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ABSTRACT

Determining the conformational dynamics of enzymes as they undergo catalysis has been
challenging for decades due tthe short timescale and limitations of traditional analysis,
including techniques such as CPRIGNMR and-Xay crystallography. Herein is the study of two
proteins: TEML i -lactamase, the most common enzyme responsible for the hydrolysis of
antibioticsin gramnegative bacteria, and yeast alcohol dehydrogenase (YADH), responsible for
facilitating the hydride transfer to NAOor energy production in prokaryotes. In the catalysis of
both antibiotics and NADreduction the specific residues involved in Rdinding mode remain
under debate. By using a microfluidics workflow and an adjustable reaetiume, time
resolved HDX experimentation was used to monitor deuteration events concurrently with
catalytic activity on the millisecond to second timescalatiné mass spectrometry enabled
studies into binding affinity and monitoring of substrate inaation on a measured time course.

lon mobility mass spectrometry (HMIS) was used to provide definitive MS/MS results for protein
coverage and provde spatialresolution for all protein/substrate complexes. Additionally,
collision induced unfolding (ClU)ithin the ion mobility cell provides a comparative binding
affinity scale for the inhibitory drugs used in the study of TEMJsing this wide range of
analytical techniques facilitated important discoveries including the isolation of specific residues
of TEM1 mappedto their involvement in different binding modes during catalysis, and
subsequently the differentiation in inactivation pathways depending on satestoncentration
andtype. Further work has isolated residues involved in the turnover eveMAID along with
residues that displag significant decrease in dynamics with the catalyseoterated ethanol

compared to the nordeuterated ethanol.
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1. Introduction
1.1 Mass Spectrometry

Mass spectroratry is the science of measuring atomic mass, first reported in the eafy 20
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 2Tyidn&
work was greatly influenced by the earlier work of Wilhelm Wjewho decades earlier
discovered that particles within a caile 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 deflectionwithin 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 metlodsand mass detectorshat lower the limit of detection and increase the nsas
sensitivity of the instrumentsmaking mass spectrometry a vitabmponent of analytical
chemistry. Mass spectrometers can now be used at atmosgheniessure and withsoft
ionization methodsthat do not destroy the sample using two methodsatrix assisted laser
desorption ionization NIALD)® and electrospray ionization(E$)*. Both techniques are
considered relatively gentle, as the species undedsgtis not degraded during the ionization

process and entrance into the instnent.

1.1.1 Electrospray lonization (ESI)

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

as a method that can analyze proteiatsphysiological conditions. EEIS is extremely useful in
1



the field of catalgis, as it allows for immediate dime analysis of a reaction as it is occurring.
This could prove to be crucial for the determination of enzyeatalyzed products Due to the
formation of multiplycharged ions during ESI, this technique is especially useful in the detection
of high massnalytes on instruments with limitech/z range®’. ESI was a technique popularized

by John Ferfhas a means of creating a link between liquid chromatography and traditional
gaseous rass spectrometry analysis. In brief, a sampleajsorized at the ion source by being
passed through a heated capillary with an electric potential appbéedn with the addition of a
volatile solvent to aid in protonation or deprotonation of the spei€sA potential difference

of a few kV is supplied between the capillary needle and the chamber walls of the mass
spectrometer (the counter electrod€)) The potential applied at theapillary can b 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 wiprimarily postively charged ionalong the capillary axend the
negatively chargednalytes arealongthe capillary wallswith this concentration of charged ions
along the capillary axis, there is an accompanying decrease in pH and formapositofely
chargedanalyte ionsfrom a neutral analyteue to the interaction with solvent (usually®) as

the solution nears the tip of the capillary
0 O0° 0 a0 Q)

Where M is the analyte and is the rumber of charges/protonation events occur during the
formation of the analyte ionsThe composition of the charged liquid will be altered to contain

mostly positivelycharged ions (in the case of a positive voltage applietieéactapillary) primarily



due to the redox reactions occurring at thmetakliquid capillary interfacevhere negative

potential has built upt12

There are a couple of methods to prevetite charge imbalance buildup that occurs with
positively chargedbnsexitingfrom the capillantip during electrospral?. If the spray capillary is
metal, the metal coulde ionized and causing a release of electrons to the electrode (equation
2). Anotherpotential redox reaction would béhe removal ofnegatively chargetns present in
solution with an oxidation reactioat the metal surfacdshown below for aqueous sdlans,

equatiors 3 and 4”14

0 ©°0 cQ (2)
100 ©°0 ¢o0 1Q (3)
G006 O § TO 10 (4)

The reaction displayed in equation 2 is dependent onrtiegerial of the metal electrode, with
the dominant reactionbetween euations 3 and 4depencent on the lowest oxidation
potential?'3 With a voltage appdid to the capillarygenerating an electric field, an
inhomogeneoudlistribution of charged species will occur. lomsside the spraying capillagre

subjected to the electridéld (&) calculated by Loé®:

o —— )

Where \Lis the applied potential,cis the outer radius of the capillary and d is the capillary tip
counter electrode distancé. Theenergy required foonset of instability in te Taylor conéEn)

that causes electrospray can be related to equatida given below:



(o Jp— 6)

Where/ is the surface tension of the liquigs-is the halfangle of the liquiccone at the capillary
tip andi is the inner radius of the capillarfo determine the voltage requiredrfelectrospray
to occur, equation$ and 6 can be combind. For example fiwe substitute —=49.% and- =
8.8x10% J1c?m?t, we getthe following simplified equatioto determine the capillary voltage for

the onset of electrospray

w capTli F1 = 7

lonization of the liquid sample for generagirgas 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 theaoyed droplet-1917 This positively
charged solution has repulsive interaction withthe capillary, and the strong electric field
propels the liquid phase ion towardsdHiquid gas interface, generating a spmayrandanly
charged dropletsat the capillary and forming a Taylor cone at the (iebulizationy1°8
Charged droplets are ejected and begin to evaporate at the Rayleigh limit (whéseestension

is equal to coulombic repulsion) and emit as a sfirdaporization of the neutral solvent
molecdes and volatile solute (such as ammonium acetate) through desolvation by a
counterflowing gas causes the radius of the charged dropleti¥etvease, generating a higher
field strength at the surface of the charged dropfets These highly charged parent droplets
travel towards the mss spectrometer, where with increasing repulsitue to increased surface
charge densityand decrease in droplet radidkey break apart byission into progeny droplets

of various chargés’'1 The ion stream then enters the ion source at atmospheric pressure, with
4



a gradual reduction in presseiras the ion stream travels through various qugables towards

the mass analyzét.

= 7 =7e = f T4y
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o o R,
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Figure 1.1 Magnification o ectrospraylonizationDroplet Formation in Positive lon Mode. The

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

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

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

droplets are ejected from the large droplets, generating decgéfission events. Having a volatile

solvent along with fission events allows for efficient evaporation of solvent arouacthlarge

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

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

Image depicts at Waters-QoF mass spectrometer with asgray ion sourcelhe analyte enters

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

decreasing pressuras the neutral gas molecules are pumped out of the mass spectrorgter

the curtain gas.



1.1.2 Nanoelectrosprayonization (nanoESI)

Nanospray ionization has benefitted protein mass spectrometry consideraslyshown in
equation?, the radus of the capillary used in electrosprayineaidy proportionalto 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 Jetaile solvent
systemd’. In addition, areduction in flow rate within the capillary originally reported an increase

in desolvation efficiency as 510 times higher with a nanoESI soutdppef, likely due to a lower
potential for clustering and a reduction in curtain a8y using a nanoelectrospray soumwe
expandthe possibilities for physiological conditions at the source and an analysisafovalent

complexest.

1.1.3 Mechanism of Electrospray lonization

In contrast with the electrochemistry occurring at tbagllary during electrospray ionizatiorhe
ionization of the gas phase ions in free space and¢an be generated through various
mechanismsThe ambient gas pressure during ionization is necessary for supressing electric gas
discharge and maintaininghé temperature of the droplets are they undergoontinuous
evaporatiort?. The manner in which the soft ionization of protearsd other analytesccurs has

been subject to considerable study, withrée prevaiing theories as to how the desolvated
analyte is produced: the charged residue mechanism (CRM), proposed bif; Dtile ion
evaporation model (IEM), proposed by Iribarneldhomsor?3; and thethird theory of the chain

ejection model (CEM), proposed by Konnerntnimthe CRM, a charged droplet comaigone

6



ion within a liquid droplet is expelled through coulombic fission or eggthrough complete
evaporation of the liquid exterior in a cycle until the ion remains with little to no sol¢éntThe
relationship between the charge of the ion and the size of the droplet must notexgde@ f SA I K QA&

limiting charge and can be calculated using the following equation:
B oY Y-y )
Whered A& wl @f SAIKQa f A YA s the/ sArface kehsholl & theFsaiwedeiid R NP2 LJ

'Y is the radius of the large ionrégeny droplets undergoing evaporation and coulombic ejection

from parent droplets will have charges lower than (70-100%§-2°.

