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Abstract 

 Anthrax lethal factor (LF) is a zinc-dependent endopeptidase, and a component of the 

anthrax toxin secreted by Bacillus anthracis.  LF demonstrates two interesting contradictory 

features: a propensity to readily exchange the active site metal ion with extraneous metal ions 

in solution, while having at the same time a very high affinity (femto- to picomolar) for 

metals in its active site.  The hypothesis of this thesis was that metal exchange in LF occurs 

via an associative mechanism involving the formation of a di-metal species through the 

occupation of an inhibitory metal-binding site (by the incoming metal) located adjacent to the 

active site.  We demonstrate here that the spontaneous demetallation of LF is slow, especially 

for the release of zinc (t1/2 ~3 h).  In contrast, metal exchange (with 70Zn2+, Co2+ and Cu2+) 

was found to occur with t1/2 values between 5 s and 180 s, hence supporting an associative 

mechanism of exchange.  In addition, the mode of inhibition exerted by Zn2+ on zinc-

containing LF (ZnLF) was observed to be non-competitive with an inhibition 

(pseudo)constant of ~30 μM, a feature in agreement with turnover studies using stopped-flow 

UV-Vis spectroscopy.  Finally, present studies using Tb3+ suggest that the lanthanide ion 

competes with other metal ions (Zn2+, Cu2+) for binding to the inhibitory metal site in LF, 

hence decreasing the rate of metal exchange.  This observation provides further support for 

the intimate link between a putative inhibitory binding site and metal exchange.  The results 

of this study provide insight into how cellular metal pools may remain dynamic in vivo, and 

have implications not only for LF, but for many other zinc-dependent enzymes where metal 

substitution is used for spectroscopic studies.  
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1. Introduction 

1.1 The chemistry of life 

 Biochemistry is the study of chemical processes that occur in living organisms.  There 

are six key elements that form the constituent of the vast majority of the molecules required 

for these processes.  They are: carbon, hydrogen, oxygen, nitrogen, phosphorus, and sulfur 

(CHNOPS).  These six elements account for 99% of the mass of all life forms (see Table 1.1) 

(1).  However, many biological processes rely on proteins and enzymes containing other 

elements for their unique properties.  Photosynthesis, dioxygen transport, gene expression, 

metabolism, and cellular respiration are all examples of processes that require metals (2).  

Although these metals may represent a very small mass of living organisms, it is estimated 

that up to 30% of all proteins bind or require metal in some way, demonstrating their crucial 

role (3).  

Table 1.1: Average elemental composition of the human body (adult, 79 kg) (4,5). 
Element Symbol Mass (g) 
Oxygen 
Carbon 
Hydrogen 
Nitrogen 
Calcium 
Phosphorus 
Sulfur 
Potassium 
Chlorine 
Sodium 
Magnesium 
Iron 
Zinc 
Copper 
Manganese 

O 
C 
H 
N 
Ca 
P 
S 
K 
Cl 
Na 
Mg 
Fe 
Zn 
Cu 
Mn 

45500 
12600 
7000 
2100 
1050 
700 
175 
140 
105 
105 
35 
4.2 
2.3 
0.11 
0.02 

 

Metal-protein bonds are formed through coordination with specific amino acids.  

Amino acids that can act as ligands include cysteine, methionine, histidine, glutamate, 
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aspartate, tyrosine, serine, threonine, asparagine, and glutamine (6).  Some examples include 

the Cu-Cys bonds in blue copper proteins, the Zn-His bonds in carbonic anhydrase, and the 

Fe-Tyr bond in transferrin (2).  The binding affinity of these amino acids for metals varies 

depending on the metal presented and the pH of the system (2). 

In biological systems, transition metals typically play a structural, catalytic, or 

regulatory role.  Metals are also involved in electron transfer and in the transport of 

dioxygen.  It is the individual properties of each metal that makes them suitable for these 

roles. 

Metals can also play a structural role where they may help at maintaining complex 

folding patterns required for the structural integrity of proteins (5).  For a metal to be useful 

in a structural role, it must be redox inert and have a relatively high affinity for the binding 

site.  Ions such as Ca2+, Zn2+, and Mg2+ act often in this way due to their redox inertness and 

their biological availability (2).  Zinc is ideal in this role as complexes formed with this metal 

are generally more stable than those formed with other transition metals (except for copper), 

a consequence of the Irving-Williams series (7).  One class of proteins that uses metals to 

maintain structure are zinc fingers, a class of transcription factors characterized by their zinc-

requirement for stabilizing protein folds (8).  Transcription factors are proteins that recognize 

and bind DNA to regulate (by enhancing or inhibiting) the rate of transcription.  Generally, 

this class of proteins uses a combination of cysteine and histidine residues to coordinate a 

zinc ion.  In the absence of the metal, these motifs lose partially their native contacts and 

become non-functional (2).  A prime example of a zinc finger protein is transcription factor 

IIIA (TFIIIA).  This protein is found in all organisms, and is required for the transcription of 

5S rRNA genes (9).  TFIIIA functions by binding the internal control region of 5S rRNA 
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environment to remain flexible, a feature which results in high ligand-exchange rates, and 

hence rapid reactions (2).  This is why zinc is found in the active site of so many enzymes.  

Due to its d10 configuration, it has no CFSE and can remain dynamic.   

Many catalytic reactions involving metals are hydrolytic in nature due to the Lewis 

acidity of metal ions (4).  A well-studied example of a metal being used to promote a 

hydrolytic reaction is nickel in urease.  This enzyme catalyzes the hydrolysis of urea to form 

carbon dioxide and ammonia according to the following reaction: 

NH2 2CO	 	H2O	→	CO2	 	2NH3	

The active site of urease contains two nickel ions (separated by a distance of 3.6 Å) which 

are bridged by a carbamylated lysine residue (11).  Although the mechanism of this reaction 

is still debated, one nickel ion is likely used to deprotonate a water molecule to form a 

hydroxide ligand which is employed as a base in the reaction.  Substitution of the active site 

metal with either Mn2+ or Co2+ has been shown to retain the enzyme in a functional state, 

although the activity is greatly reduced (12).  The ability of proteins to remain functional 

after metal substitution has been demonstrated for many metal-dependent enzymes (13). 

A third role that metals play in biological systems is as signaling ions, e.g. the use of 

zinc in synaptic signaling in some neurons.  Similar to a neurotransmitter, zinc is released 

following presynaptic stimulation of hippocampal mossy fibers (14).  The zinc released 

travels across the synaptic cleft, and is picked up by cells in the area via Ca2+-permeable α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate (Ca-A/K) channels.  

This rapid influx of zinc generates reactive oxygen species in the postsynaptic neuron, which 

can lead to cell death (14).  Zinc is also thought to act as a secondary messenger, which 

serves the role of relaying an extracellular signal to cause an intracellular event.  For 
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example, crosslinking of the high-affinity immunoglobulin E receptor (FcεRI) in mast cells, 

which is an extracellular stimulus, has been shown to increase intracellular zinc 

concentrations in a phenomenon termed a “zinc wave” (15).  This zinc wave can then relay 

this signal by inducing cellular changes, including the inhibition of tyrosine phosphatases 

(15) and FcεRI-mediated cytokine production as part of the delayed-type allergic response 

(16).  

Some transition metals have the capacity to promote one-electron oxidation-reduction 

processes under physiological conditions, and can therefore be used for electron transport in 

metalloproteins.  The most biologically relevant and attainable redox couples for electron 

transfer are the Cu2+/Cu+ and Fe3+/Fe2+ pairs (17).  An example of metal-containing electron 

transport proteins are the blue copper proteins in bacteria and plants.  The designation “blue” 

derives from absorption properties of these proteins resulting from ligand-to-metal charge-

transfer transitions (18).  Plastocyanin, one of the first blue copper proteins discovered and 

characterized, is involved in the photosynthetic process, responsible for carrying electrons 

from cytochrome f to photosystem I (19).  The Cu2+ ion in plastocyanin is reduced by 

cytochrome f in the thylakoid membrane.  Plastocyanin then dissociates from cytochrome f 

and diffuses until it binds to photosystem I.  Upon delivery of the electron to photosystem I, 

plastocyanin’s metal ion is reoxidized to Cu2+ (2,20). 

A final role of metals in biology is as oxygen transporters.  The most well-known 

example of a metal used for dioxygen transport is iron in hemoglobin.  Hemoglobin is an 

iron-containing protein found in red blood cells of vertebrates (21).  The function of this 

protein is to transport dioxygen from the lungs to the tissues where it is used in respiration.  

Hemoglobin is an α2β2 heterotetramer, with each subunit containing a heme group with an 
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1.2 Zinc in biology 

One metal that is of particular interest in this thesis is zinc.  Zinc is an essential 

nutrient that is required by all forms of life.  It has been estimated that zinc binds 

approximately 10% of all proteins in the human proteome, is required for function in 2000 

transcription factors, and is used in the active site of approximately 300 enzymes (25).  These 

zinc enzymes have a wide range of biological functions, with members falling into each of 

the six classes of enzymes (see Table 1.2) (26).  The average human body contains between 2 

and 3 g of zinc, making it the second most abundant transition metal (after iron) (20).  

 
Table 1.2: Examples of zinc enzymes for each enzyme class. 
Enzyme class Zinc enzyme Function 
1. Oxidoreductase 
 
2. Transferase 
 
3. Hydrolase 
 
4. Lyase 
 
5. Isomerase 
 
 
6. Ligase 

Alcohol dehydrogenase 
 

RNA polymerase 
 

Carboxypeptidase A  
 

Lactoylglutathione lyase 
 

Mannose phosphate 
isomerase 

 
Pyruvate carboxylase 

Alcohol metabolism (27) 
 

RNA synthesis (28) 
 

Pancreatic exopeptidase (29) 
 

Isomerization of hemithioacetal adducts (30) 
 

Mannose 6-phosphate and fructose 6-
phosphate interconversion (31) 

 
Pyruvate metabolism (32) 

 

Zinc behaves as a borderline Lewis acid under biological conditions (33).  This 

property allows it to fulfill a large variety of roles.  It is capable of binding a huge range of 

biological ligands, including hard, soft, and borderline Lewis bases.  Zinc is also appealing 

for biological systems as it has a flexible coordination geometry because of the already-

mentioned lack of CFSE (due to its filled d-shell [d10]).  Typically, enzymes provide zinc 

with a tetrahedral coordination geometry in the natural (resting) state.  As a substrate or 

ligand binds, the coordination state changes, often resulting in a coordination number of five.  
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Because zinc has no preference for a particular coordination geometry, the process of 

substrate binding (and product release) is typically rapid and efficient (1,4).  Zinc is redox 

inert under biological conditions, which also makes it more suitable in a structural role or in 

the active sites of many enzymes. 

Zinc levels must be tightly regulated in cells.  Excess zinc results in toxicity while 

insufficient zinc levels result in deficiency, both of which have severe effects.  In humans, 

excess zinc results in lethargy, nausea and vomiting, diarrhea, altered immune system 

function, and symptoms of copper deficiency, among others (25).  The copper deficiency 

symptoms are a result of competitive absorption between zinc and copper in enterocytes.   As 

cellular zinc levels increase, metal storage proteins (metallothioneins) are upregulated to 

handle the excess.  Although this will reduce the toxic levels of zinc, it will also decrease the 

amount of copper physiologically available (25). Symptoms of moderate zinc deficiency 

include growth retardation, male hypogonadism in adolescents, skin lesions and decreased 

wound healing, poor appetite, mental lethargy, infertility, and cell-mediated immune 

disorders (34).  For zinc levels to stay in a “healthy” range, a dietary intake of 11 mg/day for 

men and 8 mg/day for women is recommended (35). 

 

1.3 Properties of zinc enzymes 

 There are several properties and characteristics that have been observed for many 

different zinc enzymes.  These properties are a high zinc affinity at their metal-binding site, 

and a chemically labile active site metal.  In addition, many zinc enzymes are inhibited by 

excess zinc, likely due to binding of a second zinc ion to an inhibitory site (36).  These will 



   9 
  

be discussed in detail as linking these independently studied properties is an objective of this 

thesis.   

 

1.3.1 Metal binding affinities 

As mentioned previously, living organisms must exert a high degree of control over 

cellular zinc levels.  It is clear that zinc is required by a large number of crucial 

metalloproteins, yet excess zinc is cytotoxic.  Although the concentration of free zinc will 

vary for individual organisms and cell type, it is generally in the mid-to-low picomolar range, 

and must be tightly regulated (37).  Therefore, it is a requirement of cytosolic zinc-dependent 

enzymes to have a high (pico-to-femtomolar) affinity for zinc.  If a protein is zinc-dependent, 

and it did not possess such high affinities, the protein would lose its functionality in the 

cytosol.  An example of a zinc-dependent enzyme with an experimentally-determined zinc 

affinity is carbonic anhydrase.  This enzyme is found in humans and is responsible for the 

reaction of carbon dioxide and water to form carbonic acid as follows: 

CO2	 	H2O	⇄	H2CO3	

This reaction is important for acid-base buffering in the blood of mammals.  Zinc is required 

in the active site of this enzyme to bind and polarize the water molecule, allowing for the 

reaction to proceed efficiently (38).  The dissociation (pseudo)constant for zinc was 

experimentally determined to be between 5 and 10 pM (39), which is not only a value typical 

for many zinc proteins, but is also in line with the requirement of cytosolic zinc enzymes to 

have a high affinity for the metal ion (Table 1.3). 
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Table 1.3: Dissociation constants of various eukaryotic zinc proteins (40). 
Zinc enzyme Dissociation constant a Reference 
Carboxypeptidase A, bovine 
Sonic hedgehog, human 
Glyoxalase I, human erythrocytes 
Dipeptidyl peptidase III, rat liver 
Carbonic anhydrase II, human 

32 pM 
<100 pM 

25 pM 
500 fM 
4 pM 

(41) 
(42) 
(43) 
(44) 
(45) 

a The dissociation (pseudo)constant is defined as Kd = ([Zn2+][E]/[E-Zn]). 
 

1.3.2 Metal exchange in zinc enzymes 

A second property that is common to many zinc-dependent enzymes is a chemically 

labile active site, in that metal exchange can occur relatively rapidly.  In biological systems, 

the active sites of metalloenzymes can be quite dynamic.  The metal bound to an active site is 

likely to undergo exchange with metals from solution under biological conditions. 

Interestingly, many metalloproteins are known to be capable of using different metals in their 

active site.  As such, a zinc protein could remain functional with other metals bound (e.g. 

Cu2+ or Co2+) (13).  This is beneficial to the cell as the bioavailability of some metals may 

fluctuate, hence allowing for other metals to be used in times of scarcity of the native metal.  

