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ABSTRACT 

Determining the conformational dynamics of enzymes as they undergo catalysis has been 

challenging for decades due to the short timescale and limitations of traditional analysis, 

including techniques such as CPMG 2D NMR and X-ray crystallography. Herein is the study of two 

proteins: TEM-1 -̡lactamase, the most common enzyme responsible for the hydrolysis of 

antibiotics in gram-negative bacteria, and yeast alcohol dehydrogenase (YADH), responsible for 

facilitating the hydride transfer to NAD+ for energy production in prokaryotes. In the catalysis of 

both antibiotics and NAD+ reduction the specific residues involved in each binding mode remain 

under debate. By using a microfluidics workflow and an adjustable reaction volume, time 

resolved HDX experimentation was used to monitor deuteration events concurrently with 

catalytic activity on the millisecond to second timescale. Native mass spectrometry enabled 

studies into binding affinity and monitoring of substrate inactivation on a measured time course. 

Ion mobility mass spectrometry (IM-MS) was used to provide definitive MS/MS results for protein 

coverage and prov ide spatial resolution for all protein/substrate complexes. Additionally, 

collision induced unfolding (CIU) within the ion mobility cell provides a comparative binding 

affinity scale for the inhibitory drugs used in the study of TEM-1. Using this wide range of 

analytical techniques facilitated important discoveries including the isolation of specific residues 

of TEM-1 mapped to their involvement in different binding modes during catalysis, and 

subsequently the differentiation in inactivation pathways depending on substrate concentration 

and type. Further work has isolated residues involved in the turnover event of NAD+ along with 

residues that display a significant decrease in dynamics with the catalysis of deuterated ethanol 

compared to the non-deuterated ethanol.  
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1. Introduction 

1.1 Mass Spectrometry 

Mass spectrometry is the science of measuring atomic mass, first reported in the early 20th 

century by J.J. Thomson. Thomson was the first to report on isotopes and the electron, thus 

advancing our knowledge of atomic masses and generating a new field of science. ThomsƻƴΩǎ 

work was greatly influenced by the earlier work of Wilhelm Wien1, who decades earlier 

discovered that particles within a cathode ray would deflect under the influence of an electric 

field with a velocity proportional to the mass of the particle.  Wien proposed that the angle and 

velocity of deflection within the cathode ray is only reproducible by particles of identical mass, 

thus generating a new field of science with high mass specificity.  

The field of mass spectrometry has ballooned in the last century with great advancements made 

in ionization methods and mass detectors, that lower the limit of detection and increase the mass 

sensitivity of the instruments, making mass spectrometry a vital component of analytical 

chemistry2. Mass spectrometers can now be used at atmospheric pressure and with soft 

ionization methods that do not destroy the sample using two methods: matrix assisted laser 

desorption ionization (MALDI)3 and electrospray ionization (ESI)4. Both techniques are 

considered relatively gentle, as the species under study is not degraded during the ionization 

process and entrance into the instrument.  

 

1.1.1 Electrospray Ionization (ESI) 

Due to the gentler nature of ionization, electrospray ionization is often used in biological sciences 

as a method that can analyze proteins at physiological conditions. ESI-MS is extremely useful in 
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the field of catalysis, as it allows for immediate on-line analysis of a reaction as it is occurring. 

This could prove to be crucial for the determination of enzyme-catalyzed products5. Due to the 

formation of multiply-charged ions during ESI, this technique is especially useful in the detection 

of high mass analytes on instruments with limited m/z range6,7. ESI was a technique popularized 

by John Fenn8 as a means of  creating a link between liquid chromatography and traditional 

gaseous mass spectrometry analysis. In brief, a sample is vaporized at the ion source by being 

passed through a heated capillary with an electric potential applied, often with the addition of a 

volatile solvent to aid in protonation or deprotonation of the species9,10. A potential difference 

of a few kV is supplied between the capillary needle and the chamber walls of the mass 

spectrometer (the counter electrode)7. The potential applied at the capillary can be either 

positive or negative. In positive ion mode, the positive charge applied to the capillary causes the 

negatively charged ions participating in the electrochemical reaction to flow towards the capillary 

walls, generating a solution with primarily positively charged ions along the capillary axis and the 

negatively charged analytes are along the capillary walls. With this concentration of charged ions 

along the capillary axis, there is an accompanying decrease in pH and formation of positively 

charged analyte ions from a neutral analyte due to the interaction with solvent (usually H3O+) as 

the solution nears the tip of the capillary: 

        ὓ Ὄ ᴼ ὓ ᾀὌ                                                 (1) 

Where M is the analyte and z is the number of charges/protonation events occur during the 

formation of the analyte ions. The composition of the charged liquid will be altered to contain 

mostly positively-charged ions (in the case of a positive voltage applied to the capillary) primarily 
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due to the redox reactions occurring at the metal-liquid capillary interface where negative 

potential has built up11,12.  

There are a couple of methods to prevent the charge imbalance buildup that occurs with 

positively charged ions exiting from the capillary tip during electrospray13. If the spray capillary is 

metal, the metal could be ionized and causing a release of electrons to the electrode (equation 

2). Another potential redox reaction would be the removal of negatively charged ions present in 

solution with an oxidation reaction at the metal surface (shown below for aqueous solutions, 

equations 3 and 4)7,14: 

                                                                ὓ ᴼὓ ςὩ                                                    (2) 

τὕὌ ᴼὕ ςὌὕ τὩ                                           (3) 

                                                          ςὌὕᴼὕ τὌ τ Ὡ                                              (4) 

The reaction displayed in equation 2 is dependent on the material of the metal electrode, with 

the dominant reaction between equations 3 and 4 dependent on the lowest oxidation 

potential12,13. With a voltage applied to the capillary generating an electric field, an 

inhomogeneous distribution of charged species will occur. Ions  inside the spraying capillary are 

subjected to the electric field (Ec) calculated by Loeb15: 

Ὁ                                                                   (5) 

Where Vc is the applied potential, rc is the outer radius of the capillary and d is the capillary tip-

counter electrode distance11. The energy required for onset of instability in the Taylor cone (Eon) 

that causes electrospray can be related to equation 5 is given below16: 
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                                                               Ὁ
Ⱦ

                                                             (6) 

Where ‎ is the surface tension of the liquid, — is the half-angle of the liquid cone at the capillary 

tip and ὶ is the inner radius of the capillary. To determine the voltage required for electrospray 

to occur, equations 5 and 6 can be combined. For example, if we substitute  —=49.30 and ‐= 

8.8x10-12 J-1c2m-1, we get the following simplified equation to determine the capillary voltage for 

the onset of electrospray: 

                                                       ὠ  ςὼρπ‎ὶ ȾÌÎ                                                 (7) 

Ionization of the liquid sample for generating gas phase ions can be split up into three steps: 

nebulization of the liquid sample at the capillary tip, vaporization of neutral solvent molecules 

and ion evaporation of the remaining solvent from the charged droplet7,9,10,17. This positively 

charged solution has repulsive interaction within the capillary, and the strong electric field 

propels the liquid phase ion towards the liquid gas interface, generating a spray of randomly 

charged droplets at the capillary and forming a Taylor cone at the tip (nebulization)9,10,18.  

Charged droplets are ejected and begin to evaporate at the Rayleigh limit (where surface tension 

is equal to coulombic repulsion) and emit as a spray4. Vaporization of the neutral solvent 

molecules and volatile solute (such as ammonium acetate) through desolvation by a 

counterflowing gas causes the radius of the charged droplets to decrease, generating a higher 

field strength at the surface of the charged droplets9,17. These highly charged parent droplets 

travel towards the mass spectrometer, where with increasing repulsion due to increased surface 

charge density and decrease in droplet radius they break apart by fission into progeny droplets 

of various charges4,7,11. The ion stream then enters the ion source at atmospheric pressure, with 
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a gradual reduction in pressure as the ion stream travels through various quadrupoles towards 

the mass analyzer19.  

 

Figure 1.1 Magnification of Electrospray Ionization Droplet Formation in Positive Ion Mode. The 

analyte solution flows through a metal capillary with an electric potential applied. Positive ions 

are repulsed away from the capillary, generating a Taylor cone of positively charged species at 

the tip. When the columbic repulsion exceeds the surface tension of droplets formed, progeny 

droplets are ejected from the large droplets, generating a cycle of fission events. Having a volatile 

solvent along with fission events allows for efficient evaporation of solvent around the charge 

analyte molecules, as the spray droplet size is reduced from µm to nm before entering the mass 

spectrometer (grey box, right) that is the counter electrode of this electrochemical reaction. 

Image depicts at Waters Q-ToF mass spectrometer with a Z-spray ion source. The analyte enters 

into the mass spectrometer orifice where the ion beam is collimated (yellow outline) with 

decreasing pressure as the neutral gas molecules are pumped out of the mass spectrometer by 

the curtain gas.  
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1.1.2 Nanoelectrospray Ionization (nanoESI) 

Nanospray ionization has benefitted protein mass spectrometry considerably. As shown in 

equation 7, the radius of the capillary used in electrospray is linearly proportional to the voltage 

required for spraying to occur. With a smaller radius, the voltage required for ionization is also 

decreased, providing gentler desolvation conditions that can allow for less volatile solvent 

systems17. In addition, a reduction in flow rate within the capillary originally reported an increase 

in desolvation efficiency as 510 times higher with a nanoESI source equipped, likely due to a lower 

potential for clustering and a reduction in curtain gas20. By using a nanoelectrospray source we 

expand the possibilities for physiological conditions at the source and an analysis of non-covalent 

complexes21.  

 

1.1.3 Mechanism of Electrospray Ionization  

In contrast with the electrochemistry occurring at the capillary during electrospray ionization, the 

ionization of the gas phase ions is in free space and can be generated through various 

mechanisms. The ambient gas pressure during ionization is necessary for supressing electric gas 

discharge and maintaining the temperature of the droplets are they undergo continuous 

evaporation12. The manner in which the soft ionization of proteins and other analytes occurs has 

been subject to considerable study, with three prevailing theories as to how the desolvated 

analyte is produced: the charged residue mechanism (CRM), proposed by Dole22;  the ion 

evaporation model (IEM), proposed by Iribarne and Thomson23; and the third theory of the chain 

ejection model (CEM), proposed by Konnermann24. In the CRM, a charged droplet containing one 
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ion within a liquid droplet is expelled through coulombic fission or goes through complete 

evaporation of the liquid exterior in a cycle until the ion remains with little to no solvent12,25. The 

relationship between the charge of the ion and the size of the droplet must not exceed wŀȅƭŜƛƎƘΩǎ 

limiting charge and can be calculated using the following equation: 

                                              Ὡᾀ  ή Ὑ ψ“‎‐Ὑ                                                 (7) 

Where ή ƛǎ wŀȅƭŜƛƎƘΩǎ ƭƛƳƛǘƛƴƎ ŎƘŀǊƎŜ ŦƻǊ ŀ ŘǊƻǇƭŜǘΣ ‎ is the surface tension of the solvent, and 

Ὑ is the radius of the large ion. Progeny droplets undergoing evaporation and coulombic ejection 

from parent droplets will have charges lower than ή (70-100%)6,25. 

In contrast to the coulombic repulsion and ejection model of CRM, IEM predicts that low 

molecular weight species will be ejected from the droplet due to the high electric field caused by 

excess charge carriers in the droplet and coulomb repulsion between cationic side chains and 

therefore acquire charge locally, likely with a smaller charge than would be produced by CRM6,24. 

Droplets shrink by evaporation until the field strength is large enough for ions to be ejected from 

the droplet. The energy associated with the large electric field is sufficient to compensate for the 

energy required for the solvated ion expulsion26.  

More simply, the difference between these two theories can be isolated to the method in which 

the analyte molecules separate from each other and the droplet: for IEM, a single analyte is 

present per solvent droplet and will desorb into the gas phase and reduce the coulombic 

repulsion of the droplet. In CRM, this analyte ejection occurs through multiple fission events until 

only one molecule of analyte is present in a droplet11.  
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The CEM theory can be described as a combination of the original two proposals, in that the 

behaviour of the macromolecular analyte is dependent on ƛǘΩǎ ŎƻƴŦƻǊƳŀǘƛƻƴ; species that are 

unfolded or hydrophobic will exhibit IEM-like ejection, while polymers that are folded or 

hydrophilic will behave like the CRM model6.  As protein is unfolded, the polarity of the 

macromolecule changes from hydrophilic to exposing the primarily hydrophobic core, causing 

the polymer chain to migrate towards the droplet surface for ejection due to the electrostatic 

repulsion24,27. The main difference between the CEM and IEM is the way ejection from the solvent 

molecule occurs. For the IEM, the species will acquire charge locally as it is ejecting. In the CEM, 

the species will be ejected in a sequential manner, one charged residue at a time. This generates 

a higher charge on the species than by IEM alone26.  

Bearing these models in mind, native globular proteins are believed to follow the CRM, as 

charged polar residues would be facing the solvent and more susceptible to fission events24, 

while smaller analytes follow the IEM, driven by hydrophobic interactions. The CEM is proposed 

to represent behaviour of proteins under non-native conditions, such as protein unfolding during 

electrospray. 
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Figure 1.2 Electrospray Ionization Evaporation Models. The blue circle represents the charged 

ion, while the larger green circle represents the charged solvent. A) Ion Evaporation Model 

(IEM)23, suggests that low molecular weight species within a droplet will eject and acquire charge 

locally as they exit the charged droplet. B) The Charged Residue Model (CRM)22 proposes that 

the droplet will gradually lose all solvent due to evaporation and the a charged species will retain 

ǘƘŜ ƻǾŜǊŀƭƭ ŎƘŀǊƎŜ ƻŦ ǘƘŜ ŘǊƻǇƭŜǘ ǇǊƛƻǊ ǘƻ ŜǾŀǇƻǊŀǘƛƻƴ όōǳǘ ƴƻǘ ŜȄŎŜŜŘƛƴƎ wŀȅƭŜƛƎƘΩǎ ƭƛƳƛǘƛƴƎ 

charge). Given the same species in solution, the IEM process would produce an ionized species 

of lower overall charge. C) The Chain Ejection Model, which depicts the ejection of an unfolded 

protein, that acquires charge locally as ejection is occurring.  

 

1.1.4 Quadrupole Time-of-Flight (Q-ToF) Mass Spectrometers 

Mass spectrometers with a time-of-flight analyzer are now routinely used for the analysis of large 

macromolecular structures, with increasing use in transmission of high m/z species28ς30. 
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Quadrupole Time-of-flight instruments (Q-ToFs) are able to combine  high sensitivity and mass 

accuracy for precursor and product ions with a small limit on the size of the species, allowing low 

charge states of macromolecules can be examined19. Traditionally, there are 3 quadrupoles (Q0, 

Q1 and Q2) where ion separation and transmission occur, followed by the time-of-flight (ToF) 

mass analyzer at the back end of the instrument.  

A quadrupole mass filter contains 4 parallel and electrically isolated electrodes that generate a 

hyperbolic electric field between them using both RF and DC-fields, causing ions to be focused 

down the quadrupole center. Q0 operates as the ion guide, responsible for focusing the ion 

beam; Q1 is the mass filter, Q2 is the collision cell (utilizing neutral gas molecules) and the ToF 

carries out the mass separation. In a triple quadrupole instrument, Q0 and Q2 are in RF-only 

mode; this helps confine the ion beam of the parent and fragment ions31. This confinement also 

reduces ion motion, slowing down the flow of ions and reducing beam amplitude into the mass 

analyzer, effectively increasing the quantity of ions reaching the analyzer31. When the 

quadrupoles are used as a mass analyzer, they can operate with both RF and DC-voltages applied, 

with the Mathieu parameters of each component (ή  is for the RF-voltage, ὥ  is for the DC-

voltage) calculated using the following equations31: 

                                                       ή   Ƞ  ὥ                                                (8) 

For the RF-voltage parameter (ή ), e is the charge of an electron, ̟ is the angular frequency and 

V is the amplitude. For the DC-voltage parameter (ὥ , Ὗ is the DC-voltage, and ὶ is the radius 

of the quadrupole. When in RF-only mode, the quadrupoles rely only on the ή  parameter, with 

ions that have a ή <0.908 being rejected during the mass filtering31.  
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For tandem MS, the Q1 operates as a mass filter, allowing only the parent ion of interest to pass 

into Q2. Within Q2, the ions undergo collision induced dissociation (CID) after collisions with 

neutral gas molecules (generally argon or nitrogen). After collisions, the ions are again focused 

by the RF-field and re-accelerated into a parallel beam for entrance into the ToF analyzer31. At 

the entrance of the ToF, an orthogonal electric field is pulsed through the ion beam, pushing the 

ions into the accelerating column, where mass separation occurs28. Because the ions are 

accelerated with the same energy, ions with different m/z will acquire different velocities and 

reach the mass detector at different rates.  

In order to avoid spectral overlap of the pulsed ion beams passing through the ToF analyzer, an 

injection pulse at the modulator cannot be applied until after the slowest ion has reached the 

detector at the end of the analyzer. The slowest ions will travel a distance D and have an ion 

beam length ҟl that can be detected, generating an upper limit to the duty cycle of this particular 

m/z value that can be calculated using the following:  

                                                        Ὠόὸώ ὧώὧὰὩ  
Ў Ⱦ

Ⱦ
                                                                   (9) 

Where m/zmax is generated from the flight time that is the inverse of ToF pulse frequency31. Most 

ToF instruments operate with a duty cycle of 5-30%8. The resolution of in a ToF mass 

spectrometer is calculated as: 

                                                     Ὑ  
Ў

 
Ў
 
Ў

                                                            (10) 

Where ҟm ŀƴŘ ҟt are the peak widths measured at half mass and time (respectively), m and t 

are the mass and flight times of tƘŜ ƛƻƴΣ ҟz is the thickness of the ion packet and Leff is the effective 
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length of the ToF analyzer. The relationship between the flight time of the ion and the mass of 

the ion is: 

                                                                ὸ   άȾᾀ                                                           (11) 

Where Uacc  is the accelerating voltage in the ToF31. Although the mass range that a ToF can 

analyze is unlimited in theory, there are practical limitations that arise based on the availability 

of the ion transmission through the quadrupoles, dependent on the RF amplitude28. The highest 

m/z value achievable at the quadrupole of each instrument (Mmax) can be calculated using the 

following equation: 

ὓ
ᶻ

      (12) 

Where Vmcos(2̄ ft) is the applied RF voltage (the oscillation rate of the alternating current) 

applied between rods, f is the frequency (Hz), t is the time of transmission (s) and ro is the inner 

radius of the quadrupoles (m)28. The safest way to increase mass range in a ToF instrument is by 

increasing the frequency, to the detriment of instrument resolution (shown in equations 10 and 

11). For high resolution, a narrow transmission window is required, lowering the amount of duty 

cycles that are carried out by the mass spectrometer.  

Mass spectra for ESI-MS are recorded using a time-to-digital converter (TDC) at the end of the 

ToF channel, with a multiple anode detector as an add on for increasing the dynamic range of 

this ion-counting technique. The TDC records the arrival time of the electric pulse in conjunction 

with the start time of the same pulse, generating a spectrum of arrival times summed over the 

course of the acquisition time.  
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Microchannel plates (MCPs) are another form of detector, that have a flat conversion surface 

area, beneficial for recording large amounts of ion packets (in the y-dimension) in a transient 

manner. They are an analog system that digitizes the ion current.  One significant problem with 

using a MCP as a detector is the time window in which ions hit the detector, as differing degrees 

of penetration will produce a large variation in detection time31. They also do not have a large 

dynamic range, and as such are generally used for MALDI systems.  

 

Figure 1.3 Quadrupole Ion Separation. Ions of various masses (depicted by multiple coloured 

lines) enter through the ion guide (left) in parallel into the quadrupole, which can act as a 

transmission guide (for single MS) or as a mass filter of parent ions (for tandem MS).  The 

quadrupoles are electrodes, with opposing charged rods connected with the same DC voltage 

and RF-field. The applied RF-field generates a potential well that is essential for radially confining 

the ions, providing collisional buffering of ion movement31. Non-resonant ions to the RF-field will 

collapse into the quadrupoles, not passing through to the detector (unlike the resonant ions, in 

blue) of the mass spectrometer.  
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1.2. Ion-Mobility Mass Spectrometry- Introduction 

 

Protein unfolding can be captured using ion-mobility mass spectrometry (IM-MS)32ς34, which 

measures the collisional cross-section (CCS) and drift time of ions passing through the IMS cell of 

a mass spectrometer. Travelling-wave IMS is predated by the drift tube IMS (DT-IMS)33, a method 

of separating ions within the collision cell using a high pressure gas environment and a low-

potential electric field to cause ion separation by size. As ions are passing through the weak 

electric field applied to the drift tube, collisions with inert gas molecules will slow down the 

progress oŦ ƭŀǊƎŜǊ ƛƻƴǎΣ ƎŜƴŜǊŀǘƛƴƎ ŀ ǎŜǇŀǊŀǘƛƻƴ ƻŦ ƛƻƴǎ ǘƘŀǘ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ƛƻƴΩǎ ǎƛȊŜ ŀƴŘ 

shape35. This method has the limitation of having high error associated with comparing to 

literature36. In a drift tube, along with the RF-ion confinement there is also a linear voltage 

gradient, responsible for moving the ions along the cell towards the mass analyzer36. Ions move 

through the drift tube with ion velocity proportional to the electric field: 

                                                                               ὺ ὑὉ                                                                        (13) 

Where v is the ion velocity, K is the ion mobility and E is the electric field. This ion velocity is used 

to calculate the drift time, related to the length of the drift tube by the following equations: 

                                                                         ὸ   ὸ                                                            (14) 

Where ὸ is the drift time and ὸ is the transport time of ions from the end of the drift region to 

the ToF-mass analyzer. Drift time IMS has very low sensitivity due to the pulsing analysis and 

ensuing reduction in duty cycle due to the time lost between measurement of ion packets32.    

 

Within the drift cell, the length of the cell and potential applied can be varied in order to change 

the average amount of collisions with the drift gas. The time for the ionized species to pass 
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through the mobility cell is correlated to the CCS, with species with a smaller CCS travelling faster 

through the countercurrent drift gas because of reduced drag32. The reduced mobility coefficient 

(K0) can be calculated from the following37: 

 ὑ   z  z
Ȣ

                                                       (15) 

Where L is the length of the drift tube (m), P is the pressure (Torr), tD is the average drift time (s), 

T is the temperature (K) and E is the electric field strength (V/m). Equation 15 does not consider 

the charge state of the species within the mobility cell, which would also influence the drift time 

of the charged ion species. The equation for CCS takes the charge state into consideration. 

               ᶻ ᶻ ᶻ                          (16) 

Where z is the charge state, e is the elementary charge (C), T is the temperature (K), kB is the 

Boltzmann constant, mI and mB are the masses of ion and buffer gases (respectively, in kg), and 

N is the neutral gas number density (m-3). With K0 defined in equation 15, and the parameters of 

E, L, P and tD being easily measurable during experimentation, CCS calculations have great 

precision37,38. Using the above calculations, IMS-MS can distinguish species entering the mobility 

cell by size, shape and stability39,40. IM-MS is useful for examining large protein complexes as the 

topography of an ionized complex is sensitive and unique to each sample38,41. Careful 

consideration must be made to optimize the ionization conditions within the mobility cell to 

encourage ion separation but discourage non-covalent complex dissociation, such as reducing 

collisional heating or gas pressure within the collision cell to avoid complex dissociation42ς44.   
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1.2.1. Collision Induced Unfolding Mass Spectrometry 

Collision-induced unfolding (CIU) is a relatively new technique used in analytical and medicinal 

chemistry to provide evidence of comparative binding affinity between protein substrates and 

study unfolding pathways45ς48. The charged ion species is bombarded with neutral gas at 

increasing voltages within the collision cell of the IMS section of the mass spectrometer to 

encourage intermolecular collisions, eventually leading to complete dissociation of the complex. 

When looking at the same charge state across a panel of protein-ligand complexes, unfolding 

transition states can be visualized using heat maps (see figure 1.4 below), which are used to infer 

comparative binding affinity49. 