In contrast to the coulombic repsibn and ejection model of CRM, IEMedicts that low
molecular weight species will be ejected from the droplet due to the high electricdalded by
excess charge carriers in tideoplet and coulomb repulsion between cationic side chand
therefore acquire charge locally, likely with a smaller charga thould be produced by CRE#.
Droplets shrink by evaporation until the field strength is large enough for ions to be ejecotad fr
the droplet. The energy associated with the large electric field is sufficient to compensate for the

energyrequiredfor the solvated ion expulsich

More simply, he diference betweerthese two theories can be isolated to the method in which
the analyte moleculeseparate from each otheand the droplet for IEM, a single analytes
present per solvent droplet anavill desorb into the gas phase and reduce the coulombic
repulsion of thedroplet. In CRM, this analyte ejection occurs through multiple fission events until

only one molecule of analyte is presentadroplet!’.



The CEM theory can be describedaasombination of the original two proposals, in thae
behaviour of the macromolecular analyte is depent onA G Q& O2 yspezidMHatiafe2 y
unfolded or hydrophobic will exhibit IENke ejection, while polymers that are folded or
hydrophilic will behave like the CRM motlelAs 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 surafor ejection due to the electrostatic
repulsior?*?”. The main difference between the CEM and IEM issthgejection from the solvent
molecule occurs. For the IERhe species will acquireharge leally 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 &&ne

Bearingthese modelsin mind, native globular proteins are believed to follow the CRM, as
charged polar residues would be facing the solvent and more susceptible itmfisgents?,
while smaller analytes follow the IEM, driven by hydrophobic interactibhe. CEM is proposed
to represent behaviour of profas under nomative conditions, such as protein unfolding dgrin

electrospray.



Figure 1.2 Electrospray lonization Evaporation Modéelfieblue circle representshe charged

ion, while the largergreen circle represents the charged solver®) lon Evapration Model
(IEM¥3, suggests that low molecular weight species withidroplet will eject and acquire charge
locally as they exit the charged droplet. B) The Charged Residue ModeP{@Ridses that

the droplet will gradually lose all s@nt due to evaporation and the a charged species will retain
GKS 20SNYtf OKINBS 2F GKS RNRBLI SG LINR2NJ G2
charge). Given the same species in solutitwe, EM process would produce an ionized species

of lower overall chargeC) The Chain Ejection Model, which depictsdjeztion of an unfolded

protein, that acquires charge locally as ejection is occurring.

1.1.4 Quadwupole Timeof-Flight (QToF) Mass Specimeters

Mass spectrometers with a timef-flight analyzerare now routinely used for the analysis of large

macromolecular structures, with increasing use in transmission of high specie$®®.

9
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Quadwupole Timeof-flight instruments(Q-ToFs)re able tocombine high sensitivity and mass
accuracy for precursor and product iongh a small limit on thesize of the species)lowinglow
charge states of macromolecules can be examifiétraditionally, there are 3 quadrupoles (QO,
Q1 and Q2) where ion separation and transmission occur, followed by theotuflight (ToF)

mass analyzer at thizgack end of the instrument.

A guadrupole mass filter contains 4 paraleld electrically isolatecelectrodes that generate a
hyperbolic electric field between themsing both RF and Ef@lds, causing ions to be focused
down the quadrupole centerQO opeates as the ion guide, responsible for focusing the ion
beam; Q1 is thenass filter, Q2 is the collision cell (utilizing neutral gas molecules) and the ToF
carries out the mass separatiom a triple quadrupoleinstrument, Q0 and Q2 are in Rinly
mode;this helps confine the ion beam of the parent and fragment $&riBhis confinement also
reduces ion motion, slowing down the flow of ions and reducing beam amdpliinto the mass
analyzer, effectively increasing the quantity of ions reaching the andlyzZéthen the
guadupoles are used as a mass analy#texy can operate with botiRFandDGvoltages applied,

with the Mathieu parametersof each component{r) is for the RFvoltage,& is for theDG

voltage)calculated using the following eqtians3:

B —nNe — ®)

For theRFvoltage parameterr{ ), eis the charge of an electron, is the angular frequency and
V is the amplitudeFor theDGvoltage paramteer (& , "Yis theDGvoltage, and is the radius
of the quadrupoleWhen inRFonly mode, the quadrpoles rely only on thg parameter, wih

ions that have & <0.908 being rejected during the mass filtefihg
10



For tandem MS, the Q1 operates as a mass filter, allowing only the parent ion of interest to pass
into Q2. Wihin Q2, the ions undergo collision induced dissociation (CID) after collisions with
neutral gas molecules (generally argon or nitrogen). Aftdrstohs, the ions are again focused

by the RFfield and reaccelerated into a parallel beam for entrance i@ ToF analyzét. At

the entrance of the ToFpeorthogonal electric field is pulsed thwgh the ion beam, pushing the

ions into the accelerating column, where mass separation o&uBecause the ions are
accelerated with the same energy, ions with differentz will accuire different velocities and

reach the mass detector at different rates.

In order to avoid spectral overlapf the pulsed ion beams passing through the ToF analyzer, an
injection pulse at the modulator cannot be applied until after the slowest ion hashed the
detector at the end of the analyzefhe slowest ions will travel a distanBeand have an ion
beamlengthkl that can be detectedgenerating an upper limit to the duty cycle of this particular

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

| <
Ny

QO axm W &+Q - (9)

Wherem/zmaxis generated fom the flight time that is the inverse of ToF pulse frequéhdylost
ToF instuments operate with a duty cycle of-#%. The resolution of in a ToF mass

spectrometer is calculated as:
(10)

Wherekm | Y R ard& the peak widths measured at half mass and time (respectivalgydt

are the mass and flight times &tS Az yhé&thidkness of the ion packet ahgisthe effective

11



length of the ToRanalyzer.The relationship between the flight time of the ion and the mass of

the ion is:

0 —— ara (11)

Where Uacc is the accelerating voltage in the PaFAlthough 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, dependen the RF amplitud&. The highest

m/z value achievable at the quadrupole of each instrument.{)ican be calculated using the

following equation:

O (12)

Where \hcos(2 ft) is the applied RF voltaggéhe oscillation rate of the alternating current)
applied between rods, f is the frequency (Hz), t is the time of transmission (s) enithe inner
radius of the quadrupoles (#) The safest way to increase mass range in a ToF instrument is by
increasing the frequency, to the detriment of instrument resolut{shown in equations 10 and

11). For high resolution, a narrow transmission windis required loweringthe amount of duty

cycles that are carried out by the mass spectrometer.

Mass spectrdor ESIMSare recorded using a timm-digital converter(TDCat the end of the
ToF channelwith 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 arrivaédisumme over the

course of the acquisition time.

12



Microchannel plates (MCPs) are anothernfioof detector, thathave a flat conversion surface
area, beneficial for recording large amounts of ion packets (in tdengnsion) in a transient
manner. They a an analog system that digitizes the ion current. One significant problem with
using a MCPsaa detector is the time window in which ions hit the detector, as differing degrees

of penetration will produce a large variation in detection titheThey also do not have a large

N
.
‘e,
‘e
*
-
sy
o
0 o
.
.
o

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

—— ——

From lon Source To Detector

Figure 1.3 Quadipole lon Separationlons of various masses (depicted by multiple coloured
lines) enter through the ion guide (lefih parallelinto the quadrupole which can act as a
transmission guide (for single MS) or as a mass filter of parent ions (for tandem TW8).
guadrupoles are electrodes, with opposing charged rods connected witlsahee DC voltage
and RHield. The appliedRFfield generaes a potential well that is essential for radially confining
the ions, providing collisional buffering of ion movem&niNon-resonant iongo the RFfield will
collapse into the quadipoles not passinghrough to the detector (nlike theresonant ions, in

blue) of the mass spectrometer
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1.2. lon-Mobility Mass SpectrometryIntroduction