Ribulose-5-phosphate 3-epimerase (Rpe) of Escherichia coli, an enzyme used to interconvert 

D-ribulose 5-phosphate and D-xylulose 5-phosphate as part of the pentose phosphate 

pathway, is an example of an enzyme that uses metal substitution in times of cellular stress to 

remain functional.  Under normal conditions, Rpe uses Fe2+ in its active site to coordinate its 

substrate and to stabilize the intermediate oxyanion (46).  The ferrous ion is solvent-exposed, 

and therefore susceptible to oxidation.  During times of oxidative stress (experimentally 

induced by H2O2), Fe2+ is oxidized, which results in the loss of iron from the active site (47).  

It has been shown that Mn2+ reactivates Rpe by replacing the iron centre, which allows for 

the pentose phosphate pathway to remain operative during times of H2O2-induced oxidative 
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stress (47).  This substitution is possible because of two key factors in the H2O2 stress 

response: an increased manganese import and an increased iron sequestration (47,48).  The 

decreased availability of iron and the increase in the cellular concentration of manganese 

allows the latter metal to reactivate Rpe (47).  Similar metal exchanges and substitutions 

have been observed for many different metalloenzymes, including ribonucleotide reductase 

and histone deacetylase 8 (17,49,50).  However, the mechanism and rates at which these 

exchanges occur are not often described in the literature.   

 In general, there are two mechanisms by which metal exchange can occur: via a 

dissociative (D- or SN1-type) or an associative (A- or SN2-type) pathway (51).  In a 

dissociative mechanism, the protein-bound metal must dissociate in the first step, generating 

an apoprotein.  This dissociation event is the rate-determining step in a D-type mechanism.  

In the following step, the metal-free protein binds a metal from solution to complete the 

exchange process (see Fig. 1.3 A). 

In an associative exchange, the first step is the formation of a bond between the 

incoming metal and the metal-protein complex, temporarily forming a two-metal species, or 

ternary complex.  The originally-bound metal then dissociates from the protein, completing 

the exchange process (see Fig. 1.3 B).  The rate of this exchange process is determined by the 

first step (i.e., the association of a second metal to form the two-metal species).  
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						A	 1. E‐M1	 ⇄	E	 	M1	

2. E	 	M2	⇄	E‐M2	

	

(D-type, SN1) 

 

					B	 1. E‐M1	 	M2 ⇄	E‐M1M2	

2. E‐M1M2	⇄	E‐M2	 	M1	

(A-type, SN2) 

 

Figure 1.3:  Scheme representing D-type and A-type exchange mechanisms.  E represents the 
enzyme, M1 the original active site metal, and M2 the substituting metal. 
 
 

It is possible to predict which of these mechanisms is operative during an exchange 

process if the dissociation constants (Kd, see Table 1.3 for definition) are known.  If a 

dissociative mechanism is assumed, an upper limit for the dissociation rate constant (koff) can 

be estimated using equation 1:   

 (eq. 1) 

where kon	is the association rate constant.  For instance, if a Kd value of 10-13 M is assumed (a 

value typical of some zinc enzymes (40)), and kon is set to 109 M-1 s-1, a value approximating 

the diffusion limit (52), the upper limit of  koff  can be estimated as koff ~ 10-4 s-1.  Since the 

release of the metal ion from a mononuclear holoenzyme is a unimolecular step, a lower limit 

of the corresponding half-life, i.e., the time required for half of the protein-bound metal to be 

released (t1/2), can be estimated using equation 2: 

ln 2
 (eq. 2) 

In the case of koff being 10-4 s-1, it would take approximately 2 h for half of the metal 

to be released from the protein if a purely dissociative mechanism is assumed (t1/2 ~ 7000 s).  

Hence, if metal exchange were to proceed via a D-type mechanism, the time required for 
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exchanging half of the native metal with the desired extraneous metal would be greater or 

equal to 7000 s.  Interestingly, based on cases where the kinetics of metal exchange have 

been studied and the dissociation constants are known to be in the femtomolar or low 

picomolar range, it becomes apparent that the exchange process occurs too quickly to be 

accounted for by a dissociative mechanism (53). 

The kinetics of metal exchange are quite well-studied for metallothioneins.  These 

proteins are located in the cytoplasm, where they function as metal buffers involved in the 

transport and storage of crucial metals, including zinc and copper (54).  They also play a role 

in the detoxification of metals including cadmium, arsenic, and mercury.  Metallothioneins 

are quite efficient at binding metals for a protein of small size (14 kDa), with a total of seven 

metal binding sites.  The dissociation constant for rabbit zinc metallothionein (MT1) is quite 

low at Kd = 5×10-13 M (40,54,55), yet metal exchange occurs rapidly.  One study showed that 

Zn-loaded metallothionein can donate zinc to apoCA in a time similar to that required for the 

reconstitution of apoCA with free Zn2+ (as ZnCl2) in solution.  This metal transfer process 

has a rate 103 times higher than that observed for the zinc transfer between Zn-loaded 

metallothionein and ethylenediaminetetraacetic acid (EDTA), which has a half-time (t1/2) of 

exchange of > 20 h (56).  EDTA is an SN1-type chelator often used to determine dissociation 

rate constants in metalloproteins (1,57).  These results give strong evidence to suggest that 

metal removal from metallothionein cannot proceed using a dissociative mechanism, and that 

there must be an alternative mechanism of exchange in order to explain the high metal 

exchange rates.  The ability of metallothionein to have such high kinetic lability despite such 

low dissociation constants is attributed to the oxidation/reduction properties of the zinc-sulfur 

clusters that house the metal (Fig. 1.4) (55).  The high affinity state occurs under standard 
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cobalt-substitution in thermolysin noted that “…the ready mutual exchange of cobalt for 

enzyme-bound zinc and of zinc for enzyme-bound cobalt implies a rapid equilibrium 

between enzyme-bound and free metal” (59).  Based on this knowledge, it is probable that 

metal exchange in thermolysin proceeds via an associative mechanism, implying the 

formation of a di-metal species, and hence the hypothesis that a second metal binding site 

must be present.  Interestingly, a two-zinc state, in which a second “inhibitory” zinc ion binds 

in the vicinity of the active site metal has been observed crystallographically for several zinc-

dependent enzymes (60-62).  

 

1.3.3 Inhibition of Zinc-dependent enzymes 

 As mentioned earlier, another feature of zinc enzymes is that many of them are 

inhibited by excess zinc, most likely through the binding of the metal to a second site in the 

protein, or as a second (inhibitory) zinc ion at the active site.  An example where this has 

been clearly demonstrated is carboxypeptidase A (CPA), the best studied zinc protease.  This 

enzyme is a pancreatic exopeptidase which breaks down proteins in the digestive process.  It 

preferentially cleaves hydrophobic amino acids from the C-terminal position in proteins (63).  

The crystal structure (Fig. 1.5) of the zinc-inhibited form of CPA shows two zinc ions, one in 

the active site and one directly adjacent to it (i.e., akin to an “inhibitory  site”) (62,64).  The 

ligands of the inhibitory Zn2+ are a glutamate residue, a water that bridges to the Zn2+ ion at 

the active site, a chloride ion and a water molecule (64). 

The active site zinc ion is coordinated by two histidine residues, a glutamate residue, 

and a water molecule, which serves as the nucleophile in the peptide bond cleavage reaction 

(62,64).  The second zinc ion binds and inhibits the enzyme by preventing substrate binding 
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1.4 Lethal factor 

LF is zinc-dependent endopeptidase, and one of the three components of the anthrax 

toxin (73), a major virulence factor of anthrax, the potentially lethal disease resulting from 

infection with Bacillus anthracis (74).  Edema factor (EF) and protective antigen (PA) are 

the other two components of this toxin.   

 

1.4.1 Translocation and molecular targets of LF 

PA binds to anthrax toxin receptors (ATRs), which are expressed on the surface of 

host cells (75).  The two ATRs currently identified are tumor endothelial marker 8 (TEM8, 

ATR1) and capillary morphogenesis gene-2 (CMG2, ATR2) (76).  Once PA is associated 

with ATRs, a 20 kDa fragment is cleaved by furin-like cell-surface membrane proteases, and 

released into the extracellular fluid.  This cleavage allows for PA oligomerization, forming a 

heptamer or octamer pre-pore (76).  The pre-pore is capable of binding up to three 

(heptamer) or four (octamer) molecules of LF or EF, which is then endocytosed and 

trafficked to endosomes.  As the endosome becomes more acidic, the decreased pH allows 

for structural changes in PA which result in the insertion of the PA oligomer into the 

membrane, thus forming a pore.  This event is followed by the translocation of bound LF and 

EF into the cytosol (Fig. 1.9).  Here, EF converts cellular adenosine triphosphate (ATP) into 

cyclic adenosine monophosphate (cAMP).  This significantly increases cellular levels of 

cAMP (while rapidly depleting cellular ATP levels), which disrupts water homeostasis in 

cells (76).  As a result, organisms subject to cutaneous exposure to the anthrax toxin present 

with edema (74).  Once inside the cytosol, LF targets and cleaves mitogen-activated protein 
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There is interest in studying LF due to the disease and high mortality it causes in 

humans and animals, and the threat of anthrax as a weapon of bioterrorism (74).  Several 

physico-chemical properties of this protein have been elucidated through previous research.  

For instance, the metal binding affinities for zinc, cobalt, and copper are known (see Table 

1.4). 

 
Table 1.4: Dissociation constants of various LF species. 

LF species Dissociation Constant (Kd) 
a Reference 

ZnLF 
CoLF 
CuLF 

1.2 pM 
75 pM 
340 fM 

(83) 
(84) 
(85) 

a Kd values were determined in Hepes buffer (50 mM, pH 7.4). 

 
The Kd values are in the pico-to-femtomolar range, with copper being the most tightly 

bound, followed by zinc and cobalt.  This order of binding affinities is expected, and can be 

explained by the Irving-Williams series (7,85).  As previously discussed, the magnitude of 

these dissociation constants is typical of zinc-dependent enzymes. 

Metal exchange has been utilized to prepare metal-substituted LF, although the 

kinetics underlying this process have not been extensively studied (85).  Finally, inhibition 

by multiple metals including Zn2+, Cu2+, Mg2+, Ca2+, and Tb3+ has also been observed in LF 

(83,85).  

 

1.4.3 Metal exchange in LF 

 The active site of LF is capable of metal substitution resulting in a functional enzyme.  

Two methods to generate metal-substituted LF have been described: (i) by adding metal to 

apoLF (which had been generated by removing the active site metal with chelators), and (ii) 

by a direct exchange process, where the substituting metal is provided extraneously to the 
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IC50 value of ~15 μM (85).  Although there is no direct evidence to suggest that the 

inhibitory site is directly adjacent to the active site, a crystal structure of the closely related 

protease thermolysin in its zinc-inhibited form (as previously discussed, see Fig. 1.8) is 

available, showing that the inhibitory site is located directly adjacent to the active site.  Both 

LF and thermolysin belong to the gluzincin clan, a family of zinc-dependent enzymes 

characterized by an HExxH...E zinc binding motif, where the zinc is bound to two histidine 

residues, a glutamate residue (downstream of the HExxH motif), and a water molecule (86).  

Whether the inhibitory metal binds LF in a site similar to that observed for thermolysin 

remains to be established experimentally. 

 Inhibition of LF by alkaline earth metals (Ca2+, Mg2+) has been observed in the low 

millimolar range (83).  However, little is known about how these metals exert their inhibitory 

effect on LF since there is no information on the location and number of inhibitory 

Ca2+/Mg2+-binding sites.  Nonetheless, studies using Tb3+
, a luminescent probe for Ca2+-

binding sites (see section 1.5), have revealed that LF is not only inhibited by the trivalent 

metal ion (IC50 ~23 μM), but also competes directly with Ca2+ for the aforementioned low-

affinity binding site for alkaline earth metals (83).  Whether the binding site for inhibitory 

Zn2+, Cu2+, Ca2+
, Mg2+, and Tb3+ in LF are one and the same remains to be established. 

 

1.5 Terbium in metalloprotein studies 

 Terbium is a lanthanide ion often used to explore the properties of metalloproteins.  

Although terbium is not essential to biological systems, it is useful for its spectroscopic 

properties as a replacement for Ca2+ in calcium-binding proteins (87).  The Tb3+ ion can 

mimic Ca2+ mimic due to its similar ionic radius, its preference for hard oxygen donor 
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ligands, and its adaptable coordination geometry (ranging from 6- to 12-coordinate), with 8 

and 9 ligands being the most common (87).  Typically, substitution of Ca2+ by Tb3+ in 

calcium-dependent proteins has little impact on the activity/function of these proteins, with 

thermolysin and parvalbumin serving as prototypical examples (88).  However, there are 

differences in how Tb3+ and Ca2+ interact with proteins.  For instance, Tb3+ has slower ligand 

exchange rates (compared to Ca2+), and a higher affinity for calcium sites (87,89).  These 

differences can be exploited when investigating Ca2+ sites, as it allows for studies to be 

performed at low concentrations of Tb3+.  In addition, the lower chemical lability of Tb3+ 

ensures it remains protein-bound under experimental conditions. 

 Terbium is most often used in luminescence studies as it is a strong emitter.  In 

particular, tyrosine-sensitized Tb3+ luminescence spectroscopy is a technique employed to 

characterize the interaction of Tb3+ with Ca2+-binding proteins.  The spectral overlap of 

tyrosine emission and Tb3+ absorption/excitation spectra gives rise to Förster resonance 

energy transfer (FRET).  In this case, excitation of tyrosine residues (~275 nm) can lead to 

energy transfer to nearby Tb3+ ions, which will then emit at ~545 nm (90).  Thus, when Tb3+ 

is protein-bound, it will have a dramatically stronger emission intensity than free Tb3+ in 

solution (i.e., in the absence of tyrosine residues) (91).   

 The energy transfer can be used in various ways to study protein-metal interactions.  

For example, thermolysin binds both calcium (and therefore terbium), and zinc in its native 

state.  The zinc ion in Tb3+-loaded thermolysin can be replaced by Co2+, a metal ion that 

quenches Tb3+ luminescence (92).  By quantifying the degree of this quenching process in 

thermolysin, the distance between a (Tb3+-housing) calcium binding site and the active site 

was estimated to be 13.7 Å (93),  a value identical to the distance determined using 
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crystallographic analysis of native thermolysin (94).  Hence, Tb3+ is a metal useful for the 

spectroscopic characterization of calcium-binding sites in proteins and may be useful to 

elucidate the location of the inhibitory site in LF. 
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2. Hypothesis and Objectives 

 The hypothesis of this research is that metal exchange in LF (and similar zinc 

enzymes) occurs via an associative mechanism, and that the second metal binding site 

required for an associative exchange is the same as the inhibitory metal binding site in LF.  In 

other words, we propose that the metal exchange process occurs by forming a transient di-

metal species through the occupation of the inhibitory metal binding site, followed by the 

release of the initially bound active site metal. 