 

 

Figure 1.4 A schematic of IM-MS is used to differentiate ligand binding to large protein 

complexes on a Synapt G2. A) Panels of collision voltage (V) vs drift time (ms) of the Concanavlin 

! ǘŜǘǊŀƳŜǊ ǿƛǘƘ о ŘƛŦŦŜǊŜƴǘ Ƴŀƴƻǎȅƭ ǎǳƎŀǊǎΥ оʰΣсʰ -ƳŀƴƴƻǇŜƴǘŀƻǎŜ όaрύΣ оʰΣсʰ-mannotriose-

di-(N-acetyl-D-ƎƭǳŎƻǎŀƳƛƴŜύ όaоDнύ ŀƴŘ оʰΣсʰ ƳŀƴƴƻǇŜƴǘŀƻǎŜ-di-(N-acetyl-D-glucosamine) 

(M5G2). Highlight white box is examined on the right. B) Drift times for each complex 

demonstrate the relative stability of each protein-ligand complex. Adapted from Niu et al49. 
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1.2.2. Traveling-Wave Ion Mobility Spectrometry 

On the Waters Synapt G2 instrument, the IMS cell is equipped with travelling-wave (TW-IMS) 

component that significantly increases sensitivity, compared to the traditional drift tube IMS (DT-

IMS) workflow33. The CCS values for TW-IMS are not specifically determined from measured drift 

times as they are in DT-IMS. Instead, they are determined through calibrating ions of interest to 

ions of known CCS values36. This travelling-wave refers to an electric pulse applied to the ion 

guide, causing ion propulsion through the ion guide at a specific radio frequency. This DC 

travelling wave is overlaid over the RF voltage that is already applied to the stack of ion guides, 

causing the ions to be propelled, reducing transit time through the cell32.  
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Figure 1.5 Cross Section of a Travelling-Wave IMS Collision Cell with various CCS50. Ring 

electrodes (in grey) line the collision cell, with a direct current being applied over the typical RF-

ǾƻƭǘŀƎŜΦ ¢Ƙƛǎ ŀƭǘŜǊƴŀǘƛƻƴ ƻŦ ŎǳǊǊŜƴǘ ƎŜƴŜǊŀǘŜǎ ŀ άǿŀǾŜέ ǾƻƭǘŀƎŜ ǘƘŀǘ ƳƻǾes ions through the cell, 

depicted above as a dotted green line. Depending on the size of the ions, they may remain in the 

collision cell after the voltage pulse passes through (high mobility ions, purple and yellow shapes), 

or be pushed out of the cell, travelling with the wave (low mobility ions, red spheres). More 

compact and aerodynamic ions will travel through the collision cell faster, generating lower 

arrival times than bulkier ions or complexes. Further separation and resolution can be obtained 

by increasing the length of the collision cell.  

 

1.3. Hydrogen Deuterium Exchange 

Hydrogen Deuterium eXchange (HDX) is an analytical probing technique that provides a 

relationship between protein function and dynamics by measuring backbone amide deuterium 

uptake with a variety of experiments51. HDX-MS supplements traditional HDX-NMR labelling by 
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being able to label transient intermediates52 and is incredibly useful for studying the 

conformational dynamics of intrinsically disordered proteins53, antibody/antigen binding54 and 

mapping catalytic processes to binding modes55.HDX-MS is particularly useful due to the low 

quantity of protein required and ability to separate heterogeneous mixtures with 

chromatographic systems51. HDX-MS can also be used to study unfolding rates and kinetics, such 

as myoglobin56. For example, Chait and Katta used the HDX technique as a means of probing 

global conformational dynamics of proteins by mass spectrometry as an alternate to the more 

popular solution-phase NMR or circular dichroism, to identify protein intermediates57,58. By 

incubating bovine ubiquitin in deuterium, followed by acidification with deuterated acetic acid, 

they were able to demonstrate an increase in charge state with unfolding after a range of 

incubation times followed by an analysis of the various protein states elucidated.  Currently, HDX-

a{ ƻŦ ǇǊƻǘŜƛƴǎ ƛǎ Ƴƻǎǘ ƻŦǘŜƴ ŎŀǊǊƛŜŘ ƻǳǘ ǘƘǊƻǳƎƘ ŀ άōƻǘǘƻƳ-ǳǇέ ǇǊƻǘŜƻƳƛŎǎ ǿƻǊƪŦƭƻǿΣ 

popularized by Smith59, that entail the following steps: incubation of protein in deuterium, 

followed by an acidic quenching step and proteolytic digestion before entering the ion source of 

a mass spectrometer. Through bottom-up HDX analysis, amino acid-level resolution can now give 

global structural information into protein dynamics60. 
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Figure 1.6 Schematic of a bottom-up proteomics HDX workflow. Protein is displayed with labile 

hydrogens in black. After deuteration, some labile hydrogens have been replaced with 

deuterium, depending on the time of incubation and dynamic nature of the protein. Following 

an acidic quenching step to drastically reduce the rate of back exchange, the deuterated protein 

is digested by proteolytic enzymes, such as pepsin or protease XVIII. Following digestion, the 

peptide mass shifts with and without deuteration are recorded. The relative isotopic distributions 

of peptides with deuteration (bottom left, in yellow) compared to without (bottom left, green) 

demonstrate the amount of deuterium uptake (recorded as a mass increase or as a percentage 

of the overall number of exchangeable hydrogens) on average for that peptide.   

 

1.3.1. Fundamental Theory 

Hydrogen/Deuterium exchange was first theorized by Linderstrom-Lang, who examined the 

deuteration rate of insulin and proposed the theory of protein dynamics and hydrogen exchange 

that we use to this day61,62. In solution there is a constant hydrogen exchange with solvent as 
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protein fluctuates between various conformational states, limited only by the pKa of each 

functional group associated with each amino acid. Main chain amides exchange more slowly than 

other hydrogen groups in the primary structure, and their exchange rate can be easily 

manipulated through temperature and pH variation to be measurable on a ms-s timescale63ς65. 

HDX can be carried out in acidic or basic environments. The acid-catalyzed exchange being 

facilitated through an amidate mechanism66,67 while the base-catalyzed mechanism operates 

through N-protonation or O-protonation.  
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Figure 1.7 Schematic of acid (B and C) and base (A)-catalyzed hydrogen/deuterium exchange 

reactions mechanisms with backbone amides. A) Base-catalyzed exchange, where OD- 

deprotonates the amide group, generating an amidate ion which is then protonated by D2O. B) 

Acid-catalyzed exchange, where the N-atom of the amide is responsible for deprotonating D3O+, 

followed by deprotonation of the amide to remove the proton.  C) Acid-catalyzed exchange, with 

the amide O-atom initiating protonation with D3O+, followed by acidification of the NH proton 

and formation of an imidic acid. Adapted from Weis68. 

 

Although the N-protonation mechanism is favoured, the O-protonation pathway is more basic. 

With either type of catalyzed exchange reaction, the rate of back exchange with the solvent is 

limited by a decrease in temperature and pH, with 00 C and a pH of 2.5 providing the slowest rate 

of back exchange69ς71.  
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Figure 1.8 A chevron plot of logkex vs pH for two peptides, poly-D, L-alanine (PDLA) and poly-D, 

L-lysine (PDLL) protium/tritium exchange reactions. The original experiment that demonstrated 

the effect of pH on amide hydrogen exchange rates, showing a minimum rate of exchange in the 

pH range of 2.0-3.0 for both PDLL and PDLA species. Heavy isotope exchange was measured after 

incubation in tritium and column separation to remove excess tritium at fixed time points. 

Concentration of tritiated polymer was measured spectroscopically. Adapted from Englander and 

Poulsen69. 
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As shown in the original work of Englander and Poulsen, in the pH range of 2.5-3.0, acid and base-

catalyzed exchange mechanisms have approximately the same rate (see figure 1.8) for proteins 

(and peptides)68,69. Below pH 2.0, exchange reactions are primarily acid-catalyzed, while above 

pH 3.0, base-catalyzed exchange is most common. Therefore at physiological conditions (pH 7) 

the base-catalyzed mechanism is favoured68. By reducing the pH of the solution after the 

deuteration event, the rate of exchange will decrease by up to 4 orders of magnitude, making an 

acidic quenching step ideal for efficient and accurate HDX analysis68,69. In general, protein 

dynamics are thought to fluctuate between several conformations, with the most simplistic 

ƳƻŘŜƭ ƻŦ ŘŜǳǘŜǊŀǘƛƻƴ ŜǾŜƴǘǎ ŘŜǇƛŎǘƛƴƎ ŀ ǊŀǘŜ ƻŦ άƻǇŜƴέ ŀƴŘ άŎƭƻǎŜŘέ ŎƻƴŦƻǊƳations, referring 

specifically solvent accessibility for deuteration events to occur with main chain amide groups. 

ὔὌ
ự

ự
ὔὌ ὔὈ                 (17) 

Where kop is the rate of protein unfolding/opening, kcl is the rate of folding/closing and kch is the 

chemical exchange rate (dependent on experimental conditions)64. Under steady state 

conditions, the rate can be calculated with the following equation63: 

   Ὧ                   (18) 

Assuming a stable structure (kcl >> kop), equation 18 reduces to: 

           Ὧ                 (19) 
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There are two other conditions for protein dynamics to take into consideration. For a bimolecular 

exchange, EX2, it is assumed that the rate of protein refolding is much faster than the exchange 

can occur (kcl >> kch).  

            Ὧ                              (20) 

Under the above scheme, it is assumed that isotopic exchange with backbone amide would be a 

rare event, likely occurring after multiple cycles of fluctuations between open and closed 

formations72. For a monomolecular reaction, EX1, conditions that promote exchange (kch>> kcl, 

high pH, high temperature) simplify the steady state exchange equation even further: 

                                                                        Ὧ  Ὧ                                                                          (21) 

Although both conditions are possible, the EX2 scheme is more common amongst stable 

proteins72 while EX1 is more common with denaturation conditions73. 

 

1.3.2. Pulsed vs. Continuous Labelling Conditions for HDX 

The field of proteomics in mass spectrometry has expanded rapidly in the new millennium, with 

the study of proteins ranging from discovery, to function determination, to molecular medicine74. 

HDX experiments are traditionally carried out with a continuous labelling method, first employed 

in the study of protein unfolding kinetics by measuring changes in charge state through acid 

denaturation75. In brief, protein is exposed to deuterium and the rate of deuteration is measured 

over time as an increase in protein mass72.  This increase in mass over time is an averaging of all 
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the protein dynamics in solution at a specific time, and as such does not identify where 

deuteration is occurring in the global structure68.  

Pulse labelling experiments are typically carried out with quenching steps (by acid or a different 

solvent) and have a known observation time to determine transient intermediate species, with 

minimum reaction times of a few seconds being achievable52,76ς78. The time points selected for 

quenching are longer than the exchange time, allowing for the deuteration to be monitored at 

various parts of the reaction68. The reaction is carried out inside an observation cell, where data 

acquisition begins once the liquid flow is detected and the protein species is no longer at 

equilibrium76. Limitations of this pulsing workflow initially included the inability to observe 

reaction occurring without absorption or fluorescence spectroscopy, which would reduce the 

number of species that could be studied.  

 

1.3.3. Time-Resolved Hydrogen Deuterium Exchange 

Millisecond-second scale HDX was a fortunate byproduct of using a microfluidics workflow to 

interface ESI-MS with an on-line analytical technique. Work by Kern et al with NMR relaxation 

techniques has demonstrated that the dynamics observed on the ps-ns timescale of amide bond 

fluctuation have direct influence on the µs-ms timescale global fluctuations79. Time-resolved ESI 

enables an accurate examination of protein dynamics in solution or gas phase56,80; the ms-s 

timescale is especially useful for monitoring transient intermediate species in pre-steady state 

conditions81, ligand binding82,83, protein unfolding and catalysis75,84.   As data is acquired using 

this kinetic workflow, it is possible to calculate rate constants, turnover number and the 

dissociation constant for a variety of proteins to uncover reaction mechanisms5,85. Coupled with 
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a proteolytic digestion step, many  groups have reported complete protein digestion with a 

variety of samples within a few seconds of incubation86.  

 

 

Figure 1.9 Schematic of the Wilson Group Time-Resolved HDX Capillary Workflow Top) 

Overview of the microfluidics workflow and PMMA chip used for bottom-up HDX analysis. The 

yellow box highlights the magnification shown below. Bottom) An inner glass capillary containing 

the protein sample has a soldered end with a small notch engraved 2 mm away from the edge. 

For continuous labelling HDX, the microfluidics device must have efficient mixing to ensure non-

laminar flow within the microcapillaries.  With this notch, the protein sample is able to flow out 

of the inner capillary into the larger metal capillary, which contains deuterium and mix efficiently. 

With known flow rates, capillary dimensions and fixed reaction volume before quenching, the 

time of deuteration can be easily calculated. After deuteration, the reaction is quenched at a T-

mixer by an acidic solution (right). For experiments involving substrate/ligand binding, 

traditionally the substrate is introduced concurrently with the deuteration event to map 

conformational dynamics specifically to protein: substrate interactions. 
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1.3.4. Microfluidic Devices for Hydrogen Deuterium Exchange 

A reduction in size of any analytical system involving fluid dynamics will have a dramatic increase 

in sensitivity, transportation time to the detector and better resolution87,88. It is with these 

principles in mind that microfluidics devices have been devised for use with an electrospray 

source on a mass spectrometer. ESI-MS carried out on a microfluidics device requires a nL-µL/min 

flow rate, which is ideal for using a nanoelectrospray source. Microfluidics devices could have an 

ESI interface either constructed into the device or protruding outwards, like a metal capillary89,  

or they may have a nanocapillary interface for efficient chromatography simultaneously through 

electrophoresis90ς92. In the past decade, advances have been made to embed proteolytic digest 

within polymeric cells93, reduce the dead volume during analytical separation92,94  and enable a 

nanoLC-chip-MS workflow94.  Additionally within the past year, the Rand group have 

commercialized a microfluidics device for rapid HDX incubation times with quenching and 

deuteration channels built on-line95.   
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Figure 1.10 Schematic of a new generation microfluidics chip.  In this recent advancement to 

the field of microfluidics and sub-second HDX, on-chip deuteration and quenching allows for 

rapid mixing. In addition, thiolene plugs reduce dead volume within the microfluidics channels, 

further reducing the timescale limit for rapid HDX. Adapted from Svejdal et al95. 

 

1.4. Enzymes Producing Antimicrobial Resistance- An Overview 

 

 

1.4.1. Antibiotic Drug Development 

Antibiotics have been used commonly since the discovery of penicillin in the 1929 and have 

ballooned in the pharmaceutical industry96. Antibiotic resistance primarily due to overuse in the 

general population has plagued our advancement in the drug development process due to the 

high mutational rate and adaptability of bacteria along with the emergence of multidrug resistant 

pathogens97ς100. Current medical practices typically combine doses of an inhibitory drug in 

conjunction with an older family of penicillins or cephalosporins to provide effective medical 
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treatment101,102. Resistance is now common among the newest Class 3 antibiotics, signaling the 

end of the ability to effectively eliminate bacteria with current medical practices98,103,104.  

 

1.4.2. Role of Penicillin Binding Proteins in Bacterial Cells 

 

The cell wall in prokaryotes is responsible for maintaining the internal osmotic pressure necessary 

for bacterial life and to facilitate cellular growth105ς107. Penicillin binding proteins (PBPs) are 

transpeptidases responsible for cross-linking peptidoglycan strands in the bacterial cell wall. The 

glycan chains targeted by PBPs are alternating -̡1,4-glycosidic linkages between N-

acetylglucosamine (NAG) and N-acetylmuranic acid (NAM). In the final step of cell wall synthesis, 

the D-ala terminal reside of the NAM sugar is removed108. The acyl-NAM chain then forms amide 

linkage with the terminal L-alanine residue of the peptide L-alanyl- -ɹD-glutamyl-L-diaminoacyl-

D-alanine, generating a peptidoglycan strand107,109. PBPs were first implicated in resistance 

mechanisms in the early 1970s106,  and this theory gained traction with the isolation of an evolved 

PBP (PBP-2a) that had low affinity for penicillins110,111.  



31 
 

 

Figure 1.11 Mechanism of Peptidoglycan Formation by Penicillin Binding Proteins in the Cell. A) 

Acylation of the terminal D-alanine residue of the NAM sugar. B) Nucleophilic attack (likely by a 

conserved Lysine residue) generated a protonation event between the glycans. C) The -̡1,4-

glycosidic linkage is formed, generating a peptidoglycan strand.  Adapted from Fisher et al108. 
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1.4.3. Generation of ̡-lactam Antibiotics 

-̡lactam antibiotics target the cell wall synthesis of gram-negative bacteria by inhibiting PBPs at 

the Ser403 residueΤ  ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ŀƴǘƛōƛƻǘƛŎǎ Ŏƻƴǘŀƛƴǎ ŀ ʲ-lactam core that 

mimics the D-Ala-D-Ala terminus of peptidoglycan chains 103,108,112,113, resulting in a cell that goes 

through structural degradation of the cell wall without the PBPs generating new peptidoglycan. 

-̡lactam antibiotics are the main form of medication in mass production to treat bacterial 

infections for several reasons: they can be produced in high yield, are stable with several 

variations in functional groups and can be derived at low cost108,114,115. This structural uniformity 

across a medical class has made mutational adapǘŀōƛƭƛǘȅ ǘƻ ʲ-lactam drugs straightforward. 

/ƻƳǇƭŜǘŜ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ʲ-lactam antibiotics and inhibitors has been observed in an increasing 

ƴǳƳōŜǊ ƻŦ ƻǊƎŀƴƛǎƳǎΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǿƛǘƘƻǳǘ ƴŜǿ ŀǇǇǊƻŀŎƘŜǎΣ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ʲ-lactam 

drugs may be limited in the long-term116ς119. The newest antibiotic, Avibactam120, is a 

ŘƛŀȊŀōƛŎȅŎƭƻƻŎǘŀƴŜ ƛƴƘƛōƛǘƻǊ ǘƘŀǘ Ƙŀǎ ōŜŜƴ ǇǊƻŘǳŎŜŘ ǿƛǘƘƻǳǘ ŀ ʲ-lactam core. However, its 

effectiveness is still not enough to be ingested alone; it must still be introduced in conjunction 

ǿƛǘƘ ŀƴ ŀŘŘƛǘƛƻƴŀƭ ʲ-lactam antibiotic for full treatment. 

 

1.4.3.1. Differences in Antibiotic Families 

Several families of antibiotics have been studied in experiments with TEM-1 to determine their 

efficacy (measured as a kinetic value of the deacylation reaction), but no experiments have yet 

been able to distinguish the specific amino acid residues involved in the digestion of these 

ǎǳōǎǘǊŀǘŜǎΦ ¢ƻ ƻǾŜǊŎƻƳŜ ʲ-ƭŀŎǘŀƳŀǎŜ ƳŜŘƛŀǘŜŘ ŀƴǘƛōƛƻǘƛŎ ǊŜǎƛǎǘŀƴŎŜΣ ŀ ƴǳƳōŜǊ ƻŦ ʲ-lactam 

drugs, notably the cephalosporins, have been developed that generate inefficiently hydrolyzed 
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acyl-enzyme intermediates and have increased binding affinity within the active site121ς124. Also 

ƛƴ ŎƭƛƴƛŎŀƭ ǳǎŜ ŀǊŜ ʲ-lactamase inhibitors that are not antibiotics in themselves (because they do 

ƴƻǘ ŜŦŦƛŎƛŜƴǘƭȅ ōƛƴŘ t.tǎύ ōǳǘ Ŏŀƴ ƛǊǊŜǾŜǊǎƛōƭȅ ŀŎȅƭŀǘŜ ʲ-lactamases though a series of off-pathway 

ƛƴǘŜǊƳŜŘƛŀǘŜǎΦ ¢ƘŜ ŎǳǊǊŜƴǘ ǇǊŀŎǘƛŎŜ ǿƛǘƘ ΨŎƘŀƭƭŜƴƎƛƴƎΩ ǇŀǘƘƻƎŜƴǎ ƛǎ ƻŦǘŜƴ ǘƻ ǇǊŜǎŎǊƛōŜ ŀ ʲ-

lactamase inhibitor in conjunction with older-generatƛƻƴ ʲ-lactam antibiotics, but this approach 

is becoming less and less efficient101,125,126. Ampicillin, cephalexin and potassium clavulanate 

were tested as substrates for mapping conformational dynamics with TEM-1. The penicillin family 

of drugs (which includes ampicillin) has been extensively studied kinetically and have 

comparative data to cephalosporins, but there has been no reporting on global changes in TEM-

1 conformational dynamics with these drug substrates. Potassium clavulanate, an irreversible 

covalent inhibitor, was used as a negative control to determine the most inactive/closed 

confirmation possible for TEM-1 as it binds in the active site. 
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Figure 1.12 Chemical structures of -̡lactam antibiotics currently on the market. ̡-lactam drugs 

can be split up into 4 families: penicillins, cephalosporins, monobactams and carbapenems. 

Inhibitors also contain the ̡-lactam core but possess weaker antimicrobial activity. Adapted from 

Nordmann et al103.  

 

1.4.4. Evolution ƻŦ ʲ-lactamases 

In an evolutionary response to the appearance of ̡-lactam drugs in the bacterial cellular 

environment, bacteria have evolved proteins known as -̡lactamases, that hydrolyze ̡ -lactams 

before they can inhibit PBPs127ς130Φ aƻǎǘ ŎƭŀǎǎŜǎ ό!Σ / ŀƴŘ 5ύ ƻŦ ʲ-lactamases contain an active 

site serine that is responsible for the hydrolysis of the lactam ring contained within the -̡lactam 

antibiotics120,131,132. This SXXK motif (residues 70-73) is conserved in all Class A -̡lactamases and 
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is the primary site of interest in drug development133. Class B ̡-lactamases are metallo-enzymes 

that coordinate with Zinc ions to effectively hydrolyze the drug substrate125,134,135.  

 

1.4.4.1. TEM-1 ̡ -lactamase Introduction 

Our research is focused on TEM-1, a Class A ̡-lactamase, the most common form found in E. 

coli136. Hundreds of variants have been discovered and present in resistant forms to all drugs of 

the penicillin family and several of the cephalosporins130,137. Due to it's singular binding site and 

the residues involved in the acylation at the active site there has been rigorous study into the 

residues crucial to impart drug resistance138ς141. The reigning consensus is that the omega loop 

(residues 161-179), a structurally conserved SXXK motif (residues 70-73), a general base (Glu166) 

and a series of nucleophiles (Ser70 and Ser130) are the principal regions involved drug binding 

and acylation100,142ς147, along with salt bridges to regions outside the active site148.  Early research 

on TEM-1 successfully crystallized the acyl-enzyme intermediate149 and inhibitor-bound150 states 

which are used throughout as a reference for enzymatic activity. Unfortunately, there is still no 

crystallographic structure of the pre-acylation substrate-bound complex, due to the rapid 

kinetics151. The search for allosteric regions in TEM-1 have yielded some results42ς44, but has yet 

to lead to new drug design.  
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Figure 1.13 TEM-1 crystal structure with 3 drug families used in TRESI -HDX experiments. A) 

TEM-1 crystal structure (PBD: 1BTL) with secondary structure noted. In bold are H2 and H7, the 

regions associated with binding. On the right is the globular structure with H2 and H7 highlighted 

in blue, with the known allosteric binding region (H11) highlighted in purple. B) Chemical 

structure of the 3 drug substrates studied for binding activity, in order of effectiveness against 

TEM-1 activity (left to right).  

 

1.5. Enzymes Involved in Energy Metabolism 

 

1.5.1. Energy Formation in Prokaryotes and Lower Eukaryotes 

 

The electron transport chain is a vital route for aerobic energy production in many organisms. 

The most common pathway for energy production occurs in the mitochondria with the 
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establishment of a proton gradient to generate ATP via ATP synthase. The proton gradient is 

facilitated primarily through two complexes, labelled as 1 and 2. Both complexes 1 and 2 are 

responsible for the transport of electrons to ubiquinone with proton translocation across 

mitochondrial membrane; complex 1 accepts electrons from NADH, while complex 2 accepts 

electrons from FADH2155. Under anaerobic conditions, the oxidation of NADH occurs via the 

reduction of acetyl-CoA by an alcohol dehydrogenase156. Deficiencies in the electron transport 

chain (such as the reduction of NAD+) can lead to a variety of disorders in humans and other 

organisms157, underscoring the importance of studying binding interactions of these coenzymes 

with their enzymatic partners.  

 

1.5.2. NAD+ and NADH Background 

Nicotinamide adenine dinucleotide (NAD) has multiple functions, most importantly as a 

coenzyme for the hydride transfer in alcohol dehydrogenases. NAD is also a substrate for energy 

consumption in a variety of other enzymatic pathways, including ribosyl transferases and 

glycohydrolases158. NAD was discovered as a potential cofactor for yeast alcohol dehydrogenase 

(YADH) in 1906 by Harden and Young, who were examining the fermentation pathway of yeast 

and postulated that some cofactors were required for yeast to generate carbon dioxide through 

this pathway159. The first examination of the redox potential of NAD was investigated by Otto 

Warburg in 1936 as part of his well-known work elucidating the role of oxidation in cells and 

cancer growth160,161. The oxidative properties of NAD+ in the cytoplasm and mitochondrial matrix 

demonstrated that several prokaryotes and eukaryotes operate with similar NAD+/NADH ratios, 

sustainable for efficient redox reactions162. NAD binding domains within dehydrogenases (such 
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as yeast) contain a conserved double -̡ -h -̡ -h  ̡motif163. It is believed that having a long loop that 

encompasses this expanded sheet creates an ideal cavity for the insertion and binding of the 

adenine ring in NAD+. YADH requires NAD+ as a cofactor for substrate binding to initiate catalysis;  

binding of NAD+ at the C-terminal end forces the enzyme into a more closed configuration to 

force ethanol and NAD+ to react via a zinc ion and a narrowing of the interdomain space164. 