Protein unfolding can be captured using iomwbility mass spectrometry (INISF%34, which
measures the collisional cresection (CCS) and drift time oh®passing through the IMS cell of
a mass spectrometef.ravellingwave IMS is predated by the drift tube IMS {IMS¥3, a method
of separating ions withirthe collisioncell using a high pressure gas environment and a low
potential electric field to cause ion separation by size. As iongassing through the weak
electric field applied to the drift tube, collisions with inert gas molecules will slow down the
progressd@ fF NBSNJ A2yax 3ISYSNIGAy3 | ASLINIGAZY
shapé®. This method has the limitation ofalving high error associated with comparing to
literature3®. In a drift tube, along with the RiBn confinement there is also a linear voltage
gradient, responsible for moving the ions along the cell towards the mass arfélynes move
through the drift tube with ion velocity proportional to the electric field:

0 00 (13)
Wherev is the ion velocityKis the ion mobility andtis the electric field. This ion veliy is used

to calculate the drift time, related to the length of the drifttia by the following equations:
0 — 0 (14)
Whereo is the drift time andd is the tansport time of ions from the end of the drift region to

the ToFmass analyzer. Drift time IMS has very low sensitivity due to the pulsing analysis and

ensuing reduction in duty cycle due tioet time lost between measurement of ion pack®&ts

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 gd$etime for the ionized species to pass

14
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through the mobility cell is correlated to the CCS, with sgeewith a smaller C@&velling faster
through the countercurrent drift gas because of reduced &taghe reduced mobility coefficient

(Ko) can be calculated from the followifig

(15

Where Lis the length of the drift tube (m), P is the pressure (Tops the average drift time (s),
T is the temperature (K) and E is the electric field strength (V/m). EquEgidoes not consider
the charge state of the species within the mobitigll, which would also influence the drift time

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

z — — oz (16)

Where z is the charge state,is the elementary charge (Cl),is the temperature (K)g is the
Boltzmann constantn; and mgare the mases of ion and buffer gases (respectively, in kg), and

N is the neutral gas number density $With k defined in equatiorl5, and the parameters of

E, L, P andptbeing easily measurable during experimentation, CCS calculations have great
precisior?’*8 Using the above calculatisnlIMSMS can distinguish species entering the mobility
cell by size, shape and stabifft§® IM-MS is useful for examining large protein complexes as the
topography of an ionized complex i®nsitive and unique to each sampiéL Careful
consideration must be made to optimize the ionization condiomithin the mobility celto
encourage ion separation but discourage rmvalent complex dissociatiosuch aseducing

collisonal heatingor gas pressure within the collision cellavoid complex dissociatiéfi*4,

15



Collision Voltage (v)

1.2.1. Collision Induced Unfolding Mass Spectrometry

Collisioninduced unfolding (CIU) is a relatively new technique useahalytical and medicinal
chemistry to provide evidence of comparative binding affinity between protein substrates and
study unfolding pathway$*®. The charged ion species is bombarded with neutral gas at
increasing voltages within the collisiorlicof the IMS section of the mass spectrometer to
encourage intermolecular collisions, eventually leading to completgsociation of the complex.
When looking at the same charge state across a panel of prbtgind complexes, unfolding
transition states can be visualized using heat maps (see figure 1.4 below), which are used to infer

comparative binding affinit.

75
70
65
60 T T
10 15 10 15 10 15 10 15
Drift Time (ms) Drift Time (ms)

Figure 1.4A schematic of IMMS is used to differentiate ligand binding to large protein
complexes on a Synapt G2) Panelsf collision voltage (V) vs drift time (ms) of the Concanavlin

' G0SUNFYSNI 6A0K o RAFTHENHFZILISYK Y 2 a&bnockigzs ENB Y = o
di-(N-acetytD-3f dzO2al YAY S0 6baoDHU | -gi-RlacetyHEgiutosanyiney y 2 LISy
(M5G2). Highligh white box is examined on the right. B) Drift times for eadmplex

demonstrate the relative stability of each protéigand complex. Adapted from Niu etal
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1.2.2. TravelingWave lon Mobility Spectrometry

On the Waters Synapt G2 instrumentgethMS cell is equipped with travellkwgave (TWIMS)
componentthat significantly increases sensitivity, compared to the traditional drift tube IMS (DT
IMS) workflow?. The CCS values for WS are not specifically determined from measured drift
times as they are in BDIMS. Instead, they argeterminedthrough calibrating ions of interest to
ions of known CCS valdésThis travellingvave refers to an electric pulse applied to the ion
guide, causing ion propulsion throughe ion guide at a specific radio frequendyhis DC
travelling wave is overlaid over the RF voltdigat is already applied to the stack of ion guides

causing the ions to be propelled, reducing transit time through thEZxel

17



Figure 1.5 Cross Section of a Trhivg-Wave IMS Collision Cell with various CERing

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

@2t 0F3ASd ¢KAA FEOGSNYFGAZ2Y 27F (@dmhbliBrgugh ti@sef,SNI G S
depicted above as a dotted green line. Dependinghansize 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 cellravelling with the wave (low mobility ions, red spheres). More
compact and amdynamic 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 wth a variety of experimentd. HDXMS supplements tratibnal HDXNMR labelling by

18



being able to label transient intermediat@sand is incredibly useful for studying the
conformational dynamics of intrinsically disordered protéhsntibody/antigen bindingf and
mapping catalytic processes to binding motd¢dDXMS is particularly useful due to the low
guantity of protein required and ability to separate heterogeneous mixtures with
chromatographic systeris HDXMS can also be used to study unfolding rates and kinetics, such
as myoglobiPf. Forexample, 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 solutiorphase NMR or circular dichroism, to identify protein intermediaté% 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
incubatian times followed by an analysis of the various protein states elucidated. Currently, HDX
a{ 2F LINRGSAya Aa VYzal 27Fi083) OLNRXSRYROQA
popularized by Smiffy, that entail the following steg: incubation of protein in deuterium,
followed by an acidic quenching step and proteolytic digestion before entering the ion source of
a mass spectrometer. Through bottemp HDX analysis, antiracidlevel resolution can now give

global structural informabn into protein dynamic®.
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Intensity
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Analysis of Deuterated Peptide Distribution Mass Spectra of Proteolytic Digest

Figure 1.6 Schematic of a battn-up proteomics HDX workflowProtein is displayed with labile
hydrogens in black. After deuteration, some labile hydrogens have been replaced with
deuterium, depending on the time of incubati and dynamic nature of the protein. Following

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

is digested by proteolytic enzymes, such as pepsin or protease XVIIl. Following digestion, the
peptide mass skts with and without deuteration are recorded. The relativetggac 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 increaseaop@sentage

of the overall number of exchangeable hydrogens)awerage for that peptide.

1.3.1. Fundamental Theory

Hydrogen/Deuterium exchange was first theorized by Linderstt@mg, who examined the
deuteration rate of insulin and proposed the theory of protein dynamics and hydregemange
that we use to this d&i#2 In solution there is a constamydrogen exchange with solvent as

20



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 primargtructure, and their exchange rate can be easily
manipulated through temperature and pH variation to be measurable on-a timescalé*®>,

HDX can be carried out in acidic or basic environments. Thecatatyzed exchange being
facilitated through an amidate mechaniéf®’ while the basecatalyzed mechanism operates

through Nprotonation or Gprotonation.
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Figure 1.7 Schematiof acid (B and C) and base {égtalyzed hydrogen/deuterium exchange
reactions mechanisms with backbone amide®\) Basecatalyzed exchange, where OD
deprotonates the amide group, generating an amidate ion which is then protonated®yH)
Acidcatalyzedexchange, where the ddtom of the amide is responsible for deprotonatingD
followed by deprotonation of the amide to remove the proton. C) Aethlyzed exchange, with
the amide Gatom initiating protonation with BO*, followedby acidification of he NH proton

and formation of an imidic acid. Adapted from W8is

Although the Nprotonation mechanism is favoured, theotonation pathway is more basi
With either type @ catalyzed exchange reaction, the rate of back exchange with the solvent is
limited by a decrease in temperature and pH, wiff00and a pH of 2.5 providing the slowest rate

of back exchandg& "%,
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Figure 1.8 A chevron plot of logkvs pH for two peptides, pohD, l-alanine (PDLA) and poly,

L-lysine (PDLL) protium/tritium exchange reactionBhe original experiment that demonstrated

the effect of pH on amide hydrogesxchange rates, shomg a minimum rate of exchange in the

pH range of 2.€8.0 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.
Concentratiorof tritiated polymerwas measured spectroscopically. Adapted from Englander and

Poulser®.
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As shown in the original work of Englander and Poulsen, in the pH range02dtid and base

catalyzed exchange rokanisms have appraxriately the same rate (see figure 1.8) for proteins

(and peptides’©°. Below pH 2.0, exchange reactions are pritgaacidcatalyzed, Wile above

pH 3.0, baseatalyzed exchange is most common. Therefore at physiological conditions (pH 7)

the basecatalyzed mechanism is favouf8dBy redumng the pH of the sation 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 arf&l§%isn general, protein
dynamics are thought to fluctuate between several conformations, with the most simplistic
Y2RSt 2F RSdziSN}GA2Yy S@Syida RSLIA &iorsyfelerring NI G S

specifically solvent accessibility for deuteration events to occur with main chain amide groups.
ﬁb%ﬂb 0 O (17)

Where kp is the rate of protein unfolding/openinggiks the rate of folding/closing andis the
chemical exchange rate (dependent on experimental conditfdndynder steady state
conditions, the rate can be calculated with the following equédifon

Q e (18

Assuming a stable structurec(k> kp), equation18reduces to:

o J— (19)
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There are two other conditianfor protein dynamics to take into consideration. For a bimolecular
exchange, EX2 is assumed that the rate of protein refolding is much faster than the exchange

can occur (&>> k).

