverse primers (section §4.1.5)

were designed with overlaps for the pLIC vector containing an N-terminal MBP tag

and TEV cleavage site. The truncated sequence obtained from PCR amplification

was introduced into the MBP–TEV–pLIC vector which was then transformed into

chemically competent DH5α ™ cells. The transformed cells were grown on LB agar

containing ampicillin. The plasmid from the transformed cells was purified and sent

for sequencing with the forward and reverse primers to confirm the presence of the

MBP–TEV–EcPDF-C∆21 sequence. Analysis of the sequencing data (Figure 5.4) by

BLAST [141] revealed 95% identity with the E. coli maltose transporter subunit and

100% identity with the E. coli peptide deformylase enzyme.

The plasmid was then transformed into competent E. coli BL21-DE3 Gold cells.

The transformed cells were grown in LB media containing ampicillin, and expression

of EcPDF-C∆21 was induced by IPTG, in the presence of 2mm NiCl2. Purification

of the MBP-tagged enzyme was carried out on an amylose resin column as described

in section §4.1.5. The MBP tag was cleaved by overnight treatment with TEV and

separated from EcPDF-C∆21 by running the mixture through a second amylose resin

column. The purity of the EcPDF-C∆21 was confirmed by running the sample on

SDS-PAGE (see Figure 5.3) which revealed a single band at 17 kDa as expected.

The protein content was estimated by the Bradford assay indicating a yield of about

10mg of MBP–EcPDF-C∆21 and finally 1mg of EcPDF-C∆21 per liter of the E. coli

culture.
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Figure 5.3. SDS-PAGE analysis of purified EcPDF-C∆21. The bands in
lane 1 represent the protein standard with the molecular sizes given in kDa.
The bands in lanes 2 and 3 represent the purified MBP-tagged EcPDF-C∆21
and the purified EcPDF-C∆21 after TEV cleavage respectively.
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C
1

G AGATGAT AA
11

TAGAAAAGAT
21

GC GATGCGA A
31

TC A CCCAAA A
41

C CAGG AAAGG
51

A

TA C CG A CG T
61

AGAT AG AAAC
71

TGAAAGGG AG
81

AG T AAAGACG
91

CGGTTGATG T
101

CAA C

TGCCAG
111

AGACCCGTA C
121

TT A CCTGGCC
131

GTTGAT GCTG
141

CTG CGGGGGT
151

TATGCGTTCA
161

GG

ATAGAAA C
171

GGCAAGTACG
181

ACATTAAAGA
191

CGTGGCGTGG
201

ATAA CGGTGG
211

CGCGAAAGCG
221

G

GTC TGACC T
231

TCCTGG T GAC
241

C TGATTAAAA
251

ACAAACACAA
261

TGAATGCAGA
271

CACCGATTAC
281

TC

CATCGCAG
291

AAGCTGCCTT
301

T AATAAAGGC
311

GAAACAGCGA
321

TGACCATCAA
331

CGG CCCGTGG
341

GCA

Figure 5.4. DNA sequence of the MBP–TEV–EcPDF-C∆21 construct.
The chromatogram was generated by combining the sequencing data from
the forward and reverse primers. The green bar indicates the initiating
codon equivalent to Met220 of maltose binding protein (MBP).
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A
344

TGGTCCAACA
354

TCGACACCAG
364

CAAAGTGAAT
374

TATGGTGTAA
384

CGGTACTGCC
394

GACCTTCAAG
404

GGTCAACCAT
414

CCAAACCGTT
424

CGTTGGCGTG
434

CTGAGCGCAG
444

GTATTAACGC
454

CGCCAGTCCG
464

AACAAAGAGC
474

TGGCAAAAGA
484

GTTCCTCGAA
494

AACTATCTGC
504

TGACTGATGA
514

AGGTCTGGA

A
524

GCGGTTAATA
534

AAGACAAACC
544

GCTGGGTGCC
554

GTAGCGCTGA
564

AGTCTTACGA
574

GGAAGAGT

TG
584

GCGAAAGATC
594

CACGTATTGC
604

CGCCACTATG
614

GAAAACGCCC
624

AGAAAGGTGA
634

AATCAT

GCCG
644

AACATCCCGC
654

AGATGTCCGC
664

TTTCTGGTAT
674

GCCGTGCGTA
684

CTGCGGTGAT
694

CAAC

Figure 5.4. (. . . cont.) DNA sequence of the MBP–TEV–EcPDF-C∆21
construct.
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G
699

CCGCCAGCGG
709

TCGTCAGACT
719

GTCGATGAAG
729

CCCTGAAAGA
739

CGCGCAGACT
749

AATTCGA

GCT
759

CGAACAACAA
769

CAACACTAGT
779

GAAAACCTGT
789

ATTTCCAGGG
799

AGCAGCCTCG
809

ATGTC

AGTTT
819

TGCAAGTGTT
829

ACATATTCCG
839

GACGAGCGGC
849

TTCGCAAAGT
859

TGCTAAACCG
869

GTA

GAAGAAG
879

TGAATGCAGA
889

AATTCAGCGT
899

ATCGTCGATG
909

ATATGTTCGA
919

GACGATGTAC
929

GC

AGAAGAAG
939

GTATTGGCCT
949

GGCGGCAACC
959

CAGGTTGATA
969

TCCATCAACG
979

TATCATTGTT
989

ATTGATGTTT
999

CGGAAAACCG
1009

TGACGAACGG
1019

CTAGTGTTAA
1029

TCAATCCAGA
1039

GCTTTTAGA

Figure 5.4. (. . . cont.) DNA sequence of the MBP–TEV–EcPDF-C∆21
construct. The green bar indicates the last codon of MBP (residue Thr393).
The red bar indicates the TEV cleavage site (ENLYFQG). The blue bar
indicates the initiating codon for PDF (Met1).
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A
1049

AAAAGCGGCG
1059

AAACAGGCAT
1069

TGAAGAAGGT
1079

TGCCTGTCGA
1089

TCCCTGAACA
1099

ACGTGCTT

TA
1109

GTGCCGCGCG
1119

CAGAGAAAGT
1129

TAAAATTCGC
1139

GCCCTTGACC
1149

GCGACGGTAA
1159

ACCATTTG

AA
1169

CTGGAAGCAG
1179

ACGGTCTGTT
1189

AGCCATC TGT
1199

ATTCAGCATG
1209

AGATGGATCA
1219

C C TGGTC

GGC
1229

AAACTGTTTA
1239

TGGATTATCT
1249

GTCATAACGA
1259

GGCCGGTGCT
1269

TTGCAGGATC
1279

C

Figure 5.4. (. . . cont.) DNA sequence of the MBP–TEV–EcPDF-C∆21
construct. The blue bar indicates the last codon for the truncated PDF
(Ser148). The black bar indicates the termination codon.
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5.1.4. Determination of metal content of proteins

The studies with the truncated form of PDF were undertaken to unravel the

role of the C-terminal helix in the catalytic activity and stability of the enzyme.

However, it is known that the active site metal ion also affects these properties in

PDF. Therefore it was necessary to quantify the relative fractions of different metal

ions in the purified preparations of the native as well as the truncated form of the

enzyme.

Samples of native and truncated PDF prepared in buffer containing NiCl2 were

dialyzed against 5mm HEPES pH 7.5 with or without 1mm NiCl2. The Ni2+ free

buffer was prepared by treating with Chelex® 100 to remove all contaminating trace

metals. The dialysate buffers were used as blanks. The metal content of the samples

were determined by the Chemical Analysis Laboratory at the University of Georgia,

using ICP-AES analysis.

The results of the analysis are shown in Table 5.1. The Zn2+ content in the

PDF preparations was found to be surprisingly consistent across the samples. It

is interesting to note that the dialysis of both forms of PDF resulted in some loss

of bound Zn2+. The Zn2+-bound fraction of PDF appears to exist in two distinct

populations characterized by the lability of the metal ion. Thus approximately 60%

of the bound Zn2+ was found to be labile while 40% remained tightly bound to the

enzyme. While the analysis also determined the Ni2+ content, this was found to be

artificially higher than the molar content of enzyme present in the sample, possibly

due to an incomplete removal of the Ni2+ during dialysis.
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Table 5.1. Metal content of PDFs. 1

Sample % Zn

EcPDF
with 1mm NiCl2 33
dialyzed 13

EcPDF-C∆21
with 1mm NiCl2 33
dialyzed 13

1 Samples of EcPDF and EcPDF-C∆21 were either
dialyzed against metal free buffer or incubated in
buffer containing 1mm NiCl2. The Zn content of
variously treated samples was analyzed by ICP-
AES.

5.2. Electronic Spectroscopic Properties of MetAPs, PDFs and ligands

5.2.1. Absorbance spectra of PDF

From the metal analysis data (Table 5.1), it was clear that some fraction of the

purified PDFs contained tightly bound Zn2+. However due to the presence of excessive

Ni2+ in the buffers used, the Ni2+ content of the enzymes could not be determined by

ICP-AES analysis. The active site Ni2+ is known to exhibit a characteristic charge-

transfer band at 355nm due to charge transfer between the active site Cys90 residue

and Ni2+. This property was exploited by recording the absorbance spectra of the

enzymes in an attempt to determine the Ni2+ content of the native and truncated

PDFs.

The absorbance spectra of 50 µm PDF were measured in 5mm HEPES buffer

pH 7.5 containing 2mm NiCl2 and 100mm KCl. Both native and truncated forms

showed the same spectral profile (Figure 5.5). The absorption by aromatic amino

acids can be seen by the peak at 280nm. Note that the Cys90–Ni2+ charge-transfer
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peak expected to be seen at 355nm is absent. The absence of the charge-transfer

band in spite of maintaining the enzymes in 2mm NiCl2 suggests that the enzymes do

not contain any Ni2+ bound at the active site.
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Figure 5.5. EcPDF absorbance spectrum. The absorbance spectra of
50 µm EcPDF were measured in 5mm HEPES buffer pH 7.5 containing
2mm NiCl2 and 100mm KCl. The absorbance of the buffer was subtracted
as blank.

5.2.2. Fluorescence spectra of ligands

5.2.2.1. Fluorescence spectra of Met-AMC and AMC

The catalytic activity of MetAPs is customarily measured using either oligopep-

tide substrates in an end point assay system, or using chromogenic dipeptide substrates

in a coupled, continuous assay system [13, 81–83]. In order to avoid the drawbacks of

these assay methods as described earlier in section §1.4.2.3, a direct assay using the
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fluorogenic substrate methionyl-7-amino-4-methylcoumarin (Met-AMC) was employed.

The rate of release of the fluorophore (AMC), upon cleavage by MetAP, is an

unequivocal measure of the catalytic reaction of the enzyme. The excitation and

emission spectra of Met-AMC and AMC (the substrate and product, respectively,

of the MetAP direct assay) were measured to determine the optimum wavelengths

for monitoring the release of AMC. Figure 5.6 shows the normalized fluorescence

absorption and emission spectra of Met-AMC and AMC. It can be discerned from

the spectral data that the excitation and emission wavelengths of in the region of

350 to 370nm and 430 to 470nm, respectively, would result in the most optimal

signal, based on the comparative ratio of fluorescence intensities of the product (AMC)

and substrate (Met-AMC) in these wavelength regions. Test assays with varying

wavelengths in the above ranges confirmed that an excitation wavelength of 360nm

and an emission wavelength of 460nm provided the best signal for the enzyme assay.

The data in Figure 5.7 shows that although the fluorescence intensity was higher

by an order of magnitude at 430nm (λ ex = 350nm), the measurement obtained at

460nm (λ ex = 360nm) had much better signal to noise ratio as well as an increased

slope, allowing the assays to be conducted with accuracy using a much lower amount

of enzyme.

5.2.2.2. Fluorescence spectra of dansylamide-5-(2-chlorophenyl)furanoic

acid

As discussed in sections §1.4.4 and §1.5, the metal dependent properties of MetAP

have not been extensively characterized, and an understanding of the metal and metal-

ligand interactions in MetAPs is critical to the development of effective inhibitors of

the enzyme. It has been known that 5-(2-chlorophenyl)furanoic acid serves as a potent

selective inhibitor for the Mn2+ form of EcMetAP [142]. The metallo-specific property
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Figure 5.6. Spectral features of Met-AMC and AMC. Absorption and
emission spectra of 10 µm Met-AMC and 1 µm AMC were measured in 25mm
HEPES pH 7.5 containing 100mm NaCl and 10 µm CoCl2 and normalized
for the plot. The absorption and emission maxima of the substrate are 315
and 385nm and those of the product are 345 and 435nm, respectively.
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Figure 5.7. Fluorescence parameters for the direct MetAP assay. The
activity of EcMetAP was measured in a 96 well plate using the substrate
Met-AMC. The release of AMC was monitored at two wavelength settings.
The top curve was obtained by exciting at 350nm and monitoring the
emission at 430nm (cutoff filter at 420nm). The bottom curve was obtained
simultaneously by λ ex = 360nm and λ em = 460nm (cutoff filter at 455nm).
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of this inhibitor was deemed to be an excellent tool to study the nature of metallo-

specific ligand interactions in EcMetAP. The inhibitor was derivatized (by the CPR

Core Synthesis Lab at the Department of Chemistry & Biochemistry, North Dakota

State University) with the dansylamide group to provide a new fluorescent signal, to

probe the micro-environment of the enzyme’s active site pocket. Figure 5.8 shows

the structure and fluorescence spectra of Dansylamide-5-(2-ChloroPhenyl)Furanoic

acid (DCPF). Note that the excitation and emission peaks are at 300 and 550nm

respectively. Further characterization of DCPF and its interaction with different

metalloforms of EcMetAP was carried out and is detailed in section §5.6.

5.2.3. Circular dichroic spectropolarimetric studies of PDFs

In order to ascertain the possible structural difference between the native and

truncated forms of PDF, it was necessary to determine the secondary structural

contents of the enzymes. This was particularly so since the C-terminal region of the

native (full length) enzyme is known to form either an α-helix or an unstructured loop

under different conditions. The circular dichroic spectra of the native and truncated

forms of PDF were recorded to measure the secondary structural content of the

enzymes. The far-UV CD spectra shown in Figure 5.9 indicate two minima at 223

and 208nm, which is consistent with the α-helix and β-sheet content (34 and 29%,

respectively) determined from the crystal structure.

The above figure shows that the CD spectra of both, the native and truncated

PDF, are very similar. It is interesting to note that the secondary structural content

of the truncated form of PDF is in very close agreement with that of the native PDF.

In the form of an α-helix, the C-terminal region would contribute approximately 30%

to the total α-helical content of the protein. Since the native and truncated forms
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Figure 5.8. Fluorescence spectra of DCPF. The normalized excitation
and emission spectra of 10 µm DCPF in 25mm HEPES pH 7.5 containing
100mm NaCl. The excitation and emission peaks correspond to 300 and
550nm.
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Figure 5.9. CD spectra of native (dotted) and truncated (solid) PDFs.
The spectra of 15 µm PDF were measured in 5mm HEPES buffer pH 7.5
using a quartz cuvette of 1mm path length. The data were collected with a
response time of 8 s and averaged over three scans.

close resemble each other in their α-helix content, this data supports the notion that

the C-terminal region of the enzyme remains mostly unfolded or disordered, thus

contributing very little to the observed secondary structure.
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5.3. Steady State Kinetics of MetAP and PDF Catalyzed Reactions

5.3.1. Steady-state kinetics of MetAP catalyzed reactions

5.3.1.1. Coupled assay for MetAP catalysis

The coupled assay for the catalytic activity of MetAP involved the cleavage of

N-terminal methionine from the chromogenic substrate Met-Pro-pNA, followed by

the release of the pNA group by the subsequent action of proline aminopeptidase

on the intermediary reaction product Pro-pNA (see Scheme 4.1 on page 69). The

time dependent generation of free pNA was monitored at 405nm as a measure of the

reaction velocity. By maintaining a large excess of ProAP in the assay, the release of

pNA served as an indicator of the rate limiting release of the methionine residue from

the MetAP catalyzed reaction. To determine the minimum concentration of ProAP

required to satisfy the above criteria in the assay, the catalytic parameters of the

purified coupling enzyme were determined using Pro-pNA as the substrate, under the

conditions used for the MetAP assay. Figure 5.10 shows the initial reaction rate of the

purified ProAP as a function of substrate (Pro-pNA) concentration. With increasing

substrate concentration the enzyme reaction rate increases and attains a plateau which

is characteristic of the hyperbolic profile of the Michealis-Menten model of enzyme

kinetics. The non-linear regression analysis of the data using the Michealis-Menten

model gave the values of kcat and Km as 100 ± 10 s−1 and 116 ± 49 µm, respectively.

These values are similar to those reported (95 s−1 and 130 µm, respectively) by Zhou

et al. [85]. Based on these values, a concentration of 1 to 2 µm of ProAP per µm of

MetAP was deemed sufficient for the coupled assay system.
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Figure 5.10. Steady state parameters of ProAP. The activity of 0.4 µm
ProAP was assayed in 25mm HEPES pH 7.5 containing 100mm NaCl and
100 µm CoCl2 in the presence of increasing concentrations of the substrate
Pro-pNA. The reaction rate was monitored at 405nm. The solid line
represents the best fit of the data for Km and Vmax values of 116 ± 49 µm
and 40 ± 4 s−1, respectively.

The steady-state data for EcMetAP and HsMetAP conformed to the above

hyperbolic dependence and are shown in Figure 5.11. The kcat and Km values

for EcMetAP were determined to be 2.4 ± 0.1 s−1 and 138 ± 32 µm, respectively.

The values for HsMetAP were determined to be 2.38 ± 0.06 s−1 and 647 ± 48 µm,

respectively. These steady-state parameters are in close agreement with the values

reported in the literature [85].

In some of the coupled assay systems, the initial rate of the MetAP reaction was

found to be non-linear, resulting from an apparent lag phase. This is presumably due

to the build up of the intermediate, for the coupling enzyme to convert to the reaction

product. Under such situations, the steady state rates were accurately measured after 4
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Figure 5.11. MetAP steady-state parameters with substrate Met-Pro-pNA.
The activity of 0.5 µm EcMetAP (A) and 2 µm HsMetAP (B) was measured
using the coupled assay with ProAP as the coupling enzyme. The solid
lines represent the best fit of the data for the values of Km being 138 ± 32
and 647 ± 48 µm, and the values of Vmax being 72 ± 4 and 286 ± 7min−1 for
EcMetAP and HsMetAP respectively.
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to 5min of the reaction progress, after which the rate was found to be linear for 20min

(see Figure 5.12). The appearance of the lag phase could not be completely abolished

by tweaking the enzyme concentrations in the assay system, suggesting that the

coupling enzyme (ProAP) may be inhibited by the MetAP substrate (Met-Pro-pNA).

In order to test this hypothesis, the activity of ProAP was assayed in the presence of

a fixed concentration of it’s own substrate (Pro-pNA) and increasing concentrations

of the MetAP substrate Met-Pro-pNA. Figure 5.13 shows that the ProAP enzyme is

indeed inhibited by the MetAP substrate Met-Pro-pNA, with an inhibition constant

of 0.6mm. In order to minimize this inhibitory effect, all further coupled assays for

MetAP were conducted with 0.4mm of the Met-Pro-pNA substrate.
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Figure 5.12. MetAP activity measured by the coupled assay. The solid
black curve represents the the release of pNA from Met-Pro-pNA upon
the sequential action of MetAP and ProAP, as measured by the change in
absorbance at 405nm. The dashed red line indicates the fit for the linear
region of the data, shown by the the markers on the X axis at 6 and 20min
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Figure 5.13. ProAP inhibition by Met-Pro-pNA. The activity of 0.4 µm
ProAP was assayed in 25mm HEPES pH 7.5 containing 100mm NaCl and
100 µm CoCl2 in the presence of 100 µm substrate (Pro-pNA) and increasing
concentrations of the MetAP substrate Met-Pro-pNA. The reaction rate was
monitored at 405nm. The solid line represents the best fit of the data for
the value of Ki being equal to 607 ± 74 µm.