To obtain evidence in support of this hypothesis, LF will be used as a model zinc 

enzyme.  The objectives of this research are to first experimentally determine the dissociation 

rate constants for Zn2+, Co2+, and Cu2+-containing LF by competition assays with EDTA; 

according to our hypothesis, one would expect the dissociation process to be slow.  Secondly, 

the metal exchange rates for ZnLF in the presence of Co2+ and Cu2+ will be determined using 

activity assays.  The property of LF that will be exploited in order to gain insight into the 

rates of metal exchange is that the level of enzymatic activity is dependent on the type of 

metal in the active site.  Therefore, the exchange process can be monitored by following the 

activity of the enzyme over time.  Furthermore, the rate of naturally abundant zinc (64Zn 

[48.9%], 66Zn [27.8%], 67Zn [4.1%], 68Zn [18.6%], 70Zn [0.6%]) to 70Zn exchange will be 

monitored by ICP-MS.  Investigations into the inhibition of LF by metals will also be 

conducted to identify if Co2+ has an inhibitory effect on LF, and the mode of inhibition that 

both Zn2+ and Cu2+ exert on LF will be determined.  Finally, the location of the inhibitory 

Tb3+-binding site will be determined by competition with other inhibitory metals (Cu2+, Zn2+) 

using tyrosine-sensitized terbium luminescence spectroscopy.  The effect of Tb3+ on metal 

exchange rates will be assessed using both activity assays and ICP-MS. 
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 Determining the mechanism of metal exchange in metalloenzymes is important since 

metal exchange is a simple method for the preparation of metal-substituted proteins.  Zinc, 

due to its d10 configuration, is not amenable to multiple spectroscopic techniques employed 

to study metalloproteins, such as UV-Vis spectroscopy or electron paramagnetic resonance 

spectroscopy (EPR).  Hence, the metal-binding sites of many zinc-dependent proteins are 

often studied after substitution with metals that can be observed using these techniques (e.g., 

Cu2+, Co2+); understanding the mechanism behind metal exchange in these proteins may be 

of use in optimizing these procedures.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   30 
  

3. Materials and Methods 

3.1 Chemicals 

Table 3.1: List of chemical reagents and suppliers. 
Supplier Reagent 
Amersham Biosciences 
     (Little Chalfont, UK) 

Q-Sepharose Fast Flow 

BioShop Canada Inc. 
     (Burlington, ON) 

Ammonium acetate 
LB Agar Miller 
D-Xylose 
Glycerol 
Polyethylene glycol 8000 (PEG-8000) 
Tetracyclin hydrochloride 
Tryptone 
Sodium perchlorate 
Tris(hydroxymethyl)aminomethane (Tris) 
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 
(Hepes) 
Yeast Extract 

Biomatik Corporation 
     (Cambridge, ON) 

Anthrax lethal factor protease substrate II (S‐pNA) 

Fisher Scientific Canada 
     (Whitby, ON) 

Acetic acid 
Acrylamide 
Bis-acrylamide 
Dimethyl sulfoxide (DMSO) 
Glycine 
Guanidine hydrochloride (Gdn-HCl) 
Hydrochloric acid 
Methanol 
Nitric acid 
Sodium dodecyl sulphate 

Sigma-Aldrich 
     (St. Louis, MO) 

Ammonium persulfate (APS) 
Antifoam Y-30 Emulsion 
Bromophenol blue 
Chelex 100 sodium form; 50‐100 mesh (dry) 
Coomassie Brilliant Blue R‐250 
Dipicolinic acid (DPA) 
Ethylenediaminetetraacetic acid (EDTA) 
Indium standard for ICP-MS 
4‐(2‐Pyridylazo)resorcinol (PAR) 
Tetramethylethylenediamine (TEMED) 
TraceSELECT water 
Urea 
Zinc standard for ICP-MS 
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 All metal salts (analytical reagent grade) were purchased from Sigma-Aldrich (St. 

Louis, MO) as sulfate or chloride salts.  All other chemical reagents were obtained from the 

suppliers indicated in Table 3.1. 

 

3.2 General methods 

3.2.1 Solution and buffer preparation 

 Unless stated otherwise, all solutions were prepared in MilliQ ultrapure water (≥ 18.2 

MΩ cm resistivity).  In the case of buffers, pH adjustments were done using minimal 

volumes of 1 M sodium hydroxide or hydrochloric acid.  Hepes buffer was used at 50 mM 

and pH 7.4 for all experiments.  Trace metal certified pipette tips were used for the 

preparation of all solutions. 

S‐pNA (a 14-mer peptide of the sequence Ac-Gly-Tyr-β-Ala-Arg-Arg-Arg-Arg-Arg-

Arg-Arg-Arg-Val-Leu-Arg-pNA) stock solutions were prepared by adding approximately 1 

mg of S‐pNA to 1 mL of Hepes buffer (50 mM, pH 7.4), and were stored at -20 °C.  The 

concentration of the S‐pNA stock solutions was determined spectrophotometrically at 342 

nm using an extinction coefficient of ε342nm = 8270 M-1 cm-1 (95). 

Stock solutions (2 mM) of 4‐(2‐pyridylazo)resorcinol, PAR, were prepared by 

dissolving the compound in Hepes buffer (50 mM, pH 7.4) containing 5% (v/v) dimethyl 

sulfoxide (DMSO).  Due to its light sensitivity, the solutions were stored at 4 °C in a 15 mL 

centrifuge tube wrapped in aluminum foil. 

A 70Zn stock solution was prepared by dissolving 10.29 mg of the 70Zn metal 

(Cambridge Isotope Laboratories, Tewksbury, MA) in 88.41 μL of 5 M HNO3 (3:1 molar 

ratio of HNO3:Zn).  This solution was diluted to 50 mM 70Zn using TraceSELECT water and 
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kept at 4 °C as a working stock in a 15 mL centrifuge tube wrapped in aluminum foil.  The 

isotopic distribution of the metal was 64Zn < 0.02%, 66Zn < 0.02%, 67Zn = 0.16%, 68Zn = 

4.49%, and 70Zn = 95.35%, as determined by the supplier.  The molecular weight based on 

the isotopic enrichment was 69.83 g/mol. 

Tetracycline stock solutions were prepared at 10 mg/mL in 70% (v/v) ethanol in 

water, and stored at -20 °C. 

 

3.2.2 Solution treatment for trace metal analysis 

 For some studies, the concentrations of contaminating metal ions were minimized by 

treatment of buffers with Chelex 100 resin.  Chelex 100 was added to the buffer solutions at 

1.5 g per 100 mL.  The solution was stirred for a minimum of 3 h at 25 °C using a shaker, 

after which time the resin was allowed to settle to the bottom of the flask for 24 h.  The 

solution was transferred into a fresh clean tube using trace metal-certified pipette tips, and 

stored until further use.   

 

3.2.3 Sterilization technique 

 All glassware used for cell cultivation, including Erlenmeyer flasks, the fermenter, 

and any pipette tips used for handling cells were autoclaved (at 121 °C and 15 psi for 30 min) 

using an AMSCO 3021 Gravity Sterilizer (Alfa Medical, Hempstead, NY). 

 

3.3 Isolation of LF 

 In order to conduct the majority of this research pure samples of concentrated zinc 

lethal factor (ZnLF) were required.  These samples were obtained by modifying a published 
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procedure that allows for the expression, purification, and concentration of LF from Bacillus 

megaterium containing the plasmid pWH1520 (84), which carries the gene for wild-type LF 

and a tetracycline resistance cassette.  The cell line was provided by Dr. J. Mogridge (Dept. 

of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Canada). 

 

3.3.1 Cell culture and protein expression 

 Agar plates were prepared with a solution containing 40 g LB Agar (Miller) powder 

(10 g tryptone, 5 g yeast extract, 10 g sodium chloride, 15 g agar) per L of water.  

Tetracycline was added to the agar at a final concentration of 10 μg/mL following 

sterilization.  After the agar had settled and cooled, plates were stored at 4 °C until the 

addition of cells.  A few microliters of a Bacillus megaterium stock (stored at -80 °C) were 

added to the plate using an aseptic streaking technique.  These plates were sealed with 

Parafilm and placed bottom-up in an EchoTherm chilling incubator (Torrey Pines Scientific 

Inc., Carlsbad, CA) at 37 °C for 24 h. 

 A 150 mL starter culture solution was prepared using autoclaved LB Broth, Miller 

(10 g tryptone, 5 g yeast extract, 10 g sodium chloride per L of water).  The starter culture 

was inoculated with a colony from an agar plate using a sterile loop (under aseptic 

conditions).  Tetracycline was added to the broth at a final concentration of 10 μg/mL.  Cells 

were grown in an Innova 4300 incubator shaker (New Brunswick Scientific, Edison, NJ) at 

230 rpm and 37 °C until an OD600 of 1.6 – 1.7 was reached (typically after 16 h). 

A volume of 2.7 L of Terrific Broth containing 36 g tryptone, 72 g yeast extract, and 

12 mL glycerol was prepared in a BioFlo 110 fermenter (New Brunswick Scientific, Edison, 

NJ).  A volume of 300 mL phosphate buffer was prepared containing 6.93 g potassium 
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dihydrogen orthophosphate and 37.62 g dipotassium hydrogen orthophosphate.  Terrific 

Broth and phosphate buffer were autoclaved separately. 

 The 150 mL starter culture, as well as the phosphate buffer and tetracycline (10 

μg/mL) were added to the fermenter.  Growth was initiated at 37 °C and 800 rpm with 

moderate levels of aeration.  After 30 min of initial growth, D-xylose was added to the 

fermenter to initiate LF expression.  Sterile-filtered D-xylose was prepared by dissolving 15 

g D-xylose in 75 mL of MilliQ water (20% w/v), and then transferring the mixture into clean, 

sterile tubes using a 30 mL syringe equipped with a 0.22 μm mixed cellulose ester filter 

(Fisher Scientific Canada, Whitby, ON).  Antifoam (Y-30) was added throughout the growth 

period as needed.  Every hour, following D-xylose addition, a 1 mL aliquot was taken from 

the fermenter and the OD600 was measured to monitor growth.  After an OD600 between 1.8 – 

1.9 was achieved (typically after 6 – 7 h), the culture medium was transferred to 1 L 

centrifuge bottles and spun at 7000 rpm for 25 min in an Avanti J-20 XPI centrifuge 

(Beckman Coulter, Brea, CA).  The supernatant (~3 L) was then poured into a container with 

3 L of 40% (w/v) polyethylene glycol 8000 (PEG-8000), covered with aluminum foil, and 

placed on a magnetic stirrer (moderate speed) at 4 °C for 16 h.  The cell pellet was discarded.   

 

3.3.2 Protein purification 

 Following exposure of the supernatant to PEG-8000, the mixture was centrifuged for 

2 h at 7000 rpm to recover the protein pellet.  The supernatant was suctioned off, and the 

protein pellet was transferred to a 50 mL centrifuge tube using a 10 mL syringe.  The slurry 

was centrifuged at 8000 × g for 20 min using an IEC Multi RF refrigerated centrifuge 
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(Thermo Scientific, Waltham, MA).  The PEG-8000 supernatant was subsequently discarded, 

and the tube containing the protein pellet was placed on ice until further purification.   

 The protein pellet was resolubilized in 20 mM Tris-HCl buffer (pH 8.0).  

Resolubilized protein was centrifuged for 20 min at 5400 × g to separate any residual cell 

debris.  The supernatant, which contained the protein, was transferred into a new 50 mL 

centrifuge tube and centrifuged again at 5400 × g for 20 min.  The pellets were discarded, 

and the protein-containing solution was kept on ice. 

 A Q-Sepharose chromatography column was prepared and equilibrated with 20 mM 

Tris-HCl buffer (pH 8.0) according to the manufacturer’s recommended protocol.  A Q-

Sepharose bed volume of 10 mL was used.  The flow rate was adjusted to ~1 mL/min at 20 

°C.  Resolubilized protein was added to the column, which was then washed with 10 mL of 

equilibration buffer followed by elution with equilibration buffer containing 150 mM, 350 

mM, and finally 550 mM NaCl (20 mL of each).  Fractions were collected every 10 mL in 15 

mL centrifuge tubes.  LF eluted predominately in the 350 mM NaCl-containing fractions.  

Hence, these fractions were pooled and concentrated using an Amicon Ultra-15 centrifugal 

filter with a 30 kDa molecular weight cut-off (Millipore, Bedford, MA) at 3350 × g for 12-14 

min.  The concentrated protein was then diluted with 50 mM Hepes (pH 7.4), and centrifuged 

again at 3350 × g for 12-14 min.  This washing/rebuffering step was repeated once more, and 

the protein was concentrated to a final volume of ~1.0 mL.  Protein was stored at -80 °C. 

 The purity of the protein was ascertained by sodium dodecyl sulfate gel 

electrophoresis (SDS-PAGE; see section 3.4).  The concentration and zinc content of LF 

were determined as outlined in sections 3.5 and 3.6, respectively, and its enzymatic activity 

was assessed using a standard activity assay (see section 3.7). 
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3.4 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed to assess the purity of LF (90 kDa).  The procedure was modified from that 

reported by Laemmli (96).  A resolving gel was prepared with 4.5 mL acrylamide/bis-

acrylamide mixture (30%), 3.75 mL Tris-HCl (1.5 M; pH 8.8), 150 μL SDS (10% [w/v]), and 

then filled to 15 mL with MilliQ water.  A volume of 50 μL of 10% (w/v) ammonium 

persulfate (APS) and 10 μL of tetramethylethylenediamine (TEMED) were added before 

pouring the mixture into the electrophoresis apparatus.  The stacking gel was prepared with 

1.3 mL acrylamide/bis-acrylamide mixture (30%), 2.5 mL Tris-HCl (0.5 M; pH 6.8), 100 μL 

of 10% (w/v) SDS, diluted to 10 mL with MilliQ water.  50 μL of 10% APS and 10 μL of 

TEMED were added before pouring the mixture into the electrophoresis apparatus.  The 

stacking gel was allowed to settle in a Mini-Protean tetra system (Bio-Rad Laboratories Inc., 

Hercules, CA) gel electrophoresis apparatus with a 10-well comb.  Samples were prepared by 

adding 10 μL Laemmli buffer to 10 μL of each sample (fractions from Q-Sepharose elution).  