Q. — (20)

Under the above scheme, it is assumed that isotopic exchangebaitkbone amide would be a
rare event, likely occurring after multiple cycles of fluctuations between open and closed
formations’?. For a monomolecular reaction, EX1, conditions that promote exchaoge> (ki,

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

~ ~

R Q 1)

Although both conditions are poss$#) the EX2 scheme is more common amongst stable

proteins’?while EX1 is m@ common with denaturation conditiori%

1.3.2. Pulsed vs. Continuous Labelling ConditiandHDX

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 medtcine
HDX experiments are traditionally carried out with a continuous ladgeitiethod, first employed

in the study of protein unfoldig kinetics by measuring changes in charge state through acid
denaturation’®. In brief, protein is exposed to deuteriuand the rate of deuteration is measured

over time as annicrease in protein mags This increase in mass over time is an averagfirad
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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 structife

Pulse labellingexperiments 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 sends being achievalse’®’8, The time points selected for
guenching are longer than the exchange time, allowing for the deuteration to be monitored at
various parts of the reacti®f 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
equilibriunY®, Limitations of this pulsing workflow initially included the inability to observe
reaction occurring without absorption or fluorescence spectroscopy, which would reduce the

numberof species that could be studied.

1.3.3. TimeResdved Hydrogen Deuterium Exchange

Millisecondsecond scale HDX was a fortunate byproduct of using a microfluidics workflow to
interface ESMS with an orine analytical technique. Work by Kern et al with NMRwation
techniques has demonstrated that tltlynamics observed on the ys timescale of amide bond
fluctuation have direct influence on thes-ms timescale global fluctuatioffs TimeresolvedESI
enables an accurate examination of protein dynamics in solution or gas $588sthe mss
timescale is especially useful for monitoring transient intermediate species istpagly stée
condition$?, ligand binding?83 protein unfolding and catalysk®4 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 uncoveaation mechanisn®s®. Coupled with
26



a proteolytic digetion step, many groups have reported complete protein digestion with a

variety of samples within a few seconds of incubatfon
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Figure 1.9 Schematic of the Wilson G TimeResolved HDX Capillary Workfloviop)
Overview of the microtlidics workflow and PMMA chip used for bottemp HDX analysis. The
yellow box highlights the magnification shown below. Bottom) An inner glass capillary containing
the protein sample has 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 wodld

of the inner capillary into the larger metal capillary, whicintains 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 d=ation, the reaction is quenched ata T
mixer by an acidic solutior(right). For experiments involving substrate/ligand binding,
traditionally the substrate is introduced concurrently with the deuteration event to map

conformational dynamics specificatty protein: substrate interactions.
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1.3.4. Microfluidic Devices for HydrogeDeuterium Exchange

A reduction in size of granalytical system involving fluid dynamicél Wwave a dramatic increase

in sensitivity, transportation time to the detector and better réstion®”-8 It is with these
principles in mind that microfluidics devices have been devised for use with an electrospray
source on a mass spectrometer. 48 carried out on a micrlfidics device requires a flL/min

flow rate, which is ideal for usg a nanoelectrospray sourddicrofluidics devicecould have an

ESI interface either constructed into the device or protruding outwards, like a metal cdfjllary
or they mayhave a nanocapillary interface for efficient chromatodmgsimultaneously through
electrophoresi€<®2, In the past decade, advances have been made to embed proteolytic digest
within polymeric cell®, reduce the dead volume during analytical separafidfh andenable a
nanoLGchip-MS workflav®4.  Additionally within the past year, the Rand group have
commercialized a microfluidics devider rapid HDX incubation times with quenching and

deuteration channels built ofine®.
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Figure 1.10 Schematic of a new generation microfluidics chiip.this recent advancement to
the field of microfluidics and subecond HDX, enhip deuteration and quenching allows for
rapid mixing. In addition, thiolene plugs reduce dead mwuwithin the microfluidics channels,

further reducing the timescale limit for rapid HDX. Adapted from Svejda?%et

1.4.Enzymes Producing Antimicrobial Resistanéa 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 industi§; Antibiotic resistace primarily due to overusia the
general populatiorhas 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
pathogen8’%, Current medical practices typically combine doses of an inhibitory drug in

conjunction with an older family of penicillins or cephalosporins to provide effective medical
29



treatment!9:102 Resistancés now commoramong the newst Class 3 aiitbiotics, signaling the

end of the ability to effectively eliminate bacteria with current medical practfc¥s194

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 growth'%’. Penicillin binding proteins (PBPs) are
transpeptidases responsible for cragskingpeptidoglycan strands in the bacterial cell walhe

glycan chains targeted by PBPs are alternating,4-glycosidic linkages betweenN-
acetylglucosamine (NAG) andaetylmuranic acid (NAM). In the final step of cell wall synthesis,
the D-ala terminal reside of the NAM sugar is remo¥¥dThe acyNAM chain then forms amide
linkage with the terminal dalanine residue of the peptide-dlanyt -D-glutamytL-diaminoacy
D-alanine, generating a peptidoglycan strafd® PBPs were first implicated in rstsince
mechanisms in the early 1970% and this theory gained traction with the isolation of an evolved

PBP (PBRa) that had low affinity for penicilliA¥:112
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Figure 1.11 Mechanism of Peptidoglycan Formation by Penicillin Binding Proteins in theAell.
Acylation of he terminal Dalanine residue of the NAM sugar. B) Nucleophilic attack (likely by a
conserved Lysine residue) generated a protonation event between the glycans. C)1he

glycosidic linkage is formed, generating a peptidoglycan strand. Adapted froen Eisal8,
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1.4.3. Generation of -lactamAntibiotics

i -lactamantibiotics target the cell wall synthesis of gramgative bacteria binhibiting PBR at

the Ser403 residue 0KS aldNXzOGdzNB 2F (KS Yactamco@eshatY 2y |
mimics the DAla-D-Ala terminus of peptioglycan chain&3108.112.113regylting in a cell that goes

through structural degradatioof the cell walwithout the PBPs generating new peptidoglycan

i -lactam antibiotics are the main form of medication in mass puaiidun 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€®&t*11° This structural uniformity

across a medical class has made mutationalpéda 6 A f Aaidtd@m diugs straightforward.

/ 2YLX SGS NBlactara antibjoi@s$ andiighibitors has been observed in an increasing
YydzYoSNJ 2F 2NHIFIYAAYas adaA3Sadiay3a GKI dlacami K 2 dzi
drugs may be limited in # longterm!®® The newest antibiotic, Avibactdfi, is a
RAFITIFIoA0&0t220G1IyYS AYKAOAIG 2 Nactak lcalie. Howeder, @sS Sy LJ
effectiveness is still not enough to legestedalone; it must still be introduced in conjation

gAGK |y kadetaiantbidtiy fortfull freatment.