5.3.1.2. Direct assay of MetAP catalysis

The catalytic activity of MetAP was measured directly by using the fluorogenic

substrate Met-AMC as described in Scheme 4.2 on page 71. During this assay, the

cleavage of the methionine residue released the fluorophore 7-amino-4-methylcoumarin

(AMC), resulting in enhanced fluorescence at 460nm (λ ex = 360nm).

Since the fluorescence signal is measured in random units, the observed change

in signal could not be directly used as a measure of the change in fluorophore

concentration, for the calculation of the enzyme reaction rate. In order to convert

the observed slope (RFU/min) in the enzyme assay to the standard units of enzyme

activity (µmmin−1) the “molar fluorescence coefficient” of AMC was determined under
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the same conditions as those used for the assay. 1 to 5 µm AMC was prepared in assay

buffer and the fluorescence intensity was measured in a plate reader (λ ex = 360nm, λ

em = 460nm) using a volume of 200 µl in a 96-well microplate or 75 µl in a 384-well

microplate. The standard plot of the RFU as a function of AMC concentration

(Figure 5.14) resulted in an excellent linear fit indicating that no inner-filter effect

occurred up to 1mm AMC. The molar fluorescence coefficient of 4.04 × 10
9 obtained

from this data was used to calculate the concentration of AMC produced during the

direct MetAP assay.
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Figure 5.14. AMC standard plot. The fluorescence of AMC was measured
in a 96-well microplate under the direct assay conditions. The “molar
fluorescence coefficient” was determined from the linear fit of the data as
being equal to (4.04 ± 0.05) × 10

9

The steady state kinetic data from the direct assay of EcMetAP activity exhibited

a hyperbolic profile characteristic of the Michealis-Menten model of enzyme kinetics

(Figure 5.15). The kcat and Km values for the Met-AMC substrate were determined
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to be 0.066 ± 0.002 s−1 and 76 ± 6 µm, respectively. The catalytic efficiency (kcat/Km)

reported here is two orders of magnitude higher than that reported in literature

(Table 1.2 on page 46). It is surmised that the difference is due to the superior quality

of enzyme preparation obtained in this investigation.
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Figure 5.15. Catalytic features of MetAP with fluorogenic substrate
MetAMC. The activity of 0.75 µm EcMetAP was assayed in the presence of
10 to 400 µm substrate in a 96 well micro-titre plate, in 25mm HEPES pH
7.5 containing 100mm NaCl and 10 µm CoCl2. The reaction was monitored
using a plate reader (λ ex = 360nm, λ em = 460nm) and the slope of the
linear portion of the reaction trace was used to calculate the initial velocity.
The smooth line represents the best fit of the data for the values of Km and
Vmax as being equal to 76 ± 6 µm and 0.050 ± 0.001 s−1, respectively.

5.3.2. Steady-state kinetic parameters of PDF catalysis

The activity of PDF was measured using a coupled assay with fMet-Leu-pNA

as the substrate and Aeromonas aminopeptidase (AAP) as the coupling enzyme,

according to the protocol optimized by Berg [64]. The assays were conducted with
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1 Unit of AAP in 5mm HEPES buffer pH 7.5 containing 2mm NiCl2 and 100mm

KCl. 0.1mg/ml BSA was added to the assay to stabilize the PDF enzyme and the

reactions were monitored at 405nm for 5min. Figure 5.16 shows the enzyme reaction

rates of native and truncated PDFs as a function of substrate concentration. The

data reflect hyperbolic profiles of the Michealis-Menten model and the kcat and Km

values were determined to be 0.39 ± 0.01 s−1 and 35 ± 6 µm, respectively for EcPDF;

0.94 ± 0.01 s−1 and 4.8 ± 0.4 µm, respectively for EcPDF-C∆21.
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Figure 5.16. Comparison of catalytic features of native and truncated
PDFs. Activity of 0.03 µm native and 0.025 µm truncated PDF was measured
at varying substrate (fMet-Leu-pNA) concentrations (2 to 400 µm) in 5mm
HEPES buffer pH 7.5 containing 2mm NiCl2, 100mm KCl and 0.1mg/ml
BSA using AAP as a coupling enzyme. The data were normalized to 1 µm
enzyme. Formation of product was monitored over time at 405nm in a plate
reader and the initial rate was used as a measure of the enzyme activity. The
concentration of product formed was determined using a product standard
curve. The solid smooth lines represent the best fir of the data for the
Km values of 35 ± 6 and 4.8 ± 0.4 µm and Vmax values of 23.2 ± 0.9 and
56.6 ± 0.7 µmmin−1 for EcPDF and EcPDF-C∆21 respectively.
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It is clear from the data that the truncated PDF (EcPDF-C∆21) is significantly

more active than the native enzyme, with the kcat/Km value being almost 18 fold

higher. However, the steady-state parameters of the native enzyme determined in this

study were disparate in comparison to those reported for the enzyme by others. A

likely explanation for this difference was suggested by the possibilty that the enzyme

preparation contained Zn2+ form of the enzyme. Support of this hypothesis emerges

from the observation that the Ni2+-PDF charge transfer peak was absent from the

absorbance spectra of the enzymes (section §5.2.1). In order to further confirm

this hypothesis, the steady-state characterization of the Zn2+ form of PDFs was

undertaken. The Zn2+ forms of EcPDF and EcPDF-C∆21 were specifically prepared

by incubating the enzymes overnight in the presence of 2mm ZnCl2. The activity

of the enzymes was assayed as before, in the assay buffer containing ZnCl2 instead

of NiCl2. The steady-state data are shown in Figure 5.17. The kcat and Km values

for EcPDF were determined to be 0.28 ± 0.01 s−1 and 28 ± 3 µm, respectively. These

values are very similar to those determined earlier (Figure 5.16) indicating that the

EcPDF preparation is indeed mostly in the Zn2+ form. The kcat and Km values for

EcPDF-C∆21 (0.96 ± 0.05 s−1 and 11 ± 2 µm) are also similar to those determined

earlier, indicating the Zn2+ nature of the enzyme.
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Figure 5.17. Catalytic features of the Zn2+ forms of native and truncated
PDFs. Activity of 0.05 µm native and 0.165 µm truncated PDF was measured
with varying concentrations (1 to 250 µm) of substrate (fMet-Leu-pNA) after
incubating with 2mm ZnCl2 overnight. The assay was carried out in 5mm
HEPES pH 7.5 containing 100mm KCl, 0.1mg/ml BSA and AAP as coupling
enzyme and the activity was normalized to 1 µm enzyme. The formation of
product was monitored over time at 405nm in a plate reader and the initial
rate was used as a measure of the enzyme activity. The smooth solid lines
represent best fits of the data for the Km values of 28 ± 3 and 11 ± 2 µm and
Vmax values of 16.6 ± 0.6 and 58 ± 3 µm/min for EcPDF and EcPDF-C∆21
respectively.
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5.4. Inhibitors of MetAPs

5.4.1. Screening of inhibitors for MetAPs

As discussed in section §1.5, bacterial MetAPs are considered as a novel and

potent target for antibiotic drug design. In a preliminary attempt to identify

compounds with such pharmaceutical potential, various small organic compounds

(listed in Table 5.2) were tested for their inhibitory potencies against the E. coli and

human type I MetAPs. These included known pharmacologically active compounds

with and without associated spectroscopic signals. In particular, barbituric acid was

found to inhibit the activity of both the isoforms by about 50%.

Table 5.2. Lead inhibitor compounds

Compound Name/ID Inhibition (%)1

HN

F

O
H
NO

5-fluorouracil –

H2N

NH2

COOH

3,4-diaminobenzoic acid x

N
H

O

O

Isatin –

continued...
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Table 5.2. Lead inhibitor compounds (. . . continued)

Compound Name/ID Inhibition (%)

N

OH

N

N

Hydroxybenzotriazole 10

N N

NH2

S
NH2

1,3,4-thiadiazole-2,5-diamine –

OH

N

NH2NOH

2-aminopyrimidine-4,6-diol –

O

NH

O
H
NO

Barbituric acid 52

N

SO2NH2

Dansylamide 31

continued...
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Table 5.2. Lead inhibitor compounds (. . . continued)

Compound Name/ID Inhibition (%)

N

N

N

O

NH

NH2

RS-V-19 –

1 EcMetAP and HsMetAP activity was assayed in 25mm HEPES pH 7.5
containing 100mm NaCl and 100 µm CoCl2 in the presence of 400 µm substrate
(Met-Pro-pNA) and 400 µm inhibitor and the reduction in activity was compared
to control assays in the absence of inhibitor. The % inhibition of EcMetAP is
shown in the table.

Using barbituric acid as the lead compound, numerous barbiturate derivatives

(synthesized by Dr. Sanku Mallik’s group at NDSU) were screened for inhibitory

activity against the E. coli and human type I MetAPs (Table 5.3). Typically

compounds with a phenyl group at C5 were tested, where the phenyl ring was

derivatized at the ortho, meta or para positions. Additionally, compounds with

varying linker length (1 to 3 carbons) between barbiturate and phenyl were tested.

The compounds which exhibited an inhibition of either MetAP isoform greater than

45% at a concentration of 10 µm were selected for further enzymological studies with

the MetAP isoforms.
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Table 5.3. Oxobarbiturate derivatives

O
∗

O

NH

O

NH

Compound ID % inhibition 1

EcMetAP HsMetAP

O RS-IV-46 43

O

MDS-1-11 - -

R3

R2

R1

—R1 —R2 —R3

- - - MH-5-50 - 6

—NO2 - - MH-5-51b 9 54

—N (CH3)2 - - MH-5-53 42 48

continued . . .
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Table 5.3. Oxobarbiturate derivatives (. . . continued)

Compound ID % inhibition

EcMetAP HsMetAP

—COOH - - MH-5-54 - 67

—OH - - MH-5-68 70 49

—CF3 - - MDS-1-7 - -

—OCH3 - - MDS-1-8 28 81

—COO CH3 - - MDS-1-13 - -

—OCO CH3 - - MDS-1-14 57 -

—F - - MDS-1-20 10 82

—Cl - - MDS-1-21 - -

—OH —OCH3 - MDS-1-6 42 91

- —OH - MDS-1-3 - -

- —OCH3 - MDS-1-4 27 12

- —OH —OH MDS-1-17 8 57

- - —NO2 MDS-1-5 88 -

- - —CH3 MDS-1-16 - -

- - —Cl MDS-1-22 - -

—OCH3 - —OH MDS-1-10 29 9

—OCH3 —OCH3 —OCH3 MDS-2-7 39 6

—5-methyl barbiturate - - MDS-4-6 - -

continued . . .
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Table 5.3. Oxobarbiturate derivatives (. . . continued)

Compound ID % inhibition

EcMetAP HsMetAP

MH-5-52 8 49

O O N MH-5-75 74 39

MH-5-76 - 46

continued . . .
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Table 5.3. Oxobarbiturate derivatives (. . . continued)

Compound ID % inhibition

EcMetAP HsMetAP

MH-5-69 45 52

N

MH-5-74 802 902

RS-V-48 - -

RS-V-50 - -

continued . . .
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Table 5.3. Oxobarbiturate derivatives (. . . continued)

Compound ID % inhibition

EcMetAP HsMetAP

RS-V-53 - -

N

RS-V-75 8 -

1 MetAP activity was assayed in 25mm HEPES pH 7.5 containing 100mm
NaCl and 100 µm CoCl2 in the presence of varying inhibitor concentrations
and the activity was determined from the linear region of the reaction progress
curve. The % inhibition was calculated by comparing with a control assay in
the absence of any inhibitor.
2 MH 5-74 was screened at a concentration of 1 µm due to poor solubility of the
compound.

As seen from the data in Table 5.3, most inhibitors preferentially inhibited

HsMetAP over EcMetAP. This was the opposite of the desired result since potential

antibiotic compounds would be expected to selectively inhibit EcMetAP. In order to

identify more appropriately selective inhibitors, the barbiturate based compounds,

thiobarbituric acid, 1,3-dimethylbarbituric acid and 5-acetylbarbituric acid were tested

as lead compounds against the E. coli and human type I MetAPs (Table 5.4).
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Table 5.4. Barbiturate based lead compounds.

Compound Name % inhibition1

EcMetAP HsMetAP

O O

NH

S

NH 2-Thiobarbituric acid 65 55

O O

N

O

N 1,3-Dimethylbarbituric acid 45 50

O

O

O

NH

O

NH

5-acetylbarbituric acid – –

1 MetAP activity was assayed in 25mm HEPES pH 7.5 containing 100mm NaCl and
100 µm CoCl2 in the presence of 400 µm substrate (Met-Pro-pNA) and 400 µm inhibitor
and the reduction in activity was compared to a control assay in the absence of inhibitor.

Whereas 5-acetylbarbituric acid had no effect on MetAP activity, both 1,3-dimethylbar-

bituric acid and 5-acetylbarbituric acid showed similar inhibitory potency as barbituric

acid. Derivatives of 1,3-dimethylbarbituric acid and 5-acetylbarbituric acid were
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further screened to identify compounds inhibiting EcMetAP by more than 45% at

10 µm concentration of the inhibitor (Tables 5.5 and 5.6). Since compounds selectively

or preferentially inhibiting HsMetAP were not of interest, the enzyme was not used in

the primary screening step. Compounds inhibiting EcMetAP by more than 45% were

further studied for inhibition against both EcMetAP and HsMetAP.

Table 5.5. Thiobarbiturate derivatives

O
∗

O

NH

S

NH

Compound ID % inhibition1

O RS-IV-49 25

N MDS-2-5 11

R3

R2

R1

—R1 —R2 —R3

—N (CH3)2 - - MDS-1-25 -

—F - - MDS-1-27 6

continued . . .
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Table 5.5. Thiobarbiturate derivatives (. . . continued)

Compound ID % inhibition

—COOH - - MDS-2-14 -

—OCO CH3 - - MDS-2-17 5

—OH - - MDS-2-25 37

—OH —OCH3 - MDS-2-22 45

- —OCH3 - MDS-3-2 15

- - —CH3 MDS-2-9 16

- - —NO2 MDS-2-18 46

—OCH3 —OCH3 —OCH3 MDS-2-19 18

MDS-1-24 23

N

MDS-1-23 36

1 EcMetAP activity was assayed in 25mm HEPES pH 7.5 containing
100mm NaCl and 100 µm CoCl2 in the presence of varying inhibitor
concentrations and the activity was determined from the linear region
of the reaction progress curve. The % inhibition was calculated by
comparing with a control assay in the absence of any inhibitor.
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Table 5.6. Dimethylbarbiturate derivatives

O
∗

O

N

O

N

Compound ID % inhibition1

O RS-IV-44 21

O

MDS-1-11 -

N

RS-V-39 -

COOH

RS-V-55 -

continued . . .
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Table 5.6. Dimethylbarbiturate derivatives (. . . continued)

Compound ID % inhibition

R3

R2

R1

—R1 —R2 —R3

- - - MDS-3-25 -

—N (CH3)2 - - MDS-2-2 42

—F - - MDS-1-27 6

—COO CH3 - - MDS-3-12 17

—Cl - - MDS-3-18 -

—NO2 - - MDS-3-20 -

—COOH - - MDS-3-22 12

—OCO CH3 - - MDS-3-27 6

—OCH3 - - MDS-3-38 11

- —OH - MDS-3-11 29

- —OCH3 - MDS-3-21 -

- —OH —OH MDS-3-29 -

- —OH —OCH3 MDS-6-5 6

- - —NO2 MDS-3-19 17

- - —CH3 MDS-6-12 -

continued . . .
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Table 5.6. Dimethylbarbiturate derivatives (. . . continued)

Compound ID % inhibition

—OCH3 —OCH3 —OCH3 MDS-2-6 -

MDS-3-36 20

N

MDS-2-1 34

R2

R1

N

—R1 —R2

—NO2 - RS-IV-82 27

—COOH —OH RS-IV-99 20

continued . . .
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Table 5.6. Dimethylbarbiturate derivatives (. . . continued)

Compound ID % inhibition

- —OH RS-IV-85 21

N

RS-IV-65 10

N

COOH

RS-IV-67 14

N

O

N

O

N

N

O

RS-IV-90 15

continued . . .
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Table 5.6. Dimethylbarbiturate derivatives (. . . continued)

Compound ID % inhibition

N

O

N

O

N

O

N

O

( )
2

RS-IV-94 -

OH

OH

OH

O MDS-4-8 -

HO

OH

OH

O

OH

MDS-4-9 -

HO

OH OH

O

OH

MDS-4-12 -

HO

OH

OH

O

MDS-4-23 -

HO

OH

OH

O
COOH

MDS-5-7 -

continued . . .
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Table 5.6. Dimethylbarbiturate derivatives (. . . continued)

Compound ID % inhibition

HO

OH

OH

O

OH

OH

O

OH

O

OH

MDS-5-6 9

1 EcMetAP activity was assayed in 25mm HEPES pH 7.5 containing
100mm NaCl and 100 µm CoCl2 in the presence of varying inhibitor
concentrations and the activity was determined from the linear region
of the reaction progress curve. The % inhibition was calculated by
comparing with a control assay in the absence of any inhibitor.

5.4.2. Determination of inhibition constants

The inhibition constants (Ki) of the compounds, selected from the screening

in the previous section, were determined for both EcMetAP and HsMetAP. The

activity of each enzyme was assayed in the presence of 400 µm substrate and varying

concentrations of inhibitors, and the data were analyzed according to the quadratic

function for competitive inhibition (Eq. (3) described in section §4.3.5). The inhibition

profiles of some of the inhibitors (for both MetAP isozymes) are shown in Figure 5.18.

Note that the human isozyme is consistently inhibited to a greater extent than the

bacterial isozyme.
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Figure 5.18. Determination of Ki for MetAP inhibitors. The Ki values of MH-5-51b
(top left), MH-5-54 (top right), MDS-1-23 (bottom left) and MDS-1-25 (bottom right)
for EcMetAP (○) and HsMetAP (●) are listed in Table 5.7.
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The Ki values determined in the study are listed in Table 5.7. As expected from

the earlier screening results, most of the inhibitors showed greater potency against the

human MetAP isoform, with the exception of MH-5-68 and MH-5-75. In fact, although

the latter two inhibitors had lower Ki values against EcMetAP, the relative inhibition

potency against the two MetAPs was not sufficiently different to be considered as

isoform selective towards EcMetAP.