The samples were denatured by boiling for 5 min.  Running buffer was added to the 

electrophoresis apparatus, the 10-well comb was removed, and 10 μL of each sample was 

loaded into the wells.  Running buffer was prepared with 3.0 g Tris base, 14.4 g glycine, and 

1.0 g SDS in 1 L of water (pH adjusted to 8.8).  A protein ladder (Fermentas, Waltham, MA) 

with known molecular weights was also prepared for reference.  The electrophoresis was 

performed at 75 V through the stacking gel and at 150 V through the resolving gel.  The 

bands were visualized using Coomassie Brilliant Blue (0.2% (w/v) Coomassie Blue R-250) 

in a 45:45:10 methanol:water:acetic acid solution.  Destaining was accomplished using a 

solution of 40% (v/v) methanol and 10% (v/v) acetic acid in water. 
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3.5 Determination of LF concentration 

The concentration of LF (in 50 mM Hepes buffer; pH 7.4) was determined from an 

absorption spectrum recorded between 250 and 350 nm on a Cary 60 UV-Vis 

spectrophotometer (Agilent Technologies, Mississauga, ON), by solving the Beer-Lambert 

law using the recorded absorbance at 280 nm and the corresponding extinction coefficient of 

ε = 74200 M-1 cm-1 (83). 

 

3.6 Colourimetric zinc assay 

A zinc assay, which was modified from a published procedure (83), was performed in 

a 96 well plate, with a total volume of 200 μL per sample or standard to assess the zinc 

content of LF.  Isolated LF (between 2 and 8 μM) was denatured with 4 M guanidine 

hydrochloride (Gdn-HCl) in 50 mM Hepes (pH 7.4), along with 50 μM 4-(2-

pyridylazo)resorcinol (PAR), a chromophoric chelator (97), for 1 h at room temperature.  

Zinc standards (0, 1, 2, 4, 6, 8, 10 μM) were also prepared under the same conditions.  The 

absorbance values at 500 nm for both LF samples and zinc standards were determined using 

a PowerWaveX microplate reader (BioTek Instruments, Inc., Winooski, VT) at 20 °C.  A 

standard line was constructed using the A500 values for the zinc standards.  The zinc content 

of the protein was estimated using the trendline and the A500 values of the LF-containing 

solution.  Typically, the zinc concentration was found to be between 90-100% of the 

protein’s concentration, indicating a zinc content of 0.9 – 1.0 Zn2+/LF.  In a few instances, 

significantly less than one (0.7 – 0.9) zinc ion per protein molecule was found.  In such cases, 

ZnSO4 was added to the protein preparation to achieve a 1:1 molar ratio of metal and 

enzyme. 
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3.7 LF activity assay 

Enzymatic activity was determined by monitoring the changes in absorbance at 405 

nm over time as LF cleaved the chromogenic substrate S‐pNA, a commonly used LF 

substrate (83).  Typically, 50 nM LF was exposed to 10 μM S‐pNA in 50 mM Hepes buffer 

(pH 7.4) at 25 °C in a quartz cuvette with a final volume of 100 μL.  Immediately following 

addition of S‐pNA, the A405 values were monitored for 60 s in 0.1 s intervals using a Cary 60 

UV-Vis spectrophotometer (Agilent Technologies, Mississauga, ON).  Unless stated 

otherwise, all LF activity assays were performed under these conditions. 

 Activities were determined using the slope of the trendline through the initial linear 

portion (5 – 10 s) of the A405 vs. time plots. 

 

3.8 Preparation of metal-substituted LF 

3.8.1 Preparation of apoLF 

 ApoLF was required for the preparation of metal-substituted LF as well as for a few 

other experiments.  Metal-free LF was prepared in Hepes buffer (50 mM, pH 7.4) according 

to a previously established protocol (83) as follows: native ZnLF (10 μM) was exposed to 

two strong metal chelators,  dipicolinic acid (DPA) and ethylenediaminetetraacetic acid 

(EDTA) at concentrations of 1 mM and 10 mM, respectively.  After 48 h incubation at 4 °C, 

the excess chelator was removed with an Amicon Ultra-15 centrifugal filter (30 kDa 

MWCO).  The mixture was spun according to the recommended protocol (at 4500 × g) until 

the sample volume was below 1 mL.  The filter was then filled using Chelex-treated Hepes 

buffer (50 mM, pH 7.4), and was spun again.  This procedure was repeated until EDTA 

concentrations were less than 0.3 μM. 
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 A PAR assay was performed to confirm the low level of zinc remaining in the 

solution, as well as to ensure the absence of chelators.  To assess the zinc content, a standard 

PAR assay was performed (see section 3.6).  To verify that the two chelators had 

successfully been removed from the sample, 5 μM zinc was added to the prepared apoLF 

sample according to a published protocol (83).  The absorbance at 500 nm for this solution 

was compared to that of PAR-supplemented zinc standards with zinc concentrations ranging 

from 0 μM to 10 μM.  Because EDTA will outcompete PAR for zinc, if less than 5 μM zinc 

was to be observed in the sample, then it could be concluded that EDTA was still present in 

the apoLF preparation.  If less than 5 μM zinc was observed, the apoLF preparation 

underwent additional spins using an Amicon Ultra-15 centrifugal filter (30 kDa MWCO) and 

the PAR assay was repeated.  The protein concentration was determined as described in 

section 3.5, followed by storage of the apoprotein at -80 °C. 

 

3.8.2 Preparation of cobalt LF 

 Cobalt LF (CoLF) was prepared according to the so-called “direct exchange method” 

(84).  ZnLF was diluted to a total volume of 2 mL in Chelex-treated Hepes buffer (50 mM, 

pH 7.4) to achieve a final concentration of 10 μM.  The sample was passed through a Hepes-

equilibrated Q-Sepharose chromatography column (5 mL bed volume).  A volume of 50 mL 

of 5 mM CoCl2 (in 50 mM Hepes, pH 7.4) was then applied to the column to allow for 

exchange with protein-bound zinc.  Excess cobalt and released zinc were removed by 

washing the column with 50 mL Hepes buffer (50 mM, pH 7.4).  Finally, the protein was 

eluted using 400 mM NaCl in 50 mM Hepes buffer (pH 7.4).  The solution was concentrated 
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using an Amicon Ultra-15 centrifugal filter (30 kDa MWCO), and the sample was stored at   

-80 °C. 

 The success of the cobalt exchange was determined using an activity assay.  The 

activity of CoLF was tested using the standard assay procedure, with CoLF at 50 nM and     

S‐pNA at 10 μM in 50 mM Hepes (pH 7.4).  If the activity of the CoLF preparation was 

between 210 - 230% relative to that of ZnLF prior to exchange, the exchange was considered 

successful (85).  A second activity assay was conducted under the same conditions but an 

additional 10 μM CoSO4 was added and given a 10 min incubation period.  If no increase in 

activity was observed, it was concluded that ZnLF had fully exchanged to CoLF.  To ensure 

the absence of an excess of cobalt and residual zinc in the protein solutions, the amount of 

cobalt and zinc was analyzed using PAR.  Five standards were prepared in Hepes buffer (50 

mM, pH 7.4) containing one of the following:  10 μM Co2+, 10 μM Zn2+, 5 μM Co2+, 5 μM 

Zn2+, and 5 μM Co2+ + 5 μM Zn2+.  A sample containing 7 μM CoLF was also prepared 

under the same conditions in Hepes buffer (50 mM, pH 7.4).  Then, PAR (50 μM) and 4 M 

Gdn-HCl were added to each of the samples and standards.  Following 1 h of incubation at 

room temperature, absorption spectra were recorded between 300 and 750 nm on a Cary 60 

UV-Vis spectrophotometer, and analyzed using a previously published protocol for the 

simultaneous determination of zinc and cobalt in protein samples (98).  If excess cobalt or 

residual zinc appeared to be contaminating the sample, CoLF was reapplied to the column 

and the washing procedure was repeated. 

Cobalt LF was also prepared by reconstitution of the apoenzyme.  ApoLF was diluted 

to 1 μM in Chelex-treated Hepes buffer (50 mM, pH 7.4).  CoSO4 (5 μM) was then added, 

and the solution was incubated for 30 min at 4 °C.  CoLF was then stored at -80 °C.   
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3.8.3 Preparation of copper LF 

 Copper LF (CuLF) was prepared using apoLF.  Direct exchange was found to be 

inefficient, and never yielded a pure copper protein, likely due to copper precipitation 

clogging the Q-Sepharose exchange column.  ApoLF was diluted to 1 μM in a 

microcentrifuge tube using 50 mM Hepes buffer (pH 7.4).  CuSO4 (5 μM) was added and 

incubated for a minimum of 30 min at 4 °C, followed by storage of the sample at -80 °C.   

The effectiveness of copper insertion was ascertained by an activity assay using 20 

nM CuLF and 10 μM S‐pNA in 50 mM Hepes (pH 7.4).  Under these conditions, the activity 

of CuLF is expected to be approximately 160-200% relative to that of 50 nM ZnLF (85).  If 

the activity fell in this range, it was concluded that copper was present in the active site of 

LF. 

The copper content of the protein was also confirmed with a PAR assay.  Both copper 

and zinc-bound PAR absorb at 500 nm (85), but previous tests had already determined zinc 

to be absent from the apoprotein solution.  Copper assays were performed in a 96-well plate.  

Copper-substituted LF was denatured using 4 M Gdn-HCl in 50 mM Hepes buffer (pH 7.4) 

in the presence of 50 μM PAR for 1 h at room temperature.  Copper-PAR standards (0, 1, 2, 

4, 6, 8, 10 μM with respect to the metal ion) were also prepared under the same conditions.  

The absorbance at 500 nm was then measured.  A trendline was constructed using the A500 

values for the copper standards, which was then used to estimate the copper concentration in 

the protein sample.  The occupancy of LF’s active site was calculated based on the known 

protein concentration.  The preparation of CuLF was considered successful if the enzymatic 

activity was in the expected range, and if more than 90% of LF’s active site was occupied by 

copper. 
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3.9 Estimation of LF-metal dissociation rate constants 

To determine whether it is feasible for metal exchange to occur via a dissociative 

mechanism, an experiment was designed using EDTA, a commonly used metal chelator.  

Previous studies have shown EDTA to be a non-invasive, SN1-type chelator (57).  This is an 

important characteristic for the chelator as tertiary complexes cannot be formed (i.e., EDTA 

will not affect the rate at which active site zinc will dissociate from LF). 

 

3.9.1 Zinc LF 

To estimate the LF-Zn dissociation rate constant, 50 nM ZnLF was incubated with 10 

mM EDTA at 25 °C in 50 mM Hepes (pH 7.4) in a 15 mL centrifuge tube.  At desired time 

points, aliquots were taken from the tube, and the activity of the enzyme was immediately 

measured with 10 μM S‐pNA.  Relative activities (RAs) were determined by dividing the 

activity at a given time point “t” by the activity measured for a separate EDTA-free mixture 

(LF only) at the same time (EDTA-free standard).  The reaction was stopped when the 

relative activity was less than 5% (typically after 30 h).  Three independent experiments were 

performed under the same conditions on different days.  The dissociation rate constant (koff) 

was estimated by fitting experimental results to equation 3 using GraFit 4.0 data analysis 

software (Erithacus Ltd, Staines, UK): 

	  (eq. 3) 

where  is the relative activity at time .  In addition, the data was fit (by a linear regression 

analysis constrained to an exact zero-intercept) to the linearized version of equation 3 (see 

equation 4), with the slope of this plot representing the koff value. 
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ln 	  (eq. 4) 

 

3.9.2 Cobalt and copper LF 

 The koff values for CuLF and CoLF were estimated using slightly different conditions 

since metal release was found to be more rapid.  A concentration of 50 nM of either CuLF or 

CoLF was incubated with 10 mM EDTA in a 500 μL microcentrifuge tube.  The incubation 

time started immediately after the addition of EDTA.  At the desired time interval, the 

solution was transferred from the microcentrifuge tube into a 100 μL micro quartz cuvette 

where 10 μM S‐pNA was added followed by an immediate monitoring of the protein activity 

at 405 nm.  Relative activities were determined as before, i.e., by dividing the activity (at a 

time t) by the activity measured for CuLF or CoLF in the absence of EDTA.  Three 

independent experiments for each metal were conducted. 

 The koff values were estimated for CoLF and CuLF using equations 3 and 4 as 

described for ZnLF, again using a regression analysis –ln(RA) vs t constrained to an exact 

zero-intercept. 

 

3.10 Metal exchange 

 Assays were designed to gain insight into the kinetics of metal exchange in LF.  

These assays monitored metal exchange using either enzymatic activities or inductively-

coupled plasma mass spectrometry (ICP-MS) to determine active site metal content. 
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3.10.1 Zinc-to-cobalt exchange 

 The zinc-to-cobalt exchange was monitored using activity assays.  If one considers 

the activity of ZnLF to be 100%, fully cobalt-substituted LF has an expected activity of 

approximately 220% (84,85).  ZnLF (50 nM) was incubated with 1 mM CoSO4 in 50 mM 

Hepes buffer (pH 7.4).  At appropriate time intervals, aliquots of this solution were taken and 

10 μM S‐pNA was added immediately prior to determining the activity under standard 

conditions.  The same conditions, with water in place of CoSO4, were used as a reference 

(ZnLF activity).  A minimum of three independent experiments for each time point were 

completed. 

 

3.10.2 Cobalt-to-zinc exchange 

 The cobalt-to-zinc exchange was performed using CoLF prepared via the apoLF route 

(see section 3.8.2).  CoLF was diluted to 50 nM in 50 mM Hepes buffer (pH 7.4) in a 1.5 mL 

microcentrifuge tube.  This solution contained 250 nM CoSO4 from the preparation of CoLF; 

then, 250 nM ZnSO4 was added to the mixture, and incubated at 25 °C.  After the desired 

incubation time an aliquot was taken from the mixture and the activity was measured using 

10 μM S‐pNA. 

 

3.10.3 Zinc-to-copper exchange 

 The zinc-to-copper exchange was analyzed using a standard activity assay.  Fully 

exchanged CuLF is expected to have an activity four times greater than that of ZnLF (85), 

which was used as a reference.  ZnLF was diluted to 20 nM with 50 mM Hepes buffer (pH 

7.4) in a quartz cuvette.  The exchange was initiated by addition of CuSO4 at a final 
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concentration of 10 μM.  After the desired incubation time, 10 μM S‐pNA was added and the 

activity was measured.  The t=0 reading was taken by premixing S‐pNA with CuSO4, and 

adding it to LF in 50 mM Hepes (pH 7.4) immediately prior to recording the absorbance at 

405 nm.  A sample of 20 nM ZnLF in the absence of CuSO4 was used as a reference. 

