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Abstract

Allostery is the change in structure, dynamics and/or function in biological
macromolecules upon binding to a target molecule. Since its initial proposal,
allostery has been shown to be essential to cellular function. One result of
allostery is the cooperative binding of identical ligands to the same
macromolecule. One enzyme which has shown interesting kinetic behaviour is
Aminoglycoside A-6'-acetyltransferase-li (AAC(6')-li), an antibiotic resistance
causing enzyme chromosomally encoded in Enterococcus faecium. This
enzyme is responsible for the low level resistance to aminoglycosides found in
these bacteria. AAC(6')-li belongs to the GCN5-related A-acetyltransferase
(GNAT) super family, and its known function is to acetylate most known
aminoglycosides at the 6' position. It is constitutively active as a homo dimer and
has previously shown cooperative behaviour between the subunits.

A technique utilized in the studying of the cooperative binding observed
with AAC(6")-li is isothermal titration calorimetry. However, studying allosteric
cooperativity can be quite challenging due to the difficulty in identifying the
correct binding model. Chapter 2 of this thesis describes a protocol to address
this problem through performing multiple ITC experiments at different
concentrations and globally fitting the dataset to a single set of binding

parameters. This technique has been labelled Variable-c ITC.



Many allosteric interactions occur through the change of structure.
Chapter 3 describes an approach which combines ITC with circular dichroism
spectroscopy to identify a linked folding event. In addition, we developed a novel
fitting approach for a multiple temperature ITC dataset by introducing the van
Hoff isochore as a restriction.

The protocol developed in Chapter 3 was then used in Chapter 4 and 5 to
identify allosteric events in the binding of Acetyl coenzyme A (AcCoA) and
aminoglycosides to AAC(6')-li, respectively. Nuclear magnetic spectroscopy
(NMR) was combined with the thermodynamic data to develop a model to explain
the observed cooperativity. When AAC(6')-li binds AcCoA one subunit folds into
a bound conformation which is reminiscent to a KNF folding model. This
destabilizes the interactions between the two subunits and reduces the unbound
subunits stability, causing it to unfold at lower temperatures. This produces to
separate opposing cooperative events which causes AcCoA to bind with positive
cooperativity at lower temperatures and negative cooperativity at higher
temperatures. Intriguingly, when AAC(6')-li binds aminoglycosides it appear that
both subunits undergo a conformational change with the first binding event. This
likely stabilizes the unbound subunit, causing to unfold at a higher temperature.
This behaviour suggests that AAC(6')-li has ligand dependent allosteric

processes and behaves quite differently depending on which ligand it binds.



Résumé

L’allostérie est définie par le changement de la structure, de la dynamique
et/ou de la fonction des macromolécules biologiques lors de la liaison a une
molécule cible. Depuis sa proposition initiale, I'allostérie a été démontré d’étre
une contribution essentielle pour le fonctionnement cellulaire. Un des résultats de
I'allostérie est la liaison coopérative de ligands identique a la méme
macromolécule. Une enzyme qui a demontré des comportements cinétiques
intéressants est aminoglycoside N-6'-acétyltransférase-li (AAC(6 ')-li), une
enzyme qui provoque une résistance aux antibiotiques et encodé dans les
chromosomes de Enterococcus faecium. Cette enzyme est responsable de la
résistance de bas niveau aux aminoglycosides trouvés dans ces bactéries. AAC
(6 ")-li appartient a la super-famille des GCN5 N-acétyltransférase (GNAT), et sa
fonction connu est d’acétyler les aminoglycosides les mieux décrits a la position
6 . Il est constitutivement actif sous forme d’homodimére et a déja montré un
comportement de coopération entre les sous-unités.

Une technique utilisée dans I'étude de la liaison coopérative observée par
AAC(6')-li est la calorimétrie de titration isothermique (ITC). Cependant, I'étude
de la coopérativité allostérique peut étre assez difficile en raison de la difficulté
d'identifier le modéle de liaison approprié. Le chapitre 2 de cette thése décrit un

protocole pour traiter ce probleme par I'exécution de multiples expériences ITC a
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différentes concentrations et par I'ajustement global de I'ensemble de données a
un ensemble unique de parameétres de liaison. Cette technique a été nommé
Variable-c ITC.

Plusieurs interactions allostériques se produisent par le changement de
structure. Le chapitre 3 décrit une approche qui combine la ITC avec la
spectroscopie de dichroisme circulaire pour identifier un événement de pliage lié.
De plus, nous avons développé une nouvelle approche d’ajustement pour un
ensemble de données de ITC a multiples températures en introduisant le
isochore de van't Hoff en tant que restriction.

Le protocole présenté dans le chapitre 3 a ensuite été utilisé dans les
chapitres 4 et 5 pour identifier les événements allostériques de la liaison de la
coenzyme Acetyl A (AcCoA) et des aminoglycosides a AAC (6 ')-Il,
respectivement. La spectroscopie par résonance magnétique nucléaire (RMN) a
été combinée avec les données thermodynamiques pour développer un modéle
pour expliquer la coopérativité qui est observée. Lorsque AAC (6 ')-li se lie a
AcCoA, une sous-unité se replie dans une conformation liée qui est semblable
au modéle de pliage KNF. Ceci déstabilise les interactions entre les deux sous-
unités et réduit la stabilité des sous-unités non liées, les amenant a se déplier a
des températures plus basses. Ceci produit la séparation d’événements

coopératifs opposants qui provoque AcCoA a se lier avec une coopérativité



positive a des températures plus basses et une coopérativité négative a hautes
températures. Curieusement, lorsque AAC (6 ')-li lie les aminoglycosides, il
semblerait que les deux sous-unités subissent un changement de conformation
avec le premier événement de liaison. C'est probablement ce qui stabilise la
sous-unité non liée, I'amenant a se déplier a une température plus élevée. Ce
comportement suggére que AAC (6 ')-li est allostériquement dépendant au ligand

et se comporte tres differemment selon le ligand auquel il se lie.
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Chapter 1

1 Introduction



Chapter 1

1.1 The importance of aminoglycoside A-6'-acetyltrasferase-li

Aminoglycosides are broad spectrum antibiotics which produce rapid and
concentration dependent bacteriostatic and bactericidal activity.2 Unfortunately,
due to the appearance of resistance in the clinical environment, the utility of
aminoglycosides has been drastically reduced.35 One of the most common
methods of resistance is through enzymatic modification of the aminoglycoside.
One such enzyme is aminoglycoside A-6'-acetyltransferase-li (AAC(6')-1i). The
method of activity for (AAC(6')-li) is through transfer of an acetyl group from
acetyl coenzyme A to a free amine at the 6' location on aminoglycosides. A
description of antibiotics, their resistance, aminoglycosides, Coenzyme A, and

AAC(6')-li is provided below.

1.1.1 Antibiotics

The understanding of infectious disease has undergone an extensive
transformation in the past 150 years. In 1878 Louis Pasteur introduced Germ
Theory which proposed that microorganisms are the cause of disease and began
the true understanding of the field.6 This idea was pursued and expanded upon
by Joseph Lister with the development of antiseptic techniques. The work of
Robert Koch's on isolating Bacillus anthracis conclusively demonstrated that

microorganisms are the cause of many diseases.” This work led the way for Paul
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Ehrlich and Sahachiro Hata to develop Arsphenamine in 1908, the first modern
chemotherapeutic agent for bacteria.8 The development of this compound,
commonly known as salvarsan, gave the first effective treatment against syphilis,
and proof that antimicrobial agents can be developed in the lab.8-° The
subsequent discovery of penicillin in 192810 and streptomycin in 19431 provided
for the first time treatment for almost all forms of bacterial infection. This started
the beginning of the golden age of antibiotic discovery, which lasted until the
1970's. During this period was the discovery of the majority of antibiotics.2-14
The discovery of these compounds also shifted the focus of antibiotic drug
discovery away from the synthetic approach to screening natural products.4
Most antibiotic classes used today were originally discovered during this time
frame.

There are currently 16 classes of antibiotics approved for clinical use.
Most classes have several derivatives available giving rise to over 100 different
antimicrobial agents clinically available. Even with this plethora of compounds
the targets for the antimicrobial effect is quite narrow. There are only five
bacterial systems which are targeted: protein synthesis, cell wall synthesis, folate
biosynthesis, DNA replication and transcription, and the cell membrane

stability. 15
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1.1.2 Background of aminoglycosides

Aminoglycosides are one of the oldest antibiotics used clinically.
Streptomycin was the first aminoglycoside to be discovered, originally isolated in
1943 by Albert Schatz under the supervision of Selman Waksman.
Aminoglycosides were the first known antibiotics which could effectively treat
gram-negative bacterial infections.'' Even though they were discovered over 60
years ago aminoglycosides are still relevant and have clinical activity. They are
used in the treatment of serious Gram-negative nosocomial infections, and
streptomycin (the first discovered aminoglycoside) is still used in the treatment of
tuberculosis, brucellosis and tularaemia.’® Aminoglycosides are sugar molecules
which contain amino groups and are very diverse. Most aminoglycosides which
exhibit antibiotic activity have similar structures. They are highly cationic
molecules with most consisting of a central aminocyclitol ring linked to one or
more aminosugars. For most antibiotic aminoglycosides the aminocyclitol ring is
deoxystreptamine, however some, for example streptomycin, have streptidine

instead, shown in Fig. 1.1.
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Fig. 1.1: Typical central ring of aminoglycosides

The smallest active aminoglycoside contains a single substitution at the
aminocyclitol at the 4 position. However most are di-substituted at the 4,5
(neomycin class) or 4,6 position (kanamycin class) with amino-sugars.'” The
nomenclature for the position of each functional group is dependent upon the ring
in which it is located. The numbering, shown in Fig. 1.2, begins on the central
aminocyclitol ring |, the ring attached at the 4 position, ring I, is then labelled as
"prime" and the rings at either 5 or 6 position, ring lll, are labelled "double prime".
If there is an additional ring, ring 1V, it is labelled "triple prime".'® There are a few
examples of antibiotic aminoglycosides which have structures different from

typical active aminoglycosides; these are shown in Fig. 1.3
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Dibekacin H NH, OH H CH,OH
Amikacin H NH, OH H CH,OH
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GentamicinC, CH; NHCH, H CH, OH H
GentamicinC, CH; NH, H CH, OH H
GentamicinC,, H NH, H CH; OH H
Genticin CH; OH OH OH NH, H CH; CH; OH H

Fig. 1.2:

Structure of Aminoglycosides. There are two major classes A) 4,6

position kanamycin class and B) 4,5 position on the 2 deoxystamine ring

neomycin class.
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Fig. 1.3: Structure of unusual aminoglycosides

The antibacterial activity of aminoglycosides is caused by the disruption of
protein synthesis leading to mistranslated proteins which disrupt the cell
membrane.* There have been many studies performed which detail
aminoglycosides' mechanism of action against bacteria.'®-29 Aminoglycosides
bind to the negatively charged cell wall of the bacteria. The aminoglycoside is
transported inside the cell through an oxygen dependent uptake process. Once
in the cell, the aminoglycoside binds to the A site of the bacterial 30S ribosomal
RNA subunit (rRNA). The A site is known as the decoding site and plays an

~T7 ~
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important role in maintaining the high fidelity of protein translation (Fig. 1.4). The
correct match between the messenger RNA (mMRNA) codon and tRNA anticodon
is signalled through the bases A1492 and A1493. These bases are in a dynamic
equilibrium between an intrahelical, 'off', state and an extrahelical, 'on' state.
When no tRNA is present or an incorrect tRNA is bound to the mRNA, the
conformational equilibrium for bases A1492 and A1493 favours the intrahelical
'off' state. This prevents the addition of any new amino acids to the growing
polypeptide chain. When the correct tRNA binds, the mRNA adopts a
conformation which favours the interactions with the bases A1492 and A1493.
This alters the equilibrium of the two bases to favour an extrahelical conformation
and promotes the rRNA to incorporate the amino acid from the bound tRNA to
the growing polypeptide chain, shown in Fig. 1.4.19.30 |t has been shown when
the aminoglycosides bind the ribosomal A site the mobility of A1492 and A1493
is decreased. This reduces the energetic barrier required for the bases to adopt
an extrahelical conformation and interact with the mRNA.3" This stabilizes the
interaction in the presence of any tRNA and allows incorrect amino acids to be
incorporated into the growing polypeptide chain. This causes extensive protein
mistranslation.!’® These mistranslated proteins are believed to sequester in the

bacterial membrane, and destabilize it.32-33
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Fig. 1.4: Schematic model of the ribosome mMRNA-tRNA interaction in the A site:
A) When no tRNA is bound the equilibrium favours the intrahelical conformation
B) when the correct tRNA binds, the mRNA adopts a conformation which
promotes the interaction with bases A1492 and A1493. These two bases adopt
an extrahelical conformation C) incorrect tRNA binding disrupts the mRNA
conformation so bases A1492 and 1493 favour an intrahelical conformation D) in
the presence of an aminoglycoside (red disk) the mobility of the bases A1492
and A1493 are reduced so the interaction with the mRNA is favoured regardless
of the tRNA present.