Table 5.7. Inhibition constants of selected MetAP inhibitors.1

Ligand Inhibition constant (µm)

EcMetAP HsMetAP

MH-5-76 – 2
11 ± 2

MH-5-50 517 ± 63 162 ± 13

MH-5-54 335 ± 47 5 ± 1

MDS-1-25 156 ± 15 1.7 ± 0.3

MDS-1-27 144 ± 25 5.9 ± 0.6

MH-5-52 113 ± 14 10 ± 1

MDS-1-17 108 ± 12 7.2 ± 1.3

MH-5-51b 106 ± 18 8.2 ± 1.4

MDS-1-20 89 ± 12 1.9 ± 0.2

MH-5-71 35 ± 9 28 ± 6

MDS-1-9 29 ± 2 1.9 ± 0.3

MDS-1-8 26 ± 2 2.2 ± 0.4

MDS-1-23 17 ± 1 1.0 ± 0.1

MH-5-53 13 ± 1 10 ± 2

continued...
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Table 5.7. Inhibition constants of MetAP inhibitors(. . . continued)

Ligand Inhibition constant (µm)

EcMetAP HsMetAP

MDS-1-6 13 ± 1 0.94 ± 0.14

MH-5-69 12 ± 3 9 ± 2

MH-5-68 3.9 ± 0.9 10 ± 2

MH-5-75 3.2 ± 0.7 15 ± 2

MH-5-74 0.050 ± 0.031 0.014 ± 0.003

1 The enzyme activity was measured using the coupled
assay with ProAP in 25mm HEPES pH 7.5 containing
100mm NaCl and 100 µm CoCl2 with 100 µm substrate
(Met-Pro-pNA) and increasing concentrations of the
ligand. The data were analyzed using the quadratic
function for competitive inhibition described in sec-
tion §4.3.5. The ligands are arranged in increasing
order of inhibition efficiency against EcMetAP.
2 No inhibition of EcMetAP was observed by MH-5-75
up to a concentration of 400 µm.

5.4.3. (4-dimethylamino)phenyl based barbiturate derivatives as MetAP

inhibitors

The screening of barbiturate derivative compounds revealed that the derivatives

with (4-dimethylamino)phenyl moiety were typically good inhibitors of both E. coli

and human type I MetAPs. The inhibitor 5-[-3-[4-(dimethylamino)phenyl]prop-2-en-1-

ylidene]-barbituric acid (MH-5-74) was particularly potent with nanomolar inhibition

constants for both EcMetAP and HsMetAP (Figure 5.19). However, due to the

extremely poor solubility of this compound (0.56 gL−1 in DMF, and much lower in
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aqueous media), it could not be used for further experiments such as transient kinetics

or micro-calorimetry to analyze the enzyme-inhibitor interaction. On the other hand,

in addition to being good inhibitors of MetAPs, these compounds also exhibited unique

spectrophotometric properties making them potentially useful as probes for studying

the physico-chemical properties of the MetAP isoforms. The spectral properties of

these inhibitors were investigated in the absence and presence of each MetAP isoform

in order to ascertain their viability for use as reporter probes.
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Figure 5.19. MH-5-74 inhibition constants for EcMetAP and hmap. The
activity of 1 µm EcMetAP and 4 µm HsMetAP was measured in 25mm
HEPES pH 7.5 containing 100mm NaCl and 100 µm CoCl2 with 100 µm
substrate (Met-Pro-pNA) and increasing concentrations of the inhibitor
MH-5-74. The data were analyzed for competitive inhibition using Eq. (3).
The solid lines represent the best fit of the data with the Ki values being
equal to 44 ± 5 and 11 ± 1 nm for EcMetAP and HsMetAP respectively.
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The inhibitor 5-[4-(dimethylamino)phenyl]methylidene-barbituric acid (MH-5-53)

showed particularly interesting spectral properties, wherein the two isoforms of MetAP

caused significantly different changes in the absorbance spectra of the compound.

Figure 5.20 shows the absorbance spectra of the inhibitor in 25mm HEPES pH 7.5

containing 100mm NaCl in the absence and presence of MetAP. The absorbance

spectrum of MH-5-53 has two peaks at 355 and 485nm. As seen from the data in

Figure 5.20, the absorbance spectra are affected on the addition of both EcMetAP and

HsMetAP such that the two peaks are differently affected. Whereas the absorbance

of MH-5-53 at 355nm remains unchanged upon addition of enzyme, the absorbance

at 485nm is decreased. However, the extent of change at 485nm is different with

EcMetAP and HsMetAP and this difference is illustrated by the ratio of the two peaks

(355:485nm) in the presence of each isozyme, as shown in Table 5.8 on page 136.

In order to identify the factors affecting the above changes in the spectral

properties of MH-5-53, the effect of various conditions on the absorbance spectra of

the inhibitor were studied. The effects of solvent polarity and pH on the absorbance

spectra of MH-5-53 are shown in Figure 5.21 (panels A nd B respectively). It is

apparent that both factors, non-polar environment (dimethylformamide) and acidic

pH (phosphate buffer pH 4.8), selectively enhanced the absorption at the second

(485nm) peak (see Table 5.8). In addition, the peaks were blue-shifted by 15 nm in

case of DMF.

Since the pH of the solution was able to change the absorbance spectra of

MH-5-53, the reversibility of the change was studied by repeatedly alternating the

pH of the inhibitor solution between acidic and basic conditions, by the addition of

HCl or NaOH. Figure 5.22 shows the change in absorbance at the 485nm peak as a

function of pH of the MH-5-53 solution. It is clear that the pH dependent change in

spectra of MH-5-53 is almost completely reversible, with a small loss in signal apparent
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Figure 5.20. Spectral changes in MH-5-53 upon binding to EcMetAP and
HsMetAP. The absorption spectra of 1 µm MH-5-53 were measured in 25mm
HEPES pH 7.5 containing 100mm NaCl and 100 µm CoCl2 in the absence
(dotted line) and presence (solid line) of EcMetAP (A) or HsMetAP (B).
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Figure 5.21. Effect of solvent and pH on the spectral properties of MH-5-
53. The absorption spectra of MH-5-53 were measured in different solvents
(DMF and water, A) as well as in phosphate buffers of varying pH (pH 4.8
and pH 7, B).
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over time. In order to ascertain the reason for the small loss in reversibility of the

spectra, a solution of the inhibitor was incubated in HEPES pH 7.5 and the spectra

were recorded over time. Figure 5.23 shows the change in spectra over time in HEPES

buffer pH 7.5 (panel A).
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Figure 5.22. pH dependent reversibility of MH-5-53 spectra. The
absorbance (A485)of 4 µm MH-5-53 (prepared in water) was measured at
pH 6. Further measurements (left to right) were made immediately after
changing the pH of the solution by adding acid (HCl) or base (NaOH).

Note that while the absorbance at 485nm decreases, the absorbance at 355nm

concomitantly increases. It is evident from the data that the ratio of the two peaks

changes as a function of time. Figure 5.23B shows the time dependent change in

absorbannce at 485nm under various conditions. The solution of MH-5-53 was thus

found to be stable in DMF and at pH 4.8. Under other conditions, the decrease in

absorbance at the 485nm peak was accompanied by an increase in the absorbance at

the 355nm peak as seen in panel A, except in the case of EDTA where the absorbance
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Figure 5.23. Change in MH-5-53 spectra over time. The absorbance
spectra of MH-5-53 were recorded over time. Panel A shows the change in
the spectra after 20 and 40min. The change in absorbance at 485nm was
plotted as a function of time in panel B.
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Table 5.8. Changes in MH-5-53 spectra.1

Effector A485/A355 ratio

Control 4
EcMetAP 0.78
HsMetAP 2.6

DMF2
8.7

pH 4.8 19

60min3 0.12

1 Absorbance spectra of MH-5-53, prepared in
DMF and diluted in either buffer (phosphate
buffer pH 4.8 or 7) or DMF, were measured. Al-
ternatively, the spectra were measured in HEPES
pH 7.5 in the absence and presence of MetAPs.
2 The absorbance ratio in DMF was taken at the
blue-shifted peaks (465/340).
3 The incubation for 60min was carried out at
pH 7.

at 355nm remained constant despite the decrease at 485nm. It must be noted that

the spectral changes reported in the presence of MetAP isoforms (Figure 5.20 on

page 132) were immediate and remained stable over time. A possible explanation

of the above features of MH-5-53 and its interaction with the MetAP isozymes is

presented in section §6.1.1.

5.5. Inhibition of EcMetAP by Cyclodextrin

5.5.1. Effect of HP-β-CD on EcMetAP activity

As described in section §5.4, although the inhibitor MH-5-75 had a strong

inhibitory effect on both E. coli and human MetAP type 1, its extremely poor solubility

prevented further characterization of the enzyme-inhibitor interaction. A preparation
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of the inhibitor in complex with the solubilizing agent 2-hydroxypropyl-β-cyclodextrin

(HP-β-CD) was therefore considered as a ‘solution’ to this problem, and an attempt

was made to test the efficacy of the inhibitor-HP-β-CD complex against EcMetAP

activity.
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Figure 5.24. Absorbance spectra of free and encapsulated MH-5-75. The
absorbance spectra of 20 µm MH-5-75 and 500 µm MDS-7-3 (encapsulated
MH-5-75) were measured in DMF.

The MH-5-75–HP-β-CD complex was kindly provided by Dr. Sanku Mallik

as a compound (henceforth referred to as MDS-7-3) containing 19mg of MH-5-75

encapsulated in a total of 247mg of the preparation. However while studying the

inhibitory properties of MDS-7-3, it was observed that its potency against EcMetAP

was greatly reduced as compared to the free inhibitor MH-5-75 (see Figure 5.25 on

the following page). It was deemed probable that the fractional yield of MH-5-75 in

the preparation was much lower than expected. In order to test this hypothesis, the

absorbance spectra of MH-5-75 and MDS-7-3 solutions (prepared in DMF, at the same
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concentration based on the expectation that 19mg of MH-5-75 was encapsulated in

a total 247mg of MDS-7-3 preparation, i.e. 7.7%) were compared (Figure 5.24). It

is apparent that the absorbance of MH-5-75 in the MDS-7-3 preparation is greatly

reduced. These data suggested that the content of MH-5-75 in the complex preparation

(MDS-7-3) was much lower than that expected from a 7.7% yield. The difference in

the absorbance of the two solutions indicate a 100 fold lower concentration of MH-5-75

in the complex than expected. A comparison of the absorbance of the MDS-7-3

preparation with a standard curve of MDS-5-75 revealed that the actual inhibitor

(MH-5-75) content in the encapsulated preparation (MDS-7-3) was 0.065%.
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Figure 5.25. Comparison of EcMetAP inhibition by free and encapsulated
MH-5-75. The activity of EcMetAP was measured by the direct assay in the
absence (control) and presence of 5 µm MH-5-75 or MDS-7-3. The expected
and corrected 5 µm solutions were prepared based on the given encapsulation
yield and the experimentally determined concentration respectively.
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In order to compensate for the low MH-5-75 content in the preparation, the

inhibitory effect of the complex was re-examined at an appropriately higher concen-

tration of MDS-7-3. Figure 5.25 shows the relative inhibitory effects of 5 µm MH-5-75,

5 µm MDS-7-3 prepared based on the known yield (7.7%), and 5 µm MDS-7-3 prepared

based on the experimentally determined yield (0.065%). It is clear from the data that

the solution of MDS-7-3 prepared according to the experimentally determined yield of

inhibitor was much more potent than what was observed earlier. In fact it seemed that

the effect of encapsulated inhibitor was greater than that of the free ligand. However

due to the nature of the preparation, upon increasing the concentration to achieve

true 5 µm MH-5-75 in the MDS-7-3 compound, the concentration of HP-β-CD was

equally increased, resulting in a concentration of 3mm HP-β-CD in the assay. Hence

it was necessary to discount the interference of the solubilizing agent in the enzyme

assay, due its unusually high concentration. A quick test revealed that pure HP-β-CD

itself had an inhibitory effect on the activity of EcMetAP (Figure 5.26).

As is evident from the data of Figure 5.26, increasing concentrations of free

HP-β-CD showed an increasing inhibitory effect on EcMetAP activity. The inhibition

of enzyme activity by cyclodextrins has been reported to occur via occlusion of

the substrate within the cyclodextrin cavity. In order to confirm this scenario, the

interaction of HP-β-CD with the EcMetAP substrate Met-AMC was studied using

the fluorescence signal of the substrate.
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Figure 5.26. The catalytic activity of 1 µm EcMetAP was measured in a
96 well micro-titer plate in assay buffer (25mm HEPES pH 7.5 containing
100mm NaCl and 10 µm CoCl2) with 400 µm of substrate Met-AMC in the
absence (Control) and presence of 10, 20 and 40mm HP-β-CD, by monitoring
the release of AMC (λ ex = 360nm, λ em = 460nm) over time using a plate
reader.
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5.5.2. Interaction of Met-AMC with HP-β-CD

Cyclodextrins are known to affect the spectral properties of their guest molecules

and this effect is commonly attributed to the exclusion of solvent molecules from the

surface of the entrapped guest molecules. In order to probe the potential formation of

a host-guest complex between HP-β-CD and Met-AMC, changes in the fluorescence

spectra of Met-AMC were studied in the absence and presence of HP-β-CD.
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Figure 5.27. Effect of CD on Met-AMC fluorescence spectra. The
emission spectra (λ ex = 315nm) of 10 µm Met-AMC in the absence (solid)
and presence (dotted) of 20mm CD were taken in 25mm HEPES pH 7.5
containing 100mm NaCl and 10 µm CoCl2

Figure 5.27 shows the effect of HP-β-CD on the fluorescence spectrum of Met-

AMC. The spectra of 10 µm Met-AMC were measured (λ ex = 315nm) in the absence

and presence of 20mm HP-β-CD. The addition of HP-β-CD clearly altered the

fluorescence spectrum resulting in a decrease in intensity at the 380nm peak and

an increase at 460nm, indicating an interaction between HP-β-CD and Met-AMC.
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The above change in fluorescence was used to determine the binding affinity of the

HP-β-CD–Met-AMC complex. A fixed concentration of Met-AMC was titrated with

increasing concentrations of HP-β-CD and the increase in fluorescence intensity at

460nm was measured. The data, shown in Figure 5.28, conformed to the hyperbolic

profile typical of weak, non-cooperative binding. Analysis with the complete quadratic

function (Eq. (4) described in section §4.5.1) gave the best fit of the data with a single

binding site and the dissociation constant of the complex being 3.50 ± 0.25mm.
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Figure 5.28. Binding affinity of the Met-AMC– CD complex. The increase
in intensity at 460nm on titration of CD into 10 µm Met-AMC is plotted as a
function of CD concentration. The smooth line is the best fit of the data for
the Kd value of the CD–Met-AMC complex being equal to 3.50 ± 0.25mm.

5.5.3. Mechanism of EcMetAP inhibition by HP-β-CD

A study of the HP-β-CD inhibition of EcMetAP activity was undertaken to

confirm the mode of action of the solubilizing agent on the enzyme. The activity of

EcMetAP was measured in the presence of varying concentrations of both substrate
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(Met-AMC) and HP-β-CD (see Figure 5.32 on page 149). Upon inspection of the data

in Figure 5.32, it was observed that EcMetAP was apparently inhibited at higher

concentrations of substrate even in the absence of cyclodextrin. In order to rule

out the possibility of inner-filter effect due to high concentration of the substrate

(Met-AMC), the fluorescence intensity of Met-AMC was measured as a function of

concentration (up to 1mm Met-AMC). The standard plot of the RFU as a function

of Met-AMC concentration (Figure 5.29) resulted in an excellent linear fit indicating

that no inner-filter effect occurred up to 1mm Met-AMC.
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Figure 5.29. MetAMC standard plot. The fluorescence of MetAMC was
measured in a 96-well microplate under the direct assay conditions. The
data conformed to a linear fit with R2

= 0.9999.

In the absence of inner-filter effect, the decrease in activity of EcMetAP could

be explained by substrate inhibition caused by the binding of the substrate at a

non-specific secondary site. In order to account for this inhibition at higher Met-AMC

concentrations, the steady-state parameters of EcMetAP were investigated using an
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extended range of the substrate. Figure 5.30 shows the data for EcMetAP activity

with up to 800 µm Met-AMC. Note that the enzyme activity is clearly reduced at

substrate concentrations above 400 µm, which is typical of inhibition caused by the

binding of the substrate at an alternative, non-specific site on the enzyme. Analysis of

the data with an alternative Michealis-Menten equation, modified to include substrate

inhibition (Eq. (2) described in section §4.3.4), revealed the values of Km, Kmi and

kcat to be 123 ± 6 µm, 1.1mm and 0.034 ± 0.002 s−1, respectively.
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Figure 5.30. Catalytic features of EcMetAP with fluorogenic substrate
Met-AMC. The activity of 0.75 µm EcMetAP was assayed in the presence of
10 to 800 µm substrate in a 96 well micro-titre plate, in 25mm HEPES pH
7.5 containing 100mm NaCl and 10 µm CoCl2. The reaction was monitored
using a plate reader (λ ex = 360nm, λ em = 460nm) and the slope of the
linear portion of the reaction trace was used to calculate the initial velocity.
The smooth line represents the best fit of the data for the values of Km,
Kmi and kcat as being equal to 123 ± 6 µm, 1.1mm and 0.034 ± 0.002 s−1,
respectively.
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With the catalytic parameters of EcMetAP for substrate inhibition determined

above, and based on the mode of cyclodextrin inhibition reported in literature as well

as the evidence for the formation of HP-β-CD–Met-AMC complex, the EcMetAP

inhibition data in Figure 5.32 were analyzed for the model described in Scheme 5.1,

using the Km, Kmi, kcat and Kd values determined in this study.

E + S
Km

ES
kcat

E + P

+

S

Kmi

ESS

+

C

Kd

SC

Scheme 5.1. Mechanism of inhibition by cyclodextrin

According to this model, the data were fit to a ‘modified’ substrate-inhibition

function (described by Eq. (2)) in which [S] is substituted by ([S0] − [SC]), where

[SC] is the concentration of substrate-cyclodextrin complex formed in the assay, given

by the equation

[SC] =
[S] +Kd + [C] −

√
([S] +Kd + [C])2 − 4[S][C]

2
(9)
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However, the non-linear regression analysis of the data in Figure 5.32 using this

model, failed to arrive at a reasonable fit. A comparison of the experimental data with

simulated data (based on the mechanism of Scheme 5.1 and the steady-state parameter

values listed above) is shown in Figure 5.31. Note that the observed activity of

EcMetAP, as a function of HP-β-CD concentration, is much lower than that predicted

by the model in Scheme 5.1. The discrepancy between the two indicates additional or

alternative mechanisms involved in the inhibition of EcMetAP activity.
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Figure 5.31. Experimental vs. simulated data for EcMetAP the inhibition
of EcMetAP by HP-β-CD. The experimental data are for EcMetAP activity
with 800 µm substrate (Met-AMC) and varying concentrations of HP-β-CD.
The simulated data were obtained by calculating the concentration of free
substrate in the assay as ([S0] − [SC]) (where [SC] is given by Eq. (9))
and applying that to the substrate-inhibition model described by Eq. (2).

In order to identify the mechanism of EcMetAP inhibition by HP-β-CD, the data

were then analyzed by the various possible interaction models. Due to the algebraic

complexity introduced by the multiplex of probable interactions, the analysis was
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Scheme 5.2. Mechanism of MetAP inhibition by cyclodextrin via substrate
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conducted using the symbolic reactions based numerical methods via DynaFit software.

Model discrimination analysis of the resulting fits from the different models, was also

carried out through DynaFit (see Table 5.9), wherein the Akaike weight predicts the

validity of a given model. Note that most of the models tested gave a Delta value > 10

and an Akaike weight of 0, indicating that these mechanisms of inhibition were highly

improbable. The data in Table 5.9 revealed that the ‘mixed model’ (Scheme 5.2) was

the most probable mechanism (Akaike weight ∼ 1).