The zinc-to-copper exchange in Hepes buffer (50 mM, pH 7.4) was also monitored by 

stopped-flow UV-Vis spectrophotometry on an OLIS RSM-1000 spectrophotometer (OLIS 

Inc., Bogart, GA) using a two-syringe setup.  One syringe was filled with ZnLF in Hepes 

buffer.  The second syringe contained CuSO4 and S‐pNA in buffer.  Injection resulted in the 

mixing of these two solutions to achieve final concentration of 200 nM ZnLF, 10 μM CuSO4, 

and 10 μM S‐pNA.  UV-Vis spectra were recorded for 60 s with a rate of 63 scans/s 

immediately following injection.  Two reference samples were also measured.  One 

contained 200 nM ZnLF with Chelex-treated water in place of the CuSO4.  This sample 

provided the baseline activity (i.e., ZnLF at t=0).  The second reference sample contained 

fully exchanged CuLF (200 nM), prepared by loading one syringe with ZnLF and CuSO4, 

followed by 10 min incubation.  The second syringe contained only S‐pNA in buffer. This 

reference provided an estimation of the maximum activity of fully exchanged CuLF under 

these conditions.   

 

3.10.4 (Naturally abundant) Zinc-to-70Zn exchange 

 To determine how the active site zinc ion in LF exchanges with extraneous zinc, 

isotopically enriched zinc (70Zn) was used.  Because the kinetic isotope effect for zinc is 

expected to be very small, activity measurements cannot be used to monitor the isotope 
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exchange.  Hence, a new procedure to observe zinc exchange in LF using ICP-MS was 

developed.   

 

3.10.4.1 Experimental conditions 

To investigate the rate of isotope exchange, 7 μM ZnLF was exposed to 70 μM 70Zn2+ 

(in the form of 70Zn(NO3)2) in 25 mM ammonium acetate buffer (pH 7.0) in a 1.5 mL 

microcentrifuge tube at room temperature.  After the desired time of incubation, the 

exchange reaction was quenched by adding 80 μM EDTA.  This solution was immediately 

vortexed and transferred to a 2 mL Zeba spin desalting column (Thermo Fisher Scientific, 

Burlington, ON) previously equilibrated with ammonium acetate (25 mM, pH 7.0) according 

to the manufacturer’s instructions.  The solution was passed through the desalting gel by 

centrifugation (1000 × g for 3 min).  The eluate was recovered (typically 300 μL), and the 

protein concentration was determined using UV-Vis spectroscopy as outlined in section 3.5.   

All samples were stored at -20 °C until recovery for metal content determination by ICP-MS 

(see section 3.13).  A control sample (t = 0 s) was prepared by pre-exposing 70 μM 70Zn2+ to 

80 μM EDTA in ammonium acetate (25 mM, pH 7.0).  This solution was then added to 7 μM 

ZnLF, followed by immediate application of the solution to an ammonium acetate-

equilibrated Zeba desalting column. 

 The isotope exchange was also performed at a lower concentration of 70Zn2+ to 

determine if the rate of exchange is dependent on the concentration of free metal (as would 

be expected for an associative exchange mechanism).  For this exchange, 7 μM ZnLF was 

incubated with 7 μM 70Zn2+ for 10 s in 25 mM ammonium acetate (pH 7.0).  Then, 80 μM 

EDTA was added to quench the exchange reaction, followed by processing through an 
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ammonium acetate-equilibrated Zeba column, as outlined above.  The metal content of the 

protein-containing eluate was assessed using ICP-MS (see section 3.13). 

 

3.10.4.2 ICP-MS data analysis and the ttr formalism 

 Following the determination of metal isotopes (64Zn, 66Zn, 67Zn, 68Zn, 70Zn) by ICP-

MS (see section 3.13) the data was analyzed using a tracer-to-tracee ratio (ttr) formalism (99-

104) that allows for the determination of the number of metal ions exchanged in a system 

when the tracer (metal introduced into the system) and tracee (metal originally present in the 

system) have different isotopic distributions.  In the case of the natural zinc-to-70Zn exchange 

experiment, the tracer was the extraneous 70Zn2+ enriched metal whereas the tracee was the 

natural isotopic zinc originally bound to the active site of LF (see Table 3.2).  The ttr(x,y) 

value can be calculated for any system with known isotopic distributions for both tracer and 

tracee and the experimentally determined (by ICP-MS) isotope ratio ( ⁄ ) of the enriched 

isotope, x, and a reference isotope, y, using equation 5: 

, 	
⁄

	 ⁄
	  (eq. 5) 

where  is the isotope ratio of nuclide i and reference isotope y,  denotes the quotient of 

abundances of isotopes x and y of either the tracer or tracee, and z denotes the number of 

stable isotopes (z = 5 for zinc).   
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Table 3.2: Isotope abundance of zinc and isotope ratios of tracee and enriched 70Zn tracer. 

 Abundance Isotope ratio 
Isotopes Tracee a 70Zn tracer Tracee 70Zn tracer 

64 0.4889 0.0002 1.0000 1.0 
66 0.2781 0.0002 0.5688 1.0 
67 0.0411 0.0016 0.0841 8.0 
68 0.1857 0.0449 0.3798 224.5 
70 0.0062 0.9535 0.0127 4767.5 

SUM 1.0000 1.0000 2.0454 5002.0 
 a  Values for the natural isotope abundance of zinc were taken 

from: Handbook of Chemistry and Physics (51st Edition);Weast, 
R. C., Ed.; CRC Press, Cleveland, 1970-1971. 

 
 In the case of this experiment, the ttr(x,y) value was obtained using the experimentally 

determined ⁄  ratios, with 64Zn serving as the reference isotope.  Based on the values 

presented in Table 3.2, equation 5 can be rewritten in the following form: 

, 	
⁄ 0.0127

4767.5 	 ⁄ 	 5002 2.0454⁄ 	 (eq. 6) 

 In the case of the zinc-to-70Zn exchange, the maximum ttr(70,64) value obtainable is 10, 

due to 70Zn2+ (tracer) being present at a 10-fold excess over the tracee found in the active site 

of LF prior to exchange. 

 The ttr(x,y) value can be used to determine the number of ions exchanged in the system 

(N value) with the aid of the following equation: 

,

, 1
 (eq. 7) 

where  is the number of metal binding sites available ( 1 in the case of LF).  The 

maximum N value (Nmax) obtainable can be calculated by replacing ttr(x,y) in equation 7 with 

the maximum ttr(x,y) value.  This results in an Nmax value of 10/11 (0.909) for the 7 μM ZnLF 

+ 70 μM 70Zn2+ exchange, and 0.5 for the 7 μM ZnLF + 7 μM 70Zn2+ exchange.  The kinetics 
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of the metal exchange in LF were assessed by recording the 70Zn/64Zn ratios as a function of 

the time of 70Zn2+ exposure. 

 

3.11 Metal inhibition studies 

3.11.1 Cobalt inhibition 

 To assess the inhibition of LF by Co2+, 50 nM ZnLF was incubated with CoSO4 at 

concentrations between 100 nM and 100 mM in 50 mM Hepes buffer (pH 7.4) for 20 min.  

Following incubation, the mixture was transferred into a quartz cuvette, and 10 μM S‐pNA 

was added to initiate a standard activity assay (total volume of 100 μL).  Reference ZnLF 

activities were determined using H2O in the place of CoSO4. 

 In some instances, CoSO4 was replaced by CoCl2 or MgSO4 to assess the contribution 

of ionic strength to the inhibition of LF by Co2+. 

 

3.11.2 Mode of inhibition by zinc 

 In order to determine the mode of inhibition that metals exert on LF, 50 nM ZnLF 

was incubated for 15 min with either 0 μM, 15 μM, or 30 μM of ZnSO4, in 50 mM Hepes 

buffer (pH 7.4).  For each inhibitor concentration, various concentrations of S‐pNA (ranging 

from 3 μM to 10 μM S‐pNA) were used.  The substrate was added immediately prior to 

measuring enzymatic activity.  Activity assays were performed in a quartz cuvette in a total 

volume of 100 μL. 

 The velocity data obtained was fit to various inhibition modalities (105) using GraFit 

4.0 data analysis software (Erithacus Ltd., Staines, UK).  The best fit of the data was 

obtained with a pure non-competitive model using equation 8: 



   50 
  

	 	 (eq. 8) 

where  is the reaction rate,  is the concentration of the substrate and  is the 

concentration of the inhibitor (i.e., Zn2+).  The inhibition constant (KI), the Michaelis constant 

(KM), and the maximum velocity (Vmax) served as the fitting parameters.  The kcat value was 

calculated from the experimentally determined Vmax and a ∆ε405 value of 9920 M−1 cm−1 

(106). 

 

3.12 Terbium studies 

3.12.1 Influence of terbium on metal exchange 

 To investigate the influence of inhibitory metal on active site exchange, experiments 

were designed mimicking previous exchange conditions with inhibitory concentrations of 

Tb3+ (83).  ZnLF (7 μM) was preincubated with 150 μM TbCl3 for 3 min in ammonium 

acetate (25 mM, pH 7.0), followed by the addition of 70 μM 70Zn2+ to initiate the active site 

zinc-to-70Zn exchange.  The exchange was allowed to proceed for 10 s, followed by 

quenching of the exchange reaction with 300 μM EDTA. This solution was quickly vortexed 

and transferred to a 2 mL Zeba spin desalting column previously equilibrated with 

ammonium acetate (25 mM, pH 7.0) according to the manufacturer’s instructions.  The 

sample was passed through the spin column by centrifugation at 1000 × g for 3 min.  The 

eluate was recovered and the protein concentration was measured using UV-Vis 

spectroscopy (see section 3.5).  A minimum of three independent experiments for each 

sample were completed.  Samples were stored at -20 °C until preparation for ICP-MS 

analysis to determine metal content (see section 3.13). 
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3.12.2 Tyrosine-sensitized terbium luminescence spectroscopy 

 The spectroscopic properties of terbium-bound LF were investigated using an OLIS 

RSM-1000 spectrofluorometer equipped with a 150 W xenon arc lamp.  A 450 nm cut-off 

filter was used to eliminate Rayleigh scattering.  ApoLF (1 μM) was incubated with 100 μM 

TbCl3 in 50 mM Hepes buffer (pH 7.4) for 10 min in a total volume of 1 mL.  The sample 

was placed in a 1 mL fluorescence cell and LF’s tyrosine residues were excited at 274 nm 

(93).  The emission spectrum was recorded between 470 nm and 630 nm.  The solution was 

then titrated with CuSO4 (from 250 nM to 500 μM), with additional emission spectra taken 

after each titration step.  Solutions were given a 2 min incubation period before each 

spectrum was measured.  A second titration was conducted (under the same conditions) using 

1 μM CuLF and extraneous Cu2+ concentrations ranging from 0 μM to 100 μM (CuLF was 

pre-exposed to 100 μM TbCl3).  The titration of terbium-exposed apoLF was repeated using 

the same experimental conditions with zinc in place of copper, and zinc concentrations 

ranging from 1 μM to 100 μM. 

 

3.13 Determination of metal content by ICP-MS 

 All samples from the (naturally abundant) zinc-to-70Zn exchange and the terbium 

studies were analyzed using an iCAP Q ICP-mass spectrometer (Thermo Fisher Scientific, 

Nepean, ON).  Samples (volumes ranging from 250 to 450 μL) were recovered from the        

-20 °C freezer, and were allowed to thaw at room temperature.  A volume of 200 μL of 

MilliQ water was added to each, followed by dilution to a final volume of 2 mL using 

Chelex-treated ammonium acetate (25 mM, pH 7.0).  Standards were prepared to allow for 

approximation of metal concentrations in ammonium acetate (25 mM, pH 7.0).  70Zn2+ and 
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terbium standards were prepared at final concentrations of 1 ppb, 10 ppb, and 30 ppb using 

the 50 mM 70Zn2+ stock solution and a 100 mM TbCl3 solution, respectively.  Zinc (naturally 

abundant) standards were also prepared to have a concentration of 1 ppb, 10 ppb, 30 ppb, 50 

ppb, and 100 ppb using an ICP-MS zinc standard solution (1000 ppm in 1% [w/v] HNO3).  

All solutions (both samples and standards) were supplemented with 5 ppb indium (from an 

ICP-MS indium standard solution, 1000 ppm in 1% [w/v] HNO3) and 1% (w/v) trace metal 

grade HNO3.   

 ICP-MS measurements took place on the same day the samples were prepared.  They 

were transported on ice to Cambrian College, Sudbury, Ontario, where the ICP-MS 

measurements were conducted.  The isotopes measured were 64Zn, 66Zn, 67Zn, 68Zn, 70Zn, 

113In, 115In, and 159Tb. 

 

 

 

 

 

 

 

 

 

 

 

 



   53 
  

4. Results 

 The experiments conducted in this thesis were aimed at determining several 

mechanistic aspects of LF, including the mechanism of metal exchange, and the mode by 

which metals such as Zn2+, Co2+, and Cu2+ exert their inhibitory effect.  Insight into the 

mechanism of metal exchange and inhibition might provide concrete evidence that these two 

processes occur using a common (second) metal binding site in LF.  

 

4.1 Determination of dissociation rate constants 

To assess whether metal exchange in LF can proceed via a dissociative (D-type) 

mechanism, the rate constants for ZnLF, CuLF, and CoLF were determined with the aid of 

EDTA, an SN1-type chelator (57).  The activity of the protein, relative to that of an EDTA-

free mixture, can serve as a guide indicating the percentage of metal still being protein-bound 

at any given time.  EDTA was used in these studies because it cannot form ternary 

complexes with the protein-bound metal (SN2-type chelation).  Therefore, EDTA does not 

bind the zinc ion until it has dissociated from LF, hence, allowing for an accurate 

approximation of the dissociation rate constant (57).  As the metal dissociates from the active 

site of LF, it is immediately bound to the chelator.  In the current experiment, EDTA was 

present in at least a 105-fold excess to completely shift the equilibrium (see below) towards 

the formation of the EDTA-Zn complex and apoLF, rather than allowing the metal to be 

reinserted into apoLF:	 
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4.2 Metal exchange 

 A series of assays was performed to assess whether the rates of metal exchange were 

in agreement with the determined t1/2 values for a dissociative exchange. 

 

4.2.1 Zinc-to-cobalt exchange 

 The zinc-to-cobalt exchange was monitored using the activity of the protein.  The 

results of the exchange are shown in Fig. 4.4.  As expected, the initial relative activity of LF 

was approximately 1 (the activity of ZnLF).  As the exchange progressed, the relative activity 

reached a maximum at ~2.2, a value expected for fully substituted CoLF (84,85).  The 

experimental time of half-exchange can be estimated by taking the time point at which the 

activity of the protein is halfway between the activities of ZnLF and fully exchanged CoLF.  

This point occurred (at a relative activity of ~1.6) between 1 and 3 min. 