 

 

Figure 1.14 NAD+-facilitated Ethanol Oxidation. The ability of NAD+/NADH to participate in a 

reversible redox reaction makes the cofactor vital to many different enzymatic pathways in lower 

eukaryotes and prokaryotes.  
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1.5.3. Yeast Alcohol Dehydrogenase 

Yeast Alcohol Dehydrogenase (YADH) is the primary enzyme responsible for the reduction  of 

acetaldehyde to ethanol during the glucose fermentation process in prokaryotes and some lower 

eukaryotes165. There are multiple isoforms and isozymes present in a variety of prokaryotes and 

eukaryotes (YADH contains 3 forms166), the principal form being ADH1. Composed of 347 amino 

acid residues, ADH1 YADH has a dynamic quaternary structure and require two cofactors for 

catalysis. Each monomer of YADH contains 2 zinc ions, 1 involved in catalysis (either through a 

tetra- or penta-coordination with a water molecule167) and 1 that maintains structural stability 

away from the active site165. In yeast, the tetrameric form is favoured. Although the tetramer is 

composed of 4 identical subunits, their configuration in quaternary form is different: subunits A 

and C maintain a closed configuration with bound NAD+, while subunits B and D remain open 

with no bound NAD+.  

 

1.5.3.1. Hydride Transfer and Tunneling 

Enzymes accelerate the rate of reaction by stabilizing the transition state complex168. Typically in 

catalysis, reactions follow the transition state theory developed by Pauling169, where a minimum 

activation energy must be obtained before a chemical reaction occurs to produce products with 

a lower, more stable ground state energy170. Tunneling thwarts this assumption, by producing a 

chemical reaction (the hydride transfer) without attaining the minimal energy of the activation 

barrier. This is achievable due to the small mass of hydrogen, a short distance between reacting 

species and a minimal energy barrier171. Given the small size of hydrogen and the short distance 

between the hydride donor and acceptor, quantum mechanical behaviour is predicted on the 
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angstrom scale171ς173. Yeast alcohol dehydrogenase provided the first example of hydride 

tunnelling being observed in a macromolecule, first observed by Cha et al174. Hydride transfer is 

occurring between the alpha carbon of the alcohol present (typically ethanol) and the C4 atom 

of the nicotinamide ring in NAD+. The NAD+ molecule may undergo a conformational shift into 

boat conformation to help increase the molecular orbital overlap and decrease the potential 

energy barrier observed in this reaction175. 

 

1.5.4. Kinetic Isotope Effect on Catalysis of Yeast Alcohol Dehydrogenase 

The Kinetic Isotope Effect (KIE) is used to identify the highest energy transition state in catalysis, 

and can help distinguish between concerted and stepwise mechanisms176. To help understand 

the hydride transfer mechanism, several researchers have mapped the KIE of protium and 

deuterium in this catalysis to quantify the remarkable isotopic dependence observed177ς179. The 

primary KIE relates to the hydride transfer, while the secondary KIE is due to the aldehyde 

product remaining in the active site. The KIE of YADH was first reported by Cho and Northrop, 

who demonstrated the effect of pressure on catalytic efficiency180. 

 

1.5.5. Mechanism of Catalysis 

The bi-bi mechanism of this redox reaction was originally proposed by Dickinson and Monger181. 

They proposed two steps to the YADH catalytic cycle: binding of the ethanol and the reduction of 

NAD+ to NADH, followed by the release of NADH from the binding site. The reduction step that is 

ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ƘȅŘǊƛŘŜ ǘǊŀƴǎŦŜǊ ƛǎ ǘǊŀŘƛǘƛƻƴŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ άōǳǊǎǘέ phase of catalysis, while 

ǘƘŜ άƭŀƎέ ǇƘŀǎŜ ƻŦ Ŏŀǘŀƭȅǎƛǎ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ǘǳǊƴƻǾŜǊ ŀƴŘ ǊŜƭŜŀǎŜ ƻŦ b!5I ŦǊƻƳ ǘƘŜ 
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enzyme171. HDX experiments have attempted to isolate the local dynamics of this burst phase 

with limited results, as the reactions have not been conclusively proven to give observable 

conformational changes on the catalytic timescale171.  

 

 

Figure 1.15 Yeast Alcohol Dehydrogenase Bi-bi Mechanism of the Catalytic Cycle In order for 

the redox reaction to occur, the enzyme must have NAD+ bound as a cofactor prior to ethanol 

binding. Adapted from Liuni et al178. 

 

1.6. Research Objectives 

Medicinal chemistry is constantly adapting to a changing microbial environment that presents 

increasing challenges as new resistance mechanisms develop and drug candidates have limited 

experimentation done on a catalytic time scale to deduce residue-localized binding effects. Using 

time-resolved microfluidic devices, herein we demonstrate the impactful utility of millisecond-

scale HDX on determining conformational dynamics of enzymes as they participate in substrate 
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hydrolysis or redox reactions. Chapters 2-4 all employ millisecond-timescale HDX, with Chapter 

3 also uses the CIU technique and Chapter 4 examines global HDX rates of catalysis to determine 

the effect of deuteration on hydride transfer. 

Chapter 2 examines the contribution of binding modes to catalytic steps in TEM-1 ̡ -lactamase 

and how time-resolved millisecond HDX can be enabled to identify these specific residues during 

the hydrolysis of three different classes of antibiotics. 

Subsequently, in Chapter 3 we further investigate the inhibitory mechanism that is induced 

during the rigidification process of TEM-1 to help understand the potency of each inhibitory drug 

and present a more comprehensive binding affinity scale based on CIU-MS and local HDX results.  

Chapter 4 examines the residue-specific impact of deuterium incorporation into the reduction of 

NAD+ to NADH via YADH and ethanol, and how this allosterically impacts the quaternary structure 

of the YADH complex.   

In conclusion, Chapter 5 discusses the impact of new microfluidic devices for use with more 

complex enzymatic cycles and how this will further influence drug development and structural 

biology. 
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Chapter 2 

Mapping Conformational Dynamics to Individual Steps in the 

TEM-1 ̡ -Lactamase Catalytic Mechanism 

 

 

A version of this chapter was published in the Journal of Molecular Biology: 

 

Knox, R.; Lento, C.; Wilson, D. J. Mapping Conformational Dynamics to Individual Steps in the 

TEM-1 ̡ -Lactamase Catalytic Mechanism. J. Mol. Biol. 2018, 430, 18, 3311-3322.  
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2.1 Summary 

Although the link between conformational dynamics and catalytic activity is commonly discussed, 

very few experiments have been able to conclusively isolate which regions of protein are necessary 

for binding modes. By studying TEM-1, a well-known protein involved in antibiotic resistance, we can 

identify dynamics linked to specific components of catalysis: binding, acylation and deacylation. We 

postulate that using ampicillin (first generation and easily hydrolyzed), cephalexin (second 

generation, with slower deacylation from the binding pocket) and clavulanate (third generation, 

complete inhibition) will demonstrate how each drug class interacts in this enzymatic process. Our 

research aims to discover novel binding sites in TEM-1 that may be targeted for drug development 

and lead to new synthetic pathways for drug synthesis that do not employ traditional lactam bond 

formation, such as isolating residues involved in binding (Glu166, Ser70, Ser130) and identifying 

regions of rigidification necessary for enzymatic inactivation (residues 273-284). 

 

2.2 Introduction 

The most commonly prescribed antibiotics, ɼ-lactams, target cell wall synthesis in bacteria by 

inhibiting Penicillin Binding Proteins (PBPs) from cross-linking peptidoglycan strands in the bacterial 

cell wall112,113. TEM-1 ɼ-lactamase is known to degrade ɼ-lactam drugs near the diffusion limit across 

a wide range of penicillins and cephalosporins182. The rates of acylation and deacylation for different 

drug products and ɼ-lactamase classes have produced indeterminate results. Cephalosporins are 

known to be acylated quickly but have a much slower deacylation rate than ampicillin in class A ɼ-

lactamases along with differing activity137,183,184. This may be in part due to the different interactions 

at the binding site; during acylation, the penicillin carboxylate is bonding to the C3 carbon in the 
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thiazolidine ring (stereogenic) while the cephalosporin carboxylate interacts with the C4 carbon (sp2, 

in a planar orientation)183,185.  Class A ɼ-lactamases in general are known to have a very fast 

deacylation process; the rate limiting portion of the reaction is due to the acylation mechanism186. 

From this information we expected regions with lower deuterium uptake exclusive to the cephalexin 

experiments to be related to the deacylation mechanism. Using our microfluidics device workflow, 

in conjunction with Time Resolved Hydrogen/Deuterium eXchange (TRESI-HDX) (figure 2.1), we can 

monitor the conformational dynamics of each catalytic process within a suitable biological 

environment.  By plotting the differences in deuterium uptake with TEM-1 in holoenzyme and 

apoenzyme form, we can monitor changes associated with drug interactions and not based on native 

conformational fluctuations. Of particular interest are regions that demonstrate changes in dynamics 

with ampicillin and cephalexin but not clavulanate, as this would elucidate which regions of the 

protein are not involved in deacylation, along with potential regions of allostery. Based on 

statistically significant differences in the conformational dynamics of TEM-1 as turnover is occurring, 

we are able to demonstrate how TRESI-HDX can be used to guide drug development for of ̡ -lactams 

and further employ this technique for binding mode analysis in other antimicrobials.  
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Figure 2.1 Schematic depiction of the TRESI-HDX experimental setup. A) The enclosed proteolytic 

chamber (PMMA) digests the deuterated protein sample prior to ESI-MS.  For each 

substrate/inhibitor, the holoenzyme deuterium uptake is compared to the apoenzyme baseline 

uptake recorded on the same day. These experiments differ slightly from conventional HDX in that 

the substrate/inhibitor is introduced to the enzyme concurrently with the onset of HDX labeling on 

the millisecond timescale. This is to ensure that the enzyme is in the steady state, acylated state 

and/or undergoing slow turnover when the uptake measurements are made. B) The crystal structure 

for TEM-1 with secondary structural elements (H1-11 corresponding to helices and S1-5 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ʲ-sheets) highlighted (PBD ID: 1BTL). 
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2.3 Results and Discussion 

2.3.1 Native MS of TEM-1 and Formation of Acyl-enzyme Intermediates 

Previous reports on TEM-1 inhibition by clavulanic acid used a 1000:1 inhibitor: enzyme ratio 

incubated for 1 hour at room temperature to ensure complete inactivation187. Neither this inhibitor: 

enzyme ratio nor lengthy incubation was possible in our experiment due to ESI compatibility of high 

ǎǳōǎǘǊŀǘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀƴŘ ƻǳǊ ǳǎŜ ƻŦ ǘƘŜ άƪƛƴŜǘƛŎέ TRESI workflow for optimal mixing188,189. We 

therefore used native mass spectrometry to characterize the global conformation of the purified 

protein and to determine the minimum concentration of substrate requirements for complete 

inhibition of the protein. These experiments were enhanced by the SpyTag system for optimal 

stability190. Ultimately, these experiments demonstrated that a 10:1 clavulanate: TEM-1 ratio was 

sufficient to generate fully bound protein, observed as a mass shift of 200 Da (fig 2.2). The 

observation of the intact bound inhibitor as a complete molecule is at odds with our current 

understanding of the clavulanate inhibitory mechanism, which is thought to inactivate via off-

pathway processes resulting in the covalent attachment of clavulanate or fragments thereof over 

multiple catalytic cycles138,183,191ς194. One possible explanation is that the inhibition process for 

clavulanate is sensitive to reaction conditions, and that under MS-appropriate conditions (200 mM 

NH4Ac, pH 6.7), initial hydrolysis of the intact molecule, corresponding to an expected mass shift of 

198 Da, is highly unfavored195. 
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Figure 2.2 Native Mass Spectra of TEM-1 Binding Clavulanate. Native mass spectrum of TEM-1 

(orange) with clavulanate-incubation after 1 hour (blue) at a ratio of 10:1 inhibitor: enzyme. Inset 

(top right) is the observed mass increase of +200Da at the +19-charge state, approximately 

corresponding to the mass of an intact clavulanate molecule (198 Da).  

 

2.3.2 TEM-1 Conformational Dynamics in the Presence of Substrate, Partial Inhibitor and Covalent 

Inhibitor 

 

We used TRESI-HDX to exclusively monitor the dynamics influenced by the protein: substrate 

interactions of TEM-1 in the presence of ampicillin, cephalexin and clavulanate. TRESI-HDX is a 

valuable tool in studying amide backbone exchange and hydrogen bonding in a protein complex, 

which is especially important when studying the conformational landscape of an enzyme as they 

interact with substrates or inhibitors58,196. By using a kinetic TRESI workflow, we are able to monitor 

conformational dynamics of enzyme catalysis on a millisecond-to-second timescale188,189 and 
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observe the substrates in steady state rapid turnover (ampicillin), slow turnover (cephalexin) or 

covalent inhibition (clavulanate) as the hydrogen/deuterium exchange is occurring.   Figure 2.3 

depicts the relative conformational changes between the substrates and apo-enzyme at 1.54s, with 

each colored bar depicting residues that show significant changes in dynamics. Although the amount 

of residue coverage for each substrate is not identical (ampicillin, 85%; cephalexin, 66%; clavulanate, 

80%), the binding region and known areas of high mutational activity are covered with an 80% overall 

shared coverage. For figure 2.3, regions in red are those with statistically significant increase in 

dynamics relative to the apo-enzyme, while blue regions denote a significant decrease, shown as a 

dotted line (>2̀ Σ ƴҐфύΦ CƛƎǳǊŜ нΦо ƎƛǾŜǎ ŀ ōǊƻŀŘ ǎƴŀpshot of the conformational dynamics 

sequentially, with inference made about the spatial dynamics through large regions of uptake or 

decrease. Appendix A displays results for each kinetic and equilibrated local HDX experiment.  
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Figure 2.3 Time-Resolved Deuterium Uptake for TEM-1 with 3 Substrates. Single time-point TRESI-

HDX difference measurements at 1.54s comparing holoenzyme TEM-1 to TEM-1 exposed to 

saturating concentrations of ampicillin, cephalexin and clavulanate (from top to bottom). Positive 

(red) bars indicate increased uptake relative to the free protein and negative (blue) bars denote 

decreased uptake relative to the free protein. Right: Peptides with significant changes (> 2s, n=9) are 

displayed on the crystal structure, PBD ID: 1BTL using the same colour scheme (with the addition of 

gold = no change, grey = unobserved). 

 

With ampicillin-incubated TEM-1 there are regions of both increased and decreased deuterium 

uptake with catalytic turnover, with exclusive dynamics within the S3-{р ʲ-sheets and rigidification 
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of H3 and S1. As ampicillin is the only substrate under study with rapid hydrolysis by TEM-1, we can 

isolate changes in dynamics that are exclusive to the ampicillin profile as being linked to efficient 

deacylation.  The same logic is applied to the other two substrates and their interaction with TEM-1. 

For the profile with cephalexin (fig 2.3, middle), we correlate the known behaviour of inefficient 

hydrolysis to the unique changes in deuterium uptake, such as increased dynamics in the H3/H4 loop, 

S4 and the S4/S5 loop. These key regions are known to contain mutational sites and salt bridges of 

importance for protein stability, inferring that inefficient deacylation is associated with increased 

flexibility.  If comparing ampicillin and cephalexin HDX profiles, it is possible to distinguish further 

regions that participate in deacylation, but with differing intensities, such as H3/H4 loop where 

ampicillin has an increase in uptake and cephalexin decreases. For clavulanate, changes in uptake 

that correspond to a unique dynamic profile (relative to cephalexin and ampicillin) can be linked to 

deacylation failure. Additionally, regions of increased dynamics that are exclusive to cephalexin and 

ampicillin can also be inferred as being involved in the hydrolysis of the acyl-enzyme (such as H8 and 

S3/S4 increases in uptake). Finally, for regions that behave similarly with all 3 substrates, we can infer 

that they must be involved in the binding process of substrate hydrolysis.  

Although conventional HDX may be able to offer a global overview of perturbations to the hydrogen 

backbone of a protein, the dynamics associated with capturing transient intermediates or relative 

rates of each mechanistic process are best observed on the ms timescale. By using TRESI-HDX, we 

have been able to identify different regions of interest in the TEM-1 hydrolysis of ampicillin, 

cephalexin or clavulanate, and correlate these regions to specific functional roles in the hydrolysis of 

the substrate.  
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2.3.3 Backbone Dynamics of TEM-1 during Binding 

As binding is the only mechanistic process in which all 3 substrates are known to behave similarly 

(due to kinetic studies and structural similarities), regions with dynamic modes associated with 

binding should exhibit ǎƛƳƛƭŀǊ όǿƛǘƘƛƴ нˋύ ǳǇǘŀƪŜ ǇǊƻŦƛƭŜǎΦ ¢ƘŜ ŦƛǊǎǘ ǊŜƎƛƻƴ ǘƘŀǘ ƳŀǘŎƘŜŘ ǘƘese criteria 

was residues 70-73 (N-terminus of H2), well-known as the conserved SXXK motif responsible for the 

{ŜǊтл ōƛƴŘƛƴƎ ǎƛǘŜ ƛƴ ŀƭƭ /ƭŀǎǎ ! ʲ-lactamases.  All substrate-bound TEM-1 complexes exhibit a 

decrease in dynamics relative to the apo-enzyme (figure 2.4, top), with approximately 25% less 

uptake than unbound TEM-1. This suggest a single amide bond suppression of dynamics or 

inaccessibility of exchange, either due to binding of the substrate or a conformational change that 

generated new hydrogen bonding within the active site. Although there is no crystallographic 

evidence for the direct binding of clavulanate within the active site, it is possible that rearrangement 

of the backbone amides with incubation generated a hydrogen-bond link between Ser70 and 

Lys73144.  
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Figure 2.4 Kinetic Deuterium Uptake for Binding Dynamics of TEM-1.TRESI-HDX kinetics plots for 

dynamics of binding (top, residues 70-73; and bottom, residues 225-232) are displayed for each drug 

product (ampicillin, red; cephalexin, green; clavulanate, blue) for comparison to the unbound TEM-

1 profile (black line) (1s, n=9). Crystal structures to the right display the relevant peptide fragment 

in pink, with nearby residues of importance highlighted in teal.  

 

Another region, residues 225-232, also exhibits a decrease in deuterium uptake with all three 

substrates (fig 2.4, bottom). Corresponding to the H10/S3 loop, this region is part of a larger section 

of the protein recently discovered as an allosteric binding site197. Interestingly, inhibitors that have 

been known to bind within this region are productive because they are able to physically separate 

H11 and H10, suggesting that decreased dynamics between these helices is necessary for catalysis 

to occur. Known residues of high mutational activity are sequentially very close to this region: Ser235 

is of importance for cephalosporin resistance, and Lys234 is necessary for hydrogen bonding of 
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incoming substrate into the active site183. With known evidence of surrounding residue involvement 

in binding and stability of the protein, our observations agree well with the idea that decreased 

dynamics in residues 225-232 are linked to substrate binding.  

 

2.3.4 Backbone Dynamics of TEM-1 during Productive Acylation 

 

Productive acylation refers to the successful process of acylation of the -̡lactam core followed by 

hydrolysis of the complete small molecule, which is carried out efficiently with ampicillin-bound TEM-

1, and slowly with cephalexin-bound TEM-1. Since both ampicillin and cephalexin are hydrolyzed by 

TEM-1, they should exhibit similar dynamics profiles for deuterium uptake and be significantly 

different than the clavulanate profile, allowing us to isolate regions that are exclusive to clavulanate 

activity. Residues 240-247 (fig 2.5, top) demonstrates a minor increase in deuterium uptake with 

acylation occurring, and a significant decrease in uptake when acylation does not. Within this region 

is the critically important Arg244, known for forming salt bridges and ionic bonds responsible for 

stabilizing protein structure through tethering of substrate carboxylate group during acylation198. 

This region gives direct evidence of the difference in turnover rates of each substrate, as the 

ampicillin profile shows a rapid and high amplitude of deuterium uptake, which can be linked to more 

intense dynamics and a greater number of exchangeable sites on the timescale as observed with 

rapid turnover85. In contrast, cephalexin has a slower increase in deuterium uptake, but eventually 

demonstrates the same overall rate for uptake as ampicillin. This is likely due to the slower and 

complete turnover of cephalexin (Ὧ ρσ ρ ί )199, which requires multiple turnover events to 

achieve maximum deuteration.  
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CƛƎǳǊŜ нΦр YƛƴŜǘƛŎ 5ŜǳǘŜǊƛǳƳ ¦ǇǘŀƪŜ ŦƻǊ !Ŏȅƭŀǘƛƻƴ ŀƴŘ 5ŜŀŎȅƭŀǘƛƻƴ 5ȅƴŀƳƛŎǎ ƻŦ ¢9aπмΦ  ¢w9{LπI5· 

ƪƛƴŜǘƛŎǎ Ǉƭƻǘǎ ŦƻǊ ŘȅƴŀƳƛŎǎ ƻŦ ǇǊƻŘǳŎǘƛǾŜ ŀŎȅƭŀǘƛƻƴ όǘƻǇΣ ǊŜǎƛŘǳŜǎ нплπнптύ ŀƴŘ ǎƭƻǿ ŘŜŀŎȅƭŀǘƛƻƴ 

όōƻǘǘƻƳΣ ǊŜǎƛŘǳŜǎ мммπммпύ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ŦƻǊ ŜŀŎƘ ŘǊǳƎ ǇǊƻŘǳŎǘ όŀƳǇƛŎƛƭƭƛƴΣ ǊŜŘΤ ŎŜǇƘŀƭŜȄƛƴΣ ƎǊŜŜƴΤ 

ŎƭŀǾǳƭŀƴŀǘŜΣ ōƭǳŜύ ŦƻǊ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ǳƴōƻǳƴŘ ¢9aπм ǇǊƻŦƛƭŜ όōƭŀŎƪ ƭƛƴŜύ όмsΣ ƴҐфύΦ /Ǌȅǎǘŀƭ 

ǎǘǊǳŎǘǳǊŜǎ ǘƻ ǘƘŜ ǊƛƎƘǘ ŘƛǎǇƭŀȅǎ ǘƘŜ ǊŜƭŜǾŀƴǘ ŦǊŀƎƳŜƴǘ ƛƴ ǇƛƴƪΣ ǿƛǘƘ ƴŜŀǊōȅ ǊŜǎƛŘǳŜǎ ƻŦ ƛƳǇƻǊǘŀƴŎŜ 

ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǘŜŀƭΦ ¢ƘŜ ŜȄŀŎǘ ǳǇǘŀƪŜ ŀǘ мммπммп ƛƴ /ƭŀǾǳƭŀƴŀǘŜπōƻǳƴŘ ¢9aπм ǿŀǎ ƴƻǘ ǊŜŎƻǾŜǊŜŘ 

ŘǳǊƛƴƎ ŜȄǇŜǊƛƳŜƴǘŀǘƛƻƴΣ ƘƻǿŜǾŜǊ ǘƘŜ ǊŜƎƛƻƴ ƛǎ ŘŜǇƛŎǘŜŘ ƛƴ ƻǾŜǊƭŀǇǇƛƴƎ ŦǊŀƎƳŜƴǘǎ ǎƘƻǿƛƴƎ ƳƛƴƛƳŀƭ 

ŎƘŀƴƎŜ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǳƴōƻǳƴŘ ¢9aπм όǎƘƻǿƴ ƛƴ ŦƛƎǳǊŜ нΦоύΦ  

 

For clavulanate, we observe a noticeable decrease in deuterium uptake on this timescale, with at 

least one residue becoming inaccessible for exchange. Since Arg244 is known to have complexation 

with the carboxylate group of the incoming clavulanate during binding200, reduced deuterium uptake 

in this region is associated with deacylation failure.   
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2.3.5 Backbone Dynamics of TEM-1 during Slow Deacylation 

Slow deacylation dynamics are exclusive to cephalexin and cephalosporin-family drugs for these 

experiments. Cephalosporins are known to have increased potency over first-generation penicillins 

due to their slower turnover and decreased deacylation from the binding site183. Therefore, changes 

in dynamics observed by TRESI-HDX that are exclusive to cephalexin are associated with the 

inefficient hydrolysis of the acyl-enzyme. In figure 2.5 (bottom), residues 111-114 of the H3/H4 loop 

are depicted.  Within this region is the highly mutational residue Lys111, which has increased 

mutational frequency and resistance in the presence of cephalosporins (specifically cefotaxime)201. 

This link between cephalosporin resistance at K111 and our kinetic workflow must be taken with a 

grain of salt, as we cannot measure deuterium exchange at the N-terminal residue of peptides72.  