The complete data of EcMetAP inhibition by HP-β-CD, as analyzed by the

mixed-model described in Scheme 5.2, is shown in Figure 5.32. The smooth lines

indicate the best fit of the data for theK ′
m andK ′

d values of 55 ± 5 µm and 1.2 ± 0.1mm,

respectively. All other steady-state parameter values were calculated to be in close

agreement with those determined previously.

Table 5.9. Model discrimination analysis for EcMetAP inhibition by HP-β-CD.1

Model2 AICc Delta weight

competitive (i) 20.9 462.6 0
competitive (ii) 20.9 462.6 0
uncompetitive 20.9 462.6 0
noncompetitive (i) −462.3 15.4 0.000 45
noncompetitive (ii) −365.7 76.0 0
noncompetitive (iii) −323.5 118.2 0
mixed (i) −441.7 0 0.999 55
mixed(ii) −379.8 61.9 0
mixed (iii) −423 42.3 0

1 A delta value between 0 and 2 indicates “substantial” support
for the model, where as a value greater than 10 indicates
“essentially no” support. The most plausible model is identified
by the highest Akaike weight.
2 The various ‘competitive’, ‘uncompetitive’, ‘noncompetitive’
and ‘mixed’ models are described in the appendix.
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Figure 5.32. CD dependent inhibition profile of EcMetAP. The activity of
0.75 µm EcMetAP was measured in a 96 well micro-titer plate in assay buffer
(25mm HEPES pH 7.5, 100mm NaCl, 10 µm CoCl2) with 10 to 1000 µm
substrate (MetAMC) in the presence of 0 to 12mm CD. (A) The rates
of the enzyme catalyzed reaction as a function of substrate (MetAMC)
concentration in the presence of 0 (●), 1 (■), 2 (▲), 3 (▼), 4 (◀), 5 (▶),
6 (○), 8 (□), 10 (△) and 12 (▽) mm CD. (B) Replot of the data of (A)
as a function of CD concentration at 10 (●), 20 (■), 50 (▲), 100 (▼),
200 (◀), 400 (▶), 600 (○) and 800 (□) µm substrate (MetAMC). The
smooth lines represent the best fit of the data using the model depicted in
scheme 5.2, for the values of Km, kcat, Kmi, K

′
m, Kd and K

′
d being equal

to 143 ± 17 µm, 0.090 ± 0.006min−1, 894 ± 148 µm, 55 ± 5 µm, 3.3 ± 0.4mm
and 1.2 ± 0.1mm, respectively.
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5.5.4. Crystal structure of the HP-β-CD–Met-AMC complex

According to the model describing the mechanism of substrate dependent

inhibition of EcMetAP by cyclodextrin (Schmrefscd.final), the cyclodextrin-substrate

complex (HP-β-CD–Met-AMC) binds reversibly to the enzyme active site forming a

non-functional ternary complex. In order to gain support for the formation of this

ternary complex as suggested by the steady-state kinetic data, the structure of the

HP-β-CD–Met-AMC complex was studied.

The cyclodextrin cavity is relatively hydrophobic, which allows the molecule

to act as an ideal guest for poorly soluble compounds. Of the two moieties in the

EcMetAP substrate, methionine and 7-amino-4-methylcoumarin, it is conceivable that

the coumarin moiety will be preferentially enclosed within the cyclodextrin cavity.

In this scenario, the methionine residue remains exposed allowing the amino acid to

interact and bind to the EcMetAP active site pocket.

A molecular docking of HP-β-CD and Met-AMC was carried out to test the

conformation of the complex hypothesized above. An X-ray crystal structure of

β-cyclodextrin (β-CD) from the RCSB protein databank was used to dock a molecule

of Met-AMC built in silico. Figure 5.33 shows the output of the analysis, with

the AMC moiety enclosed in the cyclodextrin cavity, and the methionine side chain

projecting out of the β-CD cavity as envisioned.

In order to further prove the existence of the HP-β-CD–Met-AMC complex in the

conformation described above, the complex was crystallized and the crystal structure

was resolved by data from X-ray diffraction. Due to the inability of HP-β-CD to

form a crystalline lattice, β-cyclodextrin was used as a substitute. Colorless plate-like

crystals were obtained by slow cooling a heated mixture of 1mmol β-cyclodextrin

in water and 1mmol Met-AMC in ethanol. X-ray diffraction data collection and

structure resolution and refinement were carried out by Dr. Angel Ugrinov at the
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Figure 5.33. Molecular docking of HP-β-CD and Met-AMC. Met-AMC
was docked with the crystal structure of β-cyclodextrin (from 2ZYN) using
AutoDock Vina.
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Figure 5.34. X-ray crystal structure of the Met-AMC–β-CD complex. The
structures of Met-AMC and β-cyclodextrin are represented by ball-and-stick
and wire models respectively. Note that the methionine residue of Met-AMC
is protruding out of the β-cyclodextrin cavity

Department of Chemistry & Biochemistry, North Dakota State University (Fargo, ND).

A representation of the crystal structure is shown in Figure 5.34. As hypothesized

earlier, and supported by the docking results, the coumarin moiety of the substrate is

seen trapped within the cyclodextrin cavity, while the methionine side chain extends

outside. The X-ray crystal structural data reveals that the methionine side chain

extends about 6.5Å from the cyclodextrin surface.
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5.5.5. Molecular modeling studies

In the previous sections, the formation of a HP-β-CD–Met-AMC complex was

shown to occur, with the specific conformation wherein the methionine side chain of

the substrate projects out of the cyclodextrin cavity. Additionally, steady-state kinetic

data suggested that this complex interacted with the EcMetAP active site pocket,

resulting in inhibition of enzyme activity. In order to prove the formation of such a

EcMetAP–HP-β-CD–Met-AMC ternary complex, attempts were made to probe the

binding via isothermal titration calorimetry. However these attempts were unsuccessful

due to the extremely high heat of dilution of HP-β-CD [143]. Moreover no suitable

spectroscopic signal could be detected for the interaction of the HP-β-CD–Met-AMC

complex with EcMetAP. Therefore the feasibility of this interaction was studied via

molecular dynamics simulations.

The structures of each interacting species (EcMetAP, Met-AMC and HP-β-CD)

were minimized in a solvent sphere prior to MD simulations. For each simulation, the

interacting species were placed at a distance of < 10Å from each other, within a solvent

sphere. Simulations were run for the following interacting complexes (a) Met-AMC

and HP-β-CD (S + C), (b) EcMetAP and Met-AMC (E + S), and (c) EcMetAP,

Met-AMC and HP-β-CD (E + S + C). The equilibration of the above systems was

confirmed by RMSD analysis of the trajectories. Figure 5.35 shows the RMSD data

for the substrate (Met-AMC) for the initial 50 ps of the equilibration (total run time

of upto 250ps). The initial increase represents the translocation of the molecule

to its interaction partner (the cavity of cyclodextrin, or the active site pocket of

the enzyme). The following plateau indicates the equilibration of the system in its

energetically stable state. The interaction energies for the species were calculated for
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the equilibrated systems and compared to affirm the relative stability of each complex

as suggested by the model in Scheme 5.2. The total interaction energies for each

system are listed in Table 5.10.
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Figure 5.35. Met-AMC RMSD over the course of MD trajectories. The
molecules in each system were positioned to mimic the pathway of complex
formation described in scheme 5.2 on page 147 (except for E + CD + S which
is not described by the scheme). The large value of RMSD of Met-AMC
for the S + CD, E + S, and E + S + CD simulations (4Å) indicates the
translocation of the substrate to within the cavity of cyclodextrin, enzyme
active-site or both, resulting in the formation of the respective complexes.
The low RMSD for the E + CD + S simulation (1Å) indicates that the
substrate remained in solution and the ternary complex did not form.

The relatively lower energy for the ternary complex of EcMetAP–Met-AMC–

HP-β-CD (E + S + C) suggests that this species is the most energetically stable

among all interaction species, thus driving the equilibrium towards the formation

of this complex. The contributions of each interaction in the ternary complex (E +

S + C)were calculated to be (a) −259 kcalmol−1 for the methionine residue within
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Table 5.10. Total interaction energies of systems from MD simulations.1

System Energy (kcalmol−1)

E + S −330
S + C −42

E + S + C −340

1 The interaction energies of the species in the
equilibrated system were calculated using the
NAMDEnergy module in VMD.

the EcMetAP active site pocket, (b) −30 kcalmol−1 for the AMC moiety within the

HP-β-CD cavity, and (c) −39 kcalmol−1 for the interaction between EcMetAP and

HP-β-CD.

The result of the MD simulation with EcMetAP, Met-AMC and HP-β-CD is

shown in Figure 5.36. The clipped view reveals the interaction of the methionine

residue of the substrate (magenta stick) with the active site pocket of the enzyme

(gray) while the coumarin moiety of the substrate resides within the cyclodextrin

cavity (blue). As indicated earlier, the methionine residue projects 6.5Å out from the

CD cavity. Thus in the ternary (MetAP–Met-AMC–CD) complex, it is long enough to

enter into the active site pocket. However within the above complex, the scissile bond

of Met-AMC does not reach in the vicinity of the active site resident metal ion. Hence

the enzyme catalyzed cleavage of the bridged Met-AMC (between CD and MetAP)

is precluded, resulting in the inhibition of the enzyme catalyzed reaction as per the

model mechanism of Scheme 5.2.
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Figure 5.36. MD simulation of the EcMetAP–Met-AMC–HP-β-CD
complex. Met-AMC is represented as magenta stick form and the molecular
surfaces of EcMetAP and HP-β-CD are represented by gray and blue
respectively. The active site metal ion (Mn2+) is represented by the orange
ball model.
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5.6. Dansylamide-5-(2-ChloroPhenyl)Furanoic acid (DCPF) as a

Metallo-specific Probe of EcMetAP

5.6.1. Metallo-specific inhibition of EcMetAP by DCPF

It has been noted that many potent inhibitors of MetAP are ineffective in vivo

as a result of being specific for certain metal ions at the enzyme active site. In order to

examine the nature of metallospecific binding of ligands to MetAP, the dansylamide

derivatized metallo-specific inhibitor of EcMetAP, 5-(2-chlorophenyl)furanoic acid,

was used as a probe, and its interactions with different metalloforms of EcMetAP

were characterized. Since 5-(2-chlorophenyl)furanoic acid is known to be selective for

the Mn2+ form of EcMetAP, the inhibition constant of DCPF for Mn2+-EcMetAP

was first determined by measuring the activity of Mn2+-EcMetAP using the direct

assay with 100 µm substrate (Met-AMC) and increasing concentrations of the inhibitor

(DCPF).

Figure 5.37 shows the inhibition of Mn2+-EcMetAP by DCPF. Analysis of the

data by the quadratic function for competitive inhibition (Eq. (3)) gave the inhibition

constant (Ki) of 0.56 ± 0.24 µm. Similar inhibition experiments were conducted with

other metalloforms of EcMetAP to study the metal selective inhibition by DCPF

(Figure 5.38). The inhibition constants for the various metalloforms of EcMetAP

determined in this study are summarized in Table 5.11.
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Figure 5.37. Inhibition of Mn2+-EcMetAP by DCPF. The inhibition con-
stant of DCPF was determined for the Mn2+ form of EcMetAP by measuring
the activity of the enzyme in the presence of increasing concentrations of
the inhibitor. The solid line represents the best fit of the data for the value
of Ki being equal to 0.56 ± 0.24 µm.

Table 5.11. Metallospecific inhibition of EcMetAP by DCPF.1

Metalloform Inhibition constant (µm)

Mn2+ 0.56 ± 0.24

Co2+ 24 ± 4

Ni2+ 15 ± 3

1 EcMetAP activity was measured in
25mm HEPES pH 7.5 containing 100mm
NaCl and 10 µm of MnCl2, CoCl2 or NiCl2
and varying concentrations of DCPF, using
the direct assay described in section §4.3.2.
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Figure 5.38. Inhibition of different metalloforms of EcMetAP by DCPF.
The inhibition constant of DCPF was determined for the Co2+ and Ni2+

forms of EcMetAP (panel A and B respectively) by measuring the activity
of the enzyme in the presence of increasing concentrations of the inhibitor.
The solid line represents the best fit of the data for the value of Ki being
equal to 24 ± 4 and 15 ± 3 µm for the Co2+ and Ni2+ forms respectively.
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5.6.2. Metallo-specific spectral properties of DCPF

The spectral properties of DCPF (as seen in Figure 5.8 on page 98) were ideal to

study the interaction of the ligand with EcMetAP. The fluorescence emission spectra

of DCPF (350 to 600nm) were measured by exciting at 315nm and were found to

be significantly altered upon addition of apo-EcMetAP as shown in Figure 5.39,

indicating the formation of DCPF-EcMetAP complex. Note that the emission peak of

DCPF (525nm) is enhanced, as well as blue shifted to 500nm, on interaction with

the enzyme.
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Figure 5.39. Effect of EcMetAP on DCPF fluorescence. The fluorescence
spectra of 1 µm DCPF were measured (λ ex = 315nm) in the absence (dotted
line) and presence (solid line) of 10 µm apo-EcMetAP.

Upon establishing the metal dependent interaction of DCPF with EcMetAP as

indicated by the inhibition of different metalloforms of the enzyme in the previous

section, it was of interest to study the spectral properties of the inhibitor with respect

to the various metalloforms of EcMetAP. The addition of various metalloforms of
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EcMetAP to DCPF resulted in distinct changes in the fluorescence spectra of the

inhibitor. Figure 5.40 shows the difference spectra of DCPF–EcMetAP obtained by

subtracting the fluorescence spectra of DCPF from that of the DCPF–EcMetAP

complex.
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Figure 5.40. EcMetAP metalloform dependent spectra of DCPF. The
fluorescence spectra of DCPF were measured (λ ex = 315nm) in the absence
and presence of various metalloforms of EcMetAP and the difference spectra
were plotted. The maximal spectral change for DCPF–Mn2+-EcMetAP is
530nm, where as that for all other DCPF–EcMetAP complexes is 495nm.

It is evident from the data in Figure 5.40 that the fluorescence spectral properties

of DCPF are distinctly affected by the different metalloforms of EcMetAP. The data

also indicates that the inhibitor not only bound to inactive metalloforms of EcMetAP

(such as Cu2+ and Ca2+), but also interacted with the apo enzyme. A maximal change

in the spectra was observed at 530nm on interaction with Mn2+-EcMetAP where as

interaction with other metalloforms of the enzyme, including apo-EcMetAP, resulted

in a maximal fluorescence increase at 495nm.

161



The metallo-specific spectral changes were found to be easily reversible between

the different metalloforms of EcMetAP (Figure 5.41). Thus addition of EDTA to

DCPF–Mn2+-EcMetAP resulted in the DCPF–apo-EcMetAP specific spectra, and

the addition of sufficient Co2+ to this mixture resulted in the DCPF–Co2+-EcMetAP

specific spectra. Further addition of EDTA resulted in the spectra of the DCPF–apo-

EcMetAP form again, and finally, addition of Mn2+ returned the spectra similar to

the original state specific to DCPF–Mn2+-EcMetAP.
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Figure 5.41. Reversibility of DCPF metallo-specific spectral properties.
The fluorescence spectra of DCPF–Mn2+-EcMetAP were recorded (1) after
removing the active site metal-ion (by adding EDTA) (2) and replacing with
Co2+ (3). The Co2+ was in turn removed again by adding EDTA (4) and
replaced with Mn2+ (5).

The above observations suggest that the different spectral changes with various

metalloforms of EcMetAP arose from the varying electronic changes upon interaction

of DCPF with different metals at the active site. In addition, the position of the

dansylamide moiety within the active site pocket could be supposed to encounter a
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varying micro-environment due to the orientation and/or conformations of DCPF

within the active site of different EcMetAP metalloforms. The contribution of

polar/nonpolar environments on the change in fluorescence spectra of DCPF was

characterized by measuring the fluorescence of inhibitor in various solvents. Figure 5.42

shows the normalized fluorescence spectra of DCPF in dioxane (dieletric constant

(εr)= 2.3), DMF (εr = 38) and water (εr = 80). The emission peak in each solvent

was 495, 515 and 550nm, respectively. The change in spectra as a function of solvent

polarity is indicative of positive solvatochromic shift, similar to that seen with the

DCPF–EcMetAP complex in Figure 5.39. The significance of these observations is

discussed later in section §6.1.2.
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Figure 5.42. Effect of solvent polarity on the fluorescence spectra of
DCPF. The fluorescence spectra of DCPF were measured in HEPES pH
7.5 buffer (solid line), dioxane (dashed line) and DMF (dotted line) and
normalized. The emission maxima for the three solvents are 495, 515 and
550nm, respectively.
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5.6.3. DCPF-EcMetAP binding kinetics

Transient kinetic studies for the association of DCPF with various metalloforms

of EcMetAP were conducted by mixing the inhibitor and enzyme using a stopped-flow

device and monitoring the change in fluorescence signal. A representative kinetic trace

for the association of DCPF with Mn2+-EcMetAP is shown in Figure 5.43. Since

the data did not fit the single exponential profile, they were analyzed by multiphasic

functions. Panel A of Figure 5.43 shows the double exponential fit of the data (top),

which clearly resulted in non-random residuals (bottom). Analysis by triple exponential

function (Panel B) resulted in a much improved fit (top) as confirmed by the residuals

(bottom).

The association kinetics were studied with varying concentrations of DCPF,

while maintaining pseudo first-order conditions by using excess DCPF. The resulting

data were analyzed by the triple exponential function and the observed rates were

plotted as a function of DCPF concentration in Figure 5.44. All three observed rate

constants followed a linear relationship with the concentration of DCPF. However,

due to the complexity of the multiphasic process, no attempt was made to determine

the individual rate constants from the data.