Figure 4.4:  Time-dependence of zinc-to-cobalt exchange in LF.  ZnLF (50 nM) was 
incubated for the time indicated in the figure with 1 mM Co2+ in Hepes buffer (50 mM, pH 
7.4).  Activity was measured following the addition of S‐pNA (10 μM).  Relative activity is 
defined as the activity relative to that recorded in the absence of Co2+.  Values shown 
represent the mean ± 1 S.D. of three independent experiments. 
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4.2.2 Cobalt-to-zinc exchange 

 The second exchange studied was a cobalt-to-zinc exchange, which was also 

monitored using activity assays.  This exchange utilized very different exchange conditions, 

where equal amounts of cobalt and zinc were presented to CoLF.  As shown in Fig. 4.5, the 

relative activity reached a minimum of RA ~(2.2)-1 ~0.45, which is expected of fully (back-) 

exchanged ZnLF (84,85).  A time of half-exchange can be estimated from the time at which 

the relative activity is halfway between the initial CoLF activity and the activity of fully 

exchanged ZnLF.  This point was found to be at a relative activity between 0.70 and 0.75, 

occurring after approximately 8 min. 

Figure 4.5:  Time-dependence of cobalt-to-zinc exchange in LF.  CoLF (50 nM enzyme, 
containing 250 nM Co2+) was incubated for the time indicated in the figure with 250 nM Zn2+ 
in Hepes buffer (50 mM, pH 7.4).  Activity was measured following the addition of S‐pNA 
(10 μM).  Relative activity is defined as the activity relative to that recorded in the absence of 
Zn2+.  Values shown represent the mean ± 1 S.D. of three independent experiments. 
 

 

 

Incubation time (min)
0 20 40 60

R
e

la
tiv

e
 a

ct
iv

ity
 (R

A
)

0.4

0.6

0.8

1.0



   59 
  

4.2.3 Zinc-to-copper exchange 

 The zinc-to-copper exchange was the final exchange process monitored using activity 

assays.  As shown in Fig. 4.6, the maximum relative activity was achieved much more 

quickly than in other exchange reactions (after 20 s).  As expected, this maximum occurred at 

a relative activity of RA ~4.5, which is that expected for a full zinc-to-copper exchange (85).  

The time of half-exchange was found to be in the vicinity of 10 s (i.e., at RA ~2.75, which is 

halfway between the activities of ZnLF and CuLF).  

Figure 4.6:  Time-dependence of zinc-to-copper exchange in LF.  ZnLF (50 nM) was 
incubated for the time indicated in the figure with 10 μM Cu2+ in Hepes buffer (50 mM, pH 
7.4).  Activity was measured following the addition of S‐pNA (10 μM).  Relative activity is 
defined as the activity relative to that recorded in the absence of Cu2+.  Values shown 
represent the mean ± 1 S.D. of three independent experiments. 
  

 It is apparent that the zinc-to-copper exchange was more rapid than either of the 

previously studied exchanges.  To gain additional insight into the rate of this exchange 

process, it was studied using stopped-flow spectrophotometry.  This technique allows for the 

rapid mixing of ZnLF, Cu2+ (for exchange), and substrate (S‐pNA) followed by immediate 
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establish how these results compare to the previous exchange assays, the enzymatic activity 

was calculated at three different time points for the exchange sample (5 s, 10 s, 12 s) by 

determining the slope of the absorbance vs time plot (Fig. 4.7) at the specified time using a  

± 1.5 s window (e.g., the enzymatic activity at 10 s was obtained by determining the slope of 

the trendline for all data points between 8.5 s and 11.5 s).  The three determined activities 

were then compared to the activities of the CuLF and ZnLF controls at the same level of 

substrate depletion (ensuring that a decrease in activity due to substrate depletion is taken 

into account) to determine if the exchange sample was gaining activity over time.  For 

example, the enzymatic activity for the zinc-to-copper exchange sample after 5 s was 

compared to that at 3.4 s for the CuLF control and at 8.4 s for the ZnLF control, where an 

equal degree of substrate depletion was observed (at an Abs405 value of ~0.05; see black lines 

in Fig. 4.7).  The results of this comparison are shown in Table 4.2.  The exchange progress 

was then estimated for each time point using equation 9: 

	 	 % 		100% (eq. 9) 

where Exsam is the enzymatic activity of the exchange sample at a specified time, Znctrl is the 

enzymatic activity of the ZnLF control at the same level of substrate depletion (as the 

exchange sample), and Cuctrl is the enzymatic activity of the CuLF control at the same level 

of substrate depletion (as the exchange sample).  As shown in Table 4.2, at the 10 s time 

point, the exchange progress was 38%, a result that is comparable to the 37% exchange 

progress observed using standard activity assays, which was calculated with equation 9 using 

the data at 10 s in Fig. 4.6 ((2.3-1)(4.5-1)-1100%).  It is clear that the exchange increases over 

time, and that the exchange sample attains an activity closer to that of CuLF as the exchange 

progresses (see Table 4.2).  
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Table 4.2: Enzymatic activities of samples from the zinc-to-copper exchange. 
Exchange 
time (s) 

Enzymatic activity [∆Abs405×102 s-1] a Exchange progress 
(%) b Exchange sample CuLF control ZnLF control 

5 
10 
12 

0.85 
0.75 
0.61 

1.81 
1.40 
0.93 

0.54 
0.35 
0.21 

25 
38 
56 

a Enzymatic activity for the exchange sample was calculated using the slope of the trendline 
for data points at the time specified (± 1.5 s).  The enzymatic activities for the controls were 
calculated at time points where the level of substrate depletion was identical to that 
observed for the exchange sample. 

b The exchange progress was estimated using equation 9. 
 

4.2.4 (Naturally abundant) Zinc-to-70Zn exchange 

The final exchange that was investigated was a (naturally abundant) zinc-to-70Zn 

exchange.  Since it is not possible to observe such exchange using activity assays (as there is 

no noticeable change in the activity of LF), the progress of the exchange reaction was 

monitored by ICP-MS.  To ensure Zeba columns were suitable as a desalting medium, 

several preliminary experiments were performed with respect to sample preparation.  To 

ensure that the active site metal remained bound to LF during Zeba processing, LF (7 μM) in 

ammonium acetate (25 mM, pH 7.0) was passed through the column, according to procedure 

outlined in section 3.10.4.  The protein concentration in the filtrate was determined by UV-

Vis spectroscopy, followed by a PAR assay to determine the zinc content (section 3.6), 

revealing that the metal content of LF was essentially unaffected by the Zeba filtration (data 

not shown).  To confirm that extraneous metal was completely removed by the column, 150 

μM ZnSO4 was passed through the column and the filtrate was analyzed by a PAR assay, 

showing that the filtrate was devoid of Zn2+ (data not shown).  Finally, to determine whether 

protein could non-specifically carry (extraneous) metal through the Zeba column, 10 μM 

bovine serum albumin (BSA), a protein which does not possess high-affinity zinc binding 

sites, was prepared in ammonium acetate (25 mM, pH 7.0), and was exposed to 70 μM 
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ZnSO4 for 10 min.  After incubation, the protein was passed through the Zeba column, and 

the zinc content was determined using a PAR assay, demonstrating that only a marginal 

amount of zinc (< 0.5 μM) was non-specifically carried through the column (data not shown).  

Based on these results, it was concluded that Zeba desalting columns were suitable to process 

LF samples incubated with 70Zn2+ prior to their analysis by ICP-MS. 

After incubation of ZnLF in the presence of a 10-fold excess of 70Zn2+ for the desired 

time, the exchange process was halted by the addition of EDTA, and extraneous zinc was 

removed using a Zeba desalting column.  The ratio of 70Zn to 64Zn in the LF samples was 

determined using ICP-MS.  The experimentally determined isotope ratios were then used to 

calculate the ttr(70,64) and N (the amount of exchanged zinc) values, as described in the 

Materials and Methods section (see section 3.10.4).  The results of the isotope exchange are 

shown in Fig. 4.8.  These results indicate that the zinc-to70Zn exchange was very rapid.  The 

t1/2 value is < 5 s, with the exchange reaching completion after 20 s.  This exchange was the 

fastest of any of the exchange reactions studied in this work. 

The zinc-to-70Zn exchange experiment was repeated for one time point (t = 10 s) with 

a lower concentration of extraneous 70Zn2+ provided (7 μM) to determine if the rate of 

exchange was dependent on the concentration of the free metal, which would be expected for 

an associative but not for a dissociative mechanism.  As Table 4.3 shows, zinc exchange 

occurred more rapidly with the higher concentration of extraneous 70Zn2+, suggesting that the 

exchange proceeds via an A-type mechanism. 



   64 
  

Figure 4.8:  Time-dependence of (naturally abundant) zinc-to-70Zn exchange.  ZnLF (7 μM) 
was incubated with 70 μM 70Zn2+ in ammonium acetate buffer (25 mM, pH 7.0) for the 
indicated time prior to terminating the exchange reaction by the addition of EDTA (80 μM), 
and removal of extraneous zinc by Zeba filtration.  Isotope ratios (70Zn/64Zn) were measured 
using ICP-MS, and converted to N values (exchanged zinc) using equations 6 and 7.  Values 
shown represent the mean ± 1 S.D. of three independent experiments. 
 

Table 4.3: Experimentally determined N values for the (naturally abundant) zinc-to-70Zn 
exchange for two different concentrations of extraneous 70Zn2+.  

Exchange conditions a  Exchanged zinc (N value) b Standard deviation 
7 μM 70Zn2+ 
70 μM 70Zn2+ 

0.25 
0.79 

± 0.01 
± 0.01 

a  Both exchanges used 7 μM ZnLF in ammonium acetate buffer (25 mM, pH 7.0) with a 10 s 
exposure time. 

b N values were determined from the measured 70Zn/64Zn ratios as described in the Materials 
and Methods section.  Three independent experimented were performed. 

 

4.2.5 Summary of exchange rates 

Overall it is clear that the metal exchange process is quite rapid in LF.  The time of 

half-exchange ranged from 8 min for the cobalt-to-zinc exchange to as quickly as less than   

5 s for the zinc-to-70Zn exchange (Table 4.4).  Comparing these results to the half times of 

exchange (or t1/2 values) predicted from the experimentally determined dissociation rate 
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constants (see Table 4.1) makes it apparent that the exchange cannot occur via a dissociative 

mechanism.  If exchange was dependent on the dissociation of the metal from the active site 

prior to binding of a new (incoming) metal, the expected time of half-exchange would be 

much longer (approximately 3 h in the case of ZnLF).  It is clear that an associative 

mechanism is operative during the exchange process.  Hence, there must be a second metal 

binding site that is used to form a bimetallic intermediate.  As previously mentioned, it is 

known that excess metal inhibits LF (83,85).  Therefore, it is conceivable that the inhibitory 

metal binding site and the second metal binding site are one and the same. 

 
Table 4.4: Experimentally determined time of half-exchange values (t1/2) for various metal 
exchanges in LF. 
Exchange Approximate time of 

half-exchange (t1/2) 
Conditions 

Zinc → Cobalt 
Cobalt → Zinc a 
Zinc → Copper 
Zinc → 70Zn 

1 - 3 min 
8 min 
~ 10 s 
< 5 s 

50 nM Zinc; 1 mM Cobalt 
250 nM Cobalt; 250 nM Zinc 
50 nM Zinc; 10 μM Copper 

7 μM Zinc; 70 μM 70Zinc 
a For the cobalt-to-zinc exchange, 50 nM apoLF was pre-exposed to 250 nM Co2+ prior to the 

addition of Zn2+. 
 
 
4.3 Metal inhibition 

4.3.1 Inhibition by cobalt 

 The effect of cobalt on LF was investigated by exposing ZnLF to various 

concentrations of cobalt.  The activity of LF was affected in two stages (see Fig. 4.9).  

Initially, cobalt increased the activity of LF due to the replacement of Zn2+ with Co2+ in the 

active site, which reached a maximum relative activity of RA ~2.2 (at 4 mM Co2+).  This was 

the same value observed for the zinc-to-cobalt exchange (see section 4.3.1).  As the 

concentration of cobalt increased further, there was a dramatic reduction in LF activity as 

Co2+ became inhibitory in the low millimolar range.  To ensure that the observed inhibition 
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was not a result of a decreased pH (due to the high metal concentration), the pH was 

measured for a sample containing 100 mM CoSO4 (the highest concentration tested) in 

Hepes buffer (50 mM, pH 7.4).  No significant drop in pH was detected (ΔpH ≤ 0.15).  Since 

the concentration range for inhibition by Co2+ is approaching that where the ionic strength of 

the solution may affect LF activity (as previously observed for NaCl) (107), the contribution 

of ionic strength to the inhibition was investigated. 

 
Figure 4.9:  Effect of Co2+ on the activity of ZnLF.  ZnLF (50 nM) was incubated with 
varying concentrations of Co2+ in Hepes buffer (50 mM, pH 7.4).  Activity was measured 
using S‐pNA (10 μM).  Relative activity is defined as the activity relative to that recorded for 
50 nM ZnLF in the absence of Co2+.  Values represent the mean ± 1 S.D. of three 
independent experiments. 
 

4.3.2 Influence of ionic strength on inhibition of LF by cobalt 

To determine whether the inhibition observed with Co2+ was due to the high ionic 

strength of the solution or due to cobalt binding to the inhibitory site, two experiments were 
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of the same ionic strength containing 20 mM CoSO4 or 27 mM CoCl2.  It was anticipated that 

the CoCl2 solution, which has a higher concentration of Co2+, would act as a more potent 

inhibitor, and would thus indicate that Co2+ has an inhibitory effect on LF.  Surprisingly, 

CoSO4 was found to be more inhibitory than CoCl2, revealing that the counter ion (SO4
2- vs. 

Cl-) affects LF activity (data not shown).  Therefore, the inhibition of ZnLF by CoSO4 and 

MgSO4 was assessed.  Because these two salts exert the same ionic strength (at the same 

concentration), and have the same counter anion (SO4
2-), any differences in inhibition can be 

attributed to Co2+.   

 
Figure 4.10:  Effect of CoSO4 (blue circles) and MgSO4 (red squares) on ZnLF activity.  
ZnLF (50 nM) was incubated with varying concentrations of CoSO4 or MgSO4 in Hepes 
buffer (50 mM, pH 7.4).  Activity was measured with S‐pNA (10 μM).  Relative activity is 
defined as the activity relative to that recorded for 50 nM ZnLF in the absence of CoSO4 or 
MgSO4.  Values represent the mean ± 1 S.D. of three independent experiments. 
 