Another region that corresponds to the above criteria for slow deacylation is residues 245-257, 

corresponding to the S4/S5 loop. This region is depicted in figure 2.3 as having unique dynamics to 

cephalexin, but unfortunately was not recorded in triplicate for all substrate runs in order to generate 

kinetic plots. However, partially overlapping regions such as 240-247 and 250-257 suggest that 

increased deuterium uptake is unique to the cephalexin trials. As mentioned earlier, regions known 

to evolve mutations as part of cephalosporin resistance such as Arg 244 are identified within this 

region (Ile247, Ala249, Asp254, Lys256)201, potentially demonstrating that additional flexibility within 

this region for substrate hydrolysis is necessary. This region should be further targeted for 

development of co-inhibitors to limit cephalosporin resistance by rigidifying the 245-257 region.  
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2.3.6 Backbone Dynamics of TEM-1 during Deacylation Failure 

Only the clavulanate substrate has an inhibitory effect on TEM-1 for this study, as such, changes in 

dynamics that are exclusive to clavulanate binding can be linked to a failure to deacylate from the 

binding site. One region identified as showing a unique and significant decrease in deuterium uptake 

is residues 250-257 (fig 2.6, top), which corresponds to the S4/S5 loop of TEM-1. These results agree 

with our previous discussion of the S4/S5 loop involvement in cephalosporin activity (for residues 

245-257). We suggest that dynamics within 250-257 are linked to deacylation, with variation 

depending on the family of drug used: high flexibility/dynamics for hydrolysis of bulkier substrates 

(cephalexin), moderate flexibility for smaller substrates (ampicillin) and lowered 

flexibility/rigidification for deacylation failure (clavulanate).  
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CƛƎǳǊŜ нΦс YƛƴŜǘƛŎ 5ŜǳǘŜǊƛǳƳ ¦ǇǘŀƪŜ ŦƻǊ LƴƘƛōƛǘƛƻƴ 5ȅƴŀƳƛŎǎ ƻŦ ¢9aπмΦ ¢w9{LπI5· ƪƛƴŜǘƛŎǎ Ǉƭƻǘǎ ŦƻǊ 

ŘȅƴŀƳƛŎǎ ƻŦ ŘŜŀŎȅƭŀǘƛƻƴ ŦŀƛƭǳǊŜ όǘƻǇΣ ǊŜǎƛŘǳŜǎ нрлπнртΤ ƳƛŘŘƭŜΣ нтпπнтсΤ ōƻǘǘƻƳΣ нулπнупύ ŀǊŜ 

ŘƛǎǇƭŀȅŜŘ ŦƻǊ ŜŀŎƘ ŘǊǳƎ ǇǊƻŘǳŎǘ όŀƳǇƛŎƛƭƭƛƴΣ ǊŜŘΤ ŎŜǇƘŀƭŜȄƛƴΣ ƎǊŜŜƴΤ ŎƭŀǾǳƭŀƴŀǘŜΣ ōƭǳŜύ ŦƻǊ ŎƻƳǇŀǊƛǎƻƴ 

ǘƻ ǘƘŜ ǳƴōƻǳƴŘ ¢9aπм ǇǊƻŦƛƭŜ όōƭŀŎƪ ƭƛƴŜύ όмsΣ ƴҐфύΦ Lƴ ǊŜǎƛŘǳŜǎ нулπнупΣ ŎŜǇƘŀƭŜȄƛƴ ŘƻŜǎ ƴƻǘ ƘŀǾŜ ŀ 

ǎǘŀǘƛǎǘƛŎŀƭƭȅ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ όҔ нsύ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǳƴōƻǳƴŘ ¢9aπмΦ /Ǌȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜǎ ǘƻ ǘƘŜ ǊƛƎƘǘ 

ŘƛǎǇƭŀȅǎ ǘƘŜ ǊŜƭŜǾŀƴǘ ŦǊŀƎƳŜƴǘ ƛƴ ǇƛƴƪΣ ǿƛǘƘ ƴŜŀǊōȅ ǊŜǎƛŘǳŜǎ ƻŦ ƛƳǇƻǊǘŀƴŎŜ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǘŜŀƭΦ  
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Residues 273-284 (fig 2.6, middle and bottom) all correspond to the C-terminal helix (H11), 

substantially distant from the active site. However, there are a number of high mutational frequency 

site contained within this region, such as Arg275 and Asn276, highly associated with resistance to 

inactivation by clavulanate via displacement of the water molecule involved in the inactivation 

pathway, or through interactions with Arg244202. Asn276 mutational studies have also provided a 

demonstration of decreased catalytic efficiency with mutations at this residue,  and higher Ki for 

clavulanate, demonstrating further evidence of the importance of H11 interactions and the active 

site202. Residues 280-284 (fig 2.6, bottom) correspond to the allosteric inhibitor site discussed 

previously at the interface of H10/S3. Residues 280-284 have a decreased and similar uptakes for 

cephalexin and clavulanate, with much slower uptake kinetics exhibited by cephalexin. 

 

2.4 Conclusion 

TEM-1 has been the principal ̡-lactamase under study for decades, providing a wide variety of 

mutational residue analysis and kinetic characterization of a variety of drug substrates and 

inhibitors203,204. Along with sequence-specific analysis, there are a large amount of NMR and X-ray 

structures that can help provide structure/function relationships. With all of this in-depth structural 

knowledge, TEM-1 is an ideal system for implementing TRESI-HDX to provide insight into the 

mechanistic implications of each drug family as studied under fast reaction conditions. Although HDX 

does require a basic crystal structure to guide the mapping of dynamics, it is a highly sensitive tool 

for determining changes in conformational dynamics due to the presence of a substrate or inhibitor. 

Herein we demonstrate how TRESI-HDX can be used to compare apo and holo-enzyme forms of TEM-

1 ̡ -lactamase in terms of changes in dynamics, not structure. From this, we have identified regions 
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with dynamics linked to specific mechanistic processes as a means of isolating catalytically important 

residues for drug development. Based on the results discussed above, two regions have been 

mentioned more than once as important in substrate resistance and catalysis: residues 250-257 

(S4/S5 loop) and residues 273-284 (H11). Residues 250-257 are linked to cephalosporin-family 

resistance, with varying levels of dynamics responsible for differing substrate binding. Results herein 

demonstrate that moderate rigidification of this region by a co-inhibitor would sensitize TEM-1 to 

cephalosporins (instead of penicillins), renewing their potency and providing a longer shelf life for 

current on-the-market cephalosporins, such as cephalexin.  Residues 273-284 have been discussed 

above as potentially being involved in the docking of allosteric inhibitors through rigidification of this 

region205ς207; work by Horn197 has demonstrated that this region contains a small molecule binding 

site that operates independently of the SXXK motif. Our results have shown that turnover can be 

related to the degree of flexibility in H11, and rigidification with an inhibitor bound may be key to 

inhibiting catalysis98,197. This approach of millisecond-scale HDX is well-suited for studying various 

catalytic systems that have turnover events within the observable timescale, especially for studying 

protein systems where there is limited structural or biochemical information known to provide a link 

between enzyme catalysis and conformational dynamics208ς211.  

 

2.5 Methods 

Reagents 

All chemicals were purchased from Sigma Aldrich. Buffer solutions and water used was generated in 

lab using a Millipore Milli-Q Advantage A10 system.  
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2.5.1 Expression and Purification of TEM-1 ɼ-lactamase 

TEM-1 ɼ-lactamase with a SpyTag/SpyCatcher tag was purchased from AddGene (plasmid #52656, 

pET28a vector). Plasmids were extracted from the DH5ɻ ÃÅÌÌ ÌÉÎÅ ÉÎÔÏ ÃÏÍÐÅÔÅÎÔ ",ςρ ɉ$%σɊ ÃÅÌÌÓȢ 

Cells were expressed in LB broth with 50mg/mL Kanamycin and 1M glucose. 1M IPTG was added 

once log phase absorption was reached (A600=0.5-0.7). The culture was incubated at 18oC for 16 

hours at 200 rpm before centrifugation (6000g, 15 minutes, rotor JA 25.1). The pellet was 

resuspended with 1mM PMSF (120 ˃ L) and 1mM protease inhibitor (120 ˃ L) with Ni-NTA binding 

buffer (12 mL, 50mM Tris and 300 mM NaCl, pH 7.8). The cell solution was lysed using a Fisher 

Scientific Sonic Demembrator Model 500 and then centrifuged. Protein was eluted on a Ni(2+) 

sepharose resin column with 75mM Imidazole and buffer exchanged in 250mM ammonium acetate 

(pH 6.7) for at minimum 36 hrs prior to evaluating protein concentration. BCA assays and SDS-PAGE 

analysis were performed to determine protein concentration.   

 

2.5.2 Digest Preparation 

Protease XIII or Pepsin protein with NHS activated agarose (2:5 w/w) was suspended in coupling 

buffer (0.1M sodium phosphate and 0.15M NaCl, pH 5.5) and rotated overnight at 40C.  The aspirated 

protease was then suspended in 1M Tris-HCl blocking buffer (pH 5) and rotated at room temperature 

for 1 hour. The beads were washed three times with acetic acid (pH 2.4) and stored at 40C to be used 

in subsequent runs.  

2.5.3 Chip Design 

Previous chip designs by our lab have been discussed212,213 that formed a digestion well by using a 

plastic seal over PMMA plates and were clamped using a customized holder. The chip was designed 
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ƛƴ ƭŀō ǳǎƛƴƎ ŀ ±ŜǊǎŀ[ŀǎŜǊϰ ǘƻ ŜǘŎƘ ŀ ǿŜƭƭ ƛƴǘƻ ŀ taa! ǇƭŀǘŜ ƳŜŀǎǳǊƛƴƎ рΦмŎƳȄнΦлŎƳȄмΦнŎƳΦ ! ƴŜǿŜǊ 

chip design was generated using the CorelDrawx3 program. The well was cleaned with methanol and 

etching was repeated. The procedure is then repeated with an identically sized PMMA plate. The 

paper backing on each plate was removed, with plates then being lined up together to generate a 

well between the chips. Capillaries were left at opposite ends to provide channels into the well while 

the two plates were clamped together. A needled bottle containing acrylic weld was inserted into 

the middle of the well and acrylic was dispensed until edges were sealed. The solution set for 1 

minute before removing the capillaries. A needle was inserted into the well for aeration of the chip. 

The chip was dried for 48 hours, then bored into by a drill press using the 10-32 NF bit. The depth 

was set to 9 mm. The chip was drilled from both ends, using a methanol rinse throughout. Excess 

plastic caught inside the well was removed with a needle. A 10-32 NF bottoming tap was manually 

inserted into both ends of the chip to add the threads. The inside of the chip was washed with water 

to ensure all debris was removed. Acrylic weld was flowed through the well and excess was tapped 

out immediately. The chip was dried for another 48 hours. A 33-gauge stainless steel metal capillary 

was cut into two pieces with a rotary tool (with each piece being approximately 10 cm long) and 

sanded to smooth the ends. The metal capillaries were added as input and output channels on the 

chip by screwing into the ends via double-winged nuts.  

 

2.5.4 Microfluidics Workflow 

The 28-gauge metal capillary of the TRESI mixer had an inner diametre of 178.8 m˃, while the glass 

capillary inserted within had an outer diameter of 151 m˃. The protein flowed into the device at 3 

L˃/min, as did the deuterium and substrate capillary. The acid was introduced at a rate of 12 ˃ L/min. 
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The protein and deuterium mixtures join in the intercapillary space before reaching the tri-union, 

where acid quenches the hydrogen exchange and limits it to backbone amide hydrogens. The volume 

of intercapillary space for deuterium incubation can be altered to give time-dependent incubating 

results by adjusting the inner glass capillary position in relation to the outer metal capillary. The 

quenched protein is then digested in the PMMA well (containing the proteolytic digest described 

above) before being sprayed into the Synapt G1 Time-of-Flight  (ToF) instrument with a source 

voltage of 2700 V in positive ion mode.  

 

2.5.5 Data Analysis 

ESI-MS data was obtained in the 350-1500 m/z range. A 250mM ammonium acetate solution (pH 

6.7) was used to buffer exchange TEM-1 prior to experimentation. A 10:1 TEM-1: substrate ratio was 

used to ensure the reaction could still be monitored by ESI after the time taken for solutions to 

incubate in the capillaries. Experiments were run in triplicate each day for every enzyme/substrate 

combination, with deuterium uptake per peptide being averaged over matching peptides from a 

biological replicate (n=9). Multiple purifications of TEM-1 were performed and similar results for 

matching peptides were obtained, with significant differences referring to a confidence interval of 

95% (2s). Peptides were identified using ExPASY Proteomics. MS/MS analysis was performed in V-

mode to confirm the peptide identity (using mMass) before complete uptake analysis by manually 

ramping the trap collision energy from 30 to 50 V, having a 1 second scan time and recording in the 

100-2000 Da range. Deuterium uptake per peptide was calculated using in-house FORTRAN software 

that matches the experimental uptake to the predicted isotopic distribution for the native peptides.  
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Chapter 3 

Collision -Induced Unfolding and Hydrogen/Deuterium 

Exchange Mass Spectrometry as Tools for Comparing 

Binding Affinity of TEM -1 ɼ-lactamase Inhibitors  

 

 

 

 

A version of this chapter has been prepared in manuscript format.  
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оΦм {ǳƳƳŀǊȅ 
 

LƴƘƛōƛǘƛƻƴ ǇŀǘƘǿŀȅǎ ƛƴ π̡ƭŀŎǘŀƳŀǎŜǎ ŀǊŜ ƻŦ ƛƴŎǊŜŀǎƛƴƎ ƛƴǘŜǊŜǎǘ ƛƴ ǘƘŜ ƳŜŘƛŎƛƴŀƭ ŎƻƳƳǳƴƛǘȅ ǿƛǘƘ 

ŀƴǘƛōƛƻǘƛŎ ǊŜǎƛǎǘŀƴŎŜ ƻƴ ǘƘŜ ǊƛǎŜΦ .ȅ ŜȄŀƳƛƴƛƴƎ ǘƘŜ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ƻŦ ŀƭƭ ŎǳǊǊŜƴǘ Ŏƭŀǎǎ ! π̡

ƭŀŎǘŀƳŀǎŜ ƛƴƘƛōƛǘƻǊǎ ǘƘǊƻǳƎƘ ŀ ǾŀǊƛŜǘȅ ƻŦ ǘŜŎƘƴƛǉǳŜǎΣ ƛƴŎƭǳŘƛƴƎ ƭƻŎŀƭ I5· ŀƴŘ /L¦πa{Σ ǿŜ ǿŜǊŜ 

ŀōƭŜ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ƛƴƘƛōƛǘŜŘ ǊŜǎƛŘǳŜǎ ŦƻǊ ǘƘŜ ŜƴȊȅƳŜΥ ǎǳōǎǘǊŀǘŜ ŎƻƳǇƭŜȄŜǎΣ ŘŜǇŜƴŘƛƴƎ ƻƴ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǎǳōǎǘǊŀǘŜ ŘǳǊƛƴƎ ƛƴŎǳōŀǘƛƻƴΦ ²ƛǘƘ ŀ ǎǳōǎǘŀƴǘƛŀƭ ƛƴƘƛōƛǘƻǊΥ ŜƴȊȅƳŜ Ǌŀǘƛƻ ƻŦ 

млллΥмΣ ōƛƴŘƛƴƎ ƛǎ ƻōǎŜǊǾŜŘ ŀŦǘŜǊ мл ƳƛƴǳǘŜǎ ƻŦ ƛƴŎǳōŀǘƛƻƴΣ ǿƛǘƘ ǘŀȊƻōŀŎǘŀƳπƛƴŎǳōŀǘŜŘ ¢9aπм 

ŘŜƳƻƴǎǘǊŀǘƛƴƎ ŎƻƳǇƭŜǘŜ ƛƴŀŎǘƛǾŀǘƛƻƴ ŀƴŘ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ Ҍрн5ŀ ōȅǇǊƻŘǳŎǘ ŀŦǘŜǊ сл ƳƛƴǳǘŜǎ ŀǘ ǘƘŜ 

{ŜǊтл ǊŜǎƛŘǳŜΦ  ²ƛǘƘ ŀ ƭƻǿŜǊ Ǌŀǘƛƻ ƻŦ млΥмΣ ǎǳƭōŀŎǘŀƳ ŀƴŘ ǘŀȊƻōŀŎǘŀƳ ǎŀƳǇƭŜǎ ŘŜƳƻƴǎǘǊŀǘŜ ƭŀǘŜπ

ƻƴǎŜǘ ōƛƴŘƛƴƎ ŀƴŘ ŜǾŜƴǘǳŀƭ ƛƴƘƛōƛǘƛƻƴ ƻŦ ǘƘŜ {ŜǊмол ǊŜǎƛŘǳŜΣ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ млллΥм ƛƴƘƛōƛǘƻǊ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ  {ǇŜŎƛŦƛŎ ǊŜǎƛŘǳŜ ǊŜƎƛƻƴǎ όтлπтоΣ мсмπмтфΣ ннлπнрмΣ нтлπнупύ ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ 

ŀǎ ǘƘŜ Ƴƻǎǘ ŎǊǳŎƛŀƭ ŦƻǊ ǎǳōǎǘǊŀǘŜ ƛƴƘƛōƛǘƛƻƴ ŦƻǊ ŎƭŀǾǳƭŀƴŀǘŜΣ ǎǳƭōŀŎǘŀƳ ŀƴŘ ǘŀȊƻōŀŎǘŀƳΦ 

 

оΦн LƴǘǊƻŘǳŎǘƛƻƴ 

¢9aπм ̡πƭŀŎǘŀƳŀǎŜ ƛǎ ŀƴ ŜƴȊȅƳŜ ƎŜƴŜǊŀǘŜŘ ƛƴ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ƎǊŀƳπƴŜƎŀǘƛǾŜ ōŀŎǘŜǊƛŀ ŀǎ ŀƴ 

ŜǾƻƭǳǘƛƻƴŀǊȅ ǎǘŜǇ ǘƻ ƘȅŘǊƻƭȅȊŜ ŀƴǘƛōƛƻǘƛŎǎΣ Ƴƻǎǘ ƻŦ ǿƘƛŎƘ Ŏƻƴǘŀƛƴ ŀ π̡ƭŀŎǘŀƳ ŎƻǊŜфтΣфуΣмнпΣнлоΦ Lƴ 

ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ Ŧǳǘƛƭƛǘȅ ƻŦ ŜƳǇƭƻȅƛƴƎ π̡ƭŀŎǘŀƳ ŎƻǊŜ ŘǊǳƎǎΣ ƛƴƘƛōƛǘƻǊȅ ŘǊǳƎǎ ǿŜǊŜ 

ŘŜǾŜƭƻǇŜŘ ƛƴ ǘƘŜ ŜŀǊƭȅ мфтлǎ ŀǎ ŀ ǎǳǇǇƭŜƳŜƴǘ ǘƻ π̡ƭŀŎǘŀƳ ŘǊǳƎǎ ƛƴ ǘƘŜ ƘƻǇŜǎ ǘƘŜȅ ǿƻǳƭŘ ǊŜŘǳŎŜ 

ǊŜǎƛǎǘŀƴŎŜ ǘƻ ǘƘŜ ƻǊƛƎƛƴŀƭ ŘǊǳƎ ǎǳōǎǘŀƴŎŜΦ ¢ƘǊƻǳƎƘ ŎƻǾŀƭŜƴǘ ōƛƴŘƛƴƎ ǘƻ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ƻŦ ¢9aπмΣ 

ƛƴƘƛōƛǘƛƻƴ ōȅǇǊƻŘǳŎǘǎ ŀǊŜ ǇǊƻŘǳŎŜŘ ǘƘŀǘ ŀǊŜ ŎƭŜŀǾŜŘ ŦǊŀƎƳŜƴǘǎ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ǎǳōǎǘǊŀǘŜ 

όƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ ǘƘŜ ƭŜŀǾƛƴƎ ƎǊƻǳǇ ƻƴ /πр ƻŦ ǘƘŜ рπƳŜƳōŜǊŜŘ ǊƛƴƎǎύммнΣмфрΦ ¢ƘŜ ƛƴƘƛōƛǘƻǊȅ ŘǊǳƎǎ 

ƻƴ ǘƘŜ ƳŀǊƪŜǘ όǳǎŜŘ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ π̡ƭŀŎǘŀƳ ŘǊǳƎǎύ ŀǊŜ ŎƭŀǾǳƭŀƴŀǘŜΣ ǘŀȊƻōŀŎǘŀƳ ŀƴŘ 
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ǎǳƭōŀŎǘŀƳΣ ŜŀŎƘ ǿƛǘƘ ǳƴƛǉǳŜ ǊŜŀŎǘƛǾƛǘƛŜǎмнлΣмутΦ /ƭŀǾǳƭŀƴŀǘŜ όǇǊƻŘǳŎŜŘ ƛƴ ǘƘŜ мфтлǎύ ƛǎ ǘƘŜ Ƴƻǎǘ 

ŎƻƳƳƻƴ ŀƴŘ Ƴƻǎǘ ǇƻǘŜƴǘ π̡ƭŀŎǘŀƳŀǎŜ ƛƴƘƛōƛǘƻǊнмп ƛƴ /ƭŀǎǎ ! π̡ƭŀŎǘŀƳŀǎŜǎ ǿƘŜƴ ǘŀƪŜƴ ǿƛǘƘ 

ǇŜƴƛŎƛƭƭƛƴǎ όŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ L/рл ǊŜǎǳƭǘǎ ŀƴŘ Yƛ ǾŀƭǳŜǎύнмрΣ ōǳǘ ƛǎ ƳǳŎƘ ǿŜŀƪŜǊ ǘƘŀƴ ǘƘŜ ǎǳƭŦƻƴŀǘŜŘ 

ǇǊƻŘǳŎǘǎ ǎǳƭōŀŎǘŀƳ ŀƴŘ ǘŀȊƻōŀŎǘŀƳ ǿƘŜƴ ǇŀƛǊŜŘ ǿƛǘƘ ŎŜǇƘŀƭƻǎǇƻǊƛƴǎмфрΣнмсΣнмтόǎǳŎƘ ŀǎ 

ŎŜǇƘŀƭŜȄƛƴΣ ŀ ŘǊǳƎ ǎǘǳŘƛŜŘ ƛƴ ǇǊŜǾƛƻǳǎ ǇǳōƭƛŎŀǘƛƻƴррύΦ !ƭƻƴƎ ǿƛǘƘ ŀ ƭƛƳƛǘŜŘ ŀƳƻǳƴǘ ƻŦ ƛƴƘƛōƛǘƻǊȅ π̡

ƭŀŎǘŀƳ ŘǊǳƎǎ ƻƴ ǘƘŜ ƳŀǊƪŜǘΣ ƭƛǘǘƭŜ ƛǎ ƳŜƴǘƛƻƴŜŘ ŀōƻǳǘ ǘƘŜ ōȅǇǊƻŘǳŎǘǎ ƻŦ ŜƴȊȅƳŜ ƛƴŀŎǘƛǾŀǘƛƻƴ 

ǇǊƻŘǳŎŜŘ ōȅ ŜŀŎƘ ƛƴƘƛōƛǘƻǊ ŀƴŘ Ƙƻǿ ǘƘƛǎ ŀŦŦŜŎǘǎ ǘƘŜ ǊŀǘŜ ƻŦ ƛƴƘƛōƛǘƛƻƴ ƻŦ ŘƛŦŦŜǊŜƴǘ π̡

ƭŀŎǘŀƳŀǎŜǎнмуΣнмфΦ ¢ƘŜ ƛƴƘƛōƛǘƻǊǎ ƛƴŀŎǘƛǾŀǘŜ ǘƘǊƻǳƎƘ ŀ ǎŜǊƛŜǎ ƻŦ ƻŦŦπǇŀǘƘǿŀȅ ƛƴǘŜǊƳŜŘƛŀǘŜǎΣ ǘƘƻǳƎƘǘ 

ǘƻ ŎƻǾŀƭŜƴǘƭȅ ŎǊƻǎǎπƭƛƴƪ ŀ ǎŜǊƛƴŜ ǊŜǎƛŘǳŜ ό{ŜǊмолύ ǘƻ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ό{ŜǊтлύ ŀŦǘŜǊ ŀ ǎŜǊƛŜǎ ƻŦ ƛƳƛƴŜπ

ŜƴŀƳƛƴŜ ŎƻƴǾŜǊǎƛƻƴǎ όŦƛƎǳǊŜ оΦмύмфпΣнлнΣнмрΣннлςнннΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŦǊŀƎƳŜƴǘŜŘ ŀƭƪȅƭ ŎƘŀƛƴ ǿƻǳƭŘ ōŜ 

ǇŜǊƳŀƴŜƴǘƭȅ ōƻǳƴŘ ǘƻ ŀ ǊŜǎƛŘǳŜ ǿƛǘƘƛƴ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜΣ ƛƴƘƛōƛǘƛƴƎ ǎǳōǎǘǊŀǘŜ ƘȅŘǊƻƭȅǎƛǎ ƻŦ ƛƴŎƻƳƛƴƎ 