In spite of the observed complexity of the DCPF–EcMetAP binding process,

it was of interest to compare the kinetics of binding with other metalloforms of the

enzyme. Representative kinetic traces of DCPF binding to Co2+ & Ca2+ EcMetAP are

shown in Figure 5.45 and Figure 5.46 shows a representative trace for the association

of DCPF–apo-EcMetAP. Panel A of Figure 5.46 shows the kinetic data for DCPF–

apo-EcMetAP binding for a duration of 2 seconds which is similar to the duration

used for the acquisition of kinetic data with other metalloforms of EcMetAP. The data

was analysed by the triple exponential function and the observed rates were plotted as

a function of DCPF concentration in Figure 5.46 panel B. However, when the binding
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Figure 5.43. DCPF–Mn2+-EcMetAP association kinetics. 1 µm EcMetAP with
10 µm Mn2+ was mixed with 20 µm DCPF and the change in fluorescence were measured
over time. Panel A shows the analysis of the data by a double exponential function
(top) and the residuals from the resulting fit (bottom). Panel B shows the analysis of
the data by a triple exponential function (top) and the residuals from the resulting fit
(bottom).
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Figure 5.44. Concentration dependence of DCPF–Mn2+-EcMetAP binding
phases. The observed rates determined from the kinetic traces of DCPF–
Mn2+-EcMetAP association were plotted as a function of DCPF concentra-
tion. The EcMetAP concentration was 1 µm.

kinetics of DCPF–apo-EcMetAP were monitored for longer durations, it was apparent

that additional phases existed in the already complex association process. Figure 5.47

shows the kinetic trace for DCPF–apo-EcMetAP binding extended up to 10 seconds,

with the extrapolated triple exponential fit overlayed in red. Complete analysis of the

extended kinetic data could not be achieved due to complexity of the data and the

multiplicity of variables involved in the non-linear regression, although the analysis of

partial data suggests the presence of five exponential phases.
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Figure 5.45. DCPF association kinetics with Co2+ & Ca2+ EcMetAP.
1 µm EcMetAP with 10 µm Co2+ or 100 µm Ca2+ was mixed with DCPF
(20 and 80 µm respectively) and the change in fluorescence were measured
over time. The DCPF–Co2+-EcMetAP binding data were best fit by double
exponential function for the rates of 377 ± 36 and 3.9 ± 1.3 s−1. The DCPF–
Ca2+-EcMetAP binding data were best fit by triple exponential function for
the rates of 42 ± 3, 9.2 ± 0.5 and 1.5 ± 0.1 s−1.
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Figure 5.46. DCPF–apo-EcMetAP association kinetics. A Representative
kinetic trace for DCPF–apo-EcMetAP association analyzed with triple
exponential function. B Concentration dependence of the DCPF–apo-
EcMetAP binding phases.
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Figure 5.47. Extended DCPF–apo-EcMetAP association kinetics. Repre-
sentative kinetic trace for DCPF–apo-EcMetAP association monitored for
10 s with the triple exponential fit shown in red.
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5.7. Metal Ion Binding and Selectivity of EcMetAP

5.7.1. Identification of europium as a spectrometric probe for MetAP

As discussed in section §1.4.4, the metal binding properties of MetAPs have been

under considerable debate. The weak binding affinity of metal ions to the MetAP

active site has presented a hurdle in identifying the physiological metal ion, which in

turn has prevented the development of biologically active inhibitors of the enzyme.

The elucidation of metal binding features of MetAP has therefore been of significant

interest. With this purpose in mind, the binding and activation constants of various

metal ions to EcMetAP were determined in this study.

Based on several reports of lanthanide interactions with proteins, the lumines-

cence properties of the lanthanides Tb3+ and Eu3+ in the presence of MetAP were

investigated in the search for a viable and reliable signal for the binding of metal ions to

the active site of MetAP. Whereas the fluorescence lifetimes of proteins are typically <

10 nanoseconds [144], the luminescence lifetimes of lanthanides are in the order of a few

milliseconds. Using this large (about six orders of magnitude) difference in lifetimes,

the contribution of intrinsic protein fluorescence to the lanthanide luminescence

spectra was eliminated by applying a gate time of 150 µs. The signal to noise ratio

was enhanced by integrating the luminescence signal over 1250 µs and averaging ten

spectra.

Both Tb3+ and Eu3+ were found to bind to EcMetAP resulting in enhancement

of their luminescence spectra. In particular, Eu3+ not only showed significant

enhancement of its luminescence on binding to EcMetAP, it was also found to

catalytically activate the enzyme albeit with low efficiency. Figure 5.48 shows

the luminescence spectra of 15 µm Eu3+ in the absence and presence of 15 µm apo-

EcMetAP. As seen from the data, binding to EcMetAP enhanced the intensity of
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Eu3+ luminescence by 300% with no apparent change in the emission peaks or shape

of the spectrum. The increase in luminescence intensity is possibly due to the decrease

in the oscillator strength of the solvated Eu3+ upon exchange of the coordinated water

molecules by the residues of the enzyme active site.
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Figure 5.48. Change in Eu3+ luminescence spectra on binding to EcMetAP.
The luminescence spectra of 15 µm Eu3+ were measured in 25mm HEPES
pH 7.5 containing 100mm NaCl in the absence (dotted) and presence (solid)
of 15 µm EcMetAP. The excitation wavelength and gate time were set at
295nm and 2150 µs respectively.

By using the change in luminescence signal of Eu3+ upon binding to EcMetAP,

the binding affinity of the metal ion to the enzyme could be determined. The increase

in Eu3+ luminescence at 614nm (λ ex = 295nm) was measured as a fixed concentration

of the apo form of EcMetAP was titrated with increasing concentrations of Eu3+. In

trial experiments it was observed that the luminescence signal of free Eu3+ gradually

decreased over time. This was attributed to the unavoidable tendency of Eu3+ to

bind to the walls of the cuvette. In comparison, the signal of Eu3+ in the presence of
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EcMetAP was found to be stable over several hours, suggesting that the affinity of

the metal to the enzyme was relatively stronger than that to the quartz glass of the

cuvette. In order to correct for the observed decrease in free Eu3+ signal, the intensity

values obtained from a titration of Eu3+ into buffer were subtracted from the values

obtained by titrating the metal into apo-EcMetAP.

Figure 5.49 shows the increase in EcMetAP-bound Eu3+ luminescence intensity

(adjusted as described above) as a function of Eu3+ concentration. The solid smooth

line represents the best fit of the data for the dissociation constant of the Eu3+-

EcMetAP complex being equal to 25 ± 5 µm. While the affinity of the MetAP active

site to metal ions is known to be weak, the binding affinity of Eu3+ to EcMetAP as

determined in this study is weaker by an order of magnitude than that of other metal

ions reported in literature. This difference provided a convenient opportunity to study

the binding properties of the enzyme with various other metal ions, particular those

with no spectroscopic or catalytic signal.

5.7.2. Determination of EcMetAP metal binding affinity

The displacement of Eu3+ from the EcMetAP active site upon binding of a

competing metal ion was observed as a decrease in the intensity of the EcMetAP-

bound Eu3+ luminescence signal in response to the addition of Co2+ in a preliminary

experiment. The change in luminescence signal, as a result of competitive displacement

of the enzyme bound Eu3+ ion by titration of a secondary metal ion, was used to

determine the binding affinities of several metal ions.

A solution with fixed concentrations of EcMetAP and Eu3+ (3.6 µm and 50 µm

respectively) was titrated with increasing concentrations of competing metal ions. The

resulting decrease in Eu3+ luminescence (upon displacement from the enzyme active

site) was plotted as a function of the competing metal ion concentration and the data
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Figure 5.49. Binding affinity of the Eu3+–MetAP complex. The increase in
luminescence intensity of Eu3+ (λ ex = 295nm, λ em = 615nm)upon binding
to EcMetAP was plotted as a function of the lanthanide ion concentration.
The solid smooth line is the best fit of the data for the Kd value of the
complex being equal to 25 ± 5 µm.

were analyzed by Eq. (5) on page 77. Figure 5.50 shows the data for the metal ions

used in the study, including the common transition and alkaline earth metals as well as

Zn2+ and Cd2+. The dissociation constants for the metal-enzyme complex determined

from the data are listed in Table 5.12.

While attempting to study the displacement of Eu3+ from EcMetAP by the

trivalent ferric ion prepared as an aqueous solution of FeCl3, the formation of a

significant amount of precipitation was observed in the metal chloride stock solution

over time. The cloudy brown precipitate was a result of the near instantaneous

hydrolysis of FeCl3 to form primarily Fe(OH)3 among other hydroxides and oxides,

followed by the gradual polymerization and precipitation of the species. Although
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Figure 5.50. Determination of metal binding affinity by Eu3+ displacement.
A fixed concentration of EcMetAP and Eu3+ (3.65 µm and 50 µm respectively)
were titrated with increasing concentrations of metal ions, and the decrease in
Eu3+ luminescence (λ ex = 295nm, λ em = 615nm) was plotted as a function
of the competing metal ion concentration. The smooth lines represent the
best fit of the data for Kd values of Mg2+ (A), Ca2+ (B), Mn2+ (C) and
Fe2+ (D) being equal to 2.0 ± 0.7, 1.6 ± 0.2, 0.7 ± 0.1 and 0.020 ± 0.004 µm
respectively as described by Eq. (5).
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Figure 5.50. (. . . cont.) Determination of metal binding affinity by Eu3+

displacement. A fixed concentration of EcMetAP and Eu3+ (3.65 µm and
50 µm respectively) were titrated with increasing concentrations of metal
ions, and the decrease in Eu3+ luminescence (λ ex = 295nm, λ em = 615nm)
was plotted as a function of the competing metal ion concentration. The
smooth lines represent the best fit of the data for Kd values of Fe3+ (E), Co2+

(F), Ni2+ (G) and Cu2+ (H) being equal to 0.12 ± 0.10, 0.2 ± 0.1, 0.30 ± 0.06
and 0.4 ± 0.2 µm respectively as described by Eq. (5).
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Figure 5.50. (. . . cont.) Determination of metal binding affinity by Eu3+

displacement. A fixed concentration of EcMetAP and Eu3+ (3.65 µm and
50 µm respectively) were titrated with increasing concentrations of metal
ions, and the decrease in Eu3+ luminescence (λ ex = 295nm, λ em = 615nm)
was plotted as a function of the competing metal ion concentration. The
smooth lines represent the best fit of the data for Kd values of Zn2+ (I), Sr2+

(J), Cd2+ (K) and Ba2+ (L) being equal to 1.9 ± 0.8, 1.0 ± 0.2, 4.1 ± 1.2 and
1.0 ± 0.1 µm respectively as described by Eq. (5).
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the formation of the precipitate occurred over an extended period of time, it was

noted that the formation of insoluble Fe(OH)3, while visibly unnoticeable, affected

the concentration of available Fe3+ in the experimental solution.

Since it was practically impossible to avoid the hydrolytic reactions under

experimental conditions, the true concentration of Fe3+ in the solution was exper-

imentally determined. The extent of hydrolysis was determined on the basis of

spectrophotometric measurements of the unhydrolyzed and completely hydrolyzed

solutions of of varying FeCl3 concentrations. Since the hydrolysis of Fe3+ is pH

dependent, a solution of FeCl3 was prepared in concentrated HCl to maintain the

unhydrolyzed metal ion. Alternatively, complete hydrolysis was achieved by preparing

the solution in NaOH. Figure 5.51 shows the absorbance spectra of the unhydrolyzed

and completely hydrolyzed solutions in comparison to the partially hydrolyzed aqueous

solution of FeCl3.

It is apparent from Figure 5.51 that the absorbance of the FeCl3 solution

decreases on hydrolysis of the ferric ion. The absorbance of unhydrolyzed (acidic)

FeCl3 solutions of known concentrations was used to determine the molar extinction

coefficient. However, it is clear from the data that the spectra are a composite of

multiple hidden peaks. The change in the absorbance spectrum upon partial hydrolysis

suggests a differential decrease in the component peaks of the spectrum. Therefore the

spectra of the FeCl3 solutions were deconvoluted as shown in Figure 5.52 (top). The

dotted line represents the best fit of the data for five Lorentzian peaks. The absorbance

at the 385nm peak was plotted as a function of FeCl3 concentration (Figure 5.52,

bottom) and the linear fit indicates a directly proportional relationship.
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Figure 5.51. Absorption spectra of FeCl3 species in solution. 0.1mm
solutions of FeCl3 were prepared in concentrated HCl, water and NaOH
to obtain unhydrolyzed, partially hydrolyzed and completely hydrolyzed
forms of the salt. The absorption spectra of each solution was measured
immediately in a quartz cuvette.

In a similar experiment, the absorbance spectra of partially hydrolyzed (aqueous)

FeCl3 solutions were recorded at varying concentrations. Figure 5.53 (top) shows the

absorbance spectrum of 0.1mm aqueous FeCl3. The dotted line represents the best

fit of the data for four Lorentzian peaks. The absorbance at the 388nm peak was

plotted as a function of FeCl3 concentration (Figure 5.53, bottom).

While the hydrolysis of Fe3+ is known to be concentration dependent, the linear

fit indicates that the extent of hydrolysis at experimentally relevant concentrations

of FeCl3 has a linear relationship. Thus a comparison of the absorbance data from

the unhydrolyzed and partially hydrolyzed solutions provided a direct estimate of the

true Fe3+ concentration in the aqueous FeCl3 solution. The concentration of Fe3+ was

found to be reduced by 80% across all the concentrations tested (0.01 to 0.5mm).
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Figure 5.52. Spectrophotometric determination of FeCl3 in solution. The
absorption spectra of 0.1mm FeCl3 prepared in concentrated HCl was
measured in a quartz cuvette. The spectral data were deconvoluted to
fit 5 lorentzian peaks at 240, 265, 313, 361 and 385nm.
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Figure 5.53. The absorption spectra of 0.1mm FeCl3 prepared in water
was measured in a quartz cuvette. The spectral data were deconvoluted
to fit 4 Lorentzian peaks at 230, 317, 358 and 388nm. The area under the
deconvoluted peak at 388nm was plotted as a function of FeCl3 concentration.
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Therefore the concentrations of Fe3+ used in the experiment for displacement of Eu3+

was adjusted by this value to obtain the correct dissociation constant for the metal

ion from the EcMetAP active site.

From the results listed in Table 5.12, the binding affinity of the metal ions to

EcMetAP is revealed to be Fe2+ > Co2+, Fe3+ > Ni2+ > Cu2+ > Mn2+ >> Ca2+ >

Mg2+ > Cd2+. As suggested in the table, the metal ions appear to form two classes

based on their affinity to EcMetAP. The metal ions of class I have Kd < 1 µm, where

as those of class II have Kd > 1 µm. Additionally, all the transition metals tested in

this study occupy class I where as all other metals such as Zn2+, Cd2+ and alkaline

earth metals occupy class II.

5.7.3. Determination of metal ion activation constants for EcMetAP

On determining the direct binding affinity of the various metal ions to the

EcMetAP active site, it was of interest to ascertain the activation constant of the

metal ions for the catalytic activity of the enzyme. As mentioned in section §1.4.4,

Co2+, Fe2+, Mn2+, Ni2+ and Zn2+ have been found to activate the various MetAPs.

However, the activation constants of only Fe2+ and Co2+ have been reported for the

EcMetAP enzyme. The determination of the activation constants of all the known

activating metal ions of EcMetAP was therefore undertaken in this study. Additionally

the activation constant of Eu3+, a previously unknown activator of EcMetAP, was

also determined.

Figure 5.54 shows the relative efficiencies of the various metal ions in the catalytic

activation of EcMetAP. The activity of apo-EcMetAP was assayed in the presence of

10 µm metal ion (50 µm in case of Eu3+) using the Met-AMC substrate. In accordance

with the literature data, the efficiency decreased in the order Co2+ > Fe2+ > Mn2+

> Ni2+. In addition, Eu3+ was able to activate the enzyme up to 20% as compared
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to the maximal activation by Co2+. Zn2+, Fe3+ and Sr2+ appeared to impart < 2%

activity and all other metals were unable to produce any measurable activity in the

enzyme.
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Figure 5.54. The activity of 1 µm EcMetAP (determined by the time-
dependent cleavage of Met-AMC) was measured in the presence of 10 µm
metal-ion over a 30 min time period, and normalized with respect to the
enzyme’s activity containing Co2+ as the cofactor

On the basis of this data, the activation constants of the above catalytically

active metals Mn2+, Fe2+, Co2+, Ni2+ and Eu3+ were determined. The activity of

apo-EcMetAP was assayed in the presence of increasing concentration of each metal

ion. Where as most assays were conducted in 96 well micro-titer plates, the facile

oxidation of Fe2+ in such a setup prevented the reliable measurement of Fe2+-EcMetAP

activity. In order to assay the activity of the Fe2+ form of the enzyme, all buffers were

treated to repeated cycles of deaeration and purging with nitrogen gas. 2mm TCEP
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was used as a reducing agent to stabilize the Fe2+ in the assay. The enzyme reactions

were conducted in a cuvette whose mouth was sealed using a teflon cap during the

assay.

Figure 5.55 shows the activation profile of Eu3+-EcMetAP as a function of Eu3+

concentration. The smooth line represents the best fir of the data for the Ka value

of 15 ± 5 µm. This value is in close agreement with the direct binding affinity of the

metal ion for the enzyme reported in Figure 5.49.
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Figure 5.55. Determination of the activation constant ofEu3+ for EcMetAP.
The activity of 1 µmEcMetAP was measures in the presence of 300 µm
substrate and increasing concentrations of EuCl3, and plotted as a function
of the lanthanide concentration. The smooth line represents the best fit of
the data for the Ka value being equal to 15 ± 5 µm.
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The activation data for the metal ions Co2+, Mn2+, Ni2+ and Fe2+ are shown in

Figure 5.56. The activation constants of the metal ions for EcMetAP are listed in

Table 5.12. A comparison of the direct binding affinities and activation constants of

metal ions in the table shows that the two values are in good agreement with each

other.

184



0 2 4 6

0.0

0.4

0.8

1.2

 

 

A
ct

iv
ity

 x
10

-3
 (µ

M
 m

in
-1
)

[Co2+] (µM)

A

0 3 6 9

0.0

0.2

0.4

0.6

 

 

[Mn2+] (µM)

B

0 3 6 9
0.0

0.2

0.4

 
 

A
ct

iv
ity

 x
10

-3
 (µ

M
 m

in
-1
)

[Ni2+] (µM)

C

0 2 4 6 8

0.2

0.4

0.6

0.8

 

 

[Fe2+] (µM)

D

Figure 5.56. Determination of EcMetAP activation constants for various metal
ions. The activity of 1 µm apo-EcMetAP was measured with 300 µm substrate in
the presence of varying concentrations of Co2+ (A), Mn2+ (B), Ni2+ (C) and Fe2+

(D) metal ions. The smooth lines represent the best fits of the data for the Ka

values of Co2+, Mn2+, Ni2+ and Fe2+ being equal to 0.50 ± 0.25 µm, 0.6 ± 0.4 µm,
0.300 ± 0.004 µm and 0.4 ± 0.2 µm, respectively.

185



Table 5.12. Binding affinity (Kd)
and activation constants (Ka) of vari-
ous metals for EcMetAP

Metal Kd (µm)2 Ka (µm)2

Class I

Mn2+ 0.7 ± 0.1 0.6 ± 0.4

Fe2+ 0.020 ± 0.004 0.4 ± 0.2

Fe3+ 0.12 ± 0.10 inactive

Co2+ 0.2 ± 0.1 0.50 ± 0.25

Ni2+ 0.30 ± 0.06 0.30 ± 0.04

Cu2+ 0.4 ± 0.2 inactive

Class II

Mg2+ 2.0 ± 0.7 inactive

Ca2+ 1.6 ± 0.2 inactive

Zn2+ 1.9 ± 0.8 inactive

Sr2+ 1.0 ± 0.2 inactive

Cd2+ 3.5 ± 0.4 inactive

Ba2+ 1.0 ± 0.1 inactive
1 Metal binding affinity to EcMetAP
was determined by Eu3+ displacement
from Eu3+-EcMetAP as described in
section §4.5.2.
2 Activation constants of metal ions
was determined by assaying apo-
EcMetAP activity in the presence of
varying metal ion concentrations as
described in section §4.5.3.
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5.7.4. Determination of metal dependent EcMetAP steady-state parame-

ters

In addition, the effect of the different activating metal ions on the steady-state

kinetic parameters of the enzyme was further studied for the cleavage of the Met-AMC

substrate. The Km and kcat values of the different metalloforms of the EcMetAP

enzyme were determined by assaying the enzyme activity in the presence of each metal

ion, with increasing concentrations of substrate. Figure 5.57 shows the data for Co2+,

Mn2+, Ni2+ and Eu3+ form of EcMetAP.