As shown in Fig. 4.10, the profound drop in activity between 5 and 10 mM in the case 

of CoSO4 (but not for MgSO4) clearly demonstrates that Co2+ is more inhibitory than Mg2+, 
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suggesting that Co2+ does indeed have an inhibitory effect on LF.  The half maximal 

inhibitory concentration (IC50) for CoSO4 was found to be between 5 mM and 10 mM, and 

hence nearly three orders of magnitude higher than the IC50 values observed for Zn2+ and 

Cu2+ (85). 

 

4.3.3 Zinc inhibition 

 The enzymatic activity of ZnLF was determined for various concentrations of 

substrate (S‐pNA) and inhibitor (Zn2+) to obtain information regarding the mode of 

inhibition.  The data was fit to several inhibition modalities (competitive, uncompetitive, 

mixed-type, non-competitive), with the best fit being obtained using a pure non-competitive 

model (see Fig. 4.11).   

Figure 4.11:  Lineweaver-Burk plot of ZnLF inhibition by Zn2+.  Three concentrations of the 
inhibitor, Zn2+, were tested: 0 μM (white circles), 15 μM (black circles), and 30 μM (white 
squares).  The data was fit to a non-competitive inhibition model using the non-linear least 
squares method as described in section 3.11.2.  Values represent the mean ± 1 S.D. of three 
independent experiments. 
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This fitting resulted in the determination of various kinetic parameters for Zn2+ 

inhibition of LF, including KM = 2.71 ± 0.37 μM, KI = 28.5 ± 2.3 μM, and kcat = 4.3 ± 0.2 s-1.  

The KM and kcat values are in agreement with those found in the literature (KM = 3.5 μM, kcat 

= 3.7 s-1) (84). 

A similar experiment was performed to determine the mechanism of inhibition of 

CuLF by Cu2+.  However, Cu2+ inhibition was found to be much more pronounced, and it 

was not possible to obtain reliable data as slight changes in the concentration of extraneous 

Cu2+ yielded very different activities leading to large standard deviations. 

 

4.4 Terbium studies 

As discussed before, terbium (III) is a lanthanide ion with a high affinity for calcium 

binding sites, and is often employed in studying calcium sites in proteins due to its 

spectroscopic properties and its ability to occupy these sites at much lower concentrations 

(87).  Previous studies have determined that Tb3+ is capable of binding and inhibiting LF 

with an IC50 value of 23 μM (83), a concentration strikingly similar to the IC50 values from 

the literature for Zn2+ and Cu2+ (85).  This observation raises the possibility that Tb3+ might 

occupy the same (inhibitory) site as Zn2+ and Cu2+.  Thus, investigations into terbium’s role 

in metal exchange and inhibition in LF were initiated. 

 

4.4.1 Metal exchange in the presence of terbium 

If an associative mechanism were to be operative for metal exchange in LF involving 

the occupation of the inhibitory site, and if Tb3+ were to occupy this site, then the rate of 

exchange would be decreased in the presence of the lanthanide ion.  Terbium is an ideal 
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candidate for such an experiment because it is expected to bind the inhibitory site in LF, but 

it should not be capable of binding to the active site due to its large size and preference for a 

coordination number higher than four (LF’s active site zinc ion is four-coordinate) (87).  This 

was confirmed with ICP-MS.  Incubation of ZnLF (7 μM) with an excess of Tb3+ (150 μM) 

for 10 min did not significantly decrease the amount of Zn2+ following removal of extraneous 

metal with a Zeba desalting column (data not shown).  To determine if the rate of the 

exchange process decreased in the presence of Tb3+, previously applied (naturally abundant) 

zinc-to-70Zn exchange conditions were used except for the addition of an inhibitory 

concentration of Tb3+ (150 μM).  The processing of these samples, including the 

determination of the metal content, was repeated exactly as described for the zinc-to-70Zn 

exchange (see section 3.10.4).  The results of this exchange are listed in Table 4.5. 

 
Table 4.5: Experimentally determined N values for the (naturally abundant) zinc-to-70Zn 
exchange in the absence and presence of Tb3+ (150 μM).   

Exchange conditions a  Exchanged zinc (N value) b Standard deviation 
LF 
LF + Tb3+ 

0.79 
0.61 

± 0.01 
± 0.01 

a Both exchanges used 7 μM ZnLF and 70 μM 70Zn in ammonium acetate buffer (25 mM, pH 
7.0) with a 10 s exposure time. 

b Values represent the mean of two independent experiments. 
 

 
The results indicate that Tb3+-binding impedes active site metal exchange, suggesting 

that Tb3+ and 70Zn2+ compete for a common binding site.  The amount of exchanged zinc 

decreased by almost 20%.  This suggests that occupying the inhibitory site is important for 

metal exchange. 

Additional samples were prepared in ammonium acetate buffer (25 mM, pH 7.0) to 

determine how Tb3+ interacts with apoLF.  One sample contained 7 μM apoLF, which was 

exposed to 10 μM 70Zn2+ for 10 s, followed by quenching of the reaction with 300 μM 
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EDTA.  The second sample was prepared by pre-incubating 7 μM apoLF with 150 μM TbCl3 

for 3 min.  After incubation, 10 μM 70Zn2+ was added, and the mixture was allowed to 

incubate for 10 s prior to quenching (with EDTA).  Following the quenching of these 

samples, they were immediately processed through an ammonium acetate-equilibrated Zeba 

column.  Determination of the metal content using ICP-MS revealed the apoLF sample that 

had been pre-exposed to Tb3+ to have 50% less protein bound-70Zn2+ than the apoLF sample 

that did not contain any Tb3+ (0.26 occupancy compared to 0.50 occupancy).  This result 

suggests that for the apo-form of LF, Tb3+ may compete with 70Zn2+ binding to the active 

site. 

 

4.4.2 Tyrosine-sensitized terbium luminescence spectroscopy 

Studies were designed to explore how terbium-binding is affected by the addition of 

other metals known to bind LF.  Terbium is a metal that can be used to explore the 

relationship between the active site and the inhibitory site in LF.  Excitation of tyrosine 

residues at 274 nm will cause FRET with nearby protein-bound Tb3+ (see sections 1.5).  This 

energy transfer will cause terbium to luminesce, and the intensity of the luminescent signal is 

dependent on the distance between the tyrosine residues and the Tb3+ ion(s) (93).  The effect 

of Cu2+-binding on FRET between apoLF and Tb3+ was investigated.   

As shown in Fig. 4.12, the addition of apoLF to Tb3+ (prior to addition of Cu2+) 

resulted in a 75-fold enhancement of the luminescence signal at 543 nm.  Furthermore, the 

results clearly indicate that increasing the concentration of Cu2+ in solution decreased the 

luminescence intensity of Tb3+.  This would suggest that Cu2+ and Tb3+ share a common 

binding site.  Increasing the concentration of Cu2+ dislodges Tb3+ from LF and forces it back 
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into solution, resulting in a weakened luminescence signal.  In order to demonstrate more 

clearly this feature, the data was replotted, only considering the peak intensity at 543 nm as a 

function of the Cu2+ concentration (Fig. 4.13).   

 

Figure 4.12:  The effect of Cu2+ on tyrosine-sensitized terbium luminescence spectra of 
apoLF.  ApoLF (1 μM) was incubated with 100 μM TbCl3 in Hepes buffer (50 mM, pH 7.4) 
for 2 min followed by sequential addition of CuSO4 (0, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, 
5.0, 6.0, 7.0, 10, 12, 15, 25, 50 μM).  The spectrum of Tb3+ (100 μM) in the absence of 
apoLF is shown as a dashed black line.  All spectra were recorded using an excitation 
wavelength of 274 nm. 
 
 

The decrease in luminescence intensity upon the addition of Cu2+ appears to occur in 

two steps.  Initially, a small increase in the Cu2+ concentration causes a dramatic decrease in 

the luminescence signal, with a 50% reduction in luminescence observed at only 2 μM Cu2+ 

(2-fold excess over apoLF).  It is likely that the sharp decrease in luminescence intensity is a 

result of Cu2+ being inserted into the active site.  The decrease in luminescence intensity 

becomes more gradual at Cu2+ concentrations of ≥6 μM.  This result suggests that the active 
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This result appears to suggest that the large 75-fold enhancement observed in apoLF is due to 

the availability of vicinal active site residues for Tb3+ binding, likely involving a direct 

interaction with Tyr728 (see Discussion). 

Figure 4.14:  The effect of Cu2+ on tyrosine-sensitized terbium luminescence spectra of 
CuLF.  CuLF (1 μM) was incubated with 100 μM TbCl3 in Hepes buffer (50 mM, pH 7.4) for 
2 min followed by sequential addition of CuSO4 (0, 2, 10, 25, 100 μM).  The spectrum of 
Tb3+ (100 μM) in the absence of LF is shown as a dashed black line.  All spectra were 
recorded using an excitation wavelength of 274 nm. 
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5. Discussion 

Due to the importance of metal substitution for investigations of the mechanism and 

inhibition of metalloproteins, an understanding of the process by which metal exchange can 

occur is crucial to allow for the optimization of such replacement processes.  This research 

was aimed at gaining a deeper understanding of the metal exchange process in LF.  LF is a 

representative member of the zinc-dependent endopeptidase family as it contains the HExxH 

thermolysin-like zinc binding consensus motif, which is common to many zinc proteases 

(108).  Thus, insight gained from studies on LF’s active site may be applicable to many 

related proteins.  LF is also a protein of considerable interest due to its potential use as a 

component of biological weapons.  The 2001 anthrax attacks in the United States resulted in 

11 confirmed human infections with Bacillus anthracis, five of which resulted in death (109).  

This was the first time that anthrax spores had been used effectively as a weapon of 

bioterrorism.  Since these attacks, a vast amount of research has gone into gaining an 

understanding of the pathogenesis and molecular function of the toxins responsible for this 

disease.  This research aims to provide additional knowledge on the metal exchange process 

and the identity of the inhibitory metal binding site in LF. 

 

5.1 Kinetics and mechanism of metal exchange 

 The first objective of this research was to gain insight into the mechanism of metal 

exchange in LF by determining whether this process occurs primarily by a dissociative (D- 

type, SN1) or an associative (A- type, SN2) mechanism.  Initial investigations into the kinetics 

of active site metal displacement revealed that the removal of zinc (from ZnLF) using an 

SN1-type chelator (i.e., EDTA) was a slow process, with a time required to demetallate half 
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of the LF molecules (t1/2) of ~3 h.  From this experiment, the dissociation rate constant was 

determined for ZnLF to be 6.19×10-5 s-1.  The dissociation rate constants for CoLF (3.57×10-3 

s-1) and CuLF (2.94×10-3 s-1) were much higher than that observed for ZnLF.  The higher 

value for CoLF can be explained by the larger dissociation constant (Kd) for Co2+.  Indeed, 

the ratio of the dissociation constants of CoLF and ZnLF (see Table 4.1) is 62.5, and hence is 

very similar to the ratio of the corresponding dissociation rate constants: 

3.57 10
6.19 10

57.7 

This suggests that the association rate constants are similar (5.2×107 M-1 s-1 for ZnLF, 

4.8×107 M-1 s-1 for CoLF).  The calculated association rate constant for ZnLF (5.2×107 M-1   

s-1) is comparable to those reported for two peptides designed from the structural zinc site of 

alcohol dehydrogenase (7.0×106 M-1 s-1) and from a zinc finger consensus motif (2.3×106 M-1 

s-1) (110).  Although the association rate constant for ZnLF is higher than for either of these 

peptides, it is clearly below the approximate diffusion-controlled association rate limit      

(109 M-1 s-1 ≤ kon ≤ 1010 M-1 s-1) (52).  CuLF has a dissociation rate constant similar to CoLF, 

although it has the lowest dissociation constant (340 fM) of the three species.  This suggests 

a very high association rate constant (8.6×109 M-1 s-1).  Indeed, the high lability of Cu2+ is a 

well-documented feature, resulting in unusually fast water exchange rates, which are a 

consequence of either a Jahn-Teller distortion elongating two bonds of the octahedral Cu2+ 

complex (3,111), or based on fluctuations between trigonal bipyramidal and square 

pyramidal geometries in a fivefold coordination state (112). 

The dissociation of zinc from ZnLF would be the first and rate-limiting step in a 

dissociative exchange pathway (see Fig. 1.3).  Because of this, any metal exchange via a 

dissociative mechanism with ZnLF would have a time of half-exchange of at least 3 h.  
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Considering the results from the metal exchange assays with ZnLF, it is clear that a 

dissociative mechanism can be ruled out.  Indeed, the time of half-exchange for the three 

ZnLF exchanges monitored (ZnLF-to-CoLF, ZnLF-to-CuLF, and ZnLF-to-70ZnLF) ranged 

from 10 s to 3 min, and was thus 103 – 104 times faster than that anticipated based on a D-

type metal exchange.  Hence, it is apparent that metal exchange in LF proceeds via an 

associative mechanism.  This view is consistent with a hypothesized associative mechanism 

of metal exchange between metalloproteins in vivo (113,114).  For instance, proteins that 

mediate metal homeostasis, including metal sensor proteins such as InrS (nickel-responsive 

efflux derepressor) and ZiaR (zinc-responsive efflux derepressor), have low dissociation 

constants (InrS: KNi
2+

 = 2.1×10-14 M, ZiaR: KZn
2+

 ~ 5×10-13 M) for the metals they regulate 

(113,114).  Because of these high affinities, the free concentrations of the metals they 

regulate are typically kept below 10-9 M, rendering them not freely available in the solution 

(114).  Therefore, based on the high affinities of these proteins (and their slow dissociation 

rate constants), it is “not credible for metal partitioning to and from solution to reach 

equilibrium in a viable timeframe” (dissociative mechanism) (114).  However, the rates of 

metal exchange observed in cells could be explained by an associative mechanism using the 

polydisperse buffer of the cytosol (113,114). 

 Of the four metal exchanges described in this work, the zinc-to-copper and zinc-to-

70Zn exchanges were the fastest, followed by the zinc-to-cobalt and finally the cobalt-to-zinc 

exchange.  The order of the rates of exchange is identical to that observed for the water 

exchange rates of the metal-aqua complexes of 3d transitions metals (3).  Cu2+ has a water 

exchange rate (at 25 °C) of 1×109 s-1, followed by Zn2+ (2×107 s-1), and Co2+ (3×106 s-1).  It is 

interesting to note that the cobalt-to-zinc exchange seems to be quite slow compared to the 
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other three exchanges, with a t1/2 value of 8 min.  However, the lower rate of this exchange 

can be attributed to the different exchange conditions that were applied.  For this exchange, 

equal amounts of Co2+ and Zn2+ were incubated with CoLF, and the results suggest that the 

exchange was simply a consequence of the different affinities for the active site.  In the other 

exchange reactions, the extraneously provided metal was present in excess (≥ 10-fold). 