1.4.3.1. Differences irAntibiotic Families

Several families of antibiotics have been studied in experiments with-TEMletermine their

efficacy (measured as a kinetic value of the deacylation reaction), but no experiments have yet
been able to distinguish thepscific amino acid residues invotien the digestion of these
adzoaU0NF GSad £¢2002 HFSNIB2 YWSSRAIFI GSR ' yiAoAgtamh O NBa
drugs, notably the cephalosporins, have been developed that generate inefficiently hydrolyzed
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acytenzyme intermediates and have increasbihding affinity within the active sifé%?4 Also

Ay Of Ay A{attdmasdzatfbitors Wbt are not antibiotics in themselves (bseathey do

y2i STFAOASY(dfte& o0AYyR t -lattamasedtiaigh £deriés okmiiNEay S NBA A 0 f
AYOSNYSRAF(GSad ¢KS OdANNWNBOI LIENKDESYVS BA{IRTHIOK
lactamase inhibitor in conjunction with oldgeneraiA 2 ylactam antibiotics, but tts approach

is becoming less and less effici®ht?>12¢ Ampicillin, cephalexin and potassium clavulanate

were testedas substrates for mapping conformational dynamwts TEM1. The penicillin family

of drugs (wich includes ampicillin) has been extensively studied kinetically and have
comparative data t@ephalosporinsbut there has been no reporting on global changes in-TEM

1 conformational dynamics with these drug substrat®®tassium clavulanate, an irrevibis

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

confirmation possible for TEM as it binds in the active site.
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B-lactams
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Figure 1.12 Chemical structuresioflactam antibiotics currently on the market. -lactam drugs
can be split up into 4 families: penicillins, cephalosporins, monobactamscapenems.
Inhibitors also contain thie-lactam core but possess weaker antimicrobial activiyapted from

Nordmann et at%3,

1.4.4. Evolution2 T-ladtamases

In an evolutionary response tthe appearance of -lactam drugs in the bacterial cellular
environment, bacteria have evolved proteins known dactamases, that hydrokei -lactams
before they can inhibit PBEE130d a2 a i Of | 4 & S-dactainhsEs contaih ghRactive 0
site serine that is responsible for the hydrolysis of the lactam ring contained within-ldetam

antibiotics?0:131.132 This SXXK motif (residues7a) is conserved in all Class factamases and
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is the primary site ofnterest in drug development Class B-lactamases are metallenzymes

that coordinate withZinc ions to effectively hydrolyze the drug substrgbe34135

1.4.4.1. TEML1i -lactamase Introductin

Our research is focused on THMa Class A -lactamase, the most common form found
coli*®¢, Hundreds of variants have been discovered and present in resistant forms to all drugs of
the penicillin family and several of the cephalospotifi$3” Due to it's singular binding site and
the residues involved in the acylation at the active site there has been rigestady into the
residues crucial to impart drug resistanté&'4L. The reigning consensus is that the omega loop
(residues 164179), a structurally conserved SXXK motif (residues3jla general base (Glu166)
and a series of nuebphiles (Ser70 an8er130) are the principal regions involved drug binding
and acylatiof®142147 along with salbridges to regions outside the active $ité Early research
on TEM1 successfiy crystallized the acsdnzyme intermediat&*®and inhibitorbound* states
which are used throughout as a reference for enzymatic activity. Unfortunatelye tiestill no
crystallographic structure of the pracylation substratdound complex, due to the rapid
kinetics®%. The sarch for allosterigegions in TEM. have yielded some resutt&*, but has yet

to lead to new drug design.
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Figure 1.13 TEM crystal structure with 3 drug families used in ERI-HDXexperimertis. A)

TEMUL1 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 ieg (H11)highlighted in purple. B) Chemical
structure of the 3 drug substrates studied for binding activity, in order of effectiveness against

TEM1 activity (left to right).

1.5.Enzymes Involved in Energy Metabolism

1.5.1. Energy Formation iRrokaryotes and Lower Eukatgs

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 geneeaATP via ATP synthase. Teton 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; aoplex 1 accepts electronsaim NADH, while complex 2 accepts
electrons from FADFP. Under anaerobic conditions, the oxidation of NADH occurs via the
reduction of acetylCoA by an alcohol dehydrogen&®e Deficiencies in the electron transport
chain (such as the reduction of NARZzan lead to a variety of disorders in humans and other
organism&®’, underscoring te 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 alwol dehydrogenases. NAD is also a substrate for energy
consumption in a variety of other enzymatic pathways, including ribosyl transferases and
glycohydrolase’$®. NAD was discovered as a potential cofactor for yaklsthol dehydrogenase
(YADH) in 1906 by Hardand Young, who were examining the fermentation pathway of yeast
and postulated that some cofactors were required for yeast to generate carbon dioxide through
this pathway®®. The first examination of the redox potential of NAD was investigated by Otto
Warburg in 1936 as part ofisiweltknown work elucidating the role of adation in cells and
cancer growtht%16% The oxidative properties of NAD the cytoplasm and mitochondrial matrix
demonstrated that several prokaryotes and eukaryotes opergith similar NADNADH ratios,

sustainable for efficient redox reactiod NAD binding domains within dehydrogenases (such

37



as yeast) contain a conserved doubie-i - -i motifi®3 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 NADYADHequires NADas a cofactor forubstrate binding to initiate catalysis;
binding of NADat the CGterminal end forces the enzyme into a more closed configuration to

force ethanol and NADo react via a&inc ionand a narrowing of the interdomain spaéé
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Figure 1.14 NADfacilitated Ethanol Oxidation.The ability of NADNADHto participate in a
reversible redox reaction makes the cofactor vital to many differeatyematic 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 forubtoredf
acetaldehyde to ethanol during the glucose fermentation process in prokaryotes@ane lower
eukaryoted®®. There are multiple isoforms and isozymes present in a varietyokbpyotes and
eukaryotes (YADH contains 3 fofij the principal form being ADH1. Composed of 347 amino
acid regdues, ADH1 YADkhsa dynamicquaternary structure and require two cofactors for
catalysisEach monomer of YADH contains 2 zinc ions, 1 involved in cafelyises through a
tetra- or pentacoordination with a water moleculé’) and 1 that maitains structural stability
away from the active sité®. In yeast, the tetrameric form is faued. Although thetetramer is
composed of 4 identical subunits, their configuration in guaary form is differentsubunits A
and C maintain a closed configuration with bound NA#hile subunits B and D remain open

with no bound NADR

1.5.3.1. HydrideTransfer and Tunneling

Enzymes accelerate the rate of reaction by stabilizing the transition stamglex®® Typically in
catalysis, reactions follow the transition state theory developed by Patfinghere a minimum
activation energy must be obtained before a chemical reaction occurs to produce products with
a lower,more stable ground state enerdf§). Tunneling hwarts this assumption, by producing a
chemical reaction (the hydride transfer) without attaining the minimal energy of the activation
barrier. This is achiable due to the small mass of hydrogen, a short distance between reacting
species and a minimal ergy barriet’’. Given the small size of hydrogen and the short distance

between the hydride donor and acceptor, quantum mechanical behaviour isqieeldon the
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angstrom scafg%173 Yeast alcohol dehydrogenase provided the first gxamof hydride
tunnelling being observed in a macromolecule, first observed by Ch&’thydride trasfer is
occurring between the alpha carbon of the alcohol present (typically ethanol) and theo@4 a
of the nicotinamide ring in NADThe NADmolecule may undergo a conformational shift into
boat conformation to help increase the molecular orbital daprand decrease the potential

energy barrier observed in this reactigh

1.5.4. Kinetic Isotpe Effect on Catalysis of Yeast Alcohol Dehydrogenase

The Kinetic Isotope Effect (KIE) is usedlémiify the highest energy transition state in catalysis,
and can help distinguish between concerted and stepwise mechahisrii® help understand

the hydride tranfer mechanism, several researchers have mapped the KIE of protium and
deuterium in this catalysis to quantify the remarkable isotopic dependence obs€r/d The
primary KIE relates to the hydride transfer, while the secondary Ktkie 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 @éincy-2.

1.5.5. Mechanisn of Catalysis

The bibi mechanism of this redox reaction was originally proposed by Dickinson and M8nger

They propased 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 reductjpthsteis
RSLISYRSYG 2y (KS Ke@RNARS (NI y aphadSe\aF catalysis, WIeR A G A 2

GKS aftlF3¢ LWKIFaAS 2F OFraGlrfteara Aa SLISYRSy (G 2y
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enzymé’l, HDX experiments have attempted to is@dhe local dynamics of this burst phase
with limited results, as the reactions hawnot been conclusively proven to give observable

conformational changes on the catalytic timesééle

Figure 1.15Yeast Alcohol Dehydrogenase-Bi Mechanism of the Catalytic Cycla order for

the redox reaction to occur, the enzyme must BaNAD bound as a cofactor prior to ethanol

binding. Adapted from Liuni et’@f.

1.6.Research Objectives

Medicinal chemistrys constantly adapting to a changing microbial environment that present
increasing challenges as new resistance mechanisms develop and drug candidates have limited
experimentation done on a catalgttime scale to deduce residdecalized binding effects. Using
time-resolved microfluidic devices, herein we demonstrate th@awtful utility of millisecone

scale HDX on determining conformational dynamics of enzymes as they participate in substrate
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hydrolysis or redox reactions. Chapset-4 all employ millisecontimescale HDX, with Chapter
3 also uss theClU techique and Chater 4 examimsglobal HDX rates of catalysis to determine

the effect of deuteration on hydride transfer.