Due to small structural differences in the rRNA, aminoglycosides have
roughly 10 fold greater affinity for the prokaryotic ribosome over the eukaryote
ribosome34. A maijor difference is located at position 1408, which is an A in

prokaryotes and a G in eukaryotes, shown in Fig. 1.5. Additionally, position 1491

is a G in prokaryotes and an A in eukaryotes. Mutation of A1408 to G in



Chapter 1

prokaryotes confers resistance to some aminoglycosides, which suggests

position 1408 is important for specificity of aminoglycosides.34

B 5 3 C 5 3

C= C=G
(1405) G=C (1405) G=C
U-u U-u
=G C=G
(1493) 1\(1493)
, i (1408) A (1408) G
Decodlng Region A
A site (1492) (1492)
C=G C A
(14100 A-U (1410) U-A
3’ 5’ 3’ 5’

Fig. 1.5: Secondry structure of Ribosomal A-site. A) Prokaryote 16S RNA
subunit. Aminoglycoside binding site located in the decoding region A site. B) A-
site of prokaryotic 16S ribosomal subunit; C) A-site of eukaryotic 18S ribosomal
subunit. The Escherichia coli (E. coli numbering is used for both A-sites. The
conserved adenines A1492 and A1493 are in green. Bases 1408 and 1491 which

differ between prokaryotes and eukaryotes are shown in red.

1.1.3 Antibiotic resistance

With the use of antibiotics comes the spread of resistance. Alexander
Flemming originally predicted the rise of resistance before it was a problem
clinically.3®> Resistance was investigated as early as 1945 by Demerec,36 and it
was identified that antibiotic resistance originated genetically from the bacteria.3”

It was understood that bacteria became increasingly resistant in a stepwise

~ 10 ~
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process through mutations. In the presence of antibiotics, susceptible bacteria
are killed off, and those that are resistant will survive longer to propagate. This
redistributes the population of the bacteria to be more resistant to the antibiotic.
As the bacteria continue to reproduce, random mutation will occur and some
mutations will increase the resistance to the antibiotic. If the antibiotic is still
present then the newer more resistant bacteria will out-compete the less resistant
bacteria and the cycle will continue, selectively pressuring the bacteria to
become increasingly resistant to the antibiotic. In order to combat the growing
resistance, new antibiotics were developed, and older antibiotics were modified
to reintroduce potency.4

Through the development of more advanced techniques (i.e. cloning,
transformation, protein purification, X-ray crystallography, NMR, site directed
mutagenesis, and PCR) the mechanisms of antibiotic resistance have been
identified. There are six resistance classes identified so far: drug modification,
target modification, by-pass systems, drug efflux, intrinsic resistance and
membrane impermeability'>. There is a resistant mechanism available for every
known antibiotic and for many there are multiple resistant mechanisms
identified.38

One of the most studied resistant mechanisms in aminoglycosides is drug

inactivation. Inactivation occurs through enzymatic modification of the

~11 ~



Chapter 1

aminoglycoside which in turn alters the affinity of the drug for the ribosome.
These enzymes attach a small chemical group to the aminoglycoside. These are
the most widespread and clinically problematic forms of resistance for
aminoglycosides.3® There are three main classes of drug-modifying enzymes,
based on the chemical group transferred: aminoglycoside O-phosphotransferase
(APH), O-adenylyltransferase (ANT) and A~acetyltransferase (AAC).40 In 1993
Shaw ef al. developed a standardized nomenclature for these enzymes.4? 'AAC',
'APH' or 'ANT" are use to refer to the type of modification. The location of
modification on the aminoglycoside antibiotic by the modifying enzyme gives a
number: (1), (3), (6), (9), (2, (3'), (4", (6'), (2"), and (3"). The resistant profile
produced by the enzyme is referred to by a roman numeral: LII, 1, IV, IV, etc.
For example AAC(6')- and AAC(6")-Il can acetylate tobramycin, netilmicin,
sisomycin, dibekacin and 2'-A-ethylnetimicin. However, AAC(6')-l enzymes can
also acetylate amikacin, gentamicin C1a and gentamicin C2, while AAC(6')-Il
enzymes cannot modify amikacin but can modify all gentamcin C compounds.
There can be multiple isoforms of enzymes which perform identical chemical
modifications to identical substrates. To differentiate among these enzymes, the
specific proteins are labelled by a letter: a, b, c, d, e, etc.40 Through using
AAC(6')-li as an example, this system works as follows: AAC(6")-li is an A-

acetyltransferase and modifies 6' position on aminoglycosides. It modifies

~ 12 ~



Chapter 1

tobramycin, dibekacin, amikacin, 5-episisomicin, netilmicin, 2'-N-ethylnetilmicin,
and sisomicin. The specific isoform of this enzyme is referred to as 'i'. There
have been many reviews describing the different modifying enzymes in great
detail*0-42, A list of many of the known aminoglycoside modifying enzymes is
shown on Table 1.1 and Fig. 1.6 shows the locations of modification on

aminoglycosides.

AAC(6))

ANJM') 6 AAC(3)
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" OHN
R 4 2
APH(3) T °ho M NH, '
e
HOa
-
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AAC(6)

AAC(3)

HO ¢ AAC(1)

H,N l

NH,

H,N
APH(3")

Fig. 1.6: Modification sites of aminoglosides for A) 4,6 disubstituted kanamycin

class or B) 4,5 disubstituted neomycin class.
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Table 1.1: List of Example Aminoglycoside Modifying Enzymes

Enzyme Isoform  Substrate
AAC(6")- I a-z A, Dbk, I,K,N, S, T
Il a-b Dbk, G,K,N, S, T
1] c ALK N, T
\Y, A G KN,T
AAC(2)- I a Dbk, G, N, Ne, T, S
AAC(3)- I a-b G,S
I a-c Dbk, G, N, S, T
1l a-c Dbk, G, K,L,N,P,S, T
IV a A,Dbk,N,S, T
VI a G NS, T
VII  a G
AAC(1) Ap,L,P,R
APH(3")- I a-c G, K L, Ne, P, R
I a A, B, G, K, Ne, P,R
1l a A B,G,I,K L,Ne P,R
IV a A, B,I,K Ne, P, R
V a-c Ne, P, R
VI  a-b A B,G,|,K, Ne, P, R
VII  a A, K, Ne
APH(2")- a,b,d Dbk, G, K, N, T
APH(2")-AAC(6") A, Dbk, G, I,K,N,S, T
ANT(4")- I a A, Dbk, G K, I,S, T
I a ALK T
ANT(2") I a-c Dbk, G, K, S, T
ANT(3") I a S, Sp, St

Chapter 1

A, amikacin; B, butirosin; Dbk, dibekacin; G, gentimicn; |, isepamicin; K,

kanamycin; L, lividomycin; N, netilmicin; Ne, neomycin; P, paromomycin; R,

ribostamycin; S, sisomicin; Sp, spectinomycin; St, streptomycin; T, tobramycin

~14 ~
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1.1.4 Aminoglycoside N-6'-acetyltransferase-li
1.1.4.1 Background

AAC(6')-li is a chromosomally encoded enzyme isolated from
Enterococcus faecium and was first characterized by Costa ef a/. in 1993.43
Their studies showed that this 182 amino acid, 20.7 kDa, protein was responsible
for the natural low level resistance to aminoglycoside antibiotics found in £.
faecium. The initial cloning of the aac(6')-li gene and three step purification
procedure of the AAC(6')-li enzyme was developed in 1997 by Wright ef al. who
also performed the initial enzymatic assays.44 These initial studies revealed that
AAC(6')-li exists as a stable homodimer in solution and has a broad spectrum of
aminoglycoside substrates.4* AAC(6')-li transfers an acyl group from AcCoA to
the 6' amine of most aminoglycosides, shown in Fig. 1.7. A series of steady state
dead-end and product inhibitions experiments determined that AAC(6')-li
proceeds via a bi-bi sequential ordered mechanism. The order of the steps,
shown in Fig. 1.7, are as follows 1) binding of the cofactor AcCoA; 2) binding of
the aminoglycoside; 3) attack of the 6' NH2 of the aminoglycoside onto the
thioester of the AcCoA to form a tetrahedral intermediate; 4) collapse of the
tetrahedral intermediate and breaking of the thioester bound; 5) release of the
acetylated aminoglycoside; 6) release of the CoA. Solvent viscosity studies

showed that the final step of releasing CoA is the rate limiting step in the catalytic

~15 ~
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cycle.45 The kinetic parameters determined for this reaction are K, = 5-20 um for
aminoglycosides, K, = 20 uM for AcCoA and the k., = 0.4 s*'. The computed
kea K is ON the order of 104 M-1s1, which is relatively low compared to other
aminoglycoside-modifying enzymes.#> This suggests that AAC(6')-li may be
involved in other biochemical processes in E. faecium.** This is further
supported through the extensive substrate base of AAC(6')-li. For example
AAC(6')-li has been shown to acetylate poly-L-Lys and histones.46 Also AAC(6')-
li knockout comparisons of crude cell extracts of £. faecium showed several

proteins were acetylated only in the presence of AAC(6')-li.47

A (0]
NH;* NI-%K

HO Q AcCoA CoASH Ho Q
HO NH* / HO NH*

OH
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HmNHJ
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OH AAC(6')-i OH
NHg" NH,*
%%OH %%0.4
OH OH

AcCoA Amg AcAmg CoA

Eu E—ACCOAm E-AcCoA-Amg 2 E-CoA-AcAmg n E-CoA u E_

Fig. 1.7: A) Enzymatic Reaction of AAC(6')-li on the aminoglycoside kanamycin
B) The kinetic reaction scheme of AAC(6')-li

~16 ~



Chapter 1

1.1.4.2 AAC(6")-li structure

The first crystal structures were obtained by Wybenga-Groot ef a/. in 1999.
There have been several crystal structures published of AAC(6')-li binding either
CoA or AcCoA..46:48-49 There have been several additional unpublished crystal
structures obtained by the Berghuis lab of AAC(6')-li in its Apo form and bound to
a series of bisubstrate inhibitors which consist of CoA molecule connected to an
aminoglycoside via a small linker. The crystal structure showed that AAC(6')-li
belongs to the GCN5-related N-acetyltransferase (GNAT) superfamily.46 This
group of enzymes is found in all forms of life and comprises dozens of families.0
Even though the sequence similarity of these proteins can be quite low, they all
contain a similar structural fold, consisting of a four stranded mixed beta-sheet
with two alpha helices on either side of the sheet, shown in Fig. 1.9.48.50 Each
monomer contains a V-like structure, with the active site is located inside this
cleft, and the C-terminus forming one arm and the N-terminus forming the
second arm.46 AAC(6")-li is constituently active as a homo dimer, shown through
X-ray crystal structures4® and supported with analytical gel filtration
experiments.4> Each monomeric subunit adopts the GNAT fold and contains a
single active site, as shown in Fig 1.8.4¢ The interface is composed of
interactions of both the N and C regions of each subunit*® and there has been no

evidence of the AAC(6")-li subunits dissociating at any concentrations44.

~17 ~
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Intriguingly, even though the wild type enzyme is such a stable dimer, a single
mutation at tryptophan 164 to alanine causes the enzyme to be a monomer in
solution.#® This mutant is still active but its function is impaired with a 10 fold

reduction in Azzrand a 10-fold increase in K;.45

Fig. 1.8: Structure of aminoglycoside 6'-A-acetyltransferase-li complexed to
Coenzyme A. Each subunit is coloured separately with chain A pale blue, and
chain B dark grey. Generated from pdb code 2A4N4° and PyMOL molecular
graphics software (DelLano Scientific, ver 1,2r1, 2009).