The steady-state kinetic parameters of the above EcMetAP metalloforms for

Met-AMC cleavage are listed in Table 5.13. The specificity constant (kcat/Km) for the

EcMetAP metalloforms decreases in the order Co2+ > Ni2+ > Eu3+ > Mn2+.

Table 5.13. Steady-state kinetic parame-
ters of various metalloforms of EcMetAP.1

Metal Km (µm) kcat (×10
−11s−1)

Co2+ 196 ± 39 6.87 ± 0.58

Mn2+ 193 ± 39 3.45 ± 0.40

Ni2+ 131 ± 40 3.18 ± 0.27

Eu3+ 91 ± 21 1.72 ± 0.12

1 The activity of apo-EcMetAP was assayed
with 10 µm metal ion (40 µm in case of Eu3+)
in the presence of increasing concentrations
of substrate (5 to 600 µm Met-AMC) as
described in section §4.5.3.
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Figure 5.57. Determination of steady-state kinetic parameters of various EcMetAP
metalloforms. The activity of 1 µm apo-EcMetAP was measured with 10 µm metal
ion (40 µm in case of Eu3+) in the presence of increasing concentrations of substrate
(5 to 600 µm Met-AMC). The smooth lines represent the best fits of the data for the
Km values of Co2+, Mn2+, Ni2+ and Eu3+ being equal to 196 ± 39, 193 ± 39, 131 ± 40
and 91 ± 21 µm, respectively; and for the Vmax values being equal to 4.12 ± 0.35,
2.07 ± 0.24, 1.91 ± 0.16 and 1.03 ± 0.07 nmmin−1, respectively.
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5.8. MetAP and PDF interaction

The PDF and MetAP enzymes are known to function in close succession at the

ribosome exit site, with evidence that both may interact with the ribosome. The

consecutive formyl and methionine group cleavage from the growing polypeptide chain

suggests a close proximity between the two enzymes. A quick binding study was

performed in order to study the potential interaction between EcPDF and EcMetAP.

EcPDF was incubated with EcMetAP-6His for 30min at 4
◦C in solution, then loaded

onto a Ni-IDA column. Alternatively, EcPDF was loaded onto a column previously

loaded with EcMetAP-6His and the column was incubated for 30min at 4
◦C. Each

enzyme was separately loaded onto different columns as controls. The columns were

washed to remove unbound protein, followed by elution with 100mm imidazole. The

absorbance of the eluate fractions was measured at 280nm to monitor the presence of

protein.

Figure 5.58 shows the elution profiles for the controls and the co-incubated

samples. The two distinct peaks appearing in the co-incubated samples indicate that

EcPDF and EcMetAP-6His eluted separately, during the wash and elution steps

respectively. Both enzymes were found to elute independently, regardless of the

method of co-incubation (in solution or on the column). These results indicate that

EcPDF and EcMetAP do not have a strong interaction with each other. However,

when the enzymes were co-incubated on the column (panel D), the second peak

(representative of EcPDF), appeared later as opposed to when the enzymes were

co-incubated in solution. Thus the movement of EcPDF appears to have been impeded

when incubated with EcMetAP-6His on the Ni-IDA column, suggesting weak but

significant interaction between EcPDF and EcMetAP.
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Figure 5.58. Interaction of EcPDF with EcMetAP. The above profiles indicate the
elution of protein from Ni-IDA columns loaded with EcMetAP-6His (A), EcPDF (B),
both mixed together(C) or both added sequentially (D).
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5.9. Thermal Stability of PDFs

5.9.1. Thermal unfolding of PDFs

The contribution of the C-terminal helix to the stability of EcPDF was probed

by conducting thermodynamic studies comparing the native and truncated forms of

the enzyme. The thermal unfolding of native and truncated forms of EcPDF was

studied by measuring the loss of secondary structure (monitored by the ellipticity at

223nm) as a function of temperature. A solution of 15 to 25 µm of enzyme was heated

from 25 to 95
◦C at a rate of 0.5

◦Cmin−1 in 5mm HEPES pH 7.5 containing 1mm

NiCl2.

Figure 5.59 shows the unfolding data for native EcPDF. The loss of secondary

structure appears biphasic with each phase accounting for half of the total unfolding

process, and the two unfolding transitions are at 51 and 75
◦C. These results are

consistent with previously reported data for native EcPDF [64]. The unfolding data of

the truncated EcPDF (EcPDF-C∆21) is shown in Figure 5.60. Note that the unfolding

data of the truncated PDF is also biphasic, but appears significantly different from

that of the native enzyme. Where as the unfolding transitions for EcPDF-C∆21

remain the same as seen for the full length enzyme (51 and 75
◦C), the two unfolding

phases account for 10 and 90% of the total unfolding process. This is clearly a marked

departure from the characteristics of the native enzyme, and suggests either a shift in

the low and high thermally stable populations of EcPDF at equilibrium or a dynamic

change in the stability as a function of temperature.
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Figure 5.59. Temperature dependent unfolding of native PDF. The ellip-
ticity of native PDF was measured at 223nm as a function of temperature.
The temperature was ramped from 25 to 95

◦C at a rate of 0.5
◦Cmin−1

using a Peltier temperature controller. The solid smooth lines represent the
best fit of the data for Tm values of 51 and 75

◦C, with the slope at each Tm
being equal to 3.1 and 3.8, and the fraction amplitude of the two unfolding
phases being 0.5 each.

192



20 40 60 80 100

-12

-8

-4

 

 

E
lli

pt
ic

ity
 (2

23
 n

m
)

Temperature (°C)

Figure 5.60. Temperature dependent unfolding of EcPDF-C∆21. The
ellipticity of EcPDF-C∆21 was measured at 223nm as a function of
temperature. The temperature was ramped from 25 to 95

◦C at a rate
of 0.5

◦Cmin−1 using a Peltier temperature controller. The solid smooth
lines represent the best fit of the data for Tm values of 51 and 75

◦C, with
the slope at each Tm being equal to 4.1 and 3.8, and the fraction amplitude
of the two unfolding phases being 0.1 and 0.9 respectively.
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5.9.2. Unfolding kinetics of PDFs

The time dependent thermal unfolding of the native and truncated forms of PDF

was studied by measuring the ellipticity (θ223nm) of the enzyme solution incubated

at 60
◦C as a function of time. Figure 5.61 shows the data for the thermal unfolding

kinetics of native EcPDF. The data reveals a biphasic process which was analyzed by

a double exponential function (Eq. (8) described in section §4.6.2) to yield the rate

constants of (7.12 ± 0.47) × 10
−2 and (8.87 ± 0.25) × 10

−3min−1, with the fraction

amplitude each phase being 0.36 and 0.67, respectively. In comparison, the unfolding

kinetics of EcPDF-C∆21 (shown in Figure 5.62) also appear biphasic, but gave the sig-

nificantly lower rate constants of (7.12 ± 0.47) × 10
−2 and (8.87 ± 0.25) × 10

−3min−1,

with the fraction amplitudes of each phase being 0.12 and 0.88, respectively.
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Figure 5.61. Unfolding kinetics of native EcPDF. The ellipticity of native
EcPDF was measured at 223nm while incubating the enzyme at 60

◦C. The
smooth red line represents the best fit of the data for the rate constants
being equal to (5.40 ± 0.39) × 10

−1 and (1.07 ± 0.04) × 10
−2min−1.
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Figure 5.62. Unfolding kinetics of EcPDF-C∆21. The ellipticity of native
EcPDF-C∆21 was measured at 223nm while incubating the enzyme at 60

◦C.
The smooth red line represents the best fit of the data for the rate constants
being equal to (7.12 ± 0.47) × 10

−2 and (8.87 ± 0.25) × 10
−3min−1.

5.9.3. Thermal inactivation of PDFs

The time dependent loss of PDF activity as a result of high temperature was

studied by measuring the activity of the native and truncated forms of PDF upon

incubation of the enzyme at 60
◦C for increasing periods of time. Since the introduction

of the heated enzyme sample into assay buffer would result in some reversal of the

unfolding process during the assay, any potential refolding was allowed to complete by

incubating the samples at 4
◦C overnight prior to measuring the activity. Figure 5.63

shows the time dependent inactivation of native EcPDF when incubated at 60
◦C.

Analysis of the data reveals two exponential decreases in activity where each phase

has an equal amplitude, with the rate constants of 3.26 ± 1.05 and 0.12 ± 0.04min−1.

On the other hand, the thermal inactivation data of EcPDF-C∆21 (see Figure 5.64)
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reveal a markedly different profile in the loss of activity. Whereas the data for the

truncated PDF also appeared biphasic, the two rate constants were determined to be

0.95 ± 0.75 and 0.12 ± 0.04min−1, with the fraction amplitudes being 0.12 and 0.88,

respectively. These results indicate the presence of a significantly heat-stable fraction

in the EcPDF-C∆21 population.
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Figure 5.63. Temperature dependent inactivation of native EcPDF.
Aliquots of EcPDF were incubated at 60

◦C for increasing periods of
time, followed by incubation at 4

◦C. The activity of the heat treated
enzyme was then measured and plotted as a function of incubation period
at 60

◦C. The smooth line represents the best fit of the data with a bi-
exponential decay function for the rate constants being equal to 3.26 ± 1.05
and 0.12 ± 0.04min−1, with the fraction amplitudes being 0.52 and 0.48,
respectively.
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Figure 5.64. Temperature dependent inactivation of native EcPDF-C∆21.
Aliquots of EcPDF-C∆21 were incubated at 60

◦C for increasing periods
of time, followed by incubation at 4

◦C. The activity of the heat treated
enzyme was then measured and plotted as a function of incubation period
at 60

◦C. The smooth line represents the best fit of the data with a bi-
exponential decay function for the rate constants being equal to 0.95 ± 0.75
and 0.12 ± 0.04min−1 with the fraction amplitudes being 0.12 and 0.88,
respectively.
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5.9.4. Steady-state properties of heat stable EcPDF-C∆21

The heat stable fraction of EcPDF-C∆21 was prepared by incubating the enzyme

at 60
◦C for 2.5 h, followed by an overnight incubation at 4

◦C. CD spectra of the

heat treated EcPDF-C∆21 revealed that the unfolded enzyme fraction did not recover

any significant secondary structure upon cooling. The steady-state parameters of

the heat stable enzyme were then determined as described previously in section §4.3.

Figure 5.65 shows the steady-state properties of EcPDF-C∆21. The data conforms to

the Michealis-Menten model and was analyzed by Eq. (1) to obtain the kcat and Km

values for the heat stable enzyme (5.8 s−1 and 13 µm, respectively). Note that these

values are similar to those of the Zn2+ form of the enzyme.
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Figure 5.65. Steady-state parameters of heat stable EcPDF-C∆21. The
activity of 0.165 µm EcPDF-C∆21 was measured after heat treatment at
60

◦C for 2.5 h followed by overnight incubation at 4
◦C. The solid smooth line

represents the best fit of the data for the Km and Vmax values of 13 ± 2 µm
and 57 ± 3 µm/min, respectively.
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6. DISCUSSION

6.1. Selective Inhibition of Type I MetAPs

Realizing the importance of the bacterial MetAP as an untapped target for

antibiotic development, a focused library of small organic compounds was tested for

efficacy as potential inhibitors of the type I MetAP. As noted in Chapter 1, an ideal

antibiotic would not only (a) selectively inhibit the bacterial (E. coli) MetAP isoform

while having little or no effect on the human homologue, it would also (b) be active

against the native metalloform of the bacterial enzyme. With such primary criteria

in mind, a two pronged approach was undertaken. The sections below discuss the

results obtained from the experiments conducted to identify inhibitors selective for

the E. coli MetAP isoform (section §6.1.1) and to study their selectivity for specific

metalloforms of EcMetAP (section §6.1.2).

6.1.1. Isoform selective inhibition of MetAPs

Through an initial screening, barbituric acid based compounds (barbituric acid,

thiobarbituric acid and dimethyl barbituric acid) were found to inhibit the catalytic

activity of the EcMetAP enzyme (Tables 5.2 and 5.4, pages 110 and 118). The

barbituric acid moiety functions as a Lewis base which is a common feature of

previously reported inhibitors of MetAP. The barbiturate derivatives are therefore

expected to coordinate with the active site metal ion via the carbonyl oxygen or the

ring nitrogen (or both) of the barbiturate moiety. Support for this feature is derived

from the docking results of one of the highly potent inhibitors identified in this study.

This can be seen in Figure 6.1 depicting the inhibitor MH-5-74 docked within the
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EcMetAP active site cavity. The carbonyl oxygen of the MH-5-74 barbiturate moiety

is at 2.7Å from the active site metal ion, suggesting its strong interaction with the

enzyme.

Figure 6.1. MH-5-74 docked within EcMetAP active site. The clipped
molecular surface of EcMetAP reveals the interaction of the active site metal
ion with the barbiturate moiety of the inhibitor. The inhibitor structure was
docked with the X-ray crystal structure of mononuclear EcMetAP (2GTX)
using AutoDock Vina.

In the search for a potent and isoform selective inhibitor for EcMetAP, a series of

derivatives of the above barbiturate based compounds were screened and the results of

these screenings are listed in Tables 5.2, 5.3, 5.4, 5.5 and 5.6. The typical barbiturate

derivative consisted of a variously substituted phenyl moiety attached via a conjugated

linker of either one or three carbons in length. The screening of this series of barbiturate

derivatives allowed the qualitative determination of the effect of each physico-chemical

variable upon the inhibitory potency of the compounds. For example, the compounds

200



with substituents on the barbiturate moiety (2-thio and 1,3-dimethyl) were significantly

less effective at inhibiting EcMetAP. The only exceptions to this observation were

MDS-2-2 and MDS-2-22. The least effective inhibitors belonged to the 1,3-dimethyl

substituted group, and this may be due to steric hindrance caused by the methyl

moieties within the active site sub-pocket containing the metal ion. Inhibition was

also affected by the length of the conjugated linker. An increase in the length of the

linker resulted in a clear enhancement of the inhibitory effect (with the exception

of MDS-2-1). A possible explanation for this is presented by the observation that

the phenyl moiety of the inhibitor can form π − π interaction with one of the several

aromatic residues present at the mouth of the active site pocket. This interaction is

prevented when the linker is too short (methyl vs. propyl) to allow the inhibitor’s

phenyl moiety to extend to the entrance of the enzyme active site. Additionally, the

substituents on the phenyl group exhibited a marked effect on the potency of the

compounds. The presence of electron donating groups resulted in good inhibition

whereas electron withdrawing groups showed poor or no inhibition of EcMetAP. This

observation agrees with the expected role of the barbiturate moiety as a Lewis base in

coordinating with the active site metal ion. The presence of electron donating groups

on the phenyl ring increases the strength of the Lewis base by resonance effect through

the conjugated linker. Thus the carbonyl oxygen of the barbiturate moiety becomes a

stronger nucleophile for interaction with the metal ion of the enzyme. This is further

supported by the observation that compounds with unconjugated linkers showed no

inhibition even in the presence of electron donating groups on the phenyl ring. A

summary of these observations is depicted with selected inhibitors in Figure 6.2.

From the data presented in Tables 5.3 to 5.6, one particular class of barbiturate

derivatives was identified as being of particular interest. The barbituric acid derivatives

with the (4-dimethylamino)phenyl moiety (MH-5-53, MH-5-74, RS-V-39, RS-V-75,
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Figure 6.2. Selected examples of compounds showing the effect of various
molecular properties on their inhibitory potency against EcMetAP.
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MDS-1-23, MDS-1-25, MDS-2-1, MDS-2-2) displayed a potent inhibitory effect on

the type I MetAPs (both E. coli and human forms). In particular, these compounds

were marked with unique spectroscopic properties which changed upon interaction

with the enzymes. Although many of these derivatives were potent inhibitors, they

showed no isozyme selectivity towards the human and E. coli type I MetAPs. For

example, the highly potent inhibitor MH-5-74 had nanomolar inhibition constants

for both isozymes (Figure 5.19, page 130). The inhibitor MDS-1-25 did display

selectivity in inhibiting the two isozymes, however in contradiction to the requirement,

it preferentially inhibited the human isozyme (Figure 5.18, page figure 5.18). On the

other hand, while the inhibitor MH-5-53 inhibited both isozymes with nearly equal

potencies, it showed distinctive spectral changes upon binding with the two MetAP

isozymes (Figure 5.20, page 132).

The distinct interaction of MH-5-53 with the MetAP isozymes is marked by the

ratio of the two absorbance peaks (A355/A485) for the ligand complexed with EcMetAP

and HsMetAP (being equal to 0.78 and 2.6 respectively, Table 5.8, page 136). A study

of the spectral features of this inhibitor revealed that the absorbance peak at 485nm

was affected by the polarity as well as the pH of the solvent. As shown in Figure 5.21,

page 133, whereas the absorbance intensity of MH-5-53 at 485nm was enhanced by

acidic pH, it was enhanced as well as blue shifted (by 20 nm) in the presence of solvents

of low polarity (such as DMF). Since there is no evidence for a change in the absorbance

maximum of MH-5-53 upon interaction with either MetAP isozyme it is apparent that

the polarity of the enzyme’s micro-environment is not significantly different than that

of the solvent. However the increased absorption intensity of the ligand upon binding

with either isozyme (but EcMetAP in particular), suggests its altered protonation

state at the enzymes’s active site pocket. In fact, the reversibility of the change in

absorbance at 485nm as a function of pH (Figure 5.22, page 134) indicates that the
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observed isozyme-selective spectral feature is a property of the protonation state of

the ligand at the enzyme active site. The pK a calculation data obtained from the

Calculator Plugin for Marvin 5.10.3 (ChemAxon, http://www.chemaxon.com) shown

in Figure 6.3 illustrate the distribution of different microspecies of MH-5-53 as a

function of pH. These data suggest that one or both of the barbiturate ring nitrogens

of MH-5-53 are deprotonated in the enzyme bound state. This can be explained by

the expected coordination of the inhibitor via the barbiturate ring nitrogen to either

the metal ion or one of the carboxylate moieties at the MetAP active site. From the

differential spectral response of MH-5-53 to the EcMetAP and HsMetAP isozymes

(as evidenced by the ratio of absorbance at 485/355nm), it is conjectured that the

inhibitor coordinates through both ring nitrogens in case of the bacterial isozyme but

with only one in case of the human isozyme.

Further studies, however, revealed that the MH-5-53 compound was unstable

in aqueous solutions at experimentally relevant pH (Figure 5.23, page 135). The

slow decrease in absorbance of the 485nm peak with the concomitant increase in

absorbance of the 355nm peak suggests that the inhibitor may be undergoing a

hydrolytic breakdown giving rise to a new subspecies with enhanced absorption at

355nm. Note that neither pH nor solvent polarity had any effect on the 355nm

absorption peak, implying that the observed spectral change over time was due to the

potential generation of lysis products of MH-5-53. Due to the perceived instability

of MH-5-53, further detailed biochemical characterization of its interaction with

the MetAP isozyme was not undertaken. However, it is conceivable that with an

understanding of the nature of MH-5-53, a suitably modified derivative may provide

an excellent probe as well as potent and selective inhibitor of MetAP isozymes.
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using the pK a Calculator Plugin for Marvin 5.10.3 (ChemAxon).
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In addition to the above class of inhibitors, several other inhibitors also displayed

selectivity towards the human MetAP isozyme. These include 5-51b, 5-52, 5-54, 1-8,

1-17, 1-20 and 1-27, with inhibition constants for HsMetAP ranging from 10 fold to

over 60 fold lower than those for EcMetAP. In summary, although this study did not

reveal any potent inhibitors selective for EcMetAP, several inhibitors were identified

which (a) were highly potent inhibitors of both EcMetAP and HsMetAP, or (b) were

selective inhibitors of HsMetAP. The results of the inhibition studies obtained for the

library of compounds in the study, in combination with the molecular predictors of

the compounds (obtainable through computational methods) are a good source of

data for conducting QSAR (Quantitative Structure Activity Relationship) analysis.