Chapter 2examines thecontribution of binding modes to catalytic stepsTEM1i -lactamase
and how timeresolved millisecond HDX can be enabledtiamtify these specific residuesuring

the hydrolysis of three different classes of antibiotics.

Subsequently, in Chapter 3 we further investigate the inhibitorgchanismthat is induced
during the rigidification process of TEMo help understand the potency of eaithibitory drug

and present a more comprehensive binding affinity scale based ciViSland local HDX results.

Chapter 4 examines the residseecific impact of deeerium 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 erzymatic 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

TEM1i -Lactamase Catalytic Mechanism

A version of this chapter was publishedlie Jounal of Molecular Biology:

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

TEM1i -Lactamase Catalytic MechanisinMol. Biol2018,430, 18, 33113322.
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2.1 Summary

Althoughthe link between confemational dynamics and catalytic activisy commonly discussed

very few experiments have been able to conclusively isolate which regions of protein are necessary
for binding modes. By studying TEIMa wellknown protein involved in antibte resistancewe 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 fno the bindingpocket) and clavulanate (third generation,
complete inhibition) willdemonstratehow each drug class interacts in this enzymatic process. Our
research aims to discover novel binding sites in TlEkat may be targeted for drug development

and lead to new gnthetic 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 inactivatiesifues 273284).

2.2 Introduction

The most commonly prescribed antibiotigs;lactams, target cell wall synthesis in bacteria by
inhibiting Penicillin Binding Proteins (PBPs) from clioging peptidoglycan strands in the bacterial
cell walt'2113 TEM1 1 -lactamase is known to degraglelactam drugs near the diffusion limit across
a wide range of penicillins and cephalospo¥AsThe rates of acylation and deacylation for different
drug products and -lactamase classes have produced indeterminate res@éephalosporins are
known to be acylated quickly binave a much slower deacylation rate than ampicillin in clags A
lactamases along with differing activity'8318} This may be in part due to the diféat 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 cgpBon (s
in a planar orientatiorf$3.185, Class A -lactamases in general are known to have a very fast
deacylationprocess the rate limiting portion of lhe reaction is due to the acylation mechanigfn

From this information we expected regions with lower deuterium uptake excligitree cephalexin
experiments to beelated to the deacylation mechanism. Using our microfluidics device workflow,
in conjunction with Time Resolved Hydrogen/Deuterium eXchange (HRESKigure 21), we can
monitor the conformational dynamics of eachatalytic process withina suitable biological
environment. By plotting the differensein deuterium uptakewith TEM1 in holoenzyme and
apoenzyme formwe can monitor changes associated with drug interactions and not based on native
conformational fluctuéions. Of particular interest are remis that demonstrate changes in dynamics
with ampicillin and cephalexin but not clavulanate, as this would elucidate which regions of the
protein are not involved indeacylation along with potential regions of allostey. Based on
statistically significandifferences in the conformational dynamics of TEMSs turnover is occurring,

we are able to demonstrate how TREHX can be used to guide drug developnfenbfi -lactans

and further employ this technique for bint§ mode analysis in other antimicrobials
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Figure 2.1 Schematic depiction of the TRESIDX experimental setupA) The enclosed proteolytic
chamber (PMMA) digests the deuterated protein sample prior E&IMS. For each
substrate/inhibitor, the holoenzyme deuterium uptake is compared to the apoenzyme baseline
uptake recorded on the same day. These experimentsrdiffghtly from conventional HDX in that

the substrate/inhibitor is introduced to the enme 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 undergoimg slow turnover when the uptake measurements are made. B) The crystal structure
for TEM1 with secondary structural elements (HI1 corresponding to helices and -51

O 2 NNE a LJ2 -ghReksyhihlighged (PBD ID: 1BTL).
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2.3 Resultaand Discussion

2.3.1Native MS of TEM andFormation of Acylenzymelntermediates

Previous reports on TEW inhibition by clavulanicacid used a 1000:1 inhibitor: enzyme ratio
incubated forl hour at room temperature to ensure complete inactivafidnhNeither this inhibitor:
enzyme ratio or lengthyincubation was possible in our experiment due to &®hpatibility of high
adz0 G NI GS 02y OSy (NI (A 2 WRESIwsrkilov2foizNgtindabinSxisges Wei K S
therefore used native mass spectromgtto characterize the global conformation of the purified
protein and to determine theminimum concentration of sulbsate requirements for complete
inhibition of the protein. These experiments were enhanced by the SpyTag system for optimal
stability’®®. Ultimately, these experimentdemonstrated that a 10:1 clavulanat€éEM1 ratio was
sufficient to generate fully bound protein, observed asmassshift of 200 Daf(g 2.2). The
observation of the intact bound inhibitorsaa complete moleculés at odds with our current
understanding b the clavulanate inhibitory mechanism, which is thought to inactivate via off
pathway processes resulting in thevadent attachment of clavulanate or fragments thereof over
multiple catalytic cyclég®183.19%194 One possible explanation is that the inhibition process for
clavulanate is sensitive to reaction conditions, and that undera@i@opriate conditions (200 mM
NH4Ac, pH 6.7), initial hydrolysis of the intact molecule, corresponding to an expected mass shift of

198 Da, is highlynfavored->.
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Figure 2.2 Native Mass Spectra of TEM Binding ClavulanateNative mass spectrum of TEM
(orange) with clavulanatencubation after 1 hour (blue) at a ratio of 10:1 inhibitor: enzyme. Inset
(top right) is the observed mass incesaof +200Da at the-19charge state, approximately

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

2.3.2 TEM1 Gonformational Dynamics in thePresence ofSubstrate, Partial Inhibitor and Govalent
Inhibitor

We used TRESIDX to exasively monitor the dynamics influenced by the protein: substrate
interactions of TEM. in the presence of ampicillin, cephalexin and clavulanate. THRESIis 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 erayriey
interact with substrates or inhibitoP&1% By using a kinetic TRESI workflow, we are able to monitor

conformational dynamics of enzyme catalysis on a millised¢orskecond timescalé€® '8 and
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observe the substrates in steady state rapid turnover (ampicillin), slow w@m¢cephalexin) or

covalent inhibition (clavulanate) as the hydrogen/deuterium exchange is occurring. Figure 2.3
depicts the relative conformational changes between the substrates aneeappme at 1.54s, with

each colored bar depicting residues thabghsignificant 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 8G#b ove
shared coverage. For figure 2.3, regions in red are those with statistically significant increase in
dynamics relative to the apenzyme, while blue regions denote a significant decrease, shown as a
dotted line (>2 = YT 0 ® CA IdzNB pshod of tha @odfarmationalodydmiés & y |
sequentially, with inference made about the spatial dynamics through large regions of uptake or

decreaseAppendix A displays results for each kinetic and equilibrated local HDKregpe
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Figure 2.3 Time-Resolved Deuterium Uptake for TEMwith 3 SubstratesSingle timepoint TRESI
HDX difference measurements at 1.54s comparing holoenzyme-ITEOM TEM1 exposed to
saturating concentrations of ampicillin, cephalexin and clavularfitom 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 changesn(>9 are
displayed on the cryal structure, PBD IBTL using the same colour scheme (with the addition of

gold = no change, grey = unobserved).

With ampicillinrincubated TEML there are regions of both increased and decreased deuterium

uptake with catalytic turnover, with exclusiglynamics within the &{ p -sheets and rigidification
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of H3 and S1. As ampicillin is the only substrate under study with rapid hydrolysis by, Wehan
isolate changes in dynamics that are exclusive to the ampicillin profile as being linked to tefficien
deacylation. The sae logic is applied to the other two substrates and their interaction with -IEM

For the profile with cephalexirfi¢g 2.3, middle), we correlate the known behaviour of inefficient
hydrolysis to the unique changes in deuterium uptake, such as increasacdysin 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 amipillin 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 clavulanatgeschauptake

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 bgiinvolved in the hydrolysis of the agrizyme (such as H8 and
S3/S4 increases in uptake). Finally, for regions that behave similthlgli\8 substrates, we can infer

that they must be involved in the bindimgocessof substrate hydrolysis.