~18 ~
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Fig. 1.9: Tertiary structure of example proteins with a GNAT fold: A)
Glyphosphate-N-acetyltransferase,?' B) RimL,52 C) yeast GNA1,53 and D)
AAC(6")-1b54
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Fig. 1.10: Change of Km/Vmax with increasing inhibitor. Wild type enzyme (®)

Km/Vjax of Wild Type AAC(6°)-1i
(s3]

V)
OT_"

shows a hyperbolic dependence which suggests partial competitive inhibition.
Mutant enzyme (©) shows a linear dependence which suggests competitive
inhibition. Reprinted with permission from Draker, K., Northrop, D. B. & Wright,
G. D. Biochemistry 42, 6565-6574 (2003) copyright 2003 American Chemistry
Society. 45
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Observed cooperativity in AAC(6")-li

As mentioned above, AAC(6')-li is present in solution as a homodimer.
Experiments performed by Draker ef al. suggest that the homodimer acts as a
functional unit and the two binding sites present in this unit behave
cooperatively.#5 Dead end inhibition studies were performed using desulfo-CoA
as an inhibitor. Desulfo-CoA is a dead end inhibitor as it competes directly for
the active site with AcCoA.4> Partial competitive inhibition was observed with the
dead-end inhibitor, and gives a distinct hyperbolic shape for the dependence of
Km/Vimax VS inhibitor concentration, shown in Fig. 1.10. 45 AAC(6")-li still retained
activity when desulfo-CoA is bound, but the activity is reduced. Therefore the
enzyme can form a catalytically active enzyme-substrate-inhibitor (ESI) complex.
This suggests that the wild type AAC(6')-li binds multiple ligands with different
affinities. There are two identical subunits; therefore this suggests that the
subunits interact in a cooperative manner. 48 In the case of the W164A mutant
monomer the dependence of Km/Viax VS desulfo-CoA concentration is linear.
This indicates that desulfo-CoA behaves as a competitive inhibitor, and no there
is no cooperative binding. Therefore cooperativity is believed to be from
interactions between the two subunits. This was further confirmed through

isothermal titration studies (ITC), where aminoglycosides were shown to bind
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with two non-equivalent binding sites. This asymmetric binding was abolished in

the W164A mutant monomer.45.55

1.14.3 Coenzyme A

AAC(6')-li requires coenzyme A (CoA) as a second substrate to function.
CoA is an important molecule found in all forms of life with over 4% of all known
enzymes requiring CoA to function.56 In E. colithe concentration of CoA varies
from 100-400 pM,5” and in S. aureus the concentration can reach the millimolar
levels.58 It is a requirement in many aspects of metabolism: the tricarboxylic
acid cycle, protein acetylation, fatty acid synthesis, etc.5® CoA consists of
pantetheine moiety linked to adenosine 3'-phosphate by a pyrophosphate as
shown in Fig. 1.11. A major function of CoA is to act as an acyl group carrier.
The acyl group is bonded to the free thiol on the pantetheine portion forming a
highly reactive thioester. These acyl groups can be different lengths, from short
acetyl groups to long-chain fatty acids.0 When an acetyl group is bonded to

CoA, it is designated as AcCoA .51

~21 ~



Chapter 1

9 OH
u u o o
A : I
s 0—P—0—P—0
| |
%
o) o) o o

N Y PN ~ AN » J
Pantotheine Pyrophosphate ~ Adenosine 3' Phosphate

Fig. 1.11: Structure of acetyl coenzyme A. The acetyl group which is transferred

is highlighted in red.

1.2 Allosteric cooperativity
1.2.1 Discription of allostery

At the molecular level cooperativity can occur through the interaction of
discrete binding sites on a protein. Through cooperativity, an enzyme or
substrate from metabolic pathway can modulate the activity of a second pathway
or affect the binding of additional ligands.62 Bohr first observed cooperativity in
enzymes with the sigmoidal binding curve of oxygen associated with hemoglobin
at increasing concentrations and postulated that binding of the first O2 makes it
easier for the next Oz to bind and could be called 'cooperative'. 63

Cooperativity which occurs at the molecular realm is known as 'allosteric
cooperativity' or allostery.6465 Allostery is a ligand-macromolecule interaction
which induces conformational or dynamic changes in proximal and distal regions
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of the macromolecule.62.66-67  Simply stated, allostery is control at a distance.
Allostery does not necessarily lead to cooperative binding. Membrane pores can
have allosteric regulation with no additional binding.68-6° The change in
conformation simply opens or closes the pore. Conversely the allosteric change
in conformation in hemoglobin results in the cooperative binding of oxygen,
hence the term allosteric cooperativity. The term allostery was first introduced by
Jacques Monod in 1961 to explain the experiments of Francois Jacob, a student
of his at the time, on end-product inhibition of the enzyme, L-theonine
deaminase.”071 Since then, allostery has gained increasing interest to the
scientific community, and has been used as a source for new drug targets.”2-74
Foster ef al. developed compounds which recover the activity of mutant P53, a
protein involved in DNA repair which has strong anticancer activity.”> In another
example, McMillan ef a/. identified an allosteric inhibitor of inducible nitric oxide
synthase (iNOS) which prevents dimerization of iINOS, a required step for
activity.’®¢ Many proteins have multiple active sites, and binding at a one site can
elicit a change in binding or activity in the subsequent sites. There are two types
of allosteric cooperativity. The first, heterotropic allostery, involves multiple sites
with different ligands (for example signal transduction in tyrosine protein kinase
receptors).”7-80 The affinity of one of the ligands is altered in the presence or

absence of the second ligand, shown in Fig. 1.12A. The second, homotropic
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allostery, has multiple sites with identical ligands (for example the aspartate
receptor®! or oxygen binding in hemoglobin7?). The binding affinity of the protein
for the ligand depends on the current ligation state of the protein, i.e. the first

ligand binds with a different affinity from the second, etc, shown in Fig. 1.12B.

L él & i »
_ _
Binding sites for Binding alters the Two types of
2 different ligands binding site of 2™ ligand ligand present

" = "4 W
N o L

_ _
2 Binding sites Binding alters binding Only one type of
for same ligand for a same ligand ligand present

Fig. 1.12: Schematic representation of allosteric cooperativity. A) Heterotropic
allostery - two different ligands involved. Binding at type of ligand alters the
affinity for the second type. B) Homotropic allostery - multiple sites for the

identical compounds. Binding at one site alter the affinity at the remaining sites

Cooperativity can be either positive or negative. In the case of positive

cooperativity, the first binding events promotes additional binding events, while in
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the case of negative cooperativity, the first binding inhibits additional binding
events. The magnitude of cooperativity is often expressed as the Hill Coefficient,
nH, Which is given by?82

1.1

log1 i 7= logK + nylog$
where Y is the fractional saturation, Sis the concentration of the free ligand, K is
the apparent binding constant, and nn is the Hill coefficient. Systems with
positive cooperativity have a ny > 1, and systems with negative cooperative have
an ny < 1. Non cooperative binding curves are hyperbolic; however cooperativity
produces an interesting effect on the binding curve, shown in Fig. 1.13. For
example, Hemoglobin is known to bind oxygen with positive cooperativity and
gives a sigmoidal binding curve. A requirement for hemoglobin is maximum
uptake of oxygen in oxygen rich areas and complete unloading in oxygen
deficient regions. Hemoglobin requires a 3-fold change in oxygen concentration
to alter its saturation from 10% to 90%.62.83 Under normal Langmuir adsorption,
the system has to change its ligand concentration by 81 fold for the same
response. Positive cooperativity causes the saturation state of the enzyme to be
much more sensitive to the ligand concentration. Meanwhile negative

cooperativity decreases the sensitivity to substrate concentration. This allows

the enzyme to behave at an intermediate rate over a larger concentration range
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of its ligand.62 Cooperativity is likely used as a mechanism to control protein

activity.84-86
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Fig. 1.13: Theoretical binding profiles of a system with positive (red), no
cooperativity (green), and negative (blue). The concentration at which the

binding sites are 50% saturated is given by [S]so.

As explained above, the term allostery was coined in 1961 and explains
cooperativity through changes in conformation and dynamics. However, 25
years earlier in 1935 Pauling proposed a mathematical model to explain the
positive cooperativity observed in binding of oxygen by hemoglobin.8” The
determination of the X-ray crystal structure of hemoglobin bound and unbound to
oxygen inspired two physical models: The Monod-Wyman-Changeux model

(MWC model) and the Koshland-Nemethy-Filmer model (KNF model).64-65.78
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These two models are the most well known and commonly used to explain
allostery observed in proteins. Additional models have been developed to
explain systems which behave differently. One such model was recently
proposed by Hilser and Thompson.8 Each of these model are explained in detail

below.

1.2.2 The MWC model - concerted or two state

One of the first models proposed was the MWC model in 1965, also
known as the concerted or two-state model, shown in Fig. 1.14.6265 This model
proposes that allostery occurs in oligomeric proteins and that the protein is
symmetric. In this model the enzyme can be in one of two different states: a low
affinity A state and high affinity B state. These two states are in equilibrium.
When the protein undergoes a conformational change all subunits change in a
concerted manner so that symmetry is retained. The equilibrium between these
two states is determined by the differences in free energy (AG). The equilibrium
is perturbed by the difference in free energy of binding between the A state and
the B state and causes the protein to adopt the high affinity B state. Subsequent
binding events occur with a higher population of protein in the high affinity B state
which will cause the ligand to bind with a higher affinity.6> If this is looked at in

terms of free energy (AG), the free energy of binding (AGg) is the same for the
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first binding event and the second binding event. However, in the first binding
event there is also a conformational transition. The assumption is that the free
energy from this transition (AGF) is positive because the binding competent
conformation is at a higher energy level. Therefore the total free energy is more
negative in binding the second event compared to the first binding event. This

gives a higher binding affinity.

“ AGF

AG, AGy

“ =

AG, AG,

0-Ligand Bound

Both subunits adopt a
low affinity A state

1-Ligand Bound

Binding promotes both subunits to
adopt the high affinity B state and
gives free energy of AGg+ AG;

2-Ligand Bound
AGF
Binds at high affinity B state and
gives free energy of AGy

Fig. 1.14: Schematic representation of the MWC model. The protein is present in

two states, a low affinity A state (red circle) and high affinity B state (blue
square). Ligand (orange squares) binding promotes the individual subunit to

adopt the B state.
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Equilibrium constants for binding a substrate, S, can be derived for binding

to give®s
S
[AS,] = [A]n[l(_j 1.2
—-1(S
[AS,] = [AS,] = - % 1.3
118
[AS,] = [AS,_,] E[K_A] 1.4

for the A state where Ka is the dissociation constant for the ligand and the A

state, n is the number of binding sites. In addition we get

S
[BS,] = [B]n% 15
—-11S
[BS,] = [BS,] > - % 1.6
_ 1[S] 1.7
[BS,] = [BS"_l];K_B

for the B state where Kj; is the association constant for the ligand and the B state.
The transition between the A and B state is given by

B
Bl _, 18
[A]
The fraction of sites bound to ligand, P, is given by the following expression

Ps 1.9
B ([AS;] + [2AS,] + --- + [nAS,]) + ([BS,] + [2BS,] + - + [nBS,,])
 n(([A] + [AS;] + [AS,] + - + [AS,]) + ([B] + [BS] + [BS,] + - + [BS,]))

By defining the ratios

_ [S] 1.10
“TK,
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and

_Ka 1.11

C_KB

and substituting the equilibrium constants 1.10 and 1.11 into 1.9 and simplifying

we get

_  Lea(l+ca)"'+a(l+a)" ! 1.12
s Ld+ca)®+ 1+ a)”

From this equation cooperativity is determined by both the relative stabilities of A
and B, and the ratio of their binding strengths. If L is very small or ¢ = 1 then

equation 1.12 simplifies to

5__a _ I8 1.13
ST 14+a  Ky+[S]

which is the Langmuir isotherm. The MWC model has been used extensively
since its inception to describe various biological systems, from hemoglobing® to
signal transduction.?® However useful, this model does have its limitations. The
original MWC model fails to explain cooperativity observed in monomeric
proteins, which counters the first assumption in which allostery occurs only in
oligomeric proteins. The second requirement of symmetry is also not always
followed with allosteric proteins. Finally, this model assumes that ligand binding
drives the conformational equilibrium of the protein to the high affinity B state, so
additional binding will always be at a higher affinity. Therefore it fails to explain

negative cooperativity and an alternative model must be used.”8
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1.2.3 The KNF model - sequential model

The next model proposed was by Koshland ef a/,, in 1966, and was based on the
original proposal of Pauling.64 The KNF model is known as the sequential model,
shown in Fig. 1.15.62 Similar to the MWC model, the subunits in the KNF model
are present in two states: a low affinity A state and high affinity B state. In this
model each subunit changes conformation independently of the other when a
ligand binds specifically to that subunit. In a system which contains only identical
subunits, the protein then has n+1 states where nis the number of subunits. For
example, in a 2 subunit protein there are 3 possible states: AA, AB, and BB. As
the subunits are identical AB and BA are degenerate. The subunits interact with
each other, and this energy is dependent on which state the subunits are in (A
Giaa, AGipg, AGigg). Each binding event involves a conformational transition from
one state to another AA to AB to BB, so the total AG is dependent on AGg and
the difference in AG between the two states (AAGi). This can be shown through
equilibriums folding and binding constants. If we assume that the substrate

binding constant, Ks, is the same for every event then

BS
K, = B! 1.14
[BI[S]
where [B] is the concentration of protein which binds the substrate and [S] is the
concentration of substrate. The enzyme undergoes a conformational change

from A to B giving
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0-Ligand Bound

Both subunits adopt a

low affinity A state
/ AGB+AG|AB_AG|AA

1-Ligand Bound

Binding promotes a single subunit
to adopt high affinity B state

AGg - AG g+ AG g
2-Ligand Bound

Binding promotes second subunits to
adopt high affinity B state. So free
energy is AGg + AAG,

B

Fig. 1.15: Schematic representation of the KNF model. The protein is present in
two states, a low affinity A state (red circle) and high affinity B state (blue
square). Ligand (orange squares) binding promotes the individual subunit to

adopt the B state.