The two zinc-to-70Zn exchanges (performed with equal quantities of ZnLF and 70Zn2+, 

and with a 10-fold excess of 70Zn2+) provided insight into the mechanism of exchange.  

Because it was hypothesized that exchange occurs via an associative mechanism using the 

inhibitory binding site, the degree of occupation of the inhibitory site should directly 

correlate with the rate of the exchange.  For either of the concentrations of extraneous 70Zn2+, 

the amount of enzyme that is bound by inhibitory zinc can be determined using equation 11 

(derived from equation 10): 

		 (eq. 10) 

 

0		 (eq. 11) 

where  is the total concentration of (extraneous) zinc,	  is the total enzyme 

concentration,  is the dissociation constant of the inhibitory zinc ion, and   is the 

concentration of enzyme to which the inhibitory zinc is bound.  Using the experimentally 

determined  value (28.5 μM, see section 4.3.2), and the concentration for  of 7 μM, 

 was determined by solving the quadratic equation (equation 11).  The occupancy of the 

inhibitory site was then determined using equation 12:   

	100% (eq. 12) 
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In the case of the zinc-to-70Zn exchange with 7 μM 70Zn2+ ( ), the occupancy of 

the inhibitory site was 17%, whereas for the exchange with 70 μM 70Zn2+, the occupancy was 

70%.  The ratio of these two values (70% / 17% = 4.1) closely reflects the ratio of the amount 

of exchange (N value) determined by ICP-MS (see Table 4.3) (0.79 / 0.25 = 3.2).  This result 

would suggest that the level of occupation of the inhibitory site is a good indicator of the rate 

of exchange, supporting the hypothesis that exchange proceeds through occupation of the 

inhibitory site. 

 

5.2 Metal inhibition 

Studies with respect to the influence of Co2+ on LF activity revealed that inhibition 

occurs in the low millimolar range.  Although the inhibition observed can partly be attributed 

to the high ionic strength, it is clear that Co2+ itself has an inhibitory effect on LF.  The 

nearly 103-fold decreased affinity for Co2+ to the inhibitory site (IC50 ~10 mM, compared to 

12 μM for Zn2+ and 15 μM for Cu2+) is similar to the decreased affinity for Co2+ in the active 

site (84).  This is consistent with the Irving-Williams series which predicts Co2+-complexes 

to have much lower stability than the same complexes formed with Zn2+ and Cu2+ (7).  

Requiring such high levels of Co2+ for the inhibition would make this phenomenon 

biologically irrelevant, since the concentration of free Co2+ in cells is not expected to ever 

exceed 100 pM (1,114). 

 The mechanism of inhibition that Zn2+ exerts on ZnLF has been experimentally 

determined to be non-competitive.  Interestingly, this observation is supported by results of 

the zinc-to-copper exchanges in LF after 10 s of exposure of the enzyme to Cu2+, studied 

with both standard activity assays and under stopped-flow conditions.  While the enzyme was 
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pre-exposed to Cu2+ (for 10 s) prior to the addition of S‐pNA in the standard activity assay, 

ZnLF was exposed to Cu2+ and substrate simultaneously in the stopped-flow studies (i.e., 

there was no pre-incubation of LF with Cu2+).  Interestingly, the exchange progress after 10 s 

of the initiation of the (stopped-flow) reaction (38%) was virtually identical to that 

determined for the standard activity assay (37%) (see section 4.2.3).  This result suggests that 

substrate binding does not impede the exchange process, and thus does not interfere with 

inhibitory site binding (as would be expected for non-competitive inhibition). 

The fact of having Zn2+ acting as a non-competitive inhibitor is somewhat at odds 

with what has been observed for related zinc enzymes, including thermolysin and 

carboxypeptidase A.  For both of these enzymes, the mechanism of inhibition has been 

determined to be competitive (60,65).  As mentioned previously, in the case of these two 

enzymes, the competitive inhibition occurs because the inhibitory Zn2+ is bridged to the 

active site Zn2+ ion by the water molecule that is used in the hydrolytic cleavage of the 

substrate.  This interaction between inhibitory and active site Zn2+ ions blocks the entry of 

the substrates to the active sites.  Hence, substrate and inhibitory Zn2+ binding are mutually 

exclusive (competitive inhibition).  Because the inhibitory site in LF is predicted to be 

located immediately adjacent to the active site, it would intuitively suggest that the mode of 

inhibition is competitive.  However, this is clearly not the case.  The non-competitive nature 

of the inhibition, hence suggests that the inhibitory Zn2+ is coordinated to amino acid 

residues not directly involved in substrate binding, and that there is no steric hindrance 

between the two. 

 LF is not the only zinc-dependent enzyme that is non-competitively inhibited by Zn2+.  

A very similar situation has been observed for botulinum neurotoxin serotype A (BoNT A).  
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motif to bind zinc, with a dissociation constant of 500 fM (44).  Excess zinc inhibits DPP III 

with a KI of 10 µM (44), which is very similar to the KI value for Zn2+ and Cu2+ inhibiting 

LF. 

 Non-competitive inhibition has also been observed for metal ions with several other 

unrelated metalloproteins.  For example, urease, a nickel-dependent amidohydrolase, uses 

two Ni2+ ions in its active site.  This enzyme is non-competitively inhibited by Cu2+, Ni2+, 

Pb2+, and Co2+ in the low micromolar range (KI values ranging from 5 to 30 µM) (118).  

Another example where non-competitive inhibition is observed is CphA from Aeromonas 

hydrophila.  This Zn2+-dependent β-lactamase is non-competitively inhibited by excess Zn2+ 

in the low micromolar range (71).  Phosphoglucomutase, an enzyme that catalyzes the 

interconversion of glucose 1-phosphate and glucose 6-phosphate, uses Mg2+ in its active site.  

This enzyme is non-competitively inhibited by Cu2+ by binding at an inhibitory site (119).  In 

summary, although competitive Zn2+ inhibition is what has been observed for thermolysin 

and carboxypeptidase A, two proteins related to LF, there is precedence for metalloproteins 

to be non-competitively inhibited by metals, even when the two metal binding sites are 

located in close proximity. 

  

5.3 Terbium studies 

 Several important properties of LF were elucidated from the terbium studies.  The 

first was that Tb3+ apparently binds in the vicinity of the active site.  This was demonstrated 

by the data from the tyrosine-sensitized terbium luminescence studies.  If the Tb3+ binding 

site were to be independent of the Cu2+ binding site, addition of Cu2+ to Tb3+-supplemented 

apoLF would have had no effect on the luminescence signal emitted by Tb3+.  However, the 
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effect of Cu2+ addition was quite profound, with a drastic decrease of the luminescence 

proceeding in two phases (see Fig. 4.12 and Fig. 4.13).  The first phase, between 0.25 μM 

and 6 μM Cu2+, likely originates from Cu2+ insertion into the active site.  If the inhibitory site 

is located adjacent to the active site, Tb3+ would bind to apoLF in the vicinity of Tyr728, 

which would give rise to the high intensity of the luminescence when the lanthanide binds to 

the apoprotein.  The first phase of the Cu2+ titration appears to decrease the luminescence 

signal to a level similar to that observed for CuLF in place of apoLF (see Fig. 4.14).  The 

notion of Tb3+ interacting with a site vicinal to the active site is reinforced by additional data 

from ICP-MS measurements using apoLF (section 4.4), where the amount of 70Zn2+ taken up 

by apoLF was determined to be decreased by 50% when LF was pre-exposed to Tb3+.  

Occupation of the active site with Cu2+ caused a large decrease in Tb3+ luminescence.  Prior 

to the addition of Cu2+, there was a 75-fold enhancement of the luminescence signal at 543 

nm with respect to the signal of extraneous Tb3+.  A similarly high luminescence 

enhancement factor has been observed in transferrin when Tb3+ is directly bound to 

tyrosinate (120).  It is proposed that Tb3+ directly binds Tyr728 in its deprotonated form in 

apoLF, thus resulting in highly efficient energy transfer.  At 10 μM Cu2+ (when the active 

site is fully occupied with Cu2+), this enhancement was only 10-fold.  Therefore, the sharp 

drop in luminescence appears to be the result of Cu2+ (by binding to the active site) forcing 

Tb3+ to migrate away from its original position, causing the cleavage of the Tb3+-Tyr728 

bond.  The increase in distance between Tb3+ and Tyr728 would likely result in the 

protonation of tyrosinate, hence, leading to a decrease in the efficiency of FRET.  To ensure 

that the pronounced reduction in luminescence was not due to a spectral overlap between 

Cu2+ absorption and Tb3+ luminescence (a feature observed in Tb3+-containing cobalt 
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thermolysin (93)), a titration was conducted with Zn2+ in place of Cu2+.  At 10 μM Zn2+, the 

luminescence enhancement factor was 8.5-fold (relative to extraneous Tb3+; data not shown), 

a value comparable to that obtained for Cu2+ (10-fold enhancement).  Since Zn2+ is 

spectroscopically silent, and hence a spectral overlap between Tb3+ luminescence and Zn2+ 

absorption is not possible, the nearly identical luminescence enhancement with Zn2+ and Cu2+ 

rules out that the Cu2+-induced decrease in luminescence intensity is a result of FRET. 

The second phase of the apoLF titration, between Cu2+ concentrations of 6 μM and 

100 μM, showed a much more gradual decrease in luminescence (see Fig. 4.12 and Fig. 

4.13).  The strength of the signal approached that of extraneous Tb3+ at 100 μM Cu2+.  This 

second phase appears to originate from the binding of Cu2+ to the inhibitory site, thus 

displacing Tb3+ completely from LF.  Indeed, at 100 μM Cu2+, a near full occupation of the 

inhibitory site by Cu2+ is expected due to the relatively high affinity of Cu2+ for this site  

(IC50 = 15 μM) (85). 

 Another conclusion that can be drawn from the Tb3+ studies is that occupation of the 

inhibitory site appears to be a step required for the metal exchange process.  This was 

demonstrated by the zinc-to-70Zn exchange conducted in the absence and presence of Tb3+ at 

inhibitory concentrations (150 μM).  Without Tb3+, the number of exchanged zinc ions (N 

value) was 0.79 compared to 0.61 when Tb3+ was present.  Because Tb3+ will not strongly 

compete with 70Zn2+ for the active site, the difference in N values can be attributed to a 

competition between Tb3+ and 70Zn2+ for the inhibitory site, hence slowing down the metal 

exchange process.  Although the concentration of Tb3+ was over 2-fold higher than that of 

70Zn2+   ([Tb3+] = 150 μM; [Zn2+] = 70 μM), the fact that the latter ion binds more tightly to 
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the inhibitory site (as evidenced by its 2-fold lower IC50 value (83,85)) explains why the 

zinc-to-70Zn exchange still proceeds at a relatively rapid rate (N = 0.61 after 10 s). 

 

5.4 Proposed link between inhibition and exchange 

 In order to substantiate the link between metal inhibition and exchange, a closer look 

at the active sites of LF and thermolysin in its Zn2+-inhibited form is warranted.  As Fig. 5.2 

shows, the active site Zn2+ is coordinated nearly identically in these two proteins (using the 

HExxH motif).  In thermolysin, the inhibitory zinc is coordinated to a histidine residue 

(His231) and a tyrosine residue (Tyr157).  In LF, the two most proximally located amino 

acids that do not coordinate the active site Zn2+ are Tyr728 and Glu687.  It is proposed here 

that these residues might be critical in the coordination of the inhibitory Zn2+ in LF.  The 

results of the tyrosine-sensitized terbium luminescence studies show that the inhibitory Zn2+ 

must be located near the active site, and being coordinated to these residues would fulfill that 

requirement.  This location of the inhibitory binding site would also explain the strong 

luminescence emitted by Tb3+. 

Interestingly, the literature shows that mutation of Tyr728 to alanine results in an 

enzymatically inactive protein that has a decreased zinc content (from 2 Zn2+ per LF to 

approximately 1 Zn2+ per LF (121)).  If this is correct, it is feasible that the removal of this 

tyrosine residue prevents the second (inhibitory) zinc from binding LF, leaving only the 

active site zinc in the protein (hence explaining the decrease from two Zn2+ per LF molecule 

to one).  This would clearly suggest not only that the inhibitory site is directly adjacent to the 

active site, but also that Tyr728 is important in the coordination of the inhibitory metal. 
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metal binding site to solve the apparent paradox of LF exhibiting  rapid exchange kinetics 

despite the high metal affinities. 
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6. Conclusions and Future Work 

 The studies presented in this thesis provide insight into the high kinetic lability of the 

active site metal ion of LF despite its low dissociation constant.  In addition, a proposal for 

the mechanism of metal inhibition and exchange were put forward.  From the results 

presented, the following can be concluded: (i) the dissociation rate constants for various 

metallated forms of LF are too small for a dissociative exchange mechanism, and therefore 

an associative route is most likely utilized during the metal exchange process, (ii) the 

exchange process is rapid (with t1/2 values ranging from 5 s to 8 min) and dependent on the 

concentration of extraneous metal, (iii) the level of occupation of the inhibitory site appears 

to correlate with the rate of metal exchange, (iv) Zn2+ exerts its inhibitory effect in a pure 

non-competitive fashion, and (v) Tb3+ competes with Zn2+ and Cu2+ with respect to the 

occupation of the inhibitory binding site.  Combined, these results have led to the conclusion 

that rapid metal exchange in LF proceeds through a vicinal inhibitory metal-binding site.     

Future studies should address the exact nature of the coordination environment of the 

inhibitory metal.  Although Tyr728 is suggested as the primary candidate to be involved in 

inhibitory metal coordination, there is currently limited evidence to support this claim.  X-ray 

crystallography with Zn2+-soaked crystals of LF, and mutational studies replacing amino acid 

residues that could potentially form an inhibitory metal binding site are possible methods to 

gain further insight.  Furthermore, tyrosine-sensitized terbium luminescence spectroscopy 

could be used to probe the interactions of Tb3+ and other metallated forms of LF (other than 

CuLF examined in this thesis) to determine if similar effects on lanthanide luminescence are 

observed.  Finally, because the metal exchange mechanism described here for LF might also 

be operative in a large number of zinc-dependent proteases, similar work should be 
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performed with proteins such as thermolysin or carboxypeptidase A, which have properties 

similar to those of LF (e.g., rapid metal exchange kinetics, high active site metal affinity, an 

inhibitory metal binding site located adjacent to the active site). 

In conclusion, this work has provided a framework designed to explain how metal 

exchange and inhibition occur in LF.  This work may have implications in improving 

protocols to prepare metal-substituted metalloproteins (for spectroscopic studies), as well as 

to provide insight into how cellular metal pools remain dynamic at low metal concentrations 

in vivo.  
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