Althoughconventional 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 procese bestobserved on the ms timeaée. By using TREIDX, we
have been able to identify different regions of interest in the TEMydrolysis of ampicillin,
cephalexin or clavulanate, and correlate these regions to specific functionalmadles hydrolysis of

the substrate
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2.3.3BackoneDynamics of TEM 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 exhib@ A YA £ I NJ 6 A GKAY H 0 dzLJil 1 S EN®t@iaAf Saod ¢

was residues 7J3 (Nterminus of H2), welknown as the conserved SXXK motif responsible for the
{ SNrn O0AYRAYy3 d&ddctantased yAll substrateourid ' TEML complekes exhibit a
decrease in dynamics relative to the apozyme (figure 2.4, top), with approximately 25% less
uptake than unbound TEM. This suggest a single amide bond suppression of dynamics or
inaccessibility of exchange, either due to bindindhe#f 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 backlmne amides with incubation generated a hydrogemnd link between Ser70 and

Lys7344,
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Figure 2.4 Kinetic Deuterium Uptake for Binding Dynamics of TEMRESHDX kinetics plots for
dynamics of binding (topesidues 7073; and bottom, residues 22832) are displayed for each drug
product (ampicillin, red; cephalexin, green; clavulanate, blue) for comparison to the unbound TEM

1 profile (black line) @, n=9). Crystal structures to the right display the reteyaeptide fragment
in pink, with nearby residues of importance highlighted in teal.

Another region, residues 22532, also exhibits a decrease in deuterium uptake with all three
substrates (fig 2.4, bottom). Corresponding to the H10/S3 loop, this reégjoat of alarger section

of the proteinrecently discovereds anallosteric binding sit€”. 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 dynatmtaeen 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 subsgrate into the active sité®3 With known evidence of surrounding residue involvement
in binding and stability of the protein, ourbeervdions agree well with the idea that decreased

dynamics in residues 22232 are linked to substrate binding.

2.3.4Backboneébynamics of TEM duringProductiveAcylation

Productive acylation refers to the successful process of acylafidhe i -lactam core followed by
hydrolysisof the complete small moleculevhich is carried out efficiently with ampicilibound TEM

1, and slowly with cephalexipound TEML. Since both ampicillin and cephalexin are hydrolyzed by
TEM1, they should exbit similar dynants profiles for deuterium uptake and be significantly
different than the clavulanate profile, allowing us to isolate regions that are exclusive to clavulanate
activity. Residues 24P47 (fig 2.5, top) demonstrates a minor increase intdaum 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 througtethering of subtrate carboxylate group during acylatit

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 dynangs and a greaterumber of exchangeable sites on the timescale as observed with
rapid turnovef®. In contrast, cephalexin has a slower increase in deuterium uptake, but eventually
demonstrates he same overall ta for uptake as ampicillin. This is likely due to the slower and
complete turnover of cephalexircy p o pi )P, whichrequires multiple turnover events to

achieve maximum deuterain.
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For clavulanate, webserve 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 carloxylate group of the incoming clavulanate during bindigeduced deuterium uptake

in this region is associated tivideacylation failure.
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2.3.5Backbonébynamics of TEM during Sow Deacylation

Slow deacylation dynamics are exclusive to cephalexin and cephalosaaily drugs for these
experiments. Cephalosporins are known to have increased potency ovegdimstation penicillins

due to their slower turnover and decreased deatigin from the binding sit¥3. Therefore, changes

in dynamics observed by TRESX that are exclusive to cephalexin are associated thith
inefficient hydrolysis of the acgnzyme. In figure 2.5 (bottom), residues 1114 of the H3/H4 loop

are depicted. Within this region is the highly mutational residys111, which has increased
mutational frequency and resistance in the presence&gfhalosporins (specifically cefotaxirtfd)

This link between cephalosporin resistance at K111 and our kinetic workflow must be taken with a
grain ofsalt, as we cannot measure deuterium exchange at tlerhinal residue of peptid€es.
Another region that corresponds to the above criteria for slow deaioylais residues 24257,
corresponding to the S4/S5 loop. This region is depicted in figure 2.3 as having unique dynamics to
cephalexin, but unfortunately was not recordettriplicate for all substrate runs in order to generate
kinetic plots. However, artially overlapping regions such as 2247 and 25257 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 identtfiad this

region (le247, Ala249As®254, Lys256%%, potentially demonstrating that additional flexibility within

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

development of canhibitors to limit cephalosporin resistance by rigidifying the 285 region.
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2.3.6Backboneébynamics of TEM duringDeacylationFailure

Only the clavulanatsubstrate ha an inhibitory effect on TEM 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 énigi@utptake

Is residues 25@57 (fig 2.6, top), which corresponds to the S4/S5 loop of-TEMese results agree

with our previous discussion of the S4/S5 loop involvement in cephalosporin activity (for residues
245257). We suggest that dynamics with#b0-257 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 (ampicilin) and lowered

flexibility/rigidification for deacylation failure (clavulanate).
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Residues 27284 (fig 2.6, middle and bottom) all correspond to theée@ninal helix (H11),
substantially distant from thective site. However, there are a number of high mutational frequency
site contained within this region, such as Arg275 &st276, highly associated with resistance to
inactivation by clavulanate via displacement of the watenlesule involved in the ir@ivation
pathway, or through interactions with Arg2#4 Asr276 nutational studies have also prowd a
demonstration of decreased catalytic efficiency with mutations at this residue, and higfoer
clavulanate, demonstrating further evidence of the importance of H11 interactions and the active
site?%2. Residues 28084 (fig 2.6, bottom) correspond tthe allosteric inhibitor site discussed
previously at the interface adfi10/S3. Residues 28B4 hare a decreased and similar uptakes for

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

2.4 Conclusion

TEM1 has been the principal-lactamase under study for decades, providing a wid€eety of
mutational residue aalysis and kinetic characterization of a variety of drug substrates and
inhibitors?23:204 Along with sequencspecific analysis, there are a large amount of NMR aray X
structures that can help provide structure/function relationships. With all of thidapth structural
knowledge, TEML is an ideal systenfor implementing TRESIDX 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 myes it is a highly sensitivedl

for determining changes in conformational dynamics due to the presence of a substrate or inhibitor.
Herein we demonstrate how TREHDX can be used to compare apo and kerlayme forms of TEM

1i -lactamase in terms of @mges in dynamics, not structurErom 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 ré@givasbeen
mentioned more than ooe as important in substrate resistance and catalysis: residue2b0
(S4/S5 loop) and residues 2284 (H11). Residues 22687 are linked to cephalosporiamily
resistance, with varying levels of dynamics responsibldiféering substrate binding. Relts herein
demonstrate that moderate rigidification of this region by aichibitor would sensitize TEM to
cephalosporins (instead of penicillins), renewing their potency and providing a longer shelf life for
current onthe-market cephalosporins, suas cephalexin. Residues 2284 have been discussed
above as potentially being involved in the docking of allosteric inhibitors through rigidification of this
regiorr9%2%% work by Hord%7 has demonstrated that this region contains a small molecule binding
site that operates independently of the SXXitif. Our results have shown that turnover can be
related to the degree of flexibility in H1 and rigidification with an mbitor bound may be key to
inhibiting catalysi¥'°”. This aproach of millisecondgcale HDXs wellsuited 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 knowmdwvige a link

between enzyme calysis and conformational dynamf€&2'1,

2.5 Methods
Reagents

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

lab using a Millipore MiHQ) AdvantagA10 system.
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2.5.1Expression and Purification of TEN! -lactamase

TEM1 r -lactamase with a SpyTag/SpyCatcher tag warchased from AddGene (plasmid #52656,
pET28a vector). Plasmids were extracted fromthe pHAAAT I 1T ET A ET O AT 1 pAOAI
Cells were expressed in LB broth with 50mg/mL Kananam@inlM glucose. 1M IPTG was added
once log phase absorptionas reached (40=0.50.7). The culture was incubated at°C3for 16

hours at 200 rpm before centrifugation (60§015 minutes rotor JA 251). The pellet was
resuspended with ImM PMSE20>L)and 1mM protease inhibito120 >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 resicolumn with 75mM Imidazoland bufer exchanged in 250mM ammonium acetate

(pH 6.7) for at minimum 36 hrs prior to evaluating protein concentrat®@A assays and SBSGE

analysis were performed to determine protein concentration.

2.5.2Digest Preparabn

Protease Xl or Pepsin pratewith NHS activated agarose (288w) was suspended in coupling
buffer (0.1M sodium phosphate and 0.15M NaCl, pH 5.5) and rotated overnight aff4he aspirated
protease was then suspended in 1M THEI blocking buffgipH 5) and rotated at room tempature
for 1 hour. The beads were washed three times with acetic acid (pH 2.4) and stof&itatle used

in subsequent runs.