[B] 1.15

Kr=m

and it is assumed that K, < 1. Equilibrium constants can be introduced to give
the relative stability of AB (Kag) and BB (Kgs) to the initial state AA. Combining

these constants we can determine the concentration of each bound state
[ES] = 2K, [E]([S]KsK;) 1.16

[ES,] = Kp5[E]([SIKsK,)? 1.17
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Any observed cooperativity is determined by the difference in the stability
between the AB state and BB. When K,p > K the system will behave with
negative cooperativity and the reverse will produce positive cooperativity.
Therefore, it is the change in the interactions between the subunits that drives
the cooperativity.64 Koshland ef a/. give a thorough description of how this can
be applied to multimeric systems in which the different subunits adopt in several
different orientations.64 Even though this model is often referred to as 'induced
fit',62 Koshland ef al. never explicitly stated a mechanism for ligand uptake. In
fact Koshland ef al. clearly state that the KNF model can be explained through
induced fit or conformational selection.64 The models are described with greater
detail below. When there is a ligand-induced conformational change this model
is able to explain all forms of allosteric effects: positive, negative, or no

cooperativity.

1.2.3.1 Induced fit vs conformation selections

Originally enzyme catalysis was thought to occur through a 'lock and key'
model. The enzymatic active site was rigid and was a mould for the substrates to
fit. When the substrates bound they would be in the precise orientation to react.
However there have been several example of ligand binding coupled to a

conformational change. The two possible scenarios are 'induced fit' and
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'‘conformational selection'. The induced fit was originally proposed by Koshland,
and proposed that a substrate would first bind to the macromolecule in its ligand
free conformation, and then the macromolecule would undergo a conformational
change to a higher affinity conformation.®'-92 The conformational selection model
proposes the macromolecule is present in multiple different exchanging states.
One of the states present is the high affinity conformation, but this state is
present as the minority. The substrate preferentially binds to the active
conformation and this drives the conformational equilibrium from the low affinity
state to the high affinity state. In the conformational selection model, the
conformational change event occurs before the ligand binds to the active site.

The dependence on which pathway system follows can be describe by the
flux through each pathway shown in Fig. 1.16.93 Which for conformational

selection is given by

1 1 - 1.18
FCS = + T B
kw-1[Pweak] ~ kon [Prigne][L]

and for induced fit is given by

1 1 - 1.19
Fip = W + T
kon [Pweak] [L] kW—T [Pweak : L]

where konW and konT is the rate constant for ligand binding to the low and high
affinity state, kyw_r and ky_1" is the rate constant for the conformational

transition between the low and high affinity states free and bound to ligand (L)
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respectively. The concentration of macromolecule in the low affinity and high

affinity states is given by [Pweak] and [Ptight].

Induced Fit
L
Pweak il K W = Pweak.L
off
A |
Kt K t Kt—'-,'-;L K tL
y L /
I<C'I'It
Ptight h ot = Ptight.L
off

Conformational
Selection

Fig. 1.16 Graphical differences between conformational selection and induced fit.
Pweak and Ptignt are the macromolecule in the low and high affinity conformations
for the ligand (L).

1.2.4 Hisler and Thompson Model - intrinsic disorder
In 2007 Hilser and Thompson (HT) proposed a model to showed that

intrinsic disorder can lead to allostery.88 In this model, subunits in a protein are
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allowed to independently fold and unfold, shown in Fig. 1.17. Like the previous
two models, the subunits can be present in one of two states: a binding
incompetent unfolded A state and a binding competent folded B state. This
unfolding can be full or partial disordering, but the subunits must remain
associated. The subunits interact with one another and the total free energy is
composed of the energy of folding (AGy) and the energy of interactions (AG)
present only when both of the subunits are folded. The protein can only bind a
ligand in the folded state. The first binding event requires only a single subunit to
fold so the total free energy is from the energy of binding (AGs) and the energy of
folding (AGa). A transition to the folded state requires energy, so the total free
energy (AGapp) is greater than the energy of binding. However the second
binding event requires both subunits to fold so the additional interaction energy is
present so the total free energy is AGr + AGs + AG.88 Whether AG; is positive or
negative determines whether the cooperativity is positive or negative. This
model may appear similar to the KNF model, but it is different in one major
aspect. In the KNF model the conformational transitions only occur in the
presence of ligand, in the HT model the folded and unfolded forms are present in
the absence of any bound ligand.

The equilibrium constant given for binding (Ks) is given by

a6, [BS
K. = e~ = BS] 1.20

[B][S]
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*5

l 0-Ligand Bound
AG, +AG

G
Tl« Protein interconverts between
W AGF + AG, - different folding states
AG. 4 AG 1-Ligand Bound
F [
Binding requires a single subunit to fold.
So free energy is AG;+ AG,
Tl AGy

Fig. 1.17 Schematic representation of the HT model. Protein in the unfolded

2-Ligand Bound

Binding requires both subunits to fold.
So free energy is AG;+ AGg + AG,

state is shown as blue line, and folded state is given by blue squares. Bound

ligand is shown as orange squares.

Hisler and Thompson explain cooperativity through a partition function, Q, which
is the sum of the statistical weights of all folded/unfolded states. For a dimer in

the absence of ligand this is given by

Q=1+Ky¢; + Kpp; + K4Kp P, 1.21
where Ky = e 268/RT K. — ¢=AGB/RT gnd ¢, = e 2G/RT K, and Kj are the

unfolding constants and AG; is the interaction between the two subunits. When
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AG; # 0, i.e. ¢; # 0, the subunits are coupled. In homotropic allostery Ka=Kgs so
the partition function simplifies to

Q =1+ 2Ky + Ko’ 1.22
Only subunits in the AB, BA, or BB is able to bind ligand S. Therefore the
partition function for the folded and unfolded states (Eq 1.22) in the presence of
ligand S becomes

Q = 1+ 2K,[S] + Ks*[S]* + 2Ks[S1Kap; + 2Kapr + Ku*p; 1.23
Note that at concentration of [S] << 1/K, Eq 1.23 reduces to Eq 1.22. The ratio
of the protein in its different folded states is dependent on the concentration of

ligand present. The ratio of protein in the AB or BA state is given by

5= 2K [SIKap1 + 2Kap) 1.24
1 Q )

and the ratio of protein in the BB state is given by

— 14 2K[S] + KS2[S)? 1.25

Pz = Q f

At increased concentrations of S, there is more protein bound to S and shifts the
equilibrium of the protein from the A state to the B state. The concentration of

the zero bound can be given by

1+ 2K,¢; + Ki° ¢, 1.26
Q

while the singly bound state can be given by

[BB] =
[BBS] = 2K, [S][PP] A% 1.27

and the concentration of the doubly bound state is given by
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(SBBS] = Ks*[S]?[PP] 1.28
Q

where

[PP] = [AA] + [AB] + [BA] + [BB] 1.29

The apparent affinity constants (K ,,1 and Ks,,2) for the binding of S is given by

the expressions

Ks app1 = 2K 1+ Kads 1.30
app 14 2K ¢; + K 2 ¢,
and
Ks* 1.31
KS,appZ =

14 2K ¢, + K2 ¢,

Cooperativity is determined by the energetic coupling between the two subunits.
In cases where AG; is positive, it is favourable for the two subunits to interact. As
the complete folding of both subunits is required for the second binding event,
this interaction reduces the total free energy of the system. This results in

positive cooperativity. In the cases where AG; negative, the reverse occurs.

1.2.5 Comparing MWC, KNF and HT models

All three models use a change in protein conformation as a mechanism to
explain cooperativity. Both of the MWC and the KNF models detail the enzyme
in two folded states: A low affinity state, and a high affinity state. Binding
promotes the protein to adopt a higher affinity conformation. The MWC model

requires the subunits to remain symmetrical and undergo a conformational
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change together. The energy required to change the conformation is need only
in the first binding event which induces the observed cooperativity. Meanwhile
the KNF model allows the two subunits to undergo a conformational change
independently. There are interactions between the two subunits which are
affected by the conformational state of each subunit. The interaction between
the subunits induces the cooperativity in the system. The HT model proposes
that the two states are in equilibrium in the absence of ligand. One of the states
is either partially or completely unfolded and cannot bind the ligand. There is
interaction energy between the two subunits which is present only when both
subunits are folded. It is this equilibrium which causes cooperativity in the

system.

1.2.6 Other explanations of allostery and the difficulty in studying allostery
There have been several other physical models proposed in which the
driving factor involves change in protein dynamics,%6.94 interacting amino acids
residues,?5-9% and shifting binding populations.®” These models give other
specific explanations for observed allostery but will not be described in detail
here. In some cases multiple contributions are required in a model to describe

the observed allostery.98-99
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Studying cooperativity in homotropic systems is a very challenging task.
As the free and fully bound states are often symmetrical only the intermediate
state can give detailed information about the mechanism of cooperativity. In
negative cooperativity the second ligand binds more weakly than the first. This
allows situations when the partially saturated state is present as the major
population. This has allowed the singly bound intermediate state in negatively
cooperative systems to be isolated.81.100 |n systems with positive cooperativity
the intermediate state is typically at a low population. This makes structural
studies very difficult, if not impossible, in most cases. Binding studies and kinetic
assays can be performed to study positive cooperativity, but it is often difficult to
deconvolute the multiple binding events. A technique which has been useful for
studying cooperativity is ITC.191 In cooperativity, the binding events occur with
different enthalpies and association constants. ITC directly measures the
enthalpy released during binding, and because each binding event may have a

different enthalpy, deconvoluting the binding curve becomes much easier.102

1.3 Isothermal Titration Calorimetry
1.3.1 Background
ITC is a technique which directly measures the heat released or absorbed

throughout a titration experiment. The measurement of this heat from a single
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experiment allows for the accurate determination of dissociation constants (K;)
and stoichiometry (n) as well as the binding thermodynamics: enthalpy (AH),
entropy (AS), and Gibbs free energy (AG).193 Additionally the change in heat
capacity (AC,) can be ascertained through performing experiments at a series of
temperatures.104-105 |TC does not require any modification of the protein or
secondary reporter molecules since the absorption or production of heat is a
property of almost all biochemical reactions.1%5 |TC works through periodically
titrating a small amount of one reactant into a sample containing a second
reactant. As the two interact, heat is released or absorbed. The amount of heat
released/absorbed at the ith injection (¢;) is dependent on the volume of the cell
(v), the change in ligand bound (AL;), and the enthalpy of binding (AHj3).
According to106
qi =v-AL; - AHp 1.32
The system measures the heat released and maintains the system at a
constant temperature through a thermocouple. The heat signal is dependent on
the interaction of the macromolecule with the ligand of interest. As the titration
progresses the amount of the free macromolecule decreases until no free
macromolecule is present. This causes the magnitude of the peaks to decrease
until each injection produces similar peaks which correspond only to the heat of
dilution of the injected ligand and the saturation point of the experiment, as

shown in Fig. 1.18.106 The amount of heat released for each injection, g¢;, is given
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by integrations of the heat signal under the baseline between two injection points.
This value is dependent on the AH;, K4 and the particular binding model the
system follows. In the simplest case where the macromolecule of interest has

only one binding site, ¢; at the it injection is given by

Baseline
O it
WYWTWYWTWTWYWY
——
Saturation
5 Point
O
&
C=U -10- _——\Thermal Peaks
O
=2
-154 A
N 1 v 1 v 1
0 50 - 100 150
0 Time (min)
-— i
c
S 4 f
lq) -
c -8
= - o
8-12-' .
© -1 62 .‘>Integrated Values
£-167 -
> -
M _20]
_8 ;/H B
G -24-
! I i I ! | ! I ! 1
0.0 0.5 1.0 1.5 2.0 25
Molar Ratio