Such analysis would provide valuable information that could be used to design new

inhibitors that are highly potent as well as selective for a specific MetAP isozyme.

6.1.2. Metalloform selective inhibition

One of the primary reasons for the failure in designing or identifying in vitro

EcMetAP inhibitors that serve as antibiotics has been the inability in ascribing the

physiological metal ion for the enzyme, particularly with respect to the metal ion used

in conventional enzyme assays of EcMetAP activity [86, 90]. This has been evident

from the fact that several potent inhibitors of MetAPs display selectivity towards

specific metalloforms of the enzyme. Moreover, metal ion coordinating inhibitors have

been found to recruit extraneous metal ions from the solution under in vitro conditions

resulting in spurious interactions between such ligands and the enzyme. A two fold

approach was used to examine the nature of metal dependent interactions in MetAP:

(a) a study of the metalloform selective inhibition in EcMetAP (discussed below) and

(b) a study of the metal ion binding and selectivity in EcMetAP (discussed in the

following section). The dansylamide derivative of the metallospecific Mn2+-EcMetAP
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inhibitor 5-(2-chlorophenyl)furanoic acid was used as a spectroscopic probe to study

the metal dependent interaction of the ligand with the EcMetAP active site in the

presence of different bound metal ions.

Prior to such detailed studies, it was affirmed that the derivatized compound

(DCPF) retained the metallospecific properties of its parent compound (5-(2-chlorophenyl)

furanoic acid). The data summarized in Table 5.11, page 158 shows that while DCPF

inhibited the activity of different EcMetAP metalloforms, the inhibitory potency

against Mn2+-EcMetAP was over 25 fold greater than the other metalloforms of the

enzyme. Additionally, it was found that the fluorescent spectral feature of DCPF

(Figure 5.8, page 98) is not only altered upon interaction with EcMetAP (Figure 5.39,

page 160), but the spectral change is dependent on the specific metal ion present

at the active site of the enzyme (Figure 5.40, page 161). In fact, in a seemingly

curious coincidence, it is evident from Figure 5.40 that the spectral changes observed

in the presence of catalytically active metalloforms of EcMetAP (Co2+, Mn2+ and

Ni2+ containing enzyme) are distinct from those occurring upon interaction with

catalytically inactive forms of the enzyme (apo-enzyme and Ca2+, Cu2+ metalloforms).

Whereas the fluorescence intensity of DCPF is enhanced by approximately 75rfu in

the presence of catalytically active EcMetAP, it is enhanced by about 150rfu in the

presence of catalytically inactive forms. Note that in addition to this difference, the

maximal change in fluorescence intensity appears at 495nm for all metalloforms of

EcMetAP (including the apo-enzyme) except for the Mn2+ form where the maximum

change is seen at 530nm. Additionally, the distinct changes in DCPF in spectra

observed upon interaction with different metalloforms of EcMetAP were found to

be reversible by changing the metal ion bound at the active site of the enzyme
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(Figure 5.41, page 162). These characteristics suggest that the conformation and

electronic configuration of DCPF bound within the enzyme active site cavity are

affected to varying degrees by Co2+, Ni2+ and Mn2+ metal ions.

Since the binding of DCPF to apo-EcMetAP led to a significant enhancement

and blue shift in the fluorescence spectra of DCPF, it is clear that in addition to the

active site metal ion, the micro-environment of the enzyme active site pocket was also

a contributing factor. The effect of solvent polarity on the fluorescence spectra of

DCPF (Figure 5.42, page 163) illustrates the potential for the moieties in the enzyme

active site affecting DCPF fluorescence. An increasing blue shift (λ max = 550, 515

and 495nm) is seen with decreasing solvent polarity (water > dimethylformamide >

dioxane) demonstrating typical positive solvatochromism. Thus the spectral features

of DCPF observed upon binding to the apo enzyme (as well as certain metalloforms

like Ca2+- and Cu2+-EcMetAP) may be attributed to the nonpolar amino acids lining

the enzyme cavity, such as Cys59, Tyr62, Tyr65, Cys70, Cys78, Cys169, Phe177,

Met206 and Trp221.

In an attempt to explicate the mechanistic process leading to the observed

metalloform-selective features of the DCPF–EcMetAP interaction, transient kinetic

studies of association of the ligand and enzyme were undertaken. The data reported

in Section §5.6.3 suggest that the binding of DCPF to EcMetAP is a highly complex

process consisting of several steps presumably involving multiple conformational

changes of DCPF following the initial binding of the ligand to the active site. The

change in fluorescence signal of the DCPF–EcMetAP complex over a period of two

seconds revealed a tri-exponential association in case of Mn2+-EcMetAP, with rate

constants in the range of 3, 20 and 450 s−1 (Figure 5.43, page 165). On the other hand,

although the association kinetics in case of apo-EcMetAP were tri-exponential for the

same period (Figure 5.46, page 168), extended data revealed that the binding reaction
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was completed on a much longer time scale with equilibrium not being established

even at the end of 10 s (Figure 5.47, page 169). Note that the change in fluorescence

signal in case of the DCPF–apo-EcMetAP complex is about two fold that in case of

DCPF–Mn2+-EcMetAP. The ability to observe several additional phases in case of

apo-EcMetAP may therefore be attributed to this feature, as the small amplitude

of longer phases (appearing beyond two seconds) in case of Mn2+-EcMetAP could

preclude their accurate measurement and subsequent resolution. On the other hand,

it is possible that whereas the DCPF–Mn2+-EcMetAP complex attains equilibrium on

a shorter time scale, the DCPF–apo-EcMetAP complex is unable to do so due to the

absence of a metal ion to anchor and potentially stabilize the ligand within the active

site pocket. Due to the complexity of the association kinetics data, no analytical

conclusion could be obtained regarding the mechanisms involved in the interaction of

DCPF with different metalloforms of EcMetAP. In this situation, the use of a hybrid

quantum mechanics/molecular mechanics (QM/MM) method in the computational

simulation of the DCPF–EcMetAP complex may reveal insights into the metalloform

selective ligand interaction.

6.2. Metal Ion Binding and Selectivity of MetAP

Due to weaker binding of metal ions to different MetAPs, the identity of their

physiological metal ion has been the subject of considerable debate in recent years

[13, 78, 93, 103, 104, 145, 146]. Identifying the native metal ion has been particularly

important since the binding affinities of inhibitors (as putative antibiotics) to the

enzyme have been shown to be dependent on the nature of the metal ion present at

the active site pocket of the enzyme [86, 90, 142]. In addition, there has also been

a long standing controversy over the number of metal ions involved in the catalytic
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activity of MetAP, with reports supporting one [79, 80, 147], two [94, 106, 148] and

even three [106] metal ions at the active site pocket of the enzyme. In cognizance of

these contrasting positions, there is compelling evidence for a mononuclear MetAP

active site. While the identity of the native metal ion in various isoforms of MetAP

remains irresolute, evidence from in vivo effects of Fe2+-selective MetAP inhibitors

has suggested that Fe2+ serves as the physiological metal ion of the enzyme in E. coli

[105, 149].

With the interest of determining the direct binding affinities of different metal ions

for MetAP, attempts were made to identify the metal ions which would catalytically

activate the enzyme as well as provide spectroscopic signatures upon binding to

the enzyme active site. In a fortuitous discovery, Eu3+ was identified as a cofactor

of EcMetAP (Figure 5.54, page 182) and its luminescence emission spectrum was

found to be significantly enhanced upon binding to the enzyme (Figure 5.48, page

171). The determination of the binding affinity of Eu3+ to EcMetAP from both these

properties (activation of enzyme and enhancement of luminescence) revealed closely

similar activation/dissociation constants of about 20 µm (Figures 5.49 and 5.55, pages

173 and 183).

From preliminary experiments, it was confirmed that the binding affinities of

various metal ions for EcMetAP could be investigated by competitively displacing the

enzyme bound Eu3+ with other metal ions. The results described in section §5.7.2

and summarized in Table 5.12, page 186 present the most exhaustive determination

and comparative account of metal ion binding affinities for the E. coli MetAP enzyme.

The enhancement of Eu3+ luminescence upon binding to EcMetAP is presumably due

to the decrease in the oscillator strength of the solvated lanthanide ion upon exchange

of the coordinated water molecules by the cognate groups/residues of the enzyme

within the active site pocket [150]. The analysis of the experimental data for metal
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ion binding (via competitive displacement of enzyme-bound Eu3+) was facilitated by

the use of the complete solution of a quadratic (rather than cubic) function (Eq. (5),

page 77) as previously described by Banerjee et al. [128]. This was possible due to the

fact that Eu3+ exhibits a fairly weak affinity for EcMetAP as compared to most other

metal ions.

Of different metal ions utilized herein, Fe3+ presented a particular hurdle in the

accurate determination of its binding affinity to EcMetAP. Fe3+ has been known to

exhibit unusual properties in aqueous solution as its salts undergo hydrolysis in a

biphasic manner. The first (fast) phase involves the conversion of Fe3+ salts to insoluble

Fe(OH)3, which complexes with its parent salt (in this case FeCl3), and the latter

undergo further hydrolysis during the second (slow) phase. The rate and extent of such

hydrolysis are dependent on the salt type, concentration, temperature, pH, and other

anionic components of the mixture [151–153]. As a result of this process, a significant

fraction of the aqueous Fe3+ ion in the experiment was expected to be converted

near-instantaneously to its insoluble hydroxide form and therefore be unavailable for

the competitive displacement of the EcMetAP bound Eu3+. To circumvent such a

problem, typical biochemical experiments involving Fe3+ are performed in the presence

of chelating agents, such as citrate or NTA [154, 155]. While this approach is suitable

for proteins/enzymes that bind Fe3+ with very high affinity, it was not applicable to

EcMetAP due to its relatively weak binding affinity for metal ions. Moreover, the

interaction of such chelating agents with Eu3+ was found to significantly perturb the

luminescence spectra of the lanthanide ion, further complicating the experimental

set up and data analysis. Hence, the recourse was made to determine the effective

concentration of Fe3+, i.e., the metal ion which remained unhydrolyzed (during the

fast phase) upon dilution of acidic FeCl3 in the buffer solution, by monitoring the

time dependent changes in the absorption spectra of Fe3+. The experimental data
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(Figures 5.51 to 5.53) revealed that 20% of FeCl3 remained unhydrolyzed during the

course of the experiment, which is in agreement with the literature value [151]. With

this information, the corrected binding affinity of Fe3+ to EcMetAP was calculated.

Prior to this study, the direct binding affinities of Mn2+ and Co2+ to EcMetAP

were determined by Holz and his collaborators [77, 94, 95] via isothermal titration

calorimetry. The magnitudes of the dissociation constants were 3.0 µm [95] and 5.3 µm

[94] for Mn2+, and 6.4 µm [77] and 1.4 µm [94] for Co2+. However, it should be noted

that these results were obtained using a three independent site model since the data

could not be analyzed with either one or two site models, as claimed by the authors.

On the other hand, as discussed below, the binding affinities reported by Holz et al.

using steady-state kinetic data are consistent with those determined in this study.

Moreover, under the experimental conditions of this study, the activation constants

(Ka value of Table 1; determined via the steady-state kinetic method) of Mn2+ (0.6 µm)

and Co2+ (0.5 µm) are similar to their corresponding Kd values determined via the

Eu3+ displacement method.

As noted earlier, Eu3+ not only served as a luminescent probe, but also as a

metal cofactor in activating apo-EcMetAP during the overall catalysis. The activation

of certain metalloenzymes by Eu3+ has indeed been noted previously [150]. The

activation constant of Eu3+ for EcMetAP derived from the steady state experiment

15 ± 5 µm being comparable to the dissociation constant determined from direct

binding 25 ± 5 µm suggests that the binding of Eu3+ to the enzyme and its activating

role conform to a common macroscopic pathway. The data in Table 5.12, page 186

reveals a comprehensive comparison of the relative effectiveness of the various metal

ions in activating EcMetAP, with the order being: Co2+ > Fe2+ > Mn2+ > Ni2+ >

Eu3+. The trend in relative activation of EcMetAP reported by D’souza and Holz [78]

(Co2+ > Fe2+ > Mn2+) is in agreement with that reported in this study. In fact the
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magnitudes of the metal ion binding affinities determined in this study by activation

of EcMetAP are not only comparable with those reported by the Holz group using

similar methods, but also comparable with those determined by direct binding (via

Eu3+ displacement) in this study (see Table 6.1, page 213). It is thus reasonable

to conclude that the method of competitive Eu3+ displacement has provided a very

accurate means of determining the direct binding affinities of a wide range of metal

ions.

Table 6.1. Comparison of the binding affinities of Mn2+ and Co2+ for
EcMetAP determined in this study with those reported in literature.

Metal Ion Dissociation Constants (µm) from

Literature[94] This Study

Direct Binding1 Steady-State Direct Binding2 Steady State

Mn2+ 5.3 0.4 0.7 0.6

Co2+ 1.4 0.5 0.2 0.5

1 Kd determined by direct binding using ITC.

2 Kd determined by direct binding via Eu3+ displacement

It is interesting to note that while Zn2+ (under reducing conditions) has been

reported to activate EcMetAP [78], the Zn2+-EcMetAP enzyme showed practically no

activity (Figure 5.54, page 182). This apparent discrepancy may however be explained

by the fact that the studies involving Zn2+-EcMetAP activity were carried out using

the tetrapeptide substrate Met-Gly-Met-Met in contrast to the substrate used in this

study (Met-AMC). This is supported by the observations of Yang et al. [81], Li et al.

[86] where Met-AMC could not be cleaved by the Zn2+ form of EcMetAP. Conversely,

Ni2+ was reported to be unable to activate EcMetAP (for cleaving the tetrapeptide
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substrate Met-Gly-Met-Met) [78], but the Ni2+-EcMetAP enzyme is clearly able to

cleave Met-AMC. Several other metal ions do not activate EcMetAP at all despite

their avidity for the enzyme. On the other hand, Eu3+ binds to EcMetAP very weakly

(approximately an order of magnitude weaker than all other metal ions tested), yet is

able to activate EcMetAP to as much as 20% of its most active form (Co2+-EcMetAP)

even at sub-saturating conditions. In order to gain additional insight into the nature

of selectivity of the metal ions towards activating EcMetAP, the effect of the metal

ions on the steady-state kinetic parameters of the enzyme were investigated. The

data summarized in Table 5.13, page 187 indicates the kcat and Km values of different

metalloforms of EcMetAP for the Met-AMC substrate. Note that both the Km and

kcat values decrease in the order: Co2+ > Mn2+ > Ni2+ > Eu3+. The fact that the

Km value for the Eu3+-EcMetAP enzyme is about 2 fold lower as compared to that

obtained for the Co2+ form of the enzyme suggests that Eu3+ enhances the apparent

binding affinity of the substrate to the enzyme.

A survey of the cumulative experimental data obtained from this study provides

an opportunity for interpreting the determinants of metal ion selectivity towards

varying binding affinities and catalytic efficiencies for EcMetAP. The data presented

in Table 5.12, page 186 reveals that the binding affinity of metal ions to EcMetAP

decreases in the order Fe2+ > Fe3+ > Co2+ > Ni2+ > Cu2+ > Mn2+ > Ba2+,Sr2+

> Ca2+ > Zn2+ > Mg2+ > Cd2+. This order is in contrast to the binding of metal

ions to small molecular weight chelates which adheres to the Irving-Williams series

[156]. This is not surprising as many other metalloenzymes exhibit similar behavior

[157–159] presumably because of strong influence of the micro-environment of the

enzyme’s active site pocket in discriminating the avidity of different metal ions. As

marked in the above table, the metal ions in this study can be distinguished into two

classes: (i) Class I metal ions exhibiting Kd values < 1 µm and, (ii) Class II metal
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ions with Kd > 1 µm. Note that class I metal ions are composed entirely of transition

metals whereas class II metal ions are primarily composed of the alkaline earth metals.

The trend in the magnitudes of the binding affinities of each class shows a linear

relationship to the ionic size (with the exceptions of Mn2+ and Cd2+) although the

relationship is reversed between the two classes as shown in Figure 6.4, page 216.

It is further evident from Table 5.12 that the distinction between these two

classes extends to the catalytic nature of the metal ions in EcMetAP. The metal

ions of class II are catalytically ineffective, while Cu2+ and Fe3+ of class I are also

unable to activate EcMetAP. A clue to this selectivity is realized from the catalytic

mechanism proposed for the mono-metalated enzyme [80], according to which, the

metal ion coordination increases from 5 to 6 upon binding of the substrate via the

carbonyl oxygen. The metal-bound water acts as a nucleophile and it attacks at the

carbonyl group of the substrate forming a tetrahedral intermediate. Thus the catalytic

effectiveness of the active site metal might be envisioned to be controlled by two

factors: (i) the ability of the metal ion to undergo transition from pentacoordinate

to hexacoordinate geometry to allow for the binding of the substrate and (ii) the

degree of Lewis acidity of the metal ion being just appropriate to allow for the bound

water to serve as a strong nucleophile. From the experimental data, it appears evident

that both “softness” of metal ions (as described by Pearson’s HSAB theory [160]) and

the coordination geometry are the major determinants of the catalytic functionality

of the metal ions. Metal ions with “borderline soft” acidity and higher coordination

states serve as desirable cofactors in catalyzing the EcMetAP dependent reaction.

The borderline soft acidic characteristic of metal ions facilitates the deprotonation of

the bound water molecule to serve as the nucleophile toward attacking the carbonyl

carbon of the substrate during catalysis. Thus despite its strong binding affinity,

Fe3+ does not show catalytic activity as it falls in the category of hard acids and
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therefore thermodynamically stabilizes the bound hydroxide anion, obviating the

enzyme catalyzed hydrolytic cleavage of the peptide bond. Furthermore, metal ions

with higher coordination states serve as activators of the enzyme since they stabilize

the putative ground and transition states during catalysis. Thus despite its strong

binding affinity to the enzyme, Cu2+ does not exhibit catalytic activity since it prefers

the “undesirable” square planar geometry within the active site pocket of the enzyme.

In view of the above features, the ligand binding and activation role of Eu3+

during EcMetAP catalyzed reaction can be justified. The higher coordination geometry

of Eu3+ is expected to promote the stabilization of both ground and transition states

during the enzyme catalysis. Note that the Eu3+ bound at the EcMetAP active site may

coordinate with multiple water (or hydroxide) molecules while being hexacoordinated

with the active site residues and the substrate. The different bound water molecules

can be expected to have varying nucleophilicity depending on the presence of secondary

ligands. Moreover, despite its hard acid characteristics, Eu3+ exhibits the potential to

rapidly exchange the coordinated water molecules (two to three orders of magnitude

higher than other catalytically active metal ions) [161]. These features may allow the

lanthanide ion to provide the nucleophilic hydroxide anion for attacking the carbonyl

carbon of the substrate during catalysis.