ŘǊǳƎ ǎǳōǎǘǊŀǘŜΦ tŜǇǘƛŘŜπƭŜǾŜƭ IȅŘǊƻƎŜƴκ5ŜǳǘŜǊƛǳƳ 9ȄŎƘŀƴƎŜ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ όI5·πa{ύ ƛǎ ŀƴ 

ƛŘŜŀƭ ǘŜŎƘƴƛǉǳŜ ǘƻ ŎƻƴŦƛǊƳ ǘƘŜ ǎǇŜŎƛŦƛŎ ǊŜǎƛŘǳŜǎ ƛƴǾƻƭǾŜŘ ƛƴ ǇŜǊƳŀƴŜƴǘ ŘŜŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ ŀŎǘƛǾŜ 

ǎƛǘŜ ŀƴŘ ŘŜǘŜǊƳƛƴŜ ƛŦ ǘƘŜǎŜ ǊŜǎƛŘǳŜǎ ŀǊŜ ǳƴƛǉǳŜ ǘƻ ǘƘŜ ƛƴƘƛōƛǘƛƴƎ ǎǳōǎǘǊŀǘŜΦ .ȅ ǳǎƛƴƎ ŀ ƴƻǾŜƭ 

ƳƛŎǊƻŦƭǳƛŘƛŎǎ ŀǇǇŀǊŀǘǳǎΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ƻōǎŜǊǾŜ ǘƘŜ ŜƴȊȅƳŜ ƛƴŀŎǘƛǾŀǘƛƻƴ ƛƴ ŀ ǘƛƳŜπǊŜǎƻƭǾŜŘ 

ŦŀǎƘƛƻƴнноΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ŀǘ ŀ ƭƻŎŀƭ ƭŜǾŜƭ Ŏŀƴ ōŜ ǇŀƛǊŜŘ ǿƛǘƘ ƳƻǊŜ Ǝƭƻōŀƭ ǇǊƻǘŜƛƴ ǎǘǊǳŎǘǳǊŜ 

ŘŜǘŜǊƳƛƴŀǘƛƻƴ ōȅ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΣ ǎǳŎƘ ŀǎ ŎƻƭƭƛǎƛƻƴπƛƴŘǳŎŜŘ ǳƴŦƻƭŘƛƴƎ ό/L¦ύΦ /L¦ ƛǎ ŀ ǊŜƭŀǘƛǾŜƭȅ 

ƴŜǿ ǘŜŎƘƴƛǉǳŜ ǳǎŜŘ ƛƴ ŀƴŀƭȅǘƛŎŀƭ ŀƴŘ ƳŜŘƛŎƛƴŀƭ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ǘƻ ǇǊƻǾƛŘŜ ŜǾƛŘŜƴŎŜ ƻŦ 

ŎƻƳǇŀǊŀǘƛǾŜ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ōŜǘǿŜŜƴ ǇǊƻǘŜƛƴ ǎǳōǎǘǊŀǘŜǎпрςпуΦ ¢ƘŜ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜ ƛǎ ōƻƳōŀǊŘŜŘ 

ǿƛǘƘ ƴŜǳǘǊŀƭ Ǝŀǎ ŀǘ ƛƴŎǊŜŀǎƛƴƎ ǾƻƭǘŀƎŜǎ ǘƻ ŜƴŎƻǳǊŀƎŜ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ŎƻƭƭƛǎƛƻƴǎΣ ǿƛǘƘ ǿŜŀƪƭȅπōƻǳƴŘ 

ǇǊƻǘŜƛƴǎ ǳƴŦƻƭŘƛƴƎ ŀǘ ŀ ƭƻǿŜǊ ǾƻƭǘŀƎŜ ǘƘŀƴ ǎǘǊƻƴƎƭȅ ōƻǳƴŘ ǎǳōǎǘǊŀǘŜΦ tǊƻǘŜƛƴ ǳƴŦƻƭŘƛƴƎ ƛǎ ŎŀǇǘǳǊŜŘ 

ǳǎƛƴƎ ƛƻƴπƳƻōƛƭƛǘȅ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ όLa{πa{ύонΣоо ǿƘƛŎƘ ƳŜŀǎǳǊŜǎ ǘƘŜ Ŏƻƭƭƛǎƛƻƴŀƭ ŎǊƻǎǎπǎŜŎǘƛƻƴ 
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ŀƴŘ ŘǊƛŦǘ ǘƛƳŜ ƻŦ ŀƭƭ ƛƻƴǎ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ La{ ŎŜƭƭΣ ŀƴŘ Ŏŀƴ ŘƛǎǘƛƴƎǳƛǎƘ ǘƘŜƳ ōȅ ǎƛȊŜΣ ǎƘŀǇŜ ŀƴŘ 

ǎǘŀōƛƭƛǘȅофΣплΦ ¢Ƙƛǎ ǇǊŀŎǘƛŎŜ ƛǎ ǇŀƛǊŜŘ ǿƛǘƘ ǇǊƻǘŜƛƴπƭƛƎŀƴŘ ōƛƴŘƛƴƎ ǘƻ ǇǊƻǾƛŘŜ ŀ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ōƛƴŘƛƴƎ 

ŀŦŦƛƴƛǘȅ ōŜǘǿŜŜƴ ƭƛƎŀƴŘǎ ƻǊ ŘǊǳƎ ǎǳōǎǘǊŀǘŜǎ ŀƴŘ ǘƘŜ ǘŜǊǘƛŀǊȅ ǎǘǊǳŎǘǳǊŜпрΣннпΣннрΦ  DƛǾŜƴ ǘƘŜ ǎǘŀōƛƭƛǘȅ 

ŀƴŘ ǇǊŜǾŀƭŜƴŎŜ ƻŦ ¢9aπм ƛƴ ǘƘŜ Ǝƭƻōŀƭ ƳƛŎǊƻōƛŀƭ ǇƻǇǳƭŀǘƛƻƴΣ ƛǘ ƛǎ ŀƴ ƛŘŜŀƭ ǘŀǊƎŜǘ ŦƻǊ ŀ 

ŎƻƳōƛƴŀǘƻǊƛŀƭ ǎǘǳŘȅ ǳǎƛƴƎ ǘƘŜǎŜ ǘŜŎƘƴƛǉǳŜǎΦ ²Ŝ ǇƻǎǘǳƭŀǘŜ ǘƘŀǘ ǳǎƛƴƎ I5· ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ 

ǘƛƳŜπǊŜǎƻƭǾŜŘ I5·πa{ннс  ŀƴŘ /L¦ ǿƛƭƭ ǇǊƻǾƛŘŜ ŀ ƳƻǊŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǘƘǊŜŜ 

ƛƴƘƛōƛǘƻǊȅ ŘǊǳƎǎ ŎǳǊǊŜƴǘƭȅ ƻƴ ǘƘŜ ƳŀǊƪŜǘ ŀƴŘ ǇǊƻǾƛŘŜ ŦǳǊǘƘŜǊ ŜǾƛŘŜƴŎŜ ŦƻǊ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ 

ƳŜŎƘŀƴƛǎǘƛŎ ǇŀǘƘǿŀȅǎ ŀƴŘ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅΦ ¢Ƙƛǎ ƛǎ ǘǳǊƴ ǿƛƭƭ ƘŜƭǇ ŘƛǊŜŎǘ ǎȅƴǘƘŜǘƛŎ ŎƘŜƳƛǎǘǎ ǘƻ ƳƻǊŜ 

ƻǇǘƛƳŀƭ ǎǘǊǳŎǘǳǊŜǎ ǘƘŀǘ ǿƛƭƭ ǇǊƻǾƛŘŜ ƎǊŜŀǘŜǊ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ŀƴŘ ƛƴƘƛōƛǘƛƻƴ ŀƎŀƛƴǎǘ ¢9aπм ŀƴŘ 

ǊŜƭŀǘŜŘ /ƭŀǎǎ ! π̡ƭŀŎǘŀƳŀǎŜǎΦ 
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CƛƎǳǊŜ оΦм ¢9aπм LƴƘƛōƛǘƻǊǎ ŀƴŘ tƻǘŜƴǘƛŀƭ CǊŀƎƳŜƴǘŀǘƛƻƴ tǊƻŘǳŎǘǎΦ /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ¢9aπм 

ƛƴƘƛōƛǘƻǊǎΣ ŀƭƻƴƎ ǿƛǘƘ ǇƻǘŜƴǘƛŀƭ ƛƴƘƛōƛǘƛƻƴ ŦǊŀƎƳŜƴǘǎ ƎŜƴŜǊŀǘŜŘ ŀƴŘ ƛǎƻƳŜǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ǎǳƭōŀŎǘŀƳ 

ƘȅŘǊƻƭȅǎƛǎ ǇŀǘƘǿŀȅΦ CǊƻƳ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ŦǊŀƎƳŜƴǘŀǘƛƻƴǎ ǎƘƻǿƴ ŀōƻǾŜΣ ƛǘ ƛǎ ŎƭŜŀǊ ǘƘŀǘ ƘȅŘǊƻƭȅǎƛǎ 

ƻŦ ǎǳōǎǘǊŀǘŜ ƎŜƴŜǊŀǘŜǎ ŀ ƭƛƳƛǘŜŘ ŀƳƻǳƴǘ ƻŦ Ƴŀǎǎ ǾŀǊƛŀǘƛƻƴΦ tŜǇǘƛŘŜπƭŜǾŜƭ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ǳǎƛƴƎ 

I5· ŀƭƭƻǿǎ ǳǎ ǘƻ ƻōǎŜǊǾŜ ƭƻŎŀƭ ōƛƴŘƛƴƎ ŀƴŘ ŘƛǎǘƛƴƎǳƛǎƘ ǿƘƛŎƘ ǎŜǊƛƴŜ ǊŜǎƛŘǳŜǎ ŀǊŜ ǳƭǘƛƳŀǘŜƭȅ 

ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƛƴŀŎǘƛǾŀǘƛƻƴΦ 

 

оΦо wŜǎǳƭǘǎ 

hƴ ǘƘŜ ƳŀǊƪŜǘ ƛƴƘƛōƛǘƻǊǎ ƛǊǊŜǾŜǊǎƛōƭȅ ƛƴŀŎǘƛǾŀǘŜ ¢9aπм όŀƴŘ ǾŀǊƛƻǳǎ ƻǘƘŜǊ π̡ƭŀŎǘŀƳŀǎŜǎύ ǘƘǊƻǳƎƘ 

ŎƻǾŀƭŜƴǘ ōƻƴŘƛƴƎ ŀǘ ǾŀǊȅƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ǿƛǘƘ ǘŀȊƻōŀŎǘŀƳ ŀƴŘ ŎƭŀǾǳƭŀƴŀǘŜ ƘŀǾƛƴƎ ǎƛƳƛƭŀǊ ǇƻǘŜƴŎȅ 

ŎƻƳǇŀǊŜŘ ǘƻ ŀ ƳǳŎƘ ǿŜŀƪŜǊ ǎǳƭōŀŎǘŀƳ ƛƴ ƛƴ ǾƛǾƻ ǎǘǳŘƛŜǎнмрΦ {ǳǊǇǊƛǎƛƴƎƭȅΣ ƘŀǾƛƴƎ ŀƴ ŜȄŎŜǎǎƛǾŜ Ǌŀǘƛƻ ƻŦ 



69 
 

ƛƴƘƛōƛǘƻǊ ǘƻ ǇǊƻǘŜƛƴ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ƛƴŀŎǘƛǾŀǘƛƻƴ ƻŦ ¢9aπм Ƙŀǎ ōŜ ƪƴƻǿƴ ǘƻ ǇǊƻŘǳŎŜ ƭƻǿŜǊ ǊŀǘŜǎ ƻŦ 

ƛƴŀŎǘƛǾŀǘƛƻƴ ǘƘŀƴ ŜȄǇŜŎǘŜŘмнлΣннлΣннт ŀƴŘ ƘŀǾƛƴƎ ŘǊŀǎǘƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ Ǌŀǘƛƻǎ ƛƴ ƛƴƘƛōƛǘƻǊ ǘƻ ŜƴȊȅƳŜ 

ƛƴŎǳōŀǘƛƻƴ Ƙŀǎ ǇǊŜǾƛƻǳǎƭȅ ǊŜǎǳƭǘŜŘ ƛƴ ŎƘŀƴƎŜǎ ƛƴ ƛƴǘŜǊƳŜŘƛŀǘŜǎ ŦƻǊƳŜŘ ŦƻǊ Ƴŀƴȅ π̡ƭŀŎǘŀƳŀǎŜǎннуΦ ²Ŝ 

ǎƻǳƎƘǘ ǘƻ ŎƻǊǊŜƭŀǘŜ ŀǎǎŀȅ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ǊŜǎǳƭǘǎ όŦƻǊ ŀ ŦƛȄŜŘ ƛƴƘƛōƛǘƻǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴύ ǘƻ ōȅǇǊƻŘǳŎǘ 

ƎŜƴŜǊŀǘƛƻƴ όŀƴŘ ǘƘŜ ŦŀǾƻǳǊŜŘ ƳŜŎƘŀƴƛǎǘƛŎ ǇŀǘƘǿŀȅύ ƻŦ ŜŀŎƘ ƛǊǊŜǾŜǊǎƛōƭŜ ƛƴƘƛōƛǘƻǊ ōȅ ƳǳƭǘƛǇƭŜ ǘȅǇŜǎ 

ƻŦ ŜȄǇŜǊƛƳŜƴǘǎΦ .ȅ ƛƴŎǳōŀǘƛƴƎ ǘƘŜ ǎŀƳǇƭŜǎ ǿƛǘƘ ƳƻƭŀǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ млΥм ŀƴŘ млллΥм ƛƴƘƛōƛǘƻǊΥ 

ŜƴȊȅƳŜΣ ǿŜ ǎŜŜƪ ǘƻ ŎƻƳǇŀǊŜ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ǊŜǎǳƭǘǎ ǘƻ ƛƴ ǾƛǾƻ ǎǘǳŘƛŜǎ ό{ǳƭōŀŎǘŀƳΣ YƛҐлΦф ҡaΤ 

/ƭŀǾǳƭŀƴŀǘŜ ŀƴŘ ¢ŀȊƻōŀŎǘŀƳΣ YƛҐлΦм ҡaύнмр ŀƴŘ ŘŜǘŜǊƳƛƴŜ ƛŦ ŘƛŦŦŜǊŜƴǘ ƛƴƘƛōƛǘƻǊȅ ǇǊƻŘǳŎǘǎ ŀǊŜ 

ŀǇǇŀǊŜƴǘ ǿƛǘƘ ƎǊŜŀǘŜǊ ŜƴȊȅƳŜ ǎŀǘǳǊŀǘƛƻƴΦ 

 

оΦоΦм aŜŀǎǳǊƛƴƎ LƴƘƛōƛǘƻǊ .ȅǇǊƻŘǳŎǘ CƻǊƳŀǘƛƻƴ ōȅ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ 

.ŜŦƻǊŜ ƭƻƻƪƛƴƎ ŀǘ ǘƘŜ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ǊŜǎǳƭǘǎ ōȅ Ŏƻƭƭƛǎƛƻƴ ƛƴŘǳŎŜŘ ǳƴŦƻƭŘƛƴƎ ό/L¦ύ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΥ 

ǎǳōǎǘǊŀǘŜ ŎƻƳǇƭŜȄΣ ǘƘŜ ƴŀǘƛǾŜ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ Ƴǳǎǘ ǎƘƻǿ ŜŦŦŜŎǘƛǾŜ ōƛƴŘƛƴƎ ŀǘ ōƻǘƘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ 

ƻŦ ƛƴƘƛōƛǘƻǊΥ ŜƴȊȅƳŜΦ tǊƻŘǳŎǘǎ ŦƻǊƳŜŘ ŘǳǊƛƴƎ ǘƘŜ ƛƴƘƛōƛǘƻǊȅ ǇŀǘƘǿŀȅ Ƴǳǎǘ ǘƘŜƴ ōŜ ƛŘŜƴǘƛŦƛŜŘ ǘƻ 

ŘŜǘŜǊƳƛƴŜ Ƙƻǿ ǘƘŜ /L¦ ǊŜƭŀǘƛǾŜ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ Řŀǘŀ Ŏŀƴ ŎƻƳǇŀǊŜΦ {ŜǾŜǊŀƭ ǎŎŀƴǎ ƻŦ ƴŀǘƛǾŜ Ƴŀǎǎ 

ǎǇŜŎǘǊƻƳŜǘǊȅ ǿŜǊŜ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƻƴǎŜǘ ƻŦ ǎǳōǎǘǊŀǘŜ ōƛƴŘƛƴƎ ŀƴŘ ŘŜƎǊŀŘŀǘƛƻƴ ǇǊƻŘǳŎǘǎ όŀƴŘ 

ǇƻǘŜƴǘƛŀƭƭȅ ŀ ŎƻƳǇƭŜǘŜ ǊŜǾŜǊǎŀƭ ǘƻ ǳƴōƻǳƴŘ ¢9aπмύΤ ŜǾŜǊȅ млΣ олΣ слΣ мнл ŀƴŘ нплπƳƛƴǳǘŜǎ Ƴŀǎǎ 

ǎǇŜŎǘǊŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ŀǘ ōƻǘƘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ǘŀƪƛƴƎ ǘƘŜ ŎŜƴǘǊƻƛŘ ƳŀǎǎΦ .Ŝƭƻǿ ƛƴ ŦƛƎǳǊŜ оΦнΣ ƻǳǊ 

ǊŜǎǳƭǘǎ ǿƛǘƘ ǘƘŜ млΥм ƛƴƘƛōƛǘƻǊ ǘƻ ŜƴȊȅƳŜ Ǌŀǘƛƻ όƳŀƎƴƛŦƛŜŘ ŀǘ ǘƘŜ Ҍнм ŎƘŀǊƎŜ ǎǘŀǘŜύ ŀǊŜ ǎƘƻǿƴ ǘƻ 

ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ōƛƴŘƛƴƎ ǘƘŀǘ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ōŜŦƻǊŜ сл ƳƛƴǳǘŜǎ ƘŀǾŜ ǇŀǎǎŜŘΣ ǳƴƭƛƪŜ ŀ 

ǎƛƴƎƭŜ ǘƛƳŜ Ǉƻƛƴǘ ǘǊƛŀƭ ǳƴŘŜǊ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ǎǘǳŘȅннлΦ  
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CƛƎǳǊŜ оΦн bŀǘƛǾŜ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ LƴƘƛōƛǘƻǊ .ƛƴŘƛƴƎ {ǘǳŘȅ ²ƛǘƘ млллΥм wŀǘƛƻ !ōƻǾŜύ bŀǘƛǾŜ Ƴŀǎǎ 

ǎǇŜŎǘǊƻƳŜǘǊȅ ƻŦ ¢9aπм ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ǎǳōǎǘǊŀǘŜǎ ƻǾŜǊ р ǘƛƳŜ ǇƻƛƴǘǎΦ Ҍнм ŎƘŀǊƎŜ ǎǘŀǘŜ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ 

ƛƴ ƎǊŜŜƴ ŦƻǊ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ōŜƭƻǿΦ ¢9aπм ƛƴŎǳōŀǘƛƻƴ ŀǘ р ǘƛƳŜ Ǉƻƛƴǘǎ ƛǎ ŘƛǎǇƭŀȅŜŘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ 

ŎƻƭƻǳǊǎΥ мл Ƴƛƴǎ όƎǊŜŜƴύΣ ол Ƴƛƴǎ όƭƛƎƘǘ ƻǊŀƴƎŜύΣ сл Ƴƛƴǎ όǇŀƭŜ ōƭǳŜύΣ мнл Ƴƛƴǎ όŘŀǊƪ ƻǊŀƴƎŜύ ŀƴŘ нпл 

Ƴƛƴǎ όƭƛƎƘǘ ƎǊŜŜƴύΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ Ǌǳƴ ƛƴ ǘǊƛǇƭƛŎŀǘŜ ŀƴŘ ŀƭƭ ŘǊǳƎ ǎǳōǎǘǊŀǘŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀƴŘ 

Ƴŀǎǎ ǎǇŜŎǘǊŀ ǘŀƪŜƴ ƻƴ ǘƘŜ ǎŀƳŜ ŘŀȅΦ tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ŎƻƴŦƛǊƳŜŘ ōȅ ./! !ǎǎŀȅ ǇǊƛƻǊ ǘƻ 

ŜȄǇŜǊƛƳŜƴǘŀǘƛƻƴΦ  Lƴ ōƭǳŜΣ ǘƘŜ ǳƴōƻǳƴŘ Ҍнм ǇŜŀƪ όŀǘ нмул ƳκȊύ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘΦ .ƻǘǘƻƳύ LƴǎŜǘ ƛƴǘƻ ǘƘŜ 

ƴŀǘƛǾŜ ǎǇŜŎǘǊŀ ŦƻǊ ŜŀŎƘ ƛƴŎǳōŀǘƛƻƴ ŀǊŜ ǇƻǘŜƴǘƛŀƭ ŎǊƻǎǎπƭƛƴƪƛƴƎ ƛƴƘƛōƛǘƻǊ ŦǊŀƎƳŜƴǘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ 

Ƴŀǎǎ ƛƴŎǊŜŀǎŜǎ ƭƛǎǘŜŘΦ 

 

¢ƻ ŎƻƴŦƛǊƳ ōȅǇǊƻŘǳŎǘǎ ƛƴǘŜǊƳŜŘƛŀǘŜǎ ǿŜǊŜ ƴƻǘ ƻǾŜǊƭƻƻƪŜŘ ǇǊƛƻǊ ǘƻ мл ƳƛƴǳǘŜǎ ƻŦ ƛƴŎǳōŀǘƛƻƴΣ ǎŎŀƴǎ 

ǿŜǊŜ ŀƭǎƻ ǊŜŎƻǊŘŜŘ ŀǘ мΣоΣрΣт ŀƴŘ ф ƳƛƴǳǘŜǎ ǿƛǘƘ ƴƻ ŀŘŘƛǘƛƻƴŀƭ ōƛƴŘƛƴƎ ƻōǎŜǊǾŜŘ όǎŜŜ !ǇǇŜƴŘƛȄ .ύΦ 

Lǘ ƛǎ ŀǇǇŀǊŜƴǘ ǘƘŀǘ ǿƛǘƘ ǘƘŜ ƭŀǊƎŜǊ ƛƴƘƛōƛǘƻǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ млллΥм όŦƛƎǳǊŜ оΦнύΣ ǿŜ ǎŜŜ ŀ ƭŀǊƎŜ Ƴŀǎǎ 

ƛƴŎǊŜŀǎŜ ƻŎŎǳǊǊƛƴƎ ōȅ ǘƘŜ ǘƛƳŜ ǘƘŜ ŦƛǊǎǘ ǎǇŜŎǘǊŀ όƎǊŜŜƴ ƭƛƴŜύ ƛǎ ǊŜŎƻǊŘŜŘ ŀǘ мл ƳƛƴǳǘŜǎ όŎƭŀǾǳƭŀƴŀǘŜΣ 

Ҍнсм 5ŀΤ ǎǳƭōŀŎǘŀƳΣ Ҍомт 5ŀΤ ǘŀȊƻōŀŎǘŀƳΣ Ҍосу 5ŀύΣ ƻŦ ƎǊŜŀǘŜǊ Ƴŀǎǎ ǘƘŀƴ ǘƘŜ ǎǳōǎǘǊŀǘŜ ŀƭƻƴŜΦ .ƻǘƘ 
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ŎƭŀǾǳƭŀƴŀǘŜ ŀƴŘ ǘŀȊƻōŀŎǘŀƳ ǎŀƳǇƭŜǎ ƘŀǾŜ ŀ Ƴŀǎǎ ƛƴŎǊŜŀǎŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀ ǎƻŘƛǳƳ ƻǊ ŀŎŜǘŀǘŜ 

ŀŘŘǳŎǘΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ ǎǳƭōŀŎǘŀƳ ǎǇŜŎǘǊŀ ǿŀǎ ŎƻƴǎƛǎǘŜƴǘƭȅ ƭŜǎǎ ǊŜǎƻƭǾŜŘ ǘƘŀƴ ǘƘŜ ƻǘƘŜǊ ǘǿƻ ŘǊǳƎǎπ 

ǘƘƛǎ ƛǎ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ǿŜŀƪŜǊ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ŀƴŘ ƛƴŀōƛƭƛǘȅ ǘƻ ŦƻǊƳ ǇŜǊƳŀƴŜƴǘ ŀŎȅƭπŜƴȊȅƳŜ 

ǇǊƻŘǳŎǘǎнлнΣнмрΦ CƻǊ ǘƘŜ ŎƭŀǾǳƭŀƴŀǘŜ ŀƴŘ ǎǳƭōŀŎǘŀƳ ǎŀƳǇƭŜǎ ǘƘƛǎ Ƴŀǎǎ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ǘƛƳŜΣ ƭƛƪŜƭȅ ŘǳŜ 