Fig. 1.18: A) Standard ITC isotherm. The negative heat peaks correspond to
injection of ligand into sample cell. B) Integrated values from the ITC thermal
peaks.
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Ky[L]; KalL]i—1 > 1.33

qi = v-AHg - [P]- (1 + KL, 1+ Ka[Lli

where [L]; is the concentration of the free ligand and [P] is the concentration of
the macromolecule. Non-linear regression of Eq 1.33 to the experimental data
yields AHjg, and K. Entropy (AS) can then be calculated from

AS = % — RIn{K,} 1.34
where R is the gas constant, 8.314 J mol-' K-"and T is the temperature at which
AH and K, were obtained. When several experiments are performed at different
temperatures the heat capacity (AC,) can be obtained by the slope of the

enthalpy vs temperature curve

AHZ - AHl
AT

ACp = 1.35
Like many techniques, the utility of ITC was restricted by the technology
available. Inthe 1970's, only systems which produce heats on the order of 10-3
cal or greater per injection could be reliably measured. In order to produce large
enough signals, experiments were performed at high concentration (mm). Full
binding isotherms could only be obtained for systems with K, under 104 M. Any
system with a K, above 104 could only have the enthalpic component
determined.?04.107 |t was not until 1980's, when sensitive calorimeters able to

measure heat effects of 10-¢ cal were developed, that ITC could be used for most

biological systems.104
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As the instrumentation sensitivity of the instruments improved so did the
development of the theory. In 1989, Wiseman ef al. show that a parameter 'c'
must be between 1-1000 during ITC experiments so the thermodynamic
parameters could be reliably determined.0® This value is determined by the
concentration of the macromolecule in the sample cell, [P], the binding constant,

K4, and the number of binding sites, n. Through the following expression

c=nX[P] XK, 1.36

Even with modern instruments this sets the upper limit of 108-10° M-" for the
binding constant which can be measured through conventional means. One
method which is used to overcome this limitation is a competitive binding assay.
In these experiments, a weaker binding ligand is competitively displaced by the
titration of a stronger binding ligand. The apparent binding constant (K,™") is
given by

KPP _ Ka 1.37
A 1+ Kz[B]

where K is the association constant of the tight binding ligand of interest and Ks
and [B] is the association constant and concentration of the weaker binding
ligand. The affinity of the weaker binding ligand can be obtained through
separate titrations, so K, can be calculated from equation 1.37. Over the past
decade there has been an explosion of literature describing different methods to

address possible limitations of ITC. If one wishes to go into detail there have
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been a large number of reviews which describe these techniques in great

detail.105-106,109-114

1.3.2 Observing linked folding/binding events

The idea that conformational changes in proteins can be induced from
ligand binding has been around for over 50 years. In 1958, Koshland introduced
the concept of induced fit to explain the substrate specificity he observed with a
5'-nucleotidase.® This proposed that a ligand induces a conformational change
in the macromolecular structure after it binds. Since then, the idea of induced fit
has become increasingly popular and generally accepted. A quantitative
approach to link folding and binding was later address by Eftink and Biltonen.
The model they proposed would account for the changes observed in heat
capacity, enthalpy and entropy.'6 In this model there are two states for the
protein, a binding competent state and a binding incompetent state. In order to
bind a ligand the protein must first switch to a binding competent state, Scheme

1.1.

L
F%FL

U‘—

Scheme 1.1: Linked binding/folding event
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Fig. 1.19: A) CD melting curves and B) temperature-dependence of the
thermodynamic parameters of PP5 TPR binding Hsp90 peptide, together with
fitted curves from the global analysis. (Obtained from Cliff 2005)102

The association of F and L to form FL is temperature independent provided that
the differences heat capacity between the bound and free states remain

constant.” Therefore, the enthalpy of binding (AHA) will vary linearly with
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temperature with the slope equal to the difference in heat capacity between the
free and bound form of the protein. If the protein undergoes a temperature
dependent event like thermal melting, a temperature dependent component will
be added to the AHaA which can create a large change in heat capacity with
increasing temperature.102 |f this transition occurs over the temperature range
studied, then AHa will exhibit strongly curvilinear temperature dependence. As
ITC observes all the heat changes associated with binding, this additional
enthalpy will be included in the measurements.

Ladbury and coworkers applied this to a tetratricopeptide repeat (TPR)
domain of protein phosphatase 5 (PP5).192 The TPR domain was shown to have
non-linear temperature dependence of enthalpy which is indicative of a
temperature dependent event coupled to binding. These linked events can vary
greatly: protonation/deprotonation, additional binding ligands, change of
aggregation, or a conformational change.''¢ |ITC is able to measure the
energetics of these systems but does not give any structural information.
Therefore, in order to confirm that a conformational change was linked to binding,
Ladbury and coworkers combined nuclear magnetic resonance and circular
dichroism (CD) spectroscopy with their studies.'02 Both of these give structural
details about the protein structure. The NMR spectra showed that the TPR

domain is partially unfolded at physiological temperatures and upon binding
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chaperone protein Hsp90 it undergoes a conformational change and becomes
more structured. CD was used as a quantitative measurement to determine the
extent of unfolding. This could then be used to determine the binding component
and the folding component of the measured enthalpy, shown in Fig. 1.19.
1.4 Nuclear magnetic resonance (NMR) spectroscopy
1.4.1 Nuclear spin

NMR is a very useful technique to study large complex bio-
macromolecules like proteins, DNA and RNA, as it can provide structural
information of bio-macromolecules at the atomic scale. NMR takes advantage of
the nuclear spin present in atomic nuclei. Nuclear spin is a quantum
phenomenon conventionally described by the quantum number 7, nuclear spin
angular momentum. A particle with a nuclear spin of 7 can exist in 2/+1 different
states. Spin 7z nuclei ('H, 13C, and '°N) have 2 different states (spin up and spin
down). Nucleii also possess an intrinsic magnetic moment (u). In the absence of
external fields the particles can orient in any direction with equal probabilities.
However, if a magnetic field, B, is applied then the particles interact with the
magnetic field. This produces interaction energy known as magnetic energy
(Emag)- This energy is dependent on the strength of B and the orientation of both

B and 4,

Emag = —u-B 1.38
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This induces a preferential orientation of the magnetic moments with the energy
level dependent on the direction of alignment. Both magnetization and spin are
closely related. The magnetic moment of a nucleii (f) is proportional to the
nuclear spin angular momentum of the particle given by
p=y-lI 1.39
where y is the gyromagnetic ratio of the nucleus of interest. Under standard
conditions B is aligned with the Z-axis, with inserting 1.39, 1.38 can be rewritten
as
E = —yl;B° 1.40
A nucleus does not behave in a classical manner. When a magnetic field
of B is applied, the nuclei do not align with the magnetic field, but the spin
magnetic moment begins to precess about the magnetic field. As the magnetic
moment precesses it maintains a constant angle to the magnetic field. The rate
at which the nucleus precesses is known as the Larmor frequency («°) and is
given by,
w® = ~yB® 1.41
An isolated atom will maintain this angle of precession indefinitely. However,
Atoms are not in a static environment; instead they are constantly moving and
colliding with surrounding atoms. These interactions cause the magnetic
moment of a nucleus to constantly reorientate and sample all possible

orientations. Mentioned above, in a magnetic field the energy levels of the

~ 50 ~



Chapter 1

magnetic moments are different. This difference of energy drives the nucleus to
favour one orientation in the magnetic field over another. This results in a higher
population of nuclei orientating in a specific direction, and producing a net bulk

magnetization (M) along the magnetic field which is aligned in the z-axis (M;).

1.4.2 NMR magnetization

Particles can transition between two different energy states through the
absorption of a photon. The photons energy must exactly match the energy
difference between the ground state and the excited state, which is given by
AE = hyB° 1.42
For NMR, these energies lie in the radio frequency (rf) range of the
electromagnetic spectrum.
At the beginning of a NMR experiment, the magnetization is aligned with the
external magnetic field (B%) along the vertical axis, shown in Fig. 1.20A. An rf
pulse is applied to the sample, transferring the magnetization into the transverse
plane, Myy, Fig. 1.20B. All nuclei which have a non-zero nuclear spin angular
momentum precesses around B’. This precession is measured and a FID signal
is obtained. The rate at which nuclei precess is given by eq 1.41. Even though
each nuclei (H, 13C, 15N, etc) precesses at a unique range of frequencies, the
specific precession frequency is very sensitive to the chemical environment of

the atom in question. The frequency which a specific nuclei precesses is known
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as the chemical shift (o). The differences in o allow NMR spectroscopy to

differentiate between different nuclei.
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Fig. 1.20: Vector model of magnetization throughout an NMR experiment. A) At

equilibrium as a rf pulse is applied. B) After rf pulse, magnitization precesses

around z-axis. C) The transverse magnetization decreases due to T2 relaxation.

D) The Mz component returns to equilibrium due to T, relaxation.

As mentioned above, nuclei will precess at specific angle indefinitely if
there were not additional interactions with the nuclei. Relaxation is the term
given to describe the net magnetization returning equilibrium. There are two
relaxation mechanisms, spin lattice and spin-spin relaxation. Spin-lattice

relaxation, also known as longitudinal or T4 relaxation, returns the net
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magnetization of the M, component of M, Fig. 1.20D. This occurs through the
interactions and exchange of energy of the individual spin with the surrounding
lattice. It is dependent on the physical and chemical properties of the spins'
environment. Spin-spin relaxation, also known as transverse or T» relaxation,
causes the gradual decay of the Mxy component of M, Fig. 1.20C. This occurs
through the interactions with the spin lattice, exchanging between different
chemical environments and more importantly interactions with neighbouring

nuclei.

1.4.3 Exchange

Molecules exist is very dynamic environments. They are constantly
tumbling, vibrating and rotating. Most motions (molecular rotations, vibrations
and tumbling) tend to be very fast (us-ps) and are too fast to directly measure
through NMR, and only the average chemical environment is observed. There
are some motions which can be directly observed through NMR (ligand binding,
large conformational changes). If we consider a nucleus which exchanges

between two different states, the process may be depicted as

where kag and kga are the corresponding rate constants. The chemical exchange

rate constant (k) is given by
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Kex = Kap + kpa 1.43
The effect on the NMR spectra from the exchange process is dependent on the

rate of exchange, and the difference in chemical shift frequency (w,), denoted by

Aw = wf — 0} 1.44

where w3 and w$ are the chemical shift frequencies of the A state and B state

respectively. There are three different exchange regimes depending on the

relation of Aw to k..118-120

kex < |Aw] (Slow Exchange)
kex > |Aw] (Fast Exchange) 1.45
Zkex(pApB)% ~ |Awl (Intermediate Exchange)

Where pa and pg are the relative populations between two different exchanging
states. In a situation which is under slow exchange (k¢y < |[Aw|) two distinct
sharp peaks are observed with their intensities dependent on the relative
populations in each state. As the exchange rate increases the peaks begin to
broaden due to dephasing of the signals from the nuclei jumping between the two
states. This is labelled chemical exchange broadening. This broadening
increases as the exchange rate increases until it reaches the intermediate
exchange where the peaks coalesce.!18 At the coalescence point (keyx =

|Aw|/+/2) the two peaks merge into a single peak with a chemical shift
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determined by the population weighted average of the precession frequency of
the two states, given by'18

Wops = w4 + PpAw 1.46
As ke increases the nuclei moves into the fast exchange regime and the
peakwidth is reduced. This narrowing continues as k. increases. An idealized
1-dimensional spectrum of a system with 2 site exchange with a skewed
population (pa = 0.75, pg = 0.25) is shown in Fig. 1.21. The change from fast
exchange to slow exchange occurs over a narrow range, when the frequency of
kex is within roughly 1 order of magnitude to the frequency Aw. The timescale for
motions of macromolecules, such as proteins, often occur close to this timescale.
The intermediate exchange regime is quite sensitive to the dynamics of the
systems, so the experimental spectra can be used to obtain accurate estimates

of exchange rate constants. 21
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Jk P Slow Exchange
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Fig. 1.21: Line shapes of a spectrum with 2 site exchange with a Aw of 1000 s-'.
A) Slow exchange produces two distinct sharp peaks. B) As the exchange rate
increases the two peaks broaden until they coalesce. The single peak's width
narrows as the exchange rate increases. C) Fast exchange produces a single

sharp peak at the average chemical shift. (Adapted from Palmer ef a/. 2001121)
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1.5 Overall objectives

The goal of this thesis is to identify the physical binding model which
explains AAC(6')-li binding to AcCoA or an aminoglycoside. This was achieved
through a series of different biophysical techniques: ITC, NMR, and CD. This
required the development of complex fitting protocols which link together the
thermodynamic information from ITC to the structural information gathered from
NMR and CD. The maijority of this work is based on the work done by Ladbury
and coworkers on the TPR domain.'%2 The system presented herein is far more
complex than that described by Ladbury and this required a development of
global fitting protocols for ITC. TPR binds to its ligand in a 1:1 stoichiometry,
whereas the AAC(6')-li quatinary structure contains two active sites which binds
ligands with different binding parameters (AH, AS and Ka).

Chapter 2 first addresses the multiple binding sites observed with AcCoA
binding to AAC(6')-li and determines the correct binding model. When ITC
experiments were performed at a single concentration the isotherm could be fit to
one of two binding models: 2-site sequential and 2-site independent. By
performing multiple titrations at different concentrations of protein and globally
fitting the ITC isotherms to a single set of binding parameters it was possible to

elucidate the correct binding model which is a 2 site sequential binding model.
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Once the correct binding model was determined, a variable temperature
dataset can be used to identify additional physical process linked to binding such
as: folding/unfolding, or protonation/deprotantion. Temperature dependence of
the binding enthalpy and association constants can give thermodynamic
information to these linked processes. However, a major problem arose during
the ITC fitting. There is significant scatter in the physical parameters obtained
between each isotherm. This scatter prevents the accurate analysis of the
temperature dependence. To overcome this challenge, the data was fit globally
linking the isotherms at different temperatures through the van *Hoff
relationship. This approach was labelled the van ‘fHoff global fit. Chapter 3
describes this fit in detail using a simple model system of the AAC(6')-li W164A
mutant monomer. The van tHoff global fitting procedure together with NMR
spectroscopy and CD spectroscopy was applied to wild type AAC(6")-li, describe
in Chapter 4. Through combining these multiple different techniques and
employing the van 't Hoff restriction a model was developed which explains the
observed cooperativity over all temperatures. AAC(6')-li contains two opposing
allosteric events which alter the observed cooperativity from positive to negative
with increasing temperature. There is a KNF like folding model which promotes
positive cooperativity through the folding of a single subunit per binding event,

and a HT like model which contains intrinsic disorder. The stability of the
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unbound subunits is dependent on the temperature which alters the observed
cooperativity from positive to negative.

In Chapter 5, paromomycin replaces AcCoA as a ligand and the
differences with how it binds to AAC(6')-li is described in detail. AAC(6')-li
follows the a MWC model instead of the KNF model when it binds paromomycin,
additionally it structurally behaves differently. The enzyme adopts a different fold
as suggested by NMR, and the dynamics of the intermediate state is much more
complex. While the change from 0-bound to 1-bound is on the slow time scale,
the change from 1-bound to 2-bound has regions which appear to change on the
fast time scale. This shows that the unproductive complex contains much more
dynamics compared to that of the binary complex.

The new methods developed for ITC described in this thesis will allow ITC
to be used on increasingly complex systems. The new global fitting approaches
described in this thesis help to gain accurate binding parameters in complex
systems. Additionally, this thesis provides for the first time a thermodynamic
description of multiple allosteric mechanisms to describe the control of binding
events of a ligand to a protein. The understanding of allostery has been a great
interest for decades. This thesis indentifies a system which contains multiple
form of allostery and describes techniques which are able to quantify the

contributions of these phenomena.
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As is convention of the current literature we will express equilibrium
constants with the units of concentration for dissociation constants and inverse
concentration for association constants. However, equilibrium constants are in
fact unitless so any mathematical expression detailed herein uses unitless values

for any equilibrium constant.
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2 Elucidating the AAC(6')-li binding mechanism through variable-c

ITC
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2.0 Preface

Isothermal titration calorimetry (ITC) can be used to measure molecular
interactions of macromolecules with their ligands. However the correct model
must be used to properly extract the thermodynamic parameters of the
interaction. This chapter addresses the difficulties in determining the correct
model to describe the binding of acetyl coenzyme A (AcCoA) to aminoglycoside
N-6'-acetyltransferase-li (AAC(6')-li). As was mentioned in Chapter 1, the two
subunits homodimeric AAC(6')-li appear to behave cooperatively. Results
presented in these initial reports were determined using an independent binding
model to fit the ITC data collected from AAC(6')-li titrations.4> This chapter will
show that the correct binding model is in fact a sequential binding model.
Identification of the correct model can be challenging. We show that performing
ITC experiments at a wide range of concentrations and globally fitting the results
allows the identification of the correct binding model with reasonable accuracy.
The majority of the work presented in this chapter is published and cited as:

Freiburger, L. A., Auclair, K. Mittermaier, A. K., "Elucidating protein binding

mechanisms by variable-c ITC." Chembiochem. 2009, 14, 2871-3.
The work presented in this chapter was performed by myself under the guidance

of Dr. Auclair and Dr. Mittermaier.
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2.1 Introduction

ITC is a very powerful technique to characterize the physical parameters
involved in binding events. As described in the introduction, from ITC data, the
entire thermodynamic signature, enthalpy, entropy and dissociation constants
(AH, AS and Kq) can be extracted from a single experiment.'% |TC is commonly
used to measure 2-state ligand-host systems with a single binding mode.
However, it can also provide important information about complicated systems
that have multiple binding sites that are allosterically coupled.''4 Allostery is a
ligand-macromolecule interaction which induces conformational, dynamic, or
functional changes in a proximal and/or distal region of the macromolecule.62.66-67
The two subunits can then interact and alter the binding of additional ligands,
which is known as cooperativity.

Allostery and cooperativity are very important in biological systems and as
mentioned before are involved in regulation, signal transduction, and enzymatic
activities.84-6572-74 Thusly, it is of great interest to elucidate the underlying
mechanisms of allostery.”® Due to the high complexity of many allosteric
systems, several models can often fit the same data equally well.114.122 |n this
chapter, ITC data acquired during the binding of AcCoA to AAC(6')-li proved
challenging to interpret using current methodology and led us to develop a simple

method to discriminate between different potential binding models. Our
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methodology uses the global analysis of ITC data obtained over a large range of

macromolecule concentrations.

2.2 Interesting Behaviour in AAC(6’)-li

As reported by Draker ef al., AAC(6°)-li shows partial inhibition with the
dead-end inhibitor desulfo-CoA, which suggests cooperative effects. A dead-end
inhibitor is expected to block catalysis competitively. However, the partial
inhibition observed with the dead-end inhibitor suggests that there is
cooperativity between the two active sites of the homodimer. Initial ITC
experiments performed by Draker ef a/. demonstrated the presence of two active
sites in the AAC(6’)-li dimer, each binding with different binding parameters (Fig.
2.1C).45 Draker et al. showed that AcCoA is competitively inhibited by the CoA
product and unaffected by high concentrations of the acetylated aminoglycoside
product. Additionally, AAC(6’)-li undergoes substrate inhibition under high
concentration of aminoglycosides. It was therefore concluded that binding of
AcCoA must occur before aminoglycosides to produce a catalytically competent
complex. In light of these results we decided to study binding of AcCoA to
AAC(6’)-li to understand the first step of the catalytic mechanism.

In a simple two state system, the binding isotherm is sigmoidal, Fig. 2.1A.

At the beginning of the titration the heat released/absorbed is at its maximum.
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The signal decreases in a sigmoidal manner until it plateaus at its saturation
point. The isotherm for AcCoA is different from that of a simple 2-state binding.
As the titration progresses the heat released increases until it reaches a
maximum at which point the enzyme begins to saturate. This is followed by a
decrease in heat released to the saturation point. This suggests that the two

subunits of the homodimer bind to AcCoA with different affinities and enthalpies.
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Fig. 2.1: Example Binding Isotherms at 20°C of AAC(6')-li with A) simple 2 state
binding B) AcCoA binding to AAC(6')-li and C) Paromomycin binding AAC(6")-li

When multiple binding sites are available in a host macomolecule, several
binding models can potentially fit the data equally well. The two most likely
models for this system involve either independent sites or cooperatives sites (Fig.

2.2). A model comprised of multiple independent binding sites consists of two
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different classes of binding sites on the host that interact with ligand
independently. Each macromolecule contains n7type 1 sites with affinity K1 and
binding enthalpy AH,1, and n2 type 2 sites with affinity K42 and binding enthalpy
AH 2.

In the sequential binding site model, the binding sites are identical.’23 The
first ligand molecule binds to either site of the apo-protein with an affinity K41 and
a binding enthalpy AHa+. This alters the affinity of the subsequent binding sites,
so the second ligand molecule binds a singly bound protein with an affinity K2
and enthalpy AHno.

These two models appear similar but represent two significantly different
binding mechanisms. In a two-site protein the independent model predicts that
the host contains two structurally distinct and noninteracting binding surfaces for
the ligand, shown in Fig. 2.2A. Meanwhile the sequential model predicts that the
enzyme contains two binding sites that are energetically coupled, also known as
cooperative binding sites. The binding at one site influences the

thermodynamics of the second site, shown in Fig. 2.2B.
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2 different binding Can bind either 2 different binding
sites present site in any order sites saturated
2 identical binding Binding at one site alters Saturated sites
sites present binding at remaining sites behave identically

Fig. 2.2: Graphical representation of different binding models. A) Independent
Model - binding sites are intrinsically different and can bind the ligand in any
order. B) Seqential Binding Model - binding sites begin identical, binding at on

site alters the affinity at second site. Sites at saturation point are again identical.

2.3 Applying models to AAC(6')-li
An example of a binding isotherm of AAC(6')-li with AcCoA is shown in
Fig. 2.3. The experimental data were fit to both independent and sequential
binding models, Fig. 2.3A and Fig. 2.3B respectively. The values for each fit are

given in Table 2.1. As can be seen, both the independent and sequential binding
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model agree well with the experimental data, and their residual sums of squares
(RSS) =4.11x104vs 5.04x104 respectively. Although the multiple independent
sites model has the number of type 1 binding sites as a small fraction even
though the number of binding sites to a protein must be whole numbers, it cannot
be eliminated for this reason alone. This problem can be resolved if there two
non-exchangeable states of the protein present in solution, with a major state
represented by type 2 sites and a minor state represented by type 1 sites.
Regardless, it still provides a realistic model and has been used previously in
studies of this enzyme.#5> The sequential model predicts that binding at the first
site alters the binding at the second site. In this case Kx1 < Ka2, so the
sequential model predicts AAC(6')-li will bind AcCoA with positive cooperativity.
From these initial results, both the independent and sequential binding models
are possible. They both have physical descriptions to explain their results and fit
the data equally well. To identify the correct model additional experiments must

be performed.
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Table 2.1: Comparisons of Independent and Cooperative Models

Model Type Kg13(UM) AHaA1P n1° Kgo2 AHpoP n2° RSSd

(kcal/mol) (uM) (kcal/mol)
Cooperative 11 -9.3 NA 5 -17 NA 5.04
+1.9 +0.37 1.2 25 x104
Independent 0.4 -4 029 4.2 -9.0 2.31 4.11
+0.1 +1 +0.05 0.1 +0.1 +0.04 x104

[a] Equilibrium dissociation constant 1/K,. [b] Binding Enthalpy, AH = Hoccupied-Hiree. [C] Effective
number of binding sites. [d] Sum of squared residual differences between experimental and calculated
data points.

Q (kcal/mol of injectant)

A B

-8

o 1 2 3 4 0o 1 2 3 3
Molar Ration ([AcCoAl/[AAC])

Fig. 2.3: ITC Isotherm of AAC(6')-li binding AcCoA at 20°C fit to a A) multiple

independent binding model and B) 2 site sequential binding model

2.4 |TC at Varying Concentrations
In the case of a single binding site, it is convenient to express the protein
analyte concentration, [P]r, in terms of the parameter ¢ = [P];/K;. With ITC
experiments performed with [P]; > K,; and thus high cvalues (>50) produce
isotherms with sharp transitions occurring at[X]; = [P]+, in which [X]7 is the total

concentration of injected ligand. Data obtained with low [P]; and ¢ values (<10)
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produce isotherms with shallow slopes that extend to higher [X];: [P]; ratios.108
This trend is also followed in more complicated systems with multiple binding
sites. The shape of the ITC isotherm is dependent on the binding model, the
physical binding parameters, and the c value. The binding model and the
physical binding parameters should remain constant even when the protein
concentration is altered. However the ¢ value is directly related to the protein
concentration. By adjusting the protein concentrations we can test the validity of
both models, as the correct model should fit all concentration with the same
binding parameters (i.e. AH, and Kq4). We find that the dependence of ITC
isotherms on [P]r and ¢ provides an effective criterion for selecting an appropriate
binding model.