2.5.3Chip Design

Previous chip designs by our lab have been discdss€dthat formed a digeson well by using a

plastic seal over PMMA plates and were clamped using a customized holder. The chip was designed
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chip design was generated using the Coralid8 program. The well was cleaned with methanol and
etching was repeated. The procedureth&n 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 betweenthe 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 weaéedeThe 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 t#32 NF bit. The depth

was set to 9 mm. The chipas drilled from both ends, using a methanol rinse throughout. Excess
plastic caught inside the well was removed with a needle. 820IF bottoming tap was manually
inserted into both ends of the chip to add the threads. The inside of the chip was wasthedater

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&3ge stainless steel metal capillary
was cut into two pieces with a rotary tool fWwieach 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 douliénged nuts.

2.5.4Microfluidics Workflow

The 28gauge metal capdry of the TRESI mixer had an inner diametre of 1Z2818while the glass
capillary inserted within had an outer diameter of 18m. The protein flowed into the device at 3

>L/min, as did the deuterium and substrate capillary. The acid was introducechiat af 12>L/min.
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The protein and deuterium mixtures join in the intercapillary space before reaching thaitm,

where acid quenches the hydrogen exchange and limits it to backbone amide hydrogens. The volume
of intercapillary space for deuterium inbation can be altered to give timdependent 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
abowe) before being sprayed into the Synapt G1 Foh&light (DF) instrument with a source

voltage of 2700 V in positive ion mode.

2.5.5Data Analysis
ESIMS data was obtained in the 38500m/z range. A 250mMammonium acetate solution (pH

6.7) wasusedto buffer exchange TENI prior to experimentation. A 10:1 TEM 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 edsjfor every enzyme/substrate
combination, with deuterium uptake per peptide being averaged over matching peptides from a
biological replicate (n=9). Multiple purifications of THMvere performed and similar results for
matching peptides were obtainedvyith significant differences referring to a confidence interval of
95% (8). Peptides were identified using EXPASY Proteomics. MS/MS analysis was penfiovfned
modeto confirm the peptide identityusing mMasspefore complete uptake analysiyy manually
ramping the trap collision energy from 30 to 50 V, having a 1 second scan time and recording in the
1002000 Da rangeDeuterium uptake per peptide was calculated usingonse FORTRAN software

that matches theexperimental uptake to the predicted isotopic ttibution for the native peptids.
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Chapter 3

Collision -Induced Unfolding and Hydrogen/Deuterium
Exchange Mass Spectrometry as Tools for Comparing

Binding Affinity of TEM -1 1 -lactamase Inhibitors

A verson of this chaptehas been prepared in manusdrijprmat.
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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 techesghat can capture transient
intermediates for enzymatic systems. By combining global and iiox] workflows, we aim to
discover regions essential for catalysis that are traditionally inaccessible by techniques such as
NMR or Xay crystallography. Havgnpreviously established the presence of a kinetic isotope
effect in the yeast alcohol dehydrogase (YADH) oxidation of ethanol by substitution with 1,1
D, ethanol 8, we aimed to identify thedynamics of intermediates on the slower timescale
provided by the deuterated substrate. Usingtime-resolved microfluidics device to capture
deuterium uptake on the millisecond timescale allowed us to observe the rigidifying effect of
NAD binding withinthe binding pocket and the catalytic zinc to facilitate the required hydride
transfer between NB" and ethanol. Within the same timeframe, visolated aregion (residues
259-268) that was found to have a significant decrease in dynamics due to the deatkrat
substrate, suggesting a link between the rigidification near the core anelgairement 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 thadeaging task of observing protein dynamics
while they facilitate enzymatic reactions with incredible speed and efficiency. Making structural
arguments about protein function during a catalytic timescads proven immensely difficult. It

is postulated tlat amide bond fluctuations (on the g timescale) influence global dynaniis

and many kinetic studgehave proven the turnover rate of enzymes on the-snimescale,

making techniques such as NMR and conventional HDX unable to provide definitive arguments
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to the behaviour of enzymes during catalysis. For identifying structural regions of importance,
CPMGrelaxation and Xay 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 (ADHSs), responsible for the redox ne&detieveen alcohols

and aldehydes to energy transport molecules (NADH and pADHare found in a variety of
forms in nature, most commonly in dimeric form (higher eukaryotes) and tetrameric (prokaryotes
and lower eukaryotesy®. 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 stfdicture
Horse liver is an ADH sequentially similar to yeast ADH, except for a deletion of 21 residues within
the catalytic region (residues175, 319374) and a dimeric for#>167.237 Characterization of

yeast alcohol dehydrogenase (YADH) provides a greater challenge when attempting to observe
the dynamic nature of the protein during cataly. it is twice as large as HLADH, has higher

substrate specificity for alcohdE and is 100x more actigé.

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 quantitie$®?4, It was originally thought that ADH1 and ADH2 were separately
involved in the oxidation pathway, with ADH1 carrying out the reduction of N#kid ADH2
performing the opposing oxidation of NAEH This heory has been disproven and now it is
widely understood that the catalysis occurs through @ibsequential mechanish? 8% with

both ADH1 and ADH2 capable of carrying out the reversible redox reaction. Heeein

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-BtOH) 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;/NADH as a coenzyme, and
alcohol/aldehyde for the hydride transfer to occuEach monomer of YADH contains 2 zinc
atoms, with different functions: 1 zinc atom is necessary for catalysis (facilitating the alcohol
docking¥*?, while the other zinc atom is responsible for maintainingistinral integrity?*3. The

distal (structura) zinc is coordinated to 4 cysteine residues (Cys97, Cys100, Cys103 and Cys111,
figure 4.1368242244245The catalytic zinc binds Cys46, His67 and Cys174 to maintain a strained
conformation withinthe active site of the open dimer, along with polarizing the carbonyl of the

incoming alcohol substrate to assist the hydride tran¥f&™.
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NAD Binding Pocket

Figure 4.1 Schematic of Residues of Interest in Reduction of NAINADHAIthough YADH
operates as a hontetramer, within each dimer there are both open and closed forms. This
schematic is showing the op@wmnformation 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, Cyst53)) NAD bound with the hydrophobic
regions (green) highlighted. B) NAbund with zinc atoms (red) coordinated and cysteine
residues (purple) highlighted.

NAD binds within the h -fold of the interdomain cleff®252 nearby to the hydrophobic binding
site pocket (containing Trp54, Trp92, Met270, Tyr294, figure 4.1). The face of thHeiNG\i3
positioned towards the activets, very close to the Cys46 and Cys174 that coordinate with the

catalytic zinc in the closed conformation of the homotetraiigr In addition to the
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hydrophobicity, an ecumulation of negative charges (residues Cys46, Lys174, Glu68, Asp49)
helps generating a dipole moment to help with the hydride transfer to N&DAnother
important residue for this catalytic mechanism is Val203, -detumented as being important

for facilitating the hyride transfer between NACand ethanol; the large size and hydrophobicity

of this residue is opposing NARNnd aids in the narrowing of the interdomain cféftthat

promotes tunneling behaviotif3179:245.254

Kinetically, the oxidation of NADH (and correspondingly the reduction of acetaldehyde to
ethanol) is the favoured reaction in this reversible redox pathitdy® By introducing the
substrate after the NADcofactor is bound, we force the reaction to occur in the NABbured
direction. By using ethanol as thatalytic 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 dehydrogena%ésg®’

4.3.10ptimization of the Oligomeric YADH

Although the ctalytically competent form of YADH is the homotetrai®efs it is difficult to
observe this maomolecular assembly by mass spectromefyen employingeSIMSasa soft
ionization technique for generating spectra of the native proteseparation of dimers and
tetramers is possiblen the gaseous phase witiminimal 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.

88



Figure 4.2 Optimization of [@omeric Forms of Yeast Alcohol Dehydrogends®) Raw native
massspectra for YADH, with monomeric, dimeric and tetrameric forms labelled. Inset (top right)
is the native spectra of the same sample with NA&lBubation, with number of NADnolecules
bound to YADH highlights as blue dots on the crystal structure (PCEENDY 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 NB@undcomplex, with the

tetrameric NAD occupancy being favoured.

It isapparent in figure 4.2 that the complete NABccupancy is not favoured undére initial
conditionsshown in the top of figure 4.2Backing pressure was increased on the Synapt G1 to
reduce the speed at which the high mass homotetramer was travellirmgith the ToF, slowing
down the free path enough to allow the detector within the instrumémtdetectthe oligomeric

form that is doserved in the biological environmerihe homotetramer, composed of 4 units of

89