ǘƻ ƳǳƭǘƛǇƭŜ ŀŘŘǳŎǘ ŦƻǊƳŀǘƛƻƴΦ Lƴ ŎƻƴǘǊŀǎǘ ǿƛǘƘ ǎǳƭōŀŎǘŀƳΣ ǘƘŜ ŎƘŜƳƛŎŀƭƭȅ ǎƛƳƛƭŀǊ ǘŀȊƻōŀŎǘŀƳ 

ŜȄǇŜǊƛƳŜƴǘ ǊŜŎƻǊŘǎ ŀ Ƴŀǎǎ ǎƘƛŦǘ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŘǊǳƎ ōƛƴŘƛƴƎ ŀƴŘ ŀƴ ŀŎŜǘŀǘŜ ŀŘŘǳŎǘ ŀǘ мл ƳƛƴǳǘŜǎΣ 

ǘƘŜƴ ŎƘŀƴƎŜǎ ǘƻ ŀ ƭƻǿŜǊ Ƴŀǎǎ ǇǊƻŘǳŎǘ ŀǘ сл ƳƛƴǳǘŜǎ ǿƘƛŎƘ ōŜŎƻƳŜǎ ǘƘŜ ŘƻƳƛƴŀƴǘ ǇǊƻŘǳŎǘ ōȅ мнл 

ƳƛƴǳǘŜǎΦ ¢Ƙƛǎ ōȅǇǊƻŘǳŎǘ ǎŜŜƴ ŀŦǘŜǊ сл Ƴƛƴǎ ƻŦ ƛƴŎǳōŀǘƛƻƴ όҌрн5ŀύ Ƙŀǎ ōŜŜƴ ǇƻǎǘǳƭŀǘŜŘ ōŜŦƻǊŜ ŀǎ ŀ 

ǇǊƻǇȅƴȅƭ ŎƘŀƛƴΣ ǎŜŜƴ ƛƴ ŦƛƎǳǊŜ оΦмΣ ŦŀǊ ƭŜŦǘΣ ōƻǳƴŘ ǘƻ {ŜǊтлннлΦ ¢Ƙƛǎ ƭƻǿŜǊ Ƴŀǎǎ ōȅǇǊƻŘǳŎǘ ƛǎ ǿƘŀǘ ǿŜ 

ǿƻǳƭŘ ŜȄǇŜŎǘ ŦǊƻƳ ǘƘŜ ƛƴƘƛōƛǘƻǊ ōƛƴŘƛƴƎπ ŀǎ ǘƘŜ ŘǊǳƎ ƛǎ ǇŀǊǘƛŀƭƭȅ ƘȅŘǊƻƭȅȊŜŘΣ ŀ ŦǊŀƎƳŜƴǘ ƻŦ ǘƘŜ 

ǎǳōǎǘǊŀǘŜ ǊŜƳŀƛƴǎ ƛƴ ǘƘŜ ŘǊǳƎ ǇƻŎƪŜǘ ǘƻ ƛƴƘƛōƛǘ ŦǳǊǘƘŜǊ ƘȅŘǊƻƭȅǎƛǎ Ǿƛŀ ǘƘŜ ǎŜǊƛƴŜ тл ǊŜǎƛŘǳŜмфпΣмфрΣнмсΦ 

¢ƻ ŎƻƴŦƛǊƳ ǘƘŜ ǇǊƻǇȅƴȅƭ ό{ŜǊтлύ ƻǊ ŎǊƻǎǎπƭƛƴƪŜŘ ǇǊƻŘǳŎǘ ό{ŜǊтл ŀƴŘ {ŜǊмолύ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ Ҍрн5ŀ 

ƛƴŎǊŜŀǎŜΣ ƭƻŎŀƭ I5· ǊŜǎǳƭǘǎ ǿƛƭƭ ǇǊƻǾƛŘŜ ƳƻǊŜ ƛƴǎƛƎƘǘΦ 
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CƛƎǳǊŜ оΦо bŀǘƛǾŜ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ LƴƘƛōƛǘƻǊ .ƛƴŘƛƴƎ {ǘǳŘȅ ²ƛǘƘ млΥм wŀǘƛƻ !ōƻǾŜύ bŀǘƛǾŜ Ƴŀǎǎ 

ǎǇŜŎǘǊƻƳŜǘǊȅ ƻŦ ¢9aπм ƛƴŎǳōŀǘŜŘ ǿƛǘƘ ǎǳōǎǘǊŀǘŜǎ ƻǾŜǊ р ǘƛƳŜ ǇƻƛƴǘǎΦ Ҍнм ŎƘŀǊƎŜ ǎǘŀǘŜ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ 

ƛƴ ƎǊŜŜƴ ŦƻǊ ƳŀƎƴƛŦƛŎŀǘƛƻƴ ōŜƭƻǿΦ ¢9aπм ƛƴŎǳōŀǘƛƻƴ ŀǘ р ǘƛƳŜ Ǉƻƛƴǘǎ ƛǎ ŘƛǎǇƭŀȅŜŘ ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ 

ŎƻƭƻǳǊǎΥ мл Ƴƛƴǎ όƎǊŜŜƴύΣ ол Ƴƛƴǎ όƭƛƎƘǘ ƻǊŀƴƎŜύΣ сл Ƴƛƴǎ όǇŀƭŜ ōƭǳŜύΣ мнл Ƴƛƴǎ όŘŀǊƪ ƻǊŀƴƎŜύ ŀƴŘ нпл 

Ƴƛƴǎ όƭƛƎƘǘ ƎǊŜŜƴύΦ !ƭƭ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ Ǌǳƴ ƛƴ ǘǊƛǇƭƛŎŀǘŜ ŀƴŘ ŀƭƭ ŘǊǳƎ ǎǳōǎǘǊŀǘŜǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀƴŘ 

Ƴŀǎǎ ǎǇŜŎǘǊŀ ǘŀƪŜƴ ƻƴ ǘƘŜ ǎŀƳŜ ŘŀȅΦ tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ŎƻƴŦƛǊƳŜŘ ōȅ ./! !ǎǎŀȅ ǇǊƛƻǊ ǘƻ 

ŜȄǇŜǊƛƳŜƴǘŀǘƛƻƴΦ  Lƴ ōƭǳŜΣ ǘƘŜ ǳƴōƻǳƴŘ Ҍнм ǇŜŀƪ όŀǘ нмул ƳκȊύ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘΦ .ƻǘǘƻƳύ LƴǎŜǘ ƛƴǘƻ ǘƘŜ 

ƴŀǘƛǾŜ ǎǇŜŎǘǊŀ ŦƻǊ ŜŀŎƘ ƛƴŎǳōŀǘƛƻƴ ŀǊŜ ǇƻǘŜƴǘƛŀƭ ŎǊƻǎǎπƭƛƴƪƛƴƎ ƛƴƘƛōƛǘƻǊ ŦǊŀƎƳŜƴǘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ 

Ƴŀǎǎ ƛƴŎǊŜŀǎŜǎ ƭƛǎǘŜŘΦ 

 

wŜǎǳƭǘǎ ŀǘ ǘƘŜ ƭƻǿŜǊ млΥм Ǌŀǘƛƻ όŦƛƎǳǊŜ оΦоύ ǇǊƻǾŜ ƳƻǊŜ ƛƴǘŜǊŜǎǘƛƴƎΦ !ǘ ǘƘƛǎ ƳǳŎƘ ǎƳŀƭƭŜǊ ǊŀǘƛƻΣ 

ŎƭŀǾǳƭŀƴŀǘŜ ƛǎ ƴƻǘ ǇǊŜǎŜƴǘ ǘƻ ƛƴƘƛōƛǘ ǘƘŜ ŎƻƳǇƭŜǘŜ ǇƻǇǳƭŀǘƛƻƴ ōƛƴŘƛƴƎ όҌмтл5ŀύΣ ŀƴŘ ƛƴǎǘŜŀŘ Ƙŀǎ ǘƘŜ 

ŀŘŘƛǘƛƻƴ ƻŦ ŀ ǎƻŘƛǳƳ ƳƻƭŜŎǳƭŜ ǿƛǘƘƛƴ ǘƘŜ ōƛƴŘƛƴƎ ǇƻŎƪŜǘ ŀŦǘŜǊ сл ƳƛƴǳǘŜǎ όҌнн5ŀύΦ  {ǳƭōŀŎǘŀƳ ŀƴŘ 

ǘŀȊƻōŀŎǘŀƳ ōŜƘŀǾŜ ƳƻǊŜ ǎƛƳƛƭŀǊƭȅ ƻƴ ǘƘŜ ƘƻǳǊǎ ǘƛƳŜǎŎŀƭŜΣ ǿƘƛŎƘ ŎƻǳƭŘ ōŜ ŘǳŜ ǘƻ ǘƘŜƛǊ ǎƛƳƛƭŀǊƭȅ 
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ǎǳƭŦƻƴŀǘŜŘ ǎǘǊǳŎǘǳǊŜǎ ǘƘŀǘ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ǎǘŀōƛƭƛȊŀǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ōƛƴŘƛƴƎ ǇƻŎƪŜǘΦ {ǳƭōŀŎǘŀƳ ǎƘƻǿǎ ƴƻ 

ŜǾƛŘŜƴŎŜ ƻŦ ōƛƴŘƛƴƎ ǳƴǘƛƭ мнл ƳƛƴǳǘŜǎ όҌтл5ŀύΣ ǿƛǘƘ ǘŀȊƻōŀŎǘŀƳ ǎƘƻǿƛƴƎ ŎƻƳǇƭŜǘŜ ōƛƴŘƛƴƎ ŀǘ мл 

ƳƛƴǳǘŜǎ ŀƴŘ ǊŜǾŜǊǎƛƻƴ ǘƻ ǘƘŜ ǎŀƳŜ ōȅǇǊƻŘǳŎǘ όҌтл5ŀύ ŀǎ ǎǳƭōŀŎǘŀƳ ŀŦǘŜǊ мнл ƳƛƴǳǘŜǎΦ hǘƘŜǊǎ ƘŀǾŜ 

ǇǊŜǾƛƻǳǎƭȅ ǊŜǇƻǊǘŜŘ ƻƴ ŀƴ ŀŘŘǳŎǘ ƻŦ Ҍпл5ŀ ŦƻǊƳƛƴƎ ǿƛǘƘ ōƻǘƘ ǎǳƭōŀŎǘŀƳ ŀƴŘ ǘŀȊƻōŀŎǘŀƳ ƛƴ ŀ Ŏƭŀǎǎ / 

π̡ƭŀŎǘŀƳŀǎŜннуΣ ǎǳƎƎŜǎǘƛƴƎ ǾŜǊȅ ǎƛƳƛƭŀǊ ƳŜŎƘŀƴƛǎǘƛŎ ǇŀǘƘǿŀȅǎ ƛƴ ŀƭƭ ǎŜǊƛƴŜπŎŀǘŀƭȅȊŜŘ π̡ƭŀŎǘŀƳŀǎŜǎ 

ƛƴƘƛōƛǘŜŘ ōȅ ǎǳƭŦƻƴŜǎΦ  ¢ƘŜ ǎƛƳƛƭŀǊ ōƛƴŘƛƴƎ ǇǊƻŘǳŎǘ Ƴŀǎǎ ŀǘ мнл ƳƛƴǳǘŜǎ ŘƛǎŎƻǾŜǊŜŘ ƛƴ ōƻǘƘ ǎǳƭŦƻƴŀǘŜŘ 

ǎǳōǎǘǊŀǘŜ ŜȄǇŜǊƛƳŜƴǘǎ ǎǳƎƎŜǎǘǎ ǘƘŜ ǎŀƳŜ Ƴŀǎǎ ōȅǇǊƻŘǳŎǘ ŦƻǊƳŀǘƛƻƴΣ ƭƛƪŜƭȅ ōŜƛƴƎ ǘƘŜ Ҍтл5ŀ ǇǊƻŘǳŎǘ 

ƻŦ ŀƴ ŀƭŘŜƘȅŘŜ ōȅǇǊƻŘǳŎǘ ŎƻǾŀƭŜƴǘƭȅ ƭƛƴƪŜŘ ǘƻ {ŜǊтл ŘƛǎŎƻǾŜǊŜŘ ƛƴ ǇǊŜǾƛƻǳǎ ǿƻǊƪннлΣннфΦ !ƭǘƘƻǳƎƘ ǘƘŜ 

ōȅǇǊƻŘǳŎǘǎ ŀǊŜ ǘƘŜ ǎŀƳŜ ƳŀǎǎΣ ǘƘŜȅ Ƴŀȅ ƻǇŜǊŀǘŜ ǘƘǊƻǳƎƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ƳŜŎƘŀƴƛǎǘƛŎ ǇŀǘƘǿŀȅǎ 

ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ǊŜǎƛŘǳŜǎ ƛƴǾƻƭǾŜŘΥ ǘƘŜ ǎǳōǎǘǊŀǘŜ ǇǊƻŘǳŎǘ ŦƻǊƳƛƴƎ ǎƭƻǿƭȅ ŀŦǘŜǊ ǘǿƻ ƘƻǳǊǎ όǿƛǘƘ 

ǎǳƭōŀŎǘŀƳ ƛƴŎǳōŀǘƛƻƴύ ƛǎ Ƴƻǎǘ ƭƛƪŜƭȅ ǇŜǊƳŀƴŜƴǘ ƛƴŀŎǘƛǾŀǘƛƻƴΣ ōƛƴŘƛƴƎ ǘƻ {ŜǊтлΦ ¢ƘŜ ǘŀȊƻōŀŎǘŀƳ 

ǇǊƻŘǳŎǘ ƻŦ Ҍтл5ŀ Ƴŀȅ ŀƭǎƻ ōŜ ǇŀǊǘ ƻŦ ŀƴ ƛǊǊŜǾŜǊǎƛōƭŜ ƛƴŀŎǘƛǾŀǘƛƻƴ ǇŀǘƘǿŀȅΣ ōǳǘ ǇƻǘŜƴǘƛŀƭƭȅ ōƛƴŘƛƴƎ ǘƻ 

ǘƘŜ ƻǘƘŜǊ ƛƳǇƻǊǘŀƴǘ ǎŜǊƛƴŜ ǊŜǎƛŘǳŜΣ  {ŜǊмолмоуΣннтΦ CǳǊǘƘŜǊ ŀƴŀƭȅǎƛǎ ŀǘ ǘƘŜ ǇŜǇǘƛŘŜ ƭŜǾŜƭ ŦƻǊ ōƛƴŘƛƴƎ ǿƛƭƭ 

ǇǊƻǾƛŘŜ ŎƻƴŎƭǳǎƛǾŜ ōƛƴŘƛƴƎ ǊŜǎǳƭǘǎΦ  

 

оΦоΦн [ƻŎŀƭ I5· /ƻǾŜǊŀƎŜ ƻŦ ¢9aπм ̡πƭŀŎǘŀƳŀǎŜ  

¢ƻ ƘŜƭǇ ǾƛǎǳŀƭƛȊŜ ǘƘŜ ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴǾƻƭǾŜŘ ƛƴ ƭƻƴƎπǘŜǊƳ ƛƴƘƛōƛǘƛƻƴΣ ƭƻŎŀƭ I5· ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ 

ƛƴ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜ ŀǘ ǎŜǾŜǊŀƭ ǘƛƳŜ ǇƻƛƴǘǎΦ .ŀǎŜŘ ƻƴ ǘƘŜ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ǊŜǎǳƭǘǎ ŘŜǎŎǊƛōŜŘ ŀōƻǾŜΣ 

ǿŜ ŎƻƴǘƛƴǳŜŘ ǘƘŜ ǎǘǳŘȅ ǿƛǘƘ ŀ млπƳƛƴǳǘŜ ƛƴŎǳōŀǘƛƻƴ ǘƛƳŜ ŦƻǊ ǘƘŜ млллΥм Ǌŀǘƛƻ ǿƘƛŎƘ ǎƘƻǳƭŘ ƎƛǾŜ 

ŎƻƳǇƭŜǘŜ ǊŜǎƛŘǳŜ ƛƴŦƻǊƳŀǘƛƻƴ ŀŦǘŜǊ ¢9aπм Ƙŀǎ ōŜŎƻƳŜ ƛƴƘƛōƛǘŜŘ ǿƛǘƘ ŀƭƭ ǎǳōǎǘǊŀǘŜǎΦ    
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CƛƎǳǊŜ оΦп [ƻŎŀƭ 5ŜǳǘŜǊƛǳƳ ¦ǇǘŀƪŜ wŜǎǳƭǘǎ ŦƻǊ 9ǉǳƛƭƛōǊŀǘŜŘ I5·πa{ ǿƛǘƘ LƴƘƛōƛǘƻǊǎ ƛƴ млллΥм 

LƴƘƛōƛǘƻǊΥ 9ƴȊȅƳŜ wŀǘƛƻΦ [ŜŦǘΥ 5ƛŦŦŜǊŜƴŎŜ ƛƴ ŘŜǳǘŜǊƛǳƳ ǳǇǘŀƪŜ ōŜǘǿŜŜƴ ¢9aπм ŀƴŘ ƛƴŎǳōŀǘŜŘ ¢9aπм 

ǿƛǘƘ ǎǳōǎǘǊŀǘŜ ƛǎ ŘƛǎǇƭŀȅŜŘ ŦƻǊ ǘƘŜ млллΥм ƛƴƘƛōƛǘƻǊΥ ŜƴȊȅƳŜ ǊŀǘƛƻΦ tŜǇǘƛŘŜ ŦǊŀƎƳŜƴǘǎ ƛƴ ŎƻƭƻǳǊ όōƭǳŜΣ 

ŘŜŎǊŜŀǎƛƴƎΤ ǊŜŘΣ ƛƴŎǊŜŀǎƛƴƎΤ ƎǊŜȅΣ ƴƻ ŎƘŀƴƎŜύ ǎƛƎƴƛŦȅ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ŘŜǳǘŜǊƛǳƳ ǳǇǘŀƪŜ ōŜǘǿŜŜƴ ǘƘŜ 

Ƙƻƭƻ ŀƴŘ ŀǇƻ ŜƴȊȅƳŜ ŦƻǊƳǎ όҔнˋΣ ŘƻǘǘŜŘ ōƭŀŎƪ ƭƛƴŜύΦ wƛƎƘǘΥ tȅƳƻƭ ƛƳŀƎŜ όt.5 L5Υ м.¢[ύ ŘƛǎǇƭŀȅǎ ǘƘŜ 

ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜǎ ƛƴ ŘȅƴŀƳƛŎǎ ŦƻǊ ŀƭƭ ǎǳōǎǘǊŀǘŜǎ όǘƻǇΣ ŎƭŀǾǳƭŀƴŀǘŜΤ ƳƛŘŘƭŜΣ ǎǳƭōŀŎǘŀƳΤ ōƻǘǘƻƳΣ 

ǘŀȊƻōŀŎǘŀƳύΦ wŜƎƛƻƴǎ ƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ƎƻƭŘΣ ƛƴŎǊŜŀǎƛƴƎ ƛƴ 

ǊŜŘΣ ŘŜŎǊŜŀǎƛƴƎ ƛƴ ōƭǳŜ ŀƴŘ ǳƴǊŜŎƻǊŘŜŘ ǊŜƎƛƻƴǎ ŀǊŜ ƛƴ ƎǊŜȅΦ 

 

¦ƴǎǳǊǇǊƛǎƛƴƎƭȅ ǿƛǘƘ ǘƘŜ млллΥм ƛƴƘƛōƛǘƻǊ ƛƴŎǳōŀǘƛƻƴΣ ǘƘŜ ŘŜǳǘŜǊƛǳƳ ǳǇǘŀƪŜ ǿŀǎ ǊŜŘǳŎŜŘ ǳǇƻƴ ƳƛȄƛƴƎ 

ǿƛǘƘ ǘƘŜ ƛƴƘƛōƛǘƻǊǎ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ǳƴōƻǳƴŘ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜ όŦƛƎǳǊŜ оΦпύΣ ǎǳƎƎŜǎǘƛƴƎ ŀ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴ ƻŦ 
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ǘƘŜ ƻǾŜǊŀƭƭ ǎǘǊǳŎǘǳǊŜ ǘƘŀǘ ƛǎ ŎƻƳƳƻƴ ǿƛǘƘ ƛƴƘƛōƛǘƛƴƎ ǇǊƻŘǳŎǘǎΦ ¢ƘŜ ǘŀȊƻōŀŎǘŀƳπƛƴŎǳōŀǘŜŘ ǎŀƳǇƭŜ 

ǇǊƻǾƛŘŜŘ ǘƘŜ Ƴƻǎǘ ŎƻƴǎƛǎǘŜƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŘȅƴŀƳƛŎǎ ōƻǘƘ ǎŜǉǳŜƴǘƛŀƭƭȅ ŀƴŘ ǎǇŀǘƛŀƭƭȅΣ 

ǿƛǘƘ ǘƘŜ ƛƴƴŜǊ π̡ǎƘŜŜǘǎ όǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǎǘŀōƛƭƛǘȅ ǘƘǊƻǳƎƘ ǎŀƭǘ ōǊƛŘƎŜǎ ŀƴŘ ŎƻǾŀƭŜƴǘ ōƻƴŘƛƴƎ ǿƛǘƘƛƴ 

ǘƘŜ ōƛƴŘƛƴƎ ǎƛǘŜммоΣмнпΣнлоύ ŀƴŘ ōƛƴŘƛƴƎ ǊŜƎƛƻƴ όǊŜǎƛŘǳŜǎ тлπтоύ ǎƘƻǿƛƴƎ ǳƴƛŦƻǊƳ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴΦ ¢ƘŜ 

ǎǳƭōŀŎǘŀƳπƛƴŎǳōŀǘŜŘ ǎŀƳǇƭŜ ƘŀŘ ŀ ƘƛƎƘ ŘŜƎǊŜŜ ƻŦ ŦƭŜȄƛōƛƭƛǘȅΣ ǇǊƻǾƛŘƛƴƎ ŀ ƭƛƳƛǘŜŘ ŀƳƻǳƴǘ ƻŦ ǎƛƎƴƛŦƛŎŀƴǘ 

ŎƘŀƴƎŜǎ ƛƴ ŘŜǳǘŜǊƛǳƳ ǳǇǘŀƪŜΦ IƻǿŜǾŜǊΣ ǘƘŜǊŜ ƛǎ ŀ ŎƻƴǎƛǎǘŜƴǘ ǇŀǘǘŜǊƴ ƻŦ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴ ƛƴ Iмм όǊŜǎƛŘǳŜǎ 

нтлπнупύ ŀŎǊƻǎǎ ŀƭƭ ǎŀƳǇƭŜǎ ǘƘŀǘ ǿŜ ǇƻǎǘǳƭŀǘŜŘ ōŜŦƻǊŜ ƛǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ŎƻƳǇƭŜǘŜ ŜƴȊȅƳŜ 

ƛƴŀŎǘƛǾŀǘƛƻƴррΦ ¢ƘŜ ŎƭŀǾǳƭŀƴŀǘŜ ǎŀƳǇƭŜ Ƙŀǎ ƻƴŜ ǳƴƛǉǳŜ ǊŜƎƛƻƴ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ŘȅƴŀƳƛŎǎ όǊŜǎƛŘǳŜǎ мппπ

мптύ ǘƘŀǘ Ƙŀǎ ƴƻǘ ōŜŜƴ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ ŀǎ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ŎŀǘŀƭȅǘƛŎ ōƛƴŘƛƴƎ ƻǊ ŀǎ ŀ ǇƻǘŜƴǘƛŀƭ ŦƻǊ 

ƳǳǘŀƎŜƴŜǎƛǎнлмΣ ōǳǘ ƻǘƘŜǊǿƛǎŜ Ƙŀǎ ǎƛƳƛƭŀǊ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴ ǇŀǘǘŜǊƴǎ ǘƻ ǎǳƭōŀŎǘŀƳ ŀƴŘ ŎƭŀǾǳƭŀƴŀǘŜΦ 

 

Lƴ ǎǘŀǊƪ ŎƻƴǘǊŀǎǘ ǿƛǘƘ ǘƘŜ ŎƻƴǎƛǎǘŜƴǘ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴ ŀƴŘ ƛƴƘƛōƛǘƛƻƴ ǊŜǎǳƭǘǎ ŘƛǎǇƭŀȅŜŘ ƛƴ ŦƛƎǳǊŜ оΦпΣ ǘƘŜ 

ƭƻǿŜǊ Ǌŀǘƛƻ ƻŦ млΥм ƛƴƘƛōƛǘƻǊΥ ŜƴȊȅƳŜ ǿŀǎ ǘƻƻ ƭƛǘǘƭŜ ǎǳōǎǘǊŀǘŜ ǘƻ ŎƻƳǇƭŜǘŜƭȅ ƛƴƛǘƛŀǘŜ ǘƘŜ ƛƴŀŎǘƛǾŀǘƛƻƴ 