ITC experiments were performed on six different concentrations of
AAC(6')-li ranging from 6-192 um (Fig. 2.4). Each experiment was individually fit
to both the independent and sequential models, and binding parameters were
computed for each sample. The individual fits between the two models were
then compared and shown on Table 2.2. The independent and sequential models
fit each isotherm with a similar agreement, total RSS = 4.2x10°% vs 5.5x105
respectively. The slightly lower RSS obtained from the independent model is due
to the additional stoichiometric parameters (n1 and ny) not present in the

cooperative model. This difference in not statistically significant with a p=0.11.
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Q(Kcal/mol of injectant)

48 uMm
1 2 3 4 0 1 2 3 4 0 1 2 3 4
[AcCoAl,/[AAC(6')-lil;

Fig. 2.4: Isotherm of AAC(6')-li at 6, 12, 24, 48, 96, and 192 uM titrated with
AcCoA at 20°C. Each isotherm is individually fitted to an independent (dashed

red) and sequential (solid blue) models.

~71 ~



Chapter 2

Table 2.2: Binding Parameters of Individual Fits

[AAC(6")-li] Model Kgq1@ AHAP n1° K@ AHa1P  not RSSd
(HM) Type (uM)  (kcal) (M) (kcal)
6 Coope 30 -17 - 5 -20 - 3.36x%
130 89 12 70 105
Indepf 0.1 -3 0.3 41 -6.3 3.5 2.50x%
0.2 16 0.3 0.5 204 105 105
12 Coope 11 -9.3 - 5 -17 - 5.04x%
12 10.4 +1 13 104
Indepf 04 -4 029+ 42 90 2.31 4.11x
0.1 1 0.05 0.1 +0.1 +0.04 104
24 Coope 13 -9.7 - 45 -15.0 - 2.72x
11 0.1 0.4 0.5 104

Indepf 1.1 4x104 4x106 45 -11.00 2.30 2.10%
+0.7 £3x100 0.4 +0.4 +0.04 +0.04 104

48 Coope 10 -10.00+ - 41 -14.0 - 5.49x
*2 0.06 +0.3 0.2 104

Indepf 2 6x103 3x104 5 -119 2 5.89x

*3 +3x107 #1 2  +1.2 #1 104

96 Coope 9 -9.30 - 48 -13.2 - 6.21x
+1 +0.05 0.3 *0.2 104

Indepf 2 7x108 3x104 4 -11.2 2 1.80%

+1 +2x107 1 +1 0.8 1 104

192 Coope 4.2  -9.66 - 76 -12.3 - 1.51x
+0.4 +0.03 +0.2 +0.06 104

Indepf 2 800 4x103 4 -13 2 3.14x

*3 +5x105 4 3 15 +4 104

(a) Equilibrium dissociation constants. (b) Binding Enthalpy of association, AH = Hoccupied-Hiree- (C)
Effective number of binding sites. (d) Sum of squared residual differences between experimental and
calculated data points (MATLAB). (e) Cooperative binding model comprising Kd1, AHA1, Kd2, AHA2, and

a protein concentration correction factor. (f) Independent binding model comprising Kd1, AHA1, n1, Kd2,
AHA2, and n2.
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2.5 Global fitting approach

For individually fitting, the difference in the sum of RSS between the two
models are not statistically significant, p=0.11. As can be seen both fit the data
with excellent agreement, RSS = 4.2x105 vs 5.5x105 respectively. However,
when the ITC isotherms are subjected to a global fit with a single set of binding
parameters the sequential model has better agreement with the data then the
independent model, the RSS = 9.7x106 versus 2.4x107. This becomes
noticeable in Fig. 2.5A and B, in which the sequential model and not the
independent model follows the initial negative slope of the ITC isotherms. The
improvement of the fit from the sequential to the independent binding model is
statistically significant to a high level of confidence, p=2x108. Analysis of the
ITC data obtained from a single [P]r does not effectively discriminate between the
two different binding models, while a global analysis of the variable-c dataset
conclusively shows that the sequential model provides a better explanation of

AcCoA binding to AAC(6')-li.
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48 UM
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[AcCoAl;/[AAC(6')-1i]

Fig. 2.5: ITC binding isotherms (circles) of AAC(6')-li at 6, 12, 24, 48, 96, and192
MM titrated with AcCoA at 20 °C. Dashed red and solid blue lines correspond to

global fits using the independent and cooperative models, respectively. Values of

crange from 0.4-11 and 2-64 for the first and second binding events.

2.6 Binding Results

The sequential binding result is consistent with the structure of AAC(6")-li.

The two binding sites are consistent with the two active sites of the homodimeric

enzyme interacting cooperatively. These results also support previous reports of
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kinetic analysis suggesting cooperativity.#> The parameters extracted from either
the cooperative or the independent fits are shown in Table 2.3. AAC(6')-li
appears to bind AcCoA with positive cooperativity. This sixfold increase in
affinity is mainly attributed to a difference in binding enthalpy, AH,, — AH,; =
—3.1 kcal mol-!. The difference in entropy between the first and the second
binding event, AS,, — AS,; = —6.8 cal mol'K-1, implies an additional exothermic
event, likely disorder-to-order transitions in the protein and/or solvent, occuring
during the binding to the second site. This event is investigated thoroughly in

Chapter 4.

Table 2.3: Global Fitting Results

Model Type Kg1@ AHa1 P n1° K42 AHA n2® RSSd
(uM) (kcal/mol) (M) (kcal/mol) x106

Cooperative 17 -9.3 - 3.0 -13.0 - 9.7
1.4 +0.12 0.2 0.18

Independent 7 -9x103 0.2 7 9x102 2 24

4.1 +1.3x1010 +200 £3.3 £2.0x108 200

[a] Equilibrium dissociation constant. [b] Binding Enthalpy, AH = Hoccupied-Hiree. [C] Effective number of
binding sites. [d] Sum of squared residual differences between experimental and calculated data
points.

The work of this chapter builds upon previous studies which employ global
fitting of ITC datasets to elucidate complicated binding mechanisms.124-126 \When

heterologous allostery is suspected in a multicomponent complex, ITC titrations
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of one ligand may be performed at an array of different fixed concentrations of
the second ligand.124.126 However, this method cannot be applied to systems
which exhibit homologous cooperativity. Alternatively, a titration and reverse
titration datasets, where two titrations, ligand is titrated into the macromolecule
and the macromolecule is titrated into the ligand, are globally fit.124 This method
can be problematic because high concentrations of both the host and ligand are
needed.'?4 The variable-c method described in this chapter can be applied to
homologous systems and only requires one of the components to be present at
high concentrations. A similar approach has been applied to a lipid-cholesterol
interaction, 125> however this was the first use of this protocol to differentiate two

different protein binding models.

2.7 Deriving Equations

The following equations describe the method to generate an ITC isotherm
from either a 2-site independent or 2-site sequential binding model. The total
heat released at any given point in a titration is expressed as Q. In a simple two
state system, Q is expressed as'??
Q = nO[P]rAH,V, 2.1
where n is the number of sites, @ is the fraction of sites occupied by the ligand,
[P]ris the total protein concentration, AH, is the enthalpy of binding, and V. is the

volume of the sample cell. The value of ® is dependent of the concentration of

~76~



Chapter 2

the ligand ([X]7) and the association constant. In systems which there are more
than one binding site, the expression for O becomes much more complicated and
will be described below. ITC isotherms were fitted using equations defining the
change in the Q value for each injection, i, given by the expression'27

AQ() = Q() — Qi - 1)(1—%>+Qo 22
which takes into account the displaced volume from the sample cell after each
injection.27 T is the volume of the it injection, Q(i) is the value of the heat
function after the ith injection, and Qo is the heat which accounts for the heat
released during mixing. The total heat released, Q(i) is dependent on the
concentrations of the ligand, [X]r, and protein, [P]1, present in the sample cell

after n injections, with a total volume of V. This is given by the expression

Xl =l (1- (1-7)) ) 23
Pl =[Pl (1-41) 24

where [X], is the concentration of ligand in the syringe and [P], is the initial
protein concentration. The value of O is dependent on the binding model which
the macromolecule follows. In a system with two different binding sites the
simplest possible models involve either independent or sequential binding. The
heat function for both models are calculated in terms of [X]7, [P]rand the binding

parameters as follows.
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2.7.1 Independent binding model
The independent model describes a macromolecule which contains 2
independent binding sites each with » sites with a dissociation constant (K,) for
the ligand and the host, and enthalpy of binding (AH,). There can be a different
number of type 1 sites and type 2 sites so a n value given for each type of site.
This gives a total of six variables: n;, n,, Kz, Ki», AHa1, and AHa,. The fraction of

saturation of site 1 and site 2 is determined by127

X X 05
O =kt x1 ™M Tk, T

where [X] is the concentration of free ligand in solution. ®4 and ®2 are the
fraction state of site 1 and site 2 respectively. The total concentration of ligand
present is given by

[X]r = [X] + [P]r(n,©; + n,0,) 2.6
Substituting equation 2.5 into 2.6 gives the third order polynomial as follows

a+b[X]+c[X]?+[X]®?=0 2.7

where

a=—Kq1Kg[X]7
b = (Kgany + Kg1np)[Plr — (Kg1 + Kg2) [ X7 + Kg1 Kz
¢ =Kg1 + Kgp + (ng +np)[Ply — [X]r

The concentration of the free ligand, [X], at any combination of [X]r, [P]r and
dissociation constants is the positive real root of equation 2.7 which can be

determined numerically, in this case the bisection method was used.'2¢ By

~ 78 ~



Chapter 2

substituting [X] into equation 2.5 the fractions of bound protein, ®1 and ®2, can be
determined. Finally the heat function of the independent model is given by

Q) = [Plr(DVe(n101(D)AHyy + 1,0, (1)AHy;) 28
where AHa1 and AHa2 are the binding enthalpies (Hbound-Hiree) for site 1 and site
2, respectively. While [P] (i), ©1(i) and ©2(i) are the total enzyme
concentration and the fraction of the singly and doubly bound proteins after i

injections respectively.

2.7.2 Sequential binding model
A simple sequential binding model describes a macromolecule which

contains multiple binding sites which are affected by the ligation state of the other
binding sites. These binding sites are coupled and binding at one site alters the
binding parameters of the remaining site. Unlike the independent model, the
macromolecule is assumed to have a fixed number of binding sites, in this case
2. For 2 sequential sites there are four adjustable parameters: Ky1, K4, AHA1, and
AHpo. The first ligand can bind to the protein at either binding site of the free

protein, P-PX, with a dissociation constant Ky; 127

_ [P]IX] 29
o ="pay

The second ligand binds to the remaining unoccupied site of the singly bound

protein, PX-PX>, with a dissociation constant Ky,
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_ [PX][X] 2.10
Kaz = Tpy;]

The fractions of protein with a single ligand bound, ®1, and protein with two

ligands bound, @2, are given by the expressions

0. — 2K 4, [X] 211
U Ka1Kqz + 2K, [X] + [X]?
and
X2
0, X 2.12

" Kg1Kap + 2Kg5[X] + [X]2

while the concentration of the total ligand in solution is

[X]r = [X] + [P]r(©; + 20,) 2.13
Through substituting 2.11and 2.12 into 2.13 the following cubic expression is
obtained

a+b[X]+c[X]?+[X]?=0 2.14

where

a=—KgKqg[X]r

b = —K41Kgx ([P1r — [X]7)
c=2K4, + Z[P]T - [X]T

Similarly to the independent model, the positive real root of equation 2.14 gives
the concentration of the free ligand, [X]. This value substituted into equation 2.11
and 2.12 gives ©1 and ®2. The total heat released from binding the ligand is
dependent on the values for ®1 and ®2. The fraction of protein with a single

ligand bound (®1) will have released heat equivalent to the enthalpy from the first
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binding event, AHa1. However, the fraction of protein with two ligands bound (©2)
will have released heat equivalent to the enthalpy from the first binding event and
the second binding event, AHa1 and AHa2. Therefore the heat released from 02
fraction is AHa1 + AHa2. Therefore the heat function for the sequential model is
given by

Q) = [Plr(DV(01(DAH + ©2 (1)) (AHa1 + AHp)) 2.15

In this case AHx1=Hpx-Hp and AH x»=Hpx-Hpx.