6.3. Substrate Dependent Inhibition of MetAP by Cyclodextrin

As discussed earlier in section §6.1, although several potent inhibitors of type

I MetAPs were identified through screening small organic compounds, the system-

atic/detailed biochemical and biological evaluation of these inhibitors was limited

either by their extremely poor solubility or by their instability in aqueous media. In

order to improve their viability, cyclodextrins were used as molecular carriers.
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Cyclodextrins are constituted of cyclic rings contributed by 6, 7 or 8 glucopyra-

nose units, referred to as α, β and γ cyclodextrins, respectively. These ring structures

are shaped as toroids with a hydrophilic exterior surface and a lipophilic cavity. They

form inclusion complexes with a wide range of compounds and, depending on the

interacting guest moiety, their dissociation constants range over several orders of

magnitude. Due to their non-polar cavity as well as low toxicity, cyclodextrins

have been widely used as complexing and solubilizing agents in food, cosmetic

and drug industries [162]. They are also known to enhance the bioavailability of

drugs by facilitating their permeability (aside from solubility and stability) to cells

under physiological conditions. Of the different cyclodextrins and their derivatives,

2-hydroxypropyl-β-cyclodextrin (HP-β-CD) has been found to be the most effective

drug carrier, and it has been successfully used in the formulation of poorly soluble

drugs [163].

While attempting to use HP-β-CD to solubilize and stabilize some of the

potent MetAP inhibitors identified in the earlier sections, it was realized that the

macromolecular carrier significantly impaired the catalytic activity of the enzyme

(Figure 5.26, page 140). Cyclodextrins (CDs) have been known to affect the activity

of many enzymes via different modes. They have been found to enhance the

activity of enzymes by (a) solubilizing the product from the enzyme active site

[164], (b) complexing with inhibitors [165, 166] or (c) stabilizing the enzymes under

adverse conditions [167, 168]. On the other hand CDs have been known to inhibit

enzyme activity primarily via reduction of the free substrate concentration due to

sequestration (of the substrate) within the CD cavity. The apparent parallel to the

inhibition of MetAP by HP-β-CD (as reported in this study) was first reported by

Masato [169] for the inhibition of β-glucosidase by α-CD, and subsequently observed

by others for various enzyme catalyzed reactions [165, 170, 171]. In each of the
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reported instances of enzyme inhibition by CDs, the substrate is trapped within the

cyclodextrin cavity thus reducing the availability of free substrate in the enzyme

catalyzed reaction. However the experimental data presented in section §5.5 provide

evidence for a unique mechanism for the inhibition of MetAP by HP-β-CD, and a

review of the existing literature indicates that this mechanistic feature has not been

previously demonstrated for any enzyme.

In an effort to delineate the mechanistic pathway for the inhibition of MetAP

catalyzed reaction (using Met-AMC as the substrate) in the presence of HP-β-CD,

it was realized that the mere sequestration of the enzyme’s substrate by HP-β-CD

was not adequate to explain the experimental data. This could be easily conceived by

comparing the experimental rates of enzyme catalysis in the presence of HP-β-CD

with those predicted on the basis of reduction in the free substrate concentration

due to sequestration by HP-β-CD (Figure 5.31, page 146). Although there are some

reports on the inhibition of selected enzymes by cyclodextrin due to direct interactions

between them [171, 172], the experimental data reported in this study could not

be explained on the basis of the direct interaction between the enzyme-cyclodextrin

complex. In fact, in a surprising observation, increase in the substrate (Met-AMC)

concentration enhanced the magnitude of inhibition of the enzyme by HP-β-CD as

shown by Figure 6.5.

This observation is contrary to the reports of the reversal of of cyclodextrin-

induced enzyme inhibition in the presence of increasing concentrations of substrate

[173]. As elaborated in the results section, this feature has been due to the added

inhibition of the enzyme (i.e., aside from the sequestration of the substrate) caused by

the formation of the non-productive (dead-end) ternary complex involving bridged

substrate between HP-β-CD and MetAP. The analysis of the substrate and CD

concentration dependent enzyme catalyzed reaction data (Figure 5.32, page 149) by
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Figure 6.5. Effect of substrate concentration on Cd inhibited EcMetAP
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HP-β-CD) at varying substrate (Met-AMC) concentrations. The enhanced
decrease in activity at higher Met-AMC concentrations suggests that the
substrate is contributing to the inhibitory effect of HP-β-CD.

alternative kinetic models unequivocally supported the model mechanism of Scheme 5.2,

page 147. These results provide evidence that the HP-β-CD mediated inhibition of

MetAP is not exclusively due to the sequestration of the enzyme’s substrate by

cyclodextrin, but is also due to the formation of HP-β-CD–Met-AMC–MetAP as the

“dead-end” ternary complex. The latter is effectuated via bridging of the two ends of

the substrate structure, viz., AMC and methionine moieties, between HP-β-CD and

MetAP, respectively.

Although independent physical evidence for the direct interaction of the HP-β-CD

–Met-AMC complex with MetAP could not be obtained (due to their relatively

weak binding affinity), a combination of the X-ray crystallographic structure of the

HP-β-CD–Met-AMC complex (Figure 5.34, page 152) coupled with the docking and
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MD studies lead to support the prevalence of such a complex during the kinetic course

of the HP-β-CD dependent inhibition of the enzyme catalyzed reaction. In view

of the crystallographic structure of the HP-β-CD–Met-AMC complex, it appeared

evident that the protruded methionine residue (while AMC being confined within the

cyclodextrin cavity) would be unable to completely fill in the active site pocket of the

enzyme. The docking data suggests that the substrate methionine side chain would

fall short by about 3.5Å from reaching the catalytic center of the enzyme. It is likely

that the above void would be occupied by two water molecules such that they bridged

between the active site resident metal ion and the thioether group of the methionine

residue, the latter would be stabilized within the enzyme’s active site pocket both via

hydrophobic interaction as well as the water mediated hydrogen bonding. However,

since the HP-β-CD bound Met-AMC does not serve as direct substrate during the

enzyme catalysis, it was surmised that the binding energy of the substrate within both

the enzyme and cyclodextrin cavities (in the ternary complex ESC) is either greater

than or equal to the binding energy of the substrate within the enzyme’s active site

pocket in the ES complex alone. This was corroborated by the interaction energies

obtained through the MD simulations of the complexes (see Table 5.10, page 155). The

total interaction energy of the HP-β-CD–Met-AMC–MetAP complex is lower than

that of each binary complex (HP-β-CD–Met-AMC, Met-AMC–MetAP and HP-β-CD

–MetAP) alone. Evidently, these individual energetic contributions are modulated by

the energetics of the unique interaction between the molecular surfaces involved in

the formation of the HP-β-CD–Met-AMC–MetAP ternary complex, resulting in the

observed inhibitory profile. The generality or frequency of such mechanism in other

enzyme systems must await further studies particularly since there is an emerging

trend of using cyclodextrins as the macromolecular carriers for enzyme inhibitors in

the drug discovery endeavor.
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6.4. Role of C-terminal Domain in PDF

The C-terminal domain of PDF has been noted for several remarkable features.

It is responsible for anchoring the enzyme to the ribosome, orienting the PDF active

site towards the ribosome exit tunnel [18]. The domain is dispensable for catalytic

activity but detrimental for thermostability [108]. Furthermore, while it forms an

α-helix when complexed with the ribosome or in crystalline form [18, 174, 175], it

appears to be either mobile or disordered in solution. These properties suggested that

the C-terminal domain of PDF may play an important role in regulating the function

of the enzyme. In order to elucidate the properties imparted by the C-terminal domain

to PDF, comparative studies were conducted with the native and truncated forms

of EcPDF. The data reported in section §5.9 suggest that the C-terminal domain of

EcPDF may be involved in the regulation of stability as well as catalytic activity of

the enzyme.

6.4.1. Role of N-terminal residues in regulation of EcPDF stability

The temperature induced unfolding of EcPDF reported in section §5.9.1 supports

the notion of different conformational states of the enzyme as proposed by Berg and

Srivastava [101]. Two distinct unfolding phases of native EcPDF are indicated

with the transition temperatures of 51 and 75
◦C (Figure 5.59, page 192). Given

the thermostable nature of the truncated form of enzyme, it was expected that its

unfolding would progress in a similar manner but with the transitions occurring

at higher temperatures. It was therefore surprising to find that the unfolding of

EcPDF-C∆21 also displayed the transitions at the same temperatures (Figure 5.60,

page 193). The thermostability of the truncated enzyme was instead manifested in

a shift in the fractions of the labile and stable populations of the protein. Whereas

the native enzyme exists as equal fractions of the two populations (evidenced by the
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equal amplitudes of unfolding phases), the truncated enzyme exists primarily in the

thermostable form (Tm = 75
◦C) with only 10% of the population in the labile form

(Tm = 51
◦C). Note that the metal content (Zn2+ vs. Ni2+ as determined by ICP-AES)

in both native and truncated forms of PDF was the same (Table 5.1, page 92). Hence

it is conjectured that the two conformational states exist independent of the nature of

bound metal ion.

The removal of the C-terminal domain also affected the rate constant of one of

the two phases observed in the time dependent unfolding of PDF at 60
◦C. Whereas

the rate constant of the slow unfolding phase was similar for both forms (about

0.01min−1), the fast unfolding phase of EcPDF-C∆21 was about 8 fold slower than

that of EcPDF (0.07 vs. 0.54 min−1 respectively). In addition

The thermostability of EcPDF-C∆21 is further discerned from the temperature

dependent inactivation of PDF. The native EcPDF is seen to be inactivated at 60
◦C

in two distinct phases of equal amplitude (Figure 5.63, page 196). Note that once

again, consistent with the above results, the amplitudes are skewed to 10% and 90%

for the labile and stable phases respectively for the truncated form of the enzyme

(Figure 5.64, page 197). Additionally, similar to the above observations, while the

rate of inactivation of the stable phase remains unaffected, that of the labile phase is

reduced by 3 fold for EcPDF-C∆21.

The selective loss of the thermolabile population upon truncation of the C-

terminal domain of PDF suggests that the C-terminal domain induces the whole

protein molecule to exist in a high energetic state. The fact the the C-terminal domain

is highly mobile or possibly disordered supports the notion that much of the entropic

energy may be absorbed by the rest of the molecule resulting in its relative unstable

state. Since the C-terminal domain of PDF is responsible for docking to the ribosome,

it is clear that the conformation of the domain is dependent on the location of PDF in
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the cell. While attached to the ribosome, the C-terminal domain will be fixed/rigid,

whereas it will be flexible (dynamic or disordered) when the enzyme is free. It is

therefore conceivable that the stability of PDF is at least partially determined by its

location within the cell, via the state of its C-terminal domain. It has been suggested

previously that the two conformational states are not interconvertible and it was not

apparent if this was due to a high energy barrier [101].

6.4.2. Role of N-terminal Residues in regulation of EcPDF activity

Prior to this study, the deletion of 21 amino acids from the C-terminal end of

EcPDF was reported to have no effect on the catalytic activity of the enzyme. However

it is apparent from the data presented in Figure 5.16, page 107 that EcPDF-C∆21

has significantly enhanced activity as compared to the native enzyme. Note that

the differences in activities are not due to the presence of different metal ions in the

enzyme preparations as both native and truncated forms were found to have the same

composition of Ni2+ and Zn2+. Thus the deletion of the PDF C-terminal domain led to

an increase in the kcat/Km value of the enzyme by almost 18 fold for the fMet-Leu-pNA

substrate. This effect may at least partly be explained by the observation of Chan

et al. [174] that the C-terminal helix interacts with the loop containing the active

site metal ligand Cys90, and absence of the helix not only shifts the loop by several

angstroms but also orients the side chain of Cys90 differently (see Figure 6.6). In

addition to the effect via the Cys90 loop, the C-terminal domain may also affect PDF

catalytic activity via the above proposed induction of entropic energy to the protein

molecule when in the free state. In fact the change in conformation of the Cys90 loop

in the absence of the C-terminal domain indicates that the truncated enzyme may

be less compact than the native form, corroborating with the observation thats the

native form is more susceptible to temperature.
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Figure 6.6. Comparison of full length and truncated PDF strucures. The
X-ray crystal structure of full length EcPDF (brown, PDB ID: 1DFF) is
shown with an overlay of the Cys90 loop from one conformation of the NMR
structure (blue, PDB ID: 1DEF).

Prior to this study, C-terminal helix was believed to function purely as an anchor

to the ribosome with no role in the catalytic function of PDF [18, 108]. The data

presented in this study however shed light on the potential role of the C-terminal

domain in controlling the stability and catalytic activity of PDF depending on its

free versus ribosome-bound form. Such a mechanism for control of the enzyme can

certainly be conceived to be of relevance to the cell.
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APPENDIX

A.1. Dynafit script

The script used for data analysis and model discrimination in DynaFit 3. Comments
are denoted by the ; character.

[task]
task = fit
data = velocities
model = competitive_1 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ksi dissoc
E + C <=> EC : Kd dissoc

[progress]
rapid equilibrium

[constants] ;units in mM
Ks = 0.123
kcat = 0.0034
Ksi = 1.1
Kd = 2.5 ?

[concentrations] ;unit in mM
E = 0.00075

[response] ;the change in RFU per mM of S (substrate)
SC = 2360 | ESC = 2360 | P = 1860000

[velocities]
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directory <path/to/data/directory>
extension txt
variable S

plot Lineweaver-Burk

file <file name> | concentration C = 0
.
.
.
file <file name> | concentration C = 12

[output]
directory <path/to/output/directory>
;----------------------------------------

[task]
task = fit
data = velocities
model = competitive_2 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ksi dissoc
S + C <=> SC : Kd dissoc

[progress]
rapid equilibrium

[constants]
Ks = 0.123
kcat = 0.0034
Ksi = 1.1
Kd = 2.5 ?
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;----------------------------------------

[task]
task = fit
data = velocities
model = uncompompetitive ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ksi dissoc
ES + C <=> ESC : Kd dissoc

[progress]
rapid equilibrium

[constants]
Ks = 0.123
kcat = 0.0034
Ksi = 1.1
Kd = 2.5 ?
;----------------------------------------

[task]
task = fit
data = velocities
model = noncompetitive_1 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ks" dissoc
S + C <=> SC : Kd dissoc
E + SC <=> ESC : Ks’ dissoc
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[progress]
rapid equilibrium

[constants]
Ks = 0.123
kcat = 0.0034
Ks" = 1.1
Kd = 2.5 ?
Ks’ = 0.123 ?
;----------------------------------------
[task]
task = fit
data = velocities
model = noncompetitive_2 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ks" dissoc
S + C <=> SC : Kd dissoc
E + SC <=> ESC : Ks dissoc
ES + C <=> ESC : Kd dissoc

[progress]
rapid equilibrium

[constants]
Ks = 0.123
kcat = 0.0034
Ks" = 1.1
Kd = 2.5 ?
;----------------------------------------

[task]
task = fit
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data = velocities
model = noncompetitive_3 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ksi dissoc
E + C <=> EC : Ki dissoc
S + C <=> SC : Kd dissoc
E + SC <=> ESC : Ks dissoc
ES + C <=> ESC : Kd dissoc
EC + S <=> ESC : Kis dissoc

[progress]
rapid equilibrium

[constants]
Ks = 0.123
kcat = 0.0034
Ksi = 1.1
Ki = 5 ?
Kd = 2.9
Kis = 0.25 ?
;----------------------------------------

[task]
task = fit
data = velocities
model = mixed_1 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ksi dissoc
S + C <=> SC : Kd dissoc

254



E + SC <=> ESC : Ks’ dissoc
ES + C <=> ESC : Kd’ dissoc

[progress]
rapid equilibrium

[constants]
Ks = 0.123
kcat = 0.0034
Ksi = 1.1
Kd = 2.9
Ks’ = 0.123 ?
Kd’ = 2.9 ?
;----------------------------------------

[task]
task = fit
data = velocities
model = mixed_2 ?

[mechanism]
E + S <=> ES : Ks dissoc
ES --> E + P : kcat
ES + S <=> ESS : Ksi dissoc
E + C <=> EC : Ki dissoc
S + C <=> SC : Kd dissoc
E + SC <=> ESC : Ks’ dissoc
ES + C <=> ESC : Kd’ dissoc
EC + S <=> ESC : Kis dissoc

[progress]
rapid equilibrium

[constants]
Ks = 0.123
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kcat = 0.0034
Ksi = 1.1
Ki = 5 ?
Kd = 2.9
Ks’ = 0.132 ?
Kd’ = 2.9 ?
Kis = 0.25 ?
;----------------------------------------
[end]
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A.2. NAMD scripts

A typical script for an energy minimization routine in NAMD 2. Comments are
denoted by the # character.

#input files
coordinates <filename>.pdb
#structure file generated by psfgen
structure <filename>.psf

#custom parameter file for MetAMC
parameters <path/filename>.inp

#custom parameter file for cyclodextrin
parameters <path/filename>.inp

#standard parameter file for MetAP
parameters <path/>par_all22_prot.inp

#standard parameter file for water and ions
parameters <path/>toppar_water_ions.str

paratypecharmm on
fixedAtoms on
fixedAtomsFile <filename>.pdb
fixedAtomsCol B

#output file
outputname <filename>

#output parameters
binaryoutput no
DCDfreq 1000
restartfreq 10000
outputenergies 1000
outputTiming 1000

#timestep parameters
firsttimestep 0
timestep 1
stepspercycle 10
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#space partitioning
cutoff 12
switching on
switchdist 10
pairlistdist 16
margin 0

#dynamics parameters
exclude scaled1-4
temperature 300
1-4scaling 1.0
rigidbonds water
rigidTolerance 0.00001

#spherical boundary conditions
sphericalBC on
#center of sphere
sphericalBCcenter <x coord.>, <y coord.>, <z coord.>

#radius of sphere
sphericalBCr1 <angstroms>

sphericalBCk1 10
sphericalBCexp1 2

#run
minimize 250000
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A typical script for an equilibration routine in NAMD 2. Comments are denoted by
the # character.

#input files
#file from minimization output
coordinates <filename>.pdb

#file from minimization output
structure <filename>.psf

#custom parameter file for MetAMC
parameters <path/filename>.inp

#custom parameter file for cyclodextrin
parameters <path/filename>.inp

#standard parameter file for MetAP
parameters <path/>par_all22_prot.inp

#standard parameter file for water and ions
parameters <path/>toppar_water_ions.str

paratypecharmm on
fixedAtoms on
fixedAtomsFile <filename>.pdb
fixedAtomsCol B
#restart file from minimization output
set inputname <filename>

binCoordinates $inputname.restart.coor
binVelocities $inputname.restart.vel

#output file
outputname <filename>
binaryoutput no
DCDfreq 1000
restartfreq 10000

#standard output
outputenergies 1000
outputTiming 1000

#timestep parameters
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#frame number from minimization run
firsttimestep <frame number>

timestep 1
stepspercycle 10

#space partitioning
cutoff 12
switching on
switchdist 10
pairlistdist 16
margin 0

#basic dynamics
exclude scaled1-4
1-4scaling 1.0
rigidbonds water
rigidTolerance 0.00001

#temperature control and equilibration
langevin on
langevinTemp 300
langevinDamping 1

#spherical boundary conditions
sphericalBC on
#center of sphere
sphericalBCcenter <x coord.>, <y coord.>, <z coord.>

#radius of sphere
sphericalBCr1 <angstroms>

sphericalBCk1 10
sphericalBCexp1 2

#run
run 150000
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