ǇŀǘƘǿŀȅ ƛƴ ¢9aπм όƻƴ ŀǾŜǊŀƎŜύ ǿƛǘƘƛƴ ǘƘƛǎ ǘƛƳŜ ŦǊŀƳŜΦ ²ƛǘƘ ŀ ƭƻƴƎŜǊ ǘƛƳŜǎŎŀƭŜ ƻŦ мнл Ƴƛƴǎ ƛƴŎǳōŀǘƛƻƴ 

ƻŦ ǘƘŜ млΥм ƛƴƘƛōƛǘƻǊΥ ŜƴȊȅƳŜ ǎŀƳǇƭŜǎΣ ǇǊƻǘŜƛƴ ǿŀǎ ƴƻǘ ǎƻƭǳōƭŜ ŜƴƻǳƎƘ ǘƻ ŎŀǊǊȅ ƻǳǘ ƭƻŎŀƭ I5· 

ǿƻǊƪŦƭƻǿ ǿƛǘƘƻǳǘ ŜȄǘŜƴǎƛǾŜ ŀƎƎǊŜƎŀǘƛƻƴ όƭƛƪŜƭȅ ŘǳŜ ǘƻ ǘƘŜ ƛƴŀŎǘƛǾŀǘŜŘ ǇǊƻǘŜƛƴύΦ 

 

оΦоΦо /ƻƳǇŀǊƛǎƻƴ ƻŦ LƴƘƛōƛǘƻǊ .ƛƴŘƛƴƎ !ŦŦƛƴƛǘȅ ōȅ /ƻƭƭƛǎƛƻƴ LƴŘǳŎŜŘ ¦ƴŦƻƭŘƛƴƎ πaŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ 

/ƻƭƭƛǎƛƻƴπƛƴŘǳŎŜŘ ǳƴŦƻƭŘƛƴƎ ό/L¦ύ ǿƛǘƘ ƛƴǘŀŎǘ ǇǊƻǘŜƛƴκǎǳōǎǘǊŀǘŜ ŎƻƳǇƭŜȄŜǎ Ŏŀƴ ǎǳǇǇƭŜƳŜƴǘ ƭƻŎŀƭ I5· 

ŀƴŀƭȅǎƛǎ ƻŦ ǇŜǇǘƛŘŜǎ ǘƘŀǘ Ƙŀǎ ŘƛŦŦƛŎǳƭǘƛŜǎ ǿƛǘƘ ŀ ƭŀǊƎŜ ŜǊǊƻǊ ǊŀƴƎŜ ōŀǎŜŘ ƻƴ ŀǊǘƛŦƛŎƛŀƭ ŘŜŦƭŀǘƛƻƴ ƻŦ 

ŘŜǳǘŜǊƛǳƳ ǳǇǘŀƪŜ ƎŜƴŜǊŀǘŜŘ ōȅ ǇŜǇǘƛŘŜ ōƻƳōŀǊŘƳŜƴǘ ƛƴ ǘƘŜ Ŏƻƭƭƛǎƛƻƴ ŎŜƭƭнолΦ ²Ŝ Ŏŀƴ ŀƭǎƻ ƻōǎŜǊǾŜ 

ŎƘŀƴƎŜǎ ƛƴ ǎǘŀōƛƭƛǘȅ ǳǇƻƴ ƛƴƘƛōƛǘƻǊ ōƛƴŘƛƴƎ ōŀǎŜŘ ƻƴ ǘƘŜ ǳƴŦƻƭŘƛƴƎ ƳŀǇ ǇǊƻǾƛŘŜŘплΣпрΦ ¢ƻ ǳǘƛƭƛȊŜ /L¦ ƛƴ 
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ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ I5·Σ ǿŜ ŀƴŀƭȅȊŜ ¢9aπм ŀǎ ŀƴ ƛƴǘŀŎǘ ǇǊƻǘŜƛƴ όŦƻǊ ōƛƴŘƛƴƎ ŀƴŘ ǳƴŦƻƭŘƛƴƎ ǎǘǳŘƛŜǎύ ŀƴŘ 

ǘƘǊƻǳƎƘ ōƻǘǘƻƳπǳǇ ǇǊƻǘŜƻƳƛŎǎ όŦƻǊ I5· ƻŦ ǇŜǇǘƛŘŜǎύΦ ! ŘŜǘŀƛƭŜŘ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǿƻǊƪŦƭƻǿ ƛǎ 

ŘƛǎǇƭŀȅŜŘ ƛƴ ŦƛƎǳǊŜ оΦрΦ   

 

CƛƎǳǊŜ оΦр [ƻŎŀƭ I5· ²ƻǊƪŦƭƻǿ ŦƻǊ ¢w9{LπI5· ŀƴŘ La{πa{ 9ȄǇŜǊƛƳŜƴǘǎΦ ¢ƻǇύ CƻǊ ƻǳǊ ōƻǘǘƻƳπǳǇ 

ǇǊƻǘŜƻƳƛŎǎ ό¢w9{L I5·πa{ύΣ ǇǊƻǘŜƛƴ ŀƴŘ ŘŜǳǘŜǊƛǳƳ ŎŀǇƛƭƭŀǊƛŜǎ ǊŜŀŎǘ ŀǘ ŀ ŦƛȄŜŘ ŘƛǎǘŀƴŎŜ όƳŜŀǎǳǊŜŘ ōȅ 

ǇǳƭƭƛƴƎ ƻǳǘ ǘƘŜ ƛƴƴŜǊ ŎŀǇƛƭƭŀǊȅύ ōŜŦƻǊŜ ǘƘŜ ǊŜŀŎǘƛƻƴ ƛǎ ǉǳŜƴŎƘŜŘ ōȅ ŀŎŜǘƛŎ ŀŎƛŘ όǇI нΦпύΦ ¢ƘŜ ŘŜǳǘŜǊŀǘŜŘ 

ǎŀƳǇƭŜ ƛǎ ǘƘŜƴ ŘƛƎŜǎǘŜŘ ǿƛǘƘƛƴ ŀ taa! ŎƘƛǇ ōȅ ǇǊƻǘŜŀǎŜ ·±LLL ŀƴŘ ǇŜǇǎƛƴΦ ²ƛǘƘ La{πŜƴŀōƭŜŘ 

ŜȄǇŜǊƛƳŜƴǘǎΣ ǘƘŜ ¢Ǌƛ²ŀǾŜ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ {ȅƴŀǇǘ ǎŜǇŀǊŀǘŜǎ ǘƘŜ ǎŀƳǇƭŜ όǿƘƻƭŜ ǇǊƻǘŜƛƴǎ ŦƻǊ /L¦ 

ǎǘǳŘƛŜǎΣ ǇŜǇǘƛŘŜǎ ŦƻǊ I5·ύ ōȅ Ŏƻƭƭƛǎƛƻƴŀƭ ŎǊƻǎǎ ǎŜŎǘƛƻƴ ό//{ύ ōŀǎŜŘ ƻƴ ŘǊƛŦǘ ǘƛƳŜΦ .ƻǘǘƻƳύ ¢ƘŜ ŎǊȅǎǘŀƭ 

ǎǘǊǳŎǘǳǊŜ ƻŦ ¢9aπм όt.5 L5Υ м.¢[ύ ƛǎ ǎƘƻǿƴ ƻƴ ǘƘŜ ƭŜŦǘ ǿƛǘƘ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ƴƻǘŜŘΦ hƴ ǘƘŜ ǊƛƎƘǘΣ 

ǘƘŜ I5· ǊŜǎǳƭǘǎ ŦƻǊ ¢9aπм ǊŜŀŎǘŜŘ ǿƛǘƘ ¢ŀȊƻōŀŎǘŀƳ ŀǊŜ ŘƛǎǇƭŀȅŜŘΦ .ƭǳŜ ǊŜƎƛƻƴǎ ƛƴŘƛŎŀǘŜ ŀ ŘŜŎǊŜŀǎŜ 

ƛƴ ŘȅƴŀƳƛŎǎΣ ƎǊŜȅ ƛǎ ƴƻ ŎƻǾŜǊŀƎŜ ŀƴŘ ƎƻƭŘ ƛƴŘƛŎŀǘŜŘ ƴƻ ŎƘŀƴƎŜ όǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǘƘŜ ǳƴōƻǳƴŘ ǇǊƻǘŜƛƴ 

ǎŀƳǇƭŜύΦ   
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¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƛƴƛǘƛŀƭ ǊŀƳǇƛƴƎ ŀƴŘ ōƛƴŘƛƴƎ ŎƻƴŘƛǘƛƻƴǎΣ ǎŜǾŜǊŀƭ ǊƻǳƴŘǎ ƻŦ ƻǇǘƛƳƛȊŀǘƛƻƴ ǿŜǊŜ 

ǇŜǊŦƻǊƳŜŘΦ /ƻƳǇƭŜǘŜ ōƛƴŘƛƴƎ ŀƴŘ ŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ŀŎȅƭπŜƴȊȅƳŜ ǿŀǎ ǳƴƛŦƻǊƳƭȅ ƻōǎŜǊǾŜŘ ŀŦǘŜǊ мл 

ƳƛƴǳǘŜǎ ƻŦ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘ ǘƘŜ млллΥм ǊŀǘƛƻΣ ōǳǘ ŀƭƭ ǎǳōǎǘǊŀǘŜǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ŘƛŦŦŜǊƛƴƎ ōƛƴŘƛƴƎ 

ŀŎǘƛǾƛǘƛŜǎ ŀŦǘŜǊ ол ƳƛƴǳǘŜǎΣ ǎƻ ŀƭƭ ǊŜǎǳƭǘǎ ŦƻǊ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ǿƛǘƘƛƴ ǘƘƛǎ ǘƛƳŜŦǊŀƳŜΦ ¢ƘŜ 

млΥм Ǌŀǘƛƻ ŜȄǇŜǊƛƳŜƴǘ ǿŜǊŜ ŀƭǎƻ ǊŜŎƻǊŘŜŘ ŀŦǘŜǊ мл ƳƛƴǳǘŜǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ƛŦ ǘƘŜǊŜ ǿŀǎ ōƛƴŘƛƴƎ ŀŎǘƛǾƛǘȅ 

ƻōǎŜǊǾŜŘ ǘƘŀǘ ǿŀǎ ƴƻǘ ƻōǎŜǊǾŜŘ ōȅ ƴŀǘƛǾŜ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΦ ! ǘǊŀǾŜƭƭƛƴƎπǿŀǾŜ ǾŜƭƻŎƛǘȅ ƻŦ плл Ƴκǎ 

ǇǊƻŘǳŎŜŘ ǘƘŜ ōŜǎǘ ǊŜǎƻƭǳǘƛƻƴ ƻŦ ōƻǳƴŘ ǇǊƻǘŜƛƴ ǿƛǘƘƻǳǘ ŎŀǳǎƛƴƎ ǇǊŜπŦǊŀƎƳŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ 

 

 

CƛƎǳǊŜ оΦс /L¦ IŜŀǘ aŀǇǎ ƻŦ .ƛƴŘƛƴƎ !ŦŦƛƴƛǘȅ ŦƻǊ ¢9aπм ŀƴŘ LƴƘƛōƛǘƻǊǎ ǿƛǘƘ ŀ млллΥм wŀǘƛƻ ƻŦ 

LƴƘƛōƛǘƻǊ ǘƻ ¢9aπмΦ /L¦ ǎǇŜŎǘǊŀ ƻŦ ƛƴƘƛōƛǘƻǊπōƻǳƴŘ ¢9aπм ŦƻǊ ǘƘŜ млллΥм ŜȄǇŜǊƛƳŜƴǘ ŀǘ Ŏƻƭƭƛǎƛƻƴŀƭ 

ǾƻƭǘŀƎŜǎ ŦǊƻƳ лπмлл ±Σ ǘŀƪŜƴ ƛƴ р± ƛƴŎǊŜƳŜƴǘǎΦ !ƭƭ ǎǇŜŎǘǊŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ŦƻǊ ǘƘŜ ҌмсπŎƘŀǊƎŜ ǎǘŀǘŜΦ  

 

¦Ǉƻƴ ƛƴƛǘƛŀƭ ƛƴǎǇŜŎǘƛƻƴ ƻŦ ǘƘŜ ǊŜǎǳƭǘǎ ƛƴ ŦƛƎǳǊŜ оΦсΣ ƛǘ ƛǎ ŀǇǇŀǊŜƴǘ ǘƘŀǘ ǘƘŜ ŎƭŀǾǳƭŀƴŀǘŜ ǎŀƳǇƭŜ ŀǘ ǘƘŜ 

млллΥм Ǌŀǘƛƻ ǇǊƻŘǳŎŜǎ ǘƘŜ Ƴƻǎǘ ŘƛǎǘƛƴŎǘ ǘǊŀƴǎƛǘƛƻƴǎ ōŜǘǿŜŜƴ ŦƻƭŘƛƴƎ ǎǘŀǘŜǎ ŀƴŘ ŎƻƳǇƭŜǘŜǎ ǘƘŜ Ŧƛƴŀƭ 
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όǘƘƛǊŘύ ǘǊŀƴǎƛǘƛƻƴ ǘƻ ŀ ƳƻǊŜ ǳƴŦƻƭŘŜŘ ŎƻƴŦƻǊƳŀǘƛƻƴ ŀǘ ǘƘŜ ƘƛƎƘŜǎǘ Ŏƻƭƭƛǎƛƻƴŀƭ ŜƴŜǊƎȅ όϤтл ±ύΦ 

¢ŀȊƻōŀŎǘŀƳ ŀƴŘ ǎǳƭōŀŎǘŀƳ ǎŀƳǇƭŜǎ ōƻǘƘ ǳƴŦƻƭŘ ŀǘ ƴŜŀǊƭȅ ƛŘŜƴǘƛŎŀƭ ǊŀǘŜǎ ǘƻ ŜŀŎƘ ƻǘƘŜǊ ŀƴŘ ǘƻ ǘƘŜ 

ǳƴōƻǳƴŘ ¢9aπмΣ ǿƛǘƘ ǘǿƻ ǘǊŀƴǎƛǘƛƻƴǎ ƻŎŎǳǊǊƛƴƎ ōŜƭƻǿ рл ±Φ IŀǾƛƴƎ ǘƘŜ ŎƭŀǾŀƳ ƛƴƘƛōƛǘƻǊ ǇǊƻŘǳŎŜ 

ǳƴƛǉǳŜ ǊŜǎǳƭǘǎ ǿƛǘƘ ƘƛƎƘŜǊ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ǎǘǊǳŎǘǳǊŀƭƭȅΤ ǘƘŜ ƭŀŎƪ ƻŦ ŀ ǎǳƭŦƻƴŜ ƭŜŀǾƛƴƎ 

ƎǊƻǳǇ ƻƴ ǘƘŜ ŦƛǾŜπƳŜƳōŜǊŜŘ ǊƛƴƎ ƳŜŀƴǎ ǘƘŜ ŎƻƳǇƻǳƴŘ ƛǎ ƴƻǘ Ŝŀǎƛƭȅ ǇǊƻǘƻƴŀǘŜŘ ŦƻǊ ǘƘŜ ǊƛƴƎ ƻǇŜƴƛƴƎΣ 

ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ π̡ŜƭƛƳƛƴŀǘƛƻƴ ƻŎŎǳǊǊƛƴƎ ŀǘ ŀ ƘƛƎƘŜǊ ōƛƴŘƛƴƎ ŜƴŜǊƎȅмфрΣнмрΦ {ǳǊǇǊƛǎƛƴƎƭȅΣ ǘƘŜ 

ŎƭŀǾǳƭŀƴŀǘŜπōƻǳƴŘ ǎŀƳǇƭŜ ƛǎ ŀƭǎƻ ƳǳŎƘ ƳƻǊŜ ŘŜǎǘŀōƛƭƛȊƛƴƎΣ ŀǎ ƴƻǘŜŘ ōȅ ǘƘŜ ƘƛƎƘŜǊ ŀǊǊƛǾŀƭ ǘƛƳŜǎΦ ¢Ƙƛǎ 

ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ǎǳƭŦƻƴŀǘŜŘ ōȅǇǊƻŘǳŎǘǎ ŦƻǊŎŜ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴǘƻ ŀ ƳƻǊŜ ŎƻƳǇŀŎǘ ŦƻǊƳΣ ǊŜƎŀǊŘƭŜǎǎ ƻŦ 

ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎǳƭŦƻƴŜ ƎǊƻǳǇ ŀƴŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ǘǊƛŀȊƻƭŜ 

ŎƻƳǇƻƴŜƴǘ ƻŦ ǘŀȊƻōŀŎǘŀƳΦ 

 

CƛƎǳǊŜ оΦт /L¦ IŜŀǘ aŀǇǎ ƻŦ .ƛƴŘƛƴƎ !ŦŦƛƴƛǘȅ ŦƻǊ ¢9aπм ŀƴŘ LƴƘƛōƛǘƻǊǎ ǿƛǘƘ ŀ млΥм wŀǘƛƻ ƻŦ LƴƘƛōƛǘƻǊ 

ǘƻ ¢9aπмΦ /L¦ ǎǇŜŎǘǊŀ ƻŦ ƛƴƘƛōƛǘƻǊπōƻǳƴŘ ¢9aπм ŦƻǊ ǘƘŜ млΥм ŜȄǇŜǊƛƳŜƴǘ ŀǘ Ŏƻƭƭƛǎƛƻƴŀƭ ǾƻƭǘŀƎŜǎ ŦǊƻƳ 

лπмлл ±Σ ǘŀƪŜƴ ƛƴ р± ƛƴŎǊŜƳŜƴǘǎΦ !ƭƭ ǎǇŜŎǘǊŀ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ŦƻǊ ǘƘŜ ҌмсπŎƘŀǊƎŜ ǎǘŀǘŜΦ  

 



79 
 

CƻǊ ǘƘŜ млΥм /L¦ ǎǇŜŎǘǊŀ ǎƘƻǿƴ ƛƴ ŦƛƎǳǊŜ оΦтΣ ǘƘŜ ǎƛƳƛƭŀǊƛǘȅ ōŜǘǿŜŜƴ ƛƴŎǳōŀǘŜŘ ǎŀƳǇƭŜǎ ŀƴŘ ǳƴōƻǳƴŘ 

¢9aπм ǎǳƎƎŜǎǘ ŀ ƭŀŎƪ ƻŦ ōƛƴŘƛƴƎΦ CƻǊ ŀƭƭ о ƛƴƘƛōƛǘƻǊ ǎǇŜŎǘǊŀΣ ǘƘŜǊŜ ƛǎ ŀ ǎƛƳƛƭŀǊ ǳƴŦƻƭŘƛƴƎ ǇŀǘǘŜǊƴΣ ǿƛǘƘ 

н ŎƻƴŦƻǊƳŀǘƛƻƴŀƭ ŎƘŀƴƎŜǎ ƻŎŎǳǊǊƛƴƎ ōŜŦƻǊŜ рл ±Φ ²Ƙŀǘ ƛǎ Ƴƻǎǘ ƛƴǘŜǊŜǎǘƛƴƎ ŀōƻǳǘ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ŀǊŜ ǘƘŜ 

ƭŀŎƪ ƻŦ ŀ ǘƘƛǊŘ ǳƴŦƻƭŘƛƴƎ ǎǘŀǘŜ ƛƴ ǘƘŜ ŦƛǊǎǘ рл ± ŀǎ ƻōǎŜǊǾŜŘ ǿƛǘƘ ǘƘŜ ǳƴōƻǳƴŘ ǇǊƻǘŜƛƴΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ 

ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ƳƛƴǳǘŜ ŀƳƻǳƴǘ ƻŦ ƛƴƘƛōƛǘƻǊ ƛƴ ǎƻƭǳǘƛƻƴ Ƴŀȅ ǎƭƛƎƘǘƭȅ ǎǘŀōƛƭƛȊŜ ǘƘŜ ŜƴŎƻƳǇŀǎǎƛƴƎ 

ǇǊƻǘŜƛƴ ǎŀƳǇƭŜΦ  

 

оΦп 5ƛǎŎǳǎǎƛƻƴ  

Lǘ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ŘǊŀǿ ŎƻƴŎƭǳǎƛǾŜ ǎǘŀǘŜƳŜƴǘǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǇƻǘŜƴŎȅ ƻŦ ŜŀŎƘ ƛƴƘƛōƛǘƻǊ ǳƴŘŜǊ ǎǘǳŘȅ 

ǿƛǘƘƻǳǘ ŀ ŘŜƎǊŜŜ ƻŦ ŎŀǳǘƛƻƴΦ !ƭǘƘƻǳƎƘ ǘƘŜ /L¦ ǊŜǎǳƭǘǎ ǿƻǳƭŘ ǎǳƎƎŜǎǘ ǘƘŀǘ ŎƭŀǾǳƭŀƴŀǘŜ ǇǊƻǾƛŘŜǎ ǘƘŜ 

ǘƛƎƘǘŜǎǘ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ ǿƛǘƘ ŀ Ǌŀǘƛƻ ƻŦ млллΥмΣ ǘƘŜǊŜ ŀǊŜ ŦŜǿŜǊ ǊŜƎƛƻƴǎ ƻŦ ƛƴŎǊŜŀǎŜŘ ǊƛƎƛŘƛǘȅ ƛƴ ¢9aπм 

ǳǇƻƴ ōƛƴŘƛƴƎ ƛƴ ƻǳǊ I5· ǊŜǎǳƭǘǎ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘŀȊƻōŀŎǘŀƳΦ ¢ŀȊƻōŀŎǘŀƳπōƻǳƴŘ ¢9aπм ǇǊƻǾƛŘŜǎ 

ǘƘŜ Ƴƻǎǘ άƭƻŎƪŜŘ ƛƴέ ŎƻƴŦƻǊƳŀǘƛƻƴΣ ōǳǘ Ƴŀǎǎ ǎƘƛŦǘ ǊŜǎǳƭǘǎ ŦǊƻƳ ƴŀǘƛǾŜ ōƛƴŘƛƴƎ ǎǘǳŘƛŜǎ ƘŀǾŜ 

ŎƻƴŎƭǳǎƛǾŜƭȅ ŘŜƳƻƴǎǘǊŀǘŜŘ ōƛƴŘƛƴƎ ƻŦ ŀƭƭ ǎǳōǎǘǊŀǘŜǎ ŀǘ ǘƘŜ ƘƛƎƘŜǊ ƳƻƭŀǊ ǊŀǘƛƻΣ ǎƻ ǘƘƛǎ ōƛƴŘƛƴƎ ōŜƘŀǾƛƻǊ 

ƛǎ ƴƻǘ ǳƴƛǉǳŜ ǘƻ ǘŀȊƻōŀŎǘŀƳΦ  tŜǊƘŀǇǎ ƘŀǾƛƴƎ ŦŜǿŜǊ ǊŜƎƛƻƴǎ ƻŦ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴ ǿƛǘƘ ŎƭŀǾǳƭŀƴŀǘŜπI5· 

ƛƴǎǘŜŀŘ ōǊƛƴƎǎ ǘƻ ƭƛƎƘǘ ǘƘŜ ǊŜƎƛƻƴǎ ǘƘŀǘ ŀǊŜ ƛƴ ŦŀŎǘ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ōƛƴŘƛƴƎΤ ǘƘŜ ŎƻƴǎŜǊǾŜŘ 

ōƛƴŘƛƴƎ ǎƛǘŜ όǊŜǎƛŘǳŜǎ тлπтоύΣ ǘǿƻ ƛƴƴŜǊ π̡ǎƘŜŜǘǎ όǊŜǎƛŘǳŜǎ ннлπнрмύΣ ǘƘŜ ʍπƭƻƻǇ όǊŜǎƛŘǳŜǎ мсмπмтфύ 

ŀƴŘ πhƘŜƭƛȄ Iмм όǊŜǎƛŘǳŜǎ нтлπнупύ ŀǊŜ ǘƘŜ ƻƴƭȅ ǊŜƎƛƻƴǎ ǘƘŀǘ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊƛƎƛŘƛŦƛŜŘ ǳǇƻƴ 

ŎƭŀǾǳƭŀƴŀǘŜ ōƛƴŘƛƴƎΣ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ŎǳǊǊŜƴǘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǎǳōǎǘǊŀǘŜ ōƛƴŘƛƴƎ ǘƻ /ƭŀǎǎ ! ʲ π

ƭŀŎǘƳŀǎŜǎнлоΣномςнооΦ ¢ƘŜ ŀŘŘƛǘƛƻƴŀƭ ǊƛƎƛŘƛŦƛŎŀǘƛƻƴ ƴƻǘŜŘ ƛƴ ǘƘŜ ǘŀȊƻōŀŎǘŀƳ ǎŀƳǇƭŜ ŎƻǳƭŘ ōŜ ŀƭƭƻǎǘŜǊƛŎ 

ŜŦŦŜŎǘǎ ƛƴŘǳŎŜŘ Ǉƻǎǘ ōƛƴŘƛƴƎΣ ŀǎ ǘƘŜȅ ŀǊŜ ƴƻǘ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǳǇǘŀƪŜ ƻƴ ǘƘŜ ƳǎπǘƛƳŜǎŎŀƭŜΦ  !ƭǘƘƻǳƎƘ 