2.7.3 Obtaining the best fit
The best fit for both models was obtained through a non-linear regression
of the binding parameters to obtain the minimum RSS between the experimental

data points and those calculated in equation 2.1 ,

RSS = 3 (AQWeae = B0Wery)’, 2.16

l

where in individual fits the sums include all the data points in a single ITC titration
In an attempt to differentiate between the two models, all six isotherms
were fit to a single set of binding parameters. The best fit was again obtained
through non linear regression to obtain the minimum RSS, equation 2.16,
between the experimental data points and those calculated through equation 2.1.

For the global fits the sums include all the data points from all the ITC titrations.
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2.7.4 Statistical probability
The agreement of experimental ITC data with different binding models was

analyzed by using F-statistics, according to the expression'29

B RSSlE 217
~ RSS, v,

in which RSS1, RSS2 and v1, v2 are the residual sum of squared deviations and
the degrees of freedom for the two models, and RSS1>RSS.. The probability that
a value of F' as large or larger than the one observed would be obtained if model

1 fit the data as well or better than model 2 was calculated as'30

vzi’_zvlF(%%) 2.18

in which 7 is the incomplete beta function.

2.7.5 Experimental error
Uncertainties in the fitted parameters were obtained from the covariance matrix,

which is given by the expression131-132

RSS
where
oF,  OF,
0Kz, 0Ky
oF,  OF,
| 9Kz 0Ky
X = oF, oF, 2.20
0AH,, 0AH,,
oF, oF,
|0AH,, 0AH,,]
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F; = AQ (D) catc — AQ(D exp, 2.21
and the derivatives are evaluated numerically at the optimized values of the
binding parameters. Wis a diagonal matrix of the fitting weights, which in this
case are equal to 1, and v is the number of degrees of freedom of the fit. The

diagonal elements of J are the variances of the K4 and AH, parameter estimates.

2.8 Discussion
The variable-c ITC method requires the ITC isotherms to vary as a

function of protein concentration. To show the applicability of this method, arrays
of different binding conditions were simulated (Fig. 2.6). Each panel consists of a
different cooperative binding scenario with a series of ITC isotherms calculated
with different protein concentrations and identical binding parameters. In all
cases, the ITC isotherms varies greatly between the different values of [P]r and
lend themselves toward global fitting. Interestingly, the greatest variations of the
isotherms occur at low concentration of [P]r, with a ¢ value below 1 for the
weaker binding site. This range of cis below the suggested value used for most
ITC experiments, as was explained in the introduction, yet appears to be optimal
for studying complex binding mechanisms. Accurate values for K4 can be
obtained from isotherms with low ¢ values but the enthalpy of binding component

may be ill-defined.33 Therefore it is important that isotherms with a higher ¢

~ 83 ~



Chapter 2

value are included in the variable-c data set so the enthalpy of binding can be
accurately determined.

To work at low ¢ values requires very dilute protein concentrations. This
can be a problem due to the relatively small amount of heat released or absorbed
from a sample with a low concentration of protein. In systems with very high
affinities, the concentrations required to reach a low ¢ value may release too little
heat to be measured by the instrument. The sensitivity of an experiment is
determined by the parameter h = [P]tAH,."32 For the experiments described
herein the lowest value of h measured was 0.06 cal L-' which corresponds to the
first binding event of the most dilute protein sample. This event would release
about 3 pcal on average per injection. The sensitivity MicroCal VP-ITC used for
these experiments requires the heat released from the injection to be at least 1
pcal.’34 This method should then tolerate systems with an 4 value threefold
lower then used here, which in turns allows for systems with a 3 fold higher
affinity (Ka) or a 3 fold lower binding enthalpy (AHa). Through optimization of
injection volumes the range could be extended to even lower % values.’32 The
high concentration end of the variable-c dataset requires the solubilities of the

protein and ligand to reach a ¢ value of at least 10.
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Fig. 2.6: Theoretical ITC isotherms generated according to a 2-site cooperative
model, with [P]r=0.5, 1.5, 4.5, 13.5 pM for the blue solid, red dashed, green
dotted, and orange dash dotted lines respectively. A) and D) show positively
cooperative, C) and F) show negatively cooperative datasets. B) and E)
correspond to systems in which both ligands bind with equal affinities, but with
different enthalpies. In A)-C), |AH2|>|AH4|. In D)-F), |AH2|<|AH41|. Values of Kg1
(M), Kd2 (M), AH1(kcalmol-1), AH>(kcalmol-') employed are: A) 10, 1, -1, -2; B)
10, 10, -1,-2; C) 1, 10, -1, -2; D) 10,1, -2 ,-1; E) 10, 10, -2, -1 F) 1, 10, -2,
-1.

Typically, ITC studies of macromolecular interactions involve replicate
experiments performed at near identical concentrations. It is proposed here that

it would be advantageous to repeat ITC experiments at different ¢ values and
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globally fit the results. Systems which appear to behave with a 1:1 stoichiometry
could have more complex binding mechanisms revealed through global analysis
of variable-c ITC datasets. Additionally, variable-c ITC can help determine if
apparent binding thermodynamics are influenced by protein self association. In
situations where significant amount of protein self associates, a variable-c
dataset would not likely fit to any simple model. Nevertheless, global fits can
have concentration dependent effects incorporated into the model.'24 It should
be noted that this method uses dilute protein concentrations and should not be
affected by any additional concentration effects compared to standard
experiments performed at a single ¢ value. Finally, in systems like AAC(6')-li,
where ITC isotherms collected at a single concentration are fit equally well with
multiple different binding models, the variable-c ITC method clearly identifies the
model which better represents the system. Thus, global fitting of variable-c ITC
datasets provides simple and effective method to identify correct models to

interpret data, and help improve our understanding of protein/ligand interactions.
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3 Using the van't Hoff relation to globally fit a variable temperature

isothermal titration calorimetry data set
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3.0 Preface

In this chapter, the interactions between acetyl coenzyme A (AcCoA) and
a monomeric mutant (ie. W164A) of the (normally dimeric) enzyme
aminoglycoside N-6'-acetyltransferase-li (AAC(6')-li W164A) were studied.
Tryptophan 164 is located at the dimer interface. Replacement of this tryptophan
with alanine reduces the interactions between the subunits and results in the
protein being present as a monomer in solution. Using isothermal titration
calorimetry (ITC), the binding of AcCoA to AAC(6’)-li W164A is shown to be quite
weak at temperatures above 25°C. This results in a high level of uncertainty in
the values of apparent binding enthalpy (AHA*") and the apparent association
constants (K,"™") extracted from individual ITC isotherms. Apparent curvature in
the AH,™" temperature profile for individual fits suggests that the mechanistic
model for binding might involve coupled folding upon ligand binding. Circular
dichroism (CD) data support this model, as suggested by a temperature
dependent loss of secondary structure. There is a large amount of scatter in the
binding parameters which makes it difficult to determine the level of agreement
with this model. A global fitting approach was applied to the variable temperature
data set which used the van 't Hoff relation as a physical constraint. The scatter
in the AHa2PP and Ka2eP values was significantly reduced, allowing the curvature

in both temperature profiles to be precisely defined. Quantitative agreement was
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obtained between CD and the globally-fit ITC data. This confirmed that binding is
coupled to protein folding and allowed for the thermodynamics of both steps of
the reaction to be clearly distinguished.

The work presented in this chapter was performed by me under the

guidance of Dr. Mittermaier and Dr. Auclair.

3.1 Introduction

As seen in earlier chapters, ITC allows characterization of the
thermodynamic parameters involved during molecular interactions. This is made
possible via measurements of the heat which is released or absorbed as a ligand
is titrated into a sample cell containing its binding partner.'34 In this chapter
binding models are divided into two main classes; these will be referred to as
phenomenological (macroscopic) binding models and mechanistic (microscopic)
binding models. Phenomenological binding models make no assumptions about
the underlying mechanisms of binding and rely only on the stoichiometry of
interaction. From the binding polynomial, the phenomenological model which
contains n identical ligand consists of exactly n+1 different themodynamic states
(0 bound, 1 bound ... n bound) with 2n thermodynamic parameters (n enthalpies
and » affinity constants).35 For example, systems with a 1:1 binding

stoichiometry can have their data explained with 2 different states (i.e. 0 bound, 1
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bound) and 2 thermodynamics parameters, K" and AH,™". While systems with
a 2:1 binding stoichiometry can have their data explained with 3 states (i.e. 0
bound, 1 bound, 2 bound) and 4 thermodynamic parameters, the 2 binding
affinities (K™ and Kx,™") and the 2 enthalpies of binding(AHa12PP and AHa22Pp).
The phenomenological model fits any system with the given stoichiometry. The
thermodynamic parameters thus measured are also referred to as macroscopic
or apparent binding parameters. However, these parameters do not describe
how the binding occurs at the microscopic level, as they are a convolution of all
events which occur during binding. The phenomenological model is able to
describe which bound state the system is in, but not how it got there, or what
changes have had to occur. Mechanistic models, in contrast, describe the
binding event in detail and propose a specific hypothesis regarding the physical
processes. This can involve an arbitrarily large number of physical states and
microscopic thermodynamic parameters which describe the measurements in
enthalpy, entropy, free energy, and heat capacity. Mechanistic models relate
directly to the physical events which occur during binding, such as
conformational changes or ionizations. Due to this additional information,
mechanistic models are of greater interest then phenomenological models.
Typically ITC data are analyzed through a two step process.'35 First, the

raw ITC isotherms are fitted using a phenomenological model. This produces
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apparent AH,™ and Ka2r? of binding. These parameters are then fit to a specific
mechanistic model and the corresponding model-specific thermodynamic
parameters are obtained. A great deal of information can be gained through
performing ITC experiments over a wide range of temperatures. Mechanistic
models can be fitted to sets of AHA™" and K,™" values obtained at different
temperatures, shedding light on the relationship between ligand binding and
conformational changes in the protein or additional coupled equilibria.102.116.136 |n
a simple two-state system (free and bound), AH,™" varies linearly with
temperature, provided that the difference in heat capacity between the free and
bound states remain constant.'37 If a binding event is linked to additional
equilibria, such as thermal denaturation, the dependence of AH,™" on
temperature can be curvilinear.'92 If several equilibria are involved which
produce multiple binding competent states, the temperature dependence of
AHA™" can give highly complex profiles.38 Many different physical events can
influence the temperature dependence of AH,™", such as: folding/unfolding,
ionization, dimerization.139-140 By analyzing the temperature dependence of
phenomenological binding parameters one can obtain important information to
determine the correct mechanistic binding model and identify the underlying
physical processes involved in binding. This approach requires precisely defined

experimental data, and even fairly modest errors in AH,™" and KA*" can make it
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very difficult or impossible to make quantitative conclusions about the physical
processes involved. There are several possible experimental situations which
can cause elevated errors in AH,™" and K,*" parameters. These include but are
not limited to, low affinities33, small changes in enthalpy, or the presence of
multiple non-equivalent binding sites on the host (such is the case of AAC(6’)-
li).140-141

The previous chapter demonstrated that by fitting several ITC isotherms to
a single set of binding parameters one can greatly increase the accuracy of the
measured binding parameters. As mentioned previously, this global fitting has
been applied to many different systems with successful results.55.114.126,142-146
Using this approach, one could improve the accuracy of the experimental binding
parameters which, in turn, can be used to elucidate the correct mechanistic
model. To globally fit a data set, all isotherms must be related mathematically. A
variable-c approach could be used to reduce errors. However, the standard
phenomenological binding models do not include temperature variations, so they
cannot be used to link a variable temperature dataset in a global fitting approach.
Therefore each temperature would be fit independently of all other temperatures.
In contrast, mechanistic binding models detail exact mechanisms of binding so
they can address temperature dependence of binding parameters in ITC

isotherms. Currently, all the variable temperature global fits have fit a
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mechanistic model directly to the ITC isotherms,143-145 but this forces a
predetermined model onto the experimental data. This can be problematic when
the binding parameters are poorly defined, as accurate binding AHA™ and K;""
values are important for determining which mechanistic binding model is
appropriate.

This chapter explains a novel approach for the global analysis of a
variable temperature dataset without the requirement of an a priori determined
mechanistic model. This new method is referred here as the van fHoff global