ǎǳƭōŀŎǘŀƳ ŀƴŘ ǘŀȊƻōŀŎǘŀƳ ŘƛǎǇƭŀȅ ƴŜŀǊπƛŘŜƴǘƛŎŀƭ Ŏƻƭƭƛǎƛƻƴŀƭ ǳƴŦƻƭŘƛƴƎ ǊŜǎǳƭǘǎ ŀǘ ǘƘŜ млллΥм ŀƴŘ млΥм 
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ǊŀǘƛƻǎΣ ǘƘŜ I5· ǊŜǎǳƭǘǎ ǎƘƻǿ ƭƛƳƛǘŜŘ ŎƘŀƴƎŜǎ ƛƴ ŘȅƴŀƳƛŎǎ ǊŜƭŀǘƛǾŜ ǘƻ ǳƴōƻǳƴŘ ǇǊƻǘŜƛƴ ŀǘ ǘƘŜ ōƛƴŘƛƴƎ 

ǎƛǘŜ ŀƴŘ ʍπƭƻƻǇ ŦƻǊ ǘƘŜ ǎǳƭōŀŎǘŀƳ ǎŀƳǇƭŜ ƻƴ ǘƘŜ ǎƘƻǊǘ ǘƛƳŜǎŎŀƭŜΣ ƭƛƪŜƭȅ ŘǳŜ ǘƻ ǎǳƭōŀŎǘŀƳΩǎ ǿŜŀƪ 

ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅΦ  

 

vǳŜǎǘƛƻƴǎ ǇŜǊǘŀƛƴƛƴƎ ǘƻ ōƛƴŘƛƴƎ ŀŦŦƛƴƛǘȅ Ƴŀȅ ōŜ ōŜǘǘŜǊ ŀƴǎǿŜǊŜŘ ōȅ ŘƛǎŎǳǎǎƛƴƎ ǘƘŜ ƻōǎŜǊǾŜŘ Ƴŀǎǎ 

ǎƘƛŦǘǎΦ Lƴ ōƻǘƘ ōƛƴŘƛƴƎ ǎǘǳŘƛŜǎΣ ǘƘŜ Ŧƛƴŀƭ Ҍрн5ŀ όмлллΥмύ ŀƴŘ Ҍтл5ŀ όмлΥмύ ǇǊƻŘǳŎǘǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ 

ǘŀȊƻōŀŎǘŀƳ ƛƴŎǳōŀǘƛƻƴ ŀǊŜ ƭƛƪŜƭȅ ōƻǳƴŘ ǘƻ ŀ ǎŜǊƛƴŜ ǊŜǎƛŘǳŜΦ IƻǿŜǾŜǊΣ ŦƻǊ ǘƘŜ ǘŀȊƻōŀŎǘŀƳ 

ŜȄǇŜǊƛƳŜƴǘǎΣ {ŜǊтл ǿŀǎ ōƻǳƴŘ ƛƴ ǘƘŜ млллΥм ŜȄǇŜǊƛƳŜƴǘ ǿƘƛƭŜ {ŜǊмол ǿŀǎ ōƻǳƴŘ ƛƴ ǘƘŜ млΥм ǎǘǳŘȅΦ 

¢Ƙƛǎ Ҍрн5ŀ ǎŀƳǇƭŜ ǿŀǎ ƭƛƪŜƭȅ ǘƘŜ Ŧƛƴŀƭ ƛƴƘƛōƛǘƻǊȅ ōȅǇǊƻŘǳŎǘ ŦƻǊƳŜŘ ōȅ ǘŀȊƻōŀŎǘŀƳ ƛƴ ƘƛƎƘ ǎŀǘǳǊŀǘƛƴƎ 

ŎƻƴŘƛǘƛƻƴǎΣ ǿƘƛƭŜ Ҍтл5ŀ ŎƻƴƴŜŎǘƛƻƴ ǘƻ {ŜǊмол ƛǎ ƳƻǊŜ ǇǊŜǾŀƭŜƴǘ ŀǘ ƭƻǿ ŘƻǎŀƎŜΦ ²ƛǘƘ ǘƘŜ ƭŀǊƎŜǊ 

ƛƴƘƛōƛǘƻǊȅ ǊŀǘƛƻΣ ŎƭŀǾǳƭŀƴŀǘŜ ŀƴŘ ǎǳƭōŀŎǘŀƳ ŜȄƛǎǘ ƛƴ ŀƴ ŀŎȅƭπŜƴȊȅƳŜ ŦƻǊƳ ǿƛǘƘƻǳǘ ƎŜƴŜǊŀǘƛƴƎ ŀƴ 

ƛƴƘƛōƛǘƛƴƎ ŦǊŀƎƳŜƴǘ ǘƻ ǇŜǊƳŀƴŜƴǘƭȅ ōƭƻŎƪ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜΦ  {ǳƭōŀŎǘŀƳ Ƙŀǎ ƴŜǾŜǊ ōŜŜƴ ƴƻǘŜŘ ǘƻ ŜȄƘƛōƛǘ 

ǎƭƻǿπƻƴǎŜǘ ƛƴƘƛōƛǘƛƻƴннфΣ ŀƴŘ ǘƘƛǎ ƛǎ ŜǎǇŜŎƛŀƭƭȅ ǳƴŜȄǇŜŎǘŜŘ ŀǘ ŀ ƭƻǿ ƛƴƘƛōƛǘƻǊȅ ǊŀǘƛƻΦ ¸Ŝǘ ƛƴ ǘƘŜ млΥм 

ǎǘǳŘȅΣ ǘƘŜǊŜ ƛǎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ ǘƘŀǘ ƛǎ ǇƻǎǘǳƭŀǘŜŘ ǘƻ ōƛƴŘ ŀǘ ǘƘŜ {ŜǊмол ǊŜǎƛŘǳŜ 

ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŘǊǳƎ ŘŜŀŎȅƭŀǘƛƻƴΣ ŎŀǳǎƛƴƎ ŀ ǇŜǊƳŀƴŜƴǘ ƛƴŀŎǘƛǾŀǘƛƻƴ ƻŦ ¢9aπм ƛƴ ǘƘŜ ōƛƴŘƛƴƎ ǇƻŎƪŜǘΦ 

.ȅ ǊŜŎƻǊŘƛƴƎ ƴŀǘƛǾŜ ǎŎŀƴǎ ŀǘ ǎǳŎƘ ƭŀǊƎŜ ǘƛƳŜ ƛƴǘŜǊǾŀƭǎΣ ǿŜ ŘƛŘ ƴƻǘ ōŜƭƛŜǾŜ ƛǘ ǿƻǳƭŘ ōŜ ǇƻǎǎƛōƭŜ ǘƻ 

ƻōǎŜǊǾŜ ƳŜŎƘŀƴƛǎǘƛŎ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ǇŜǊƳŀƴŜƴǘ Ǿǎ ǘǊŀƴǎƛŜƴǘ ƛƴŀŎǘƛǾŀǘƛƻƴ ǇŀǘƘǿŀȅǎΦ 

 

оΦр /ƻƴŎƭǳǎƛƻƴǎ 

¦ǎƛƴƎ ŘƛŦŦŜǊŜƴǘ ƛƴƘƛōƛǘƻǊȅ Ǌŀǘƛƻǎ ǇǊƻǾƛŘŜŘ ŀƴ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ƻōǎŜǊǾŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ƳŜŎƘŀƴƛǎǘƛŎ 

ǇŀǘƘǿŀȅ ƻŦ ǘƘŜ ƛƴŀŎǘƛǾŀǘƛƻƴ ƻŦ ¢9aπм ōȅ ǎŜǾŜǊŀƭ ƛƴƘƛōƛǘƻǊǎΣ ǎǳŎƘ ŀǎ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘǿƻ ŘƛŦŦŜǊŜƴǘ 

ƛƴŀŎǘƛǾŀǘƛƻƴ ōȅǇǊƻŘǳŎǘǎ ǿƛǘƘ ǘŀȊƻōŀŎǘŀƳ ƛƴŎǳōŀǘƛƻƴ ŀǘ ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ŀƴŘ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ 
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ƻŦ ŀƴ ƛƴƘƛōƛǘŜŘ ŜƴȊȅƳŜ ōȅ ƭƻǿ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǎǳƭōŀŎǘŀƳ ƛƴŎǳōŀǘƛƻƴΦ ¦ǎƛƴƎ /L¦ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ 

I5·πa{ ǇǊƻǾƛŘŜǎ ŀ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǘƻƻƭǎŜǘ ŦƻǊ ŀƴŀƭȅǎƛǎ ƻŦ ŘǊǳƎ ǎǳōǎǘǊŀǘŜǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ƻǇǘƛƳŀƭ 

ōƛƴŘƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƛŘŜŀƭ ǎǳōǎǘǊŀǘŜǎ ŦƻǊ ŀ ƳǳƭǘƛǘǳŘŜ ƻŦ ŘǊǳƎ ǘŀǊƎŜǘǎΦ CǳǊǘƘŜǊ ǿƻǊƪ ƻƴ ŘǊǳƎ ōƛƴŘƛƴƎ 

ƴŜŜŘǎ ǘƻ ōŜ ŘƻƴŜ ǿƛǘƘ ƴŀǘƛǾŜ a{Σ ŀǎ Ƴƻǎǘ ŎƭƛƴƛŎŀƭ ǿƻǊƪ ŜƳǇƭƻȅǎ ƳǳŎƘ ƭƻǿŜǊ Ǌŀǘƛƻǎ ƻŦ ŘǊǳƎ ǎǳōǎǘǊŀǘŜǎ 

ŀƴŘ ƛƴŎǳōŀǘŜǎ ŦƻǊ ǎƘƻǊǘŜǊ ǘƛƳŜ ǇŜǊƛƻŘǎ ōŜŦƻǊŜ ǘŜǎǘƛƴƎ ƻŎŎǳǊǎΣ ƭƻǎƛƴƎ ŎǊƛǘƛŎŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŜ 

ŎŀǘŀƭȅǘƛŎ ǇŀǘƘǿŀȅΦ 

 

оΦс aŜǘƘƻŘǎ 

оΦсΦм /ƻƭƭƛǎƛƻƴ LƴŘǳŎŜŘ ¦ƴŦƻƭŘƛƴƎ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ ƻŦ ¢9aπм ǿƛǘƘ LƴƘƛōƛǘƻǊ {ǳōǎǘǊŀǘŜǎ 

¢ǊŀǇ ŎƻƴŜ ǾƻƭǘŀƎŜ ǿŀǎ ǊŀƳǇŜŘ ŦǊƻƳ лπмлл± ƛƴ р ± ƛƴŎǊŜƳŜƴǘǎ ƻƴ ŀ ²ŀǘŜǊǎ {ȅƴŀǇǘ Dн{ ǿƛǘƘ ŀ 

ǘǊŀǾŜƭƭƛƴƎπǿŀǾŜ La{πŜƴŀōƭŜŘ ŎŜƭƭΦ {Ŏŀƴǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ оπƳƛƴǳǘŜ ƛƴŎǊŜƳŜƴǘǎΦ ¢Ǌƛ²ŀǾŜ ǾƻƭǘŀƎŜ 

ǊŜƳŀƛƴŜŘ Ŏƻƴǎǘŀƴǘ ŀǘ плл ƳκǎΦ  ¦ƴōƻǳƴŘ ŀƴŘ ǎǳōǎǘǊŀǘŜπƛƴŎǳōŀǘŜŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ǎŎŀƴƴŜŘ ƻƴ ǘƘŜ 

ǎŀƳŜ Řŀȅ ŀŦǘŜǊ мл ƳƛƴǳǘŜǎ ƻŦ ƛƴŎǳōŀǘƛƻƴΦ tǳƭǎŀǊ ǎƻŦǘǿŀǊŜ ǿŀǎ ǳǎŜŘ ǘƻ ŀƴŀƭȅȊŜ ŀƴŘ ƛƴǘŜƎǊŀǘŜ ŜŀŎƘ 

ǳƴŦƻƭŘƛƴƎ Ǉƭƻǘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ŀǊǊƛǾŀƭ ǘƛƳŜ ǾǎΦ Ŏƻƭƭƛǎƛƻƴ ŜƴŜǊƎȅΦ ¢ƘŜ ǎŀƳŜ ŎƘŀǊƎŜ ǎǘŀǘŜ όҌмсύ ǿŀǎ 

ǎŜƭŜŎǘŜŘ ŦƻǊ ŜŀŎƘ ǎŀƳǇƭŜ ŀƴŘ ǊŜǎǳƭǘǎ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜΦ 

 

оΦсΦн bŀǘƛǾŜ aŀǎǎ {ǇŜŎǘǊƻƳŜǘǊȅ ƻŦ LƴƘƛōƛǘƻǊ .ƛƴŘƛƴƎ  

tǊƻǘŜƛƴ ǿŀǎ ǇǊŜǇŀǊŜŘ ŀƴŘ ōǳŦŦŜǊ ŜȄŎƘŀƴƎŜŘ ŀǎ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ ƛƴ ǇǊƛƴǘрр ŀƴŘ ƛƴ ǎŜŎǘƛƻƴ нΦрΦмΦ 

tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ .ǊŀŘŦƻǊŘ ŀǎǎŀȅ ŀƴŘ ŘƛƭǳǘŜŘ ǘƻ ŀ ǊŀƴƎŜ ƻŦ олҡaπмрлҡa ǇǊƛƻǊ 

ǘƻ ƛƴŎǳōŀǘƛƻƴ ǿƛǘƘ ǎǳōǎǘǊŀǘŜ ƛƴ ŜƛǘƘŜǊ ŀ млΥм ƻǊ млллΥм ƳƻƭŀǊ Ǌŀǘƛƻ ōŀǎŜŘ ƻƴ Ǌŀǘƛƻǎ ǇǊŜǾƛƻǳǎƭȅ ǳǎŜŘ ƛƴ 

ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ǘǊƛŀƭǎ ǘƘŀǘ ŜȄƘƛōƛǘŜŘ ŎƻƳǇƭŜǘŜ ƛƴƘƛōƛǘƛƻƴннлΣннтΦ {ǳōǎǘǊŀǘŜǎ ǿŜǊŜ ŘƛǎǎƻƭǾŜŘ ƛƴ нллƳa 

ŀƳƳƻƴƛǳƳ ŀŎŜǘŀǘŜ όǘƻ ƳŀǘŎƘ ōǳŦŦŜǊ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴύΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǊŜǇŜŀǘŜŘ ƛƴ 
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ǘŜŎƘƴƛŎŀƭ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ǘǊƛǇƭƛŎŀǘŜ ǘƻ ǾŜǊƛŦȅ ǊŜǎǳƭǘǎΦ LƳŀƎŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ǳǎƛƴƎ Ƴaŀǎǎноп ŀƴŘ {ƛƎƳŀ 

tƭƻǘΦ  

 

оΦсΦо 5ŀǘŀ !ƴŀƭȅǎƛǎ ƻŦ Dƭƻōŀƭ ŀƴŘ [ƻŎŀƭ I5·  

!ƭƭ I5· ǿƻǊƪ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ ōƛƻƭƻƎƛŎŀƭ ǊŜǇƭƛŎŀǘŜ ǿƛǘƘ ŀ ǎƻǳǊŎŜ ŎƻƴŘƛǘƛƻƴ ƻŦ нтлл± ŎŀǇƛƭƭŀǊȅ ǾƻƭǘŀƎŜ 

ŀƴŘ млл± ǎŀƳǇƭƛƴƎ ŎƻƴŜ ƛƴ ǇƻǎƛǘƛǾŜ ƛƻƴ ƳƻŘŜΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ ƴŀƴƻ9{L ǎƻǳǊŎŜ 

ƻƴ ŀ {ȅƴŀǇǘ Dн vπ¢ƻŦ ƛƴǎǘǊǳƳŜƴǘ ǿƛǘƘ La{πŜƴŀōƭŜŘ ǿƻǊƪŦƭƻǿ ǘƘǊƻǳƎƘƻǳǘΦ aŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ 

ŘŜǳǘŜǊƛǳƳ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ aŀǎǎ {ǇŜŎ {ǘǳŘƛƻнорΦ tŜǇǘƛŘŜ ŦǊŀƎƳŜƴǘǎ ǿŜǊŜ ŎƻƴŦƛǊƳŜŘ ōȅ 

a{κa{Φ Ƴaŀǎǎ ŀƴŘ aŀǎǎ[ȅƴȄ ǿŜǊŜ ǳǎŜŘ ǘƻ ǾƛǎǳŀƭƛȊŜ ǘƘŜ ƴŀǘƛǾŜ ǇǊƻǘŜƛƴ ǎǇŜŎǘǊǳƳ ŀƴŘ Ƴŀǎǎ ǎƘƛŦǘǎ 

ǿƛǘƘ ǎǳōǎǘǊŀǘŜ ƛƴŎǳōŀǘƛƻƴΦ 
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Chapter 4 

 

Monitoring Catalysis and Associated Conformational 

Effects in Yeast Alcohol Dehydrogenase  by Millisecond -

Scale HDX Mass Spectrometry 

 

A version of this chapter has been prepared in manuscript format.  
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4.1 Summary 

Hydrogen/deuterium exchange is one of the few analytical techniques that can capture transient 

intermediates for enzymatic systems. By combining global and local HDX workflows, we aim to 

discover regions essential for catalysis that are traditionally inaccessible by techniques such as 

NMR or X-ray crystallography. Having previously established the presence of a kinetic isotope 

effect in the yeast alcohol dehydrogenase (YADH) oxidation of ethanol by substitution with 1,1-

D2 ethanol 85, we aimed to identify the dynamics of intermediates on the slower timescale 

provided by the deuterated substrate. Using a time-resolved microfluidics device to capture 

deuterium uptake on the millisecond timescale allowed us to observe the rigidifying effect of 

NAD+ binding within the binding pocket and the catalytic zinc to facilitate the required hydride 

transfer between NAD+ and ethanol. Within the same timeframe, we isolated a region (residues 

259-268) that was found to have a significant decrease in dynamics due to the deuterated 

substrate, suggesting a link between the rigidification near the core and a requirement for 

increased flexibility in the outer regions to relieve the steric strain caused by catalysis. 

 

4.2 Introduction 

Decades of research has been geared towards the challenging task of observing protein dynamics 

while they facilitate enzymatic reactions with incredible speed and efficiency. Making structural 

arguments about protein function during a catalytic timescale has proven immensely difficult. It 

is postulated that amide bond fluctuations (on the ps-ns timescale) influence global dynamics236, 

and many kinetic studies have proven the turnover rate of enzymes on the ms-s timescale, 

making techniques such as NMR and conventional HDX unable to provide definitive arguments 



85 
 

to the behaviour of enzymes during catalysis. For identifying structural regions of importance, 

CPMG relaxation and X-ray crystallography can help with the identification of binding regions, 

but not necessarily with the transient intermediates or isotopic effects that occur during 

turnover. Alcohol dehydrogenases (ADHs), responsible for the redox reaction between alcohols 

and aldehydes to energy transport molecules (NADH and FADH2)155  are found in a variety of 

forms in nature, most commonly in dimeric form (higher eukaryotes) and tetrameric (prokaryotes 

and lower eukaryotes)165. Although there are a wide variety of ADHs, many published studies 

have examined horse liver ADH (HLADH) due to the early publication of its crystal structure171. 

Horse liver is an ADH sequentially similar to yeast ADH, except for a deletion of 21 residues within 

the catalytic region (residues 1-175, 319-374) and a dimeric form165,167,237. Characterization of 

yeast alcohol dehydrogenase (YADH) provides a greater challenge when attempting to observe 

the dynamic nature of the protein during catalysis: it is twice as large as HLADH, has higher 

substrate specificity for alcohols237 and is 100x more active238.  

 

Yeast produces 3 isozymes of ADH; ADH1 and ADH2 are produced in the cytoplasm (and 

repressed by high glucose levels), while ADH3 is found in the mitochondria and expressed in 

much smaller quantities239ς241. It was originally thought that ADH1 and ADH2 were separately 

involved in the oxidation pathway, with ADH1 carrying out the reduction of NAD+ and ADH2 

performing the opposing oxidation of NADH166. This theory has been disproven and now it is 

widely understood that the catalysis occurs through a bi-bi sequential mechanism175,181, with 

both ADH1 and ADH2 capable of carrying out the reversible redox reaction. Herein we 

experiment with the ADH1 isozyme to distinguish the role that a reduction in conformational 
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dynamics (due to the kinetic isotope effect of D2-EtOH) will have in isolating specific regions in 

YADH that are necessary for hydride transfer during catalysis. 

 

4.3 Results  

Catalysis by YADH has multiple components which makes its characterization difficult in isolation: 

zinc atoms are necessary for catalysis and structural support, NAD+/NADH as a coenzyme, and 

alcohol/aldehyde for the hydride transfer to occur. Each monomer of YADH contains 2 zinc 

atoms, with different functions: 1 zinc atom is necessary for catalysis (facilitating the alcohol 

docking)242, while the other zinc atom is responsible for maintaining structural integrity243. The 

distal (structural) zinc is coordinated to 4 cysteine residues (Cys97, Cys100, Cys103 and Cys111, 

figure 4.1)168,242,244,245. The catalytic zinc binds Cys46, His67 and Cys174 to maintain a strained 

conformation within the active site of the open dimer, along with polarizing the carbonyl of the 

incoming alcohol substrate to assist the hydride transfer246ς251.  
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Figure 4.1 Schematic of Residues of Interest in Reduction of NAD+ to NADH Although YADH 

operates as a homotetramer, within each dimer there are both open and closed forms. This 

schematic is showing the open conformation of the binding pocket observed in the dimer, with 

NAD+ (blue) bound. Catalytic zinc for the open conformation is in an inverted position, with 

binding to different cysteine residues (Cys43, Cys153)247. A) NAD+ bound with the hydrophobic 

regions (green) highlighted. B)  NAD+ bound with zinc atoms (red) coordinated and cysteine 

residues (purple) highlighted. 

 

NAD+ binds within the ̡ ʰʲ-fold of the interdomain cleft163,252, nearby to the hydrophobic binding 

site pocket (containing Trp54, Trp92, Met270, Tyr294, figure 4.1). The face of the NAD+ ring is 

positioned towards the active site, very close to the Cys46 and Cys174 that coordinate with the 

catalytic zinc in the closed conformation of the homotetramer239. In addition to the 
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hydrophobicity, an accumulation of negative charges  (residues Cys46, Lys174, Glu68, Asp49) 

helps generating a dipole moment to help with the hydride transfer to NAD+253. Another 

important residue for this catalytic mechanism is Val203, well-documented as being important 

for facilitating the hydride transfer between NAD+ and ethanol; the large size and hydrophobicity 

of this residue is opposing NAD+ and aids in the narrowing of the interdomain cleft164 that 

promotes tunneling behaviour173,179,245,254.  

Kinetically, the oxidation of NADH (and correspondingly the reduction of acetaldehyde to 

ethanol) is the favoured reaction in this reversible redox pathway255,256. By introducing the 

substrate after the NAD+ cofactor is bound, we force the reaction to occur in the NADH-favoured 

direction. By using ethanol as the catalytic substrate, we aim to develop a baseline for the highest 

potential difference in dynamics observable by HDX, as ethanol is the most active substrate with 

YADH and most dehydrogenases246,257. 

 

4.3.1 Optimization of the Oligomeric YADH 

Although the catalytically competent form of YADH is the homotetramer43,243, it is difficult to 

observe this macromolecular assembly by mass spectrometry. Even employing ESI-MS as a soft 

ionization technique for generating spectra of the native protein, separation of dimers and 

tetramers is possible in the gaseous phase with minimal energy applied. Without extensive 

optimization of ionization conditions, YADH is observed primarily in monomeric form (figure 4.2, 

top), with some smaller populations of dimer and tetramer.  
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Figure 4.2 Optimization of Oligomeric Forms of Yeast Alcohol Dehydrogenase Top) Raw native 

mass spectra for YADH, with monomeric, dimeric and tetrameric forms labelled. Inset (top right) 

is the native spectra of the same sample with NAD+ incubation, with number of NAD+ molecules 

bound to YADH highlights as blue dots on the crystal structure (PDB ID: 5ENV in dimeric form, 

4W6Z in tetrameric form). Bottom) Same YADH sample with optimization of the ionization 

parameters to obtain only tetrameric form. Inset (top right) is the NAD+ bound complex, with the 

tetrameric NAD+ occupancy being favoured.  

 

It is apparent in figure 4.2 that the complete NAD+ occupancy is not favoured under the initial 

conditions shown in the top of figure 4.2.  Backing pressure was increased on the Synapt G1 to 

reduce the speed at which the high mass homotetramer was travelling through the ToF, slowing 

down the free path enough to allow the detector within the instrument to detect the oligomeric 

form that is observed in the biological environment- the homotetramer, composed of 4 units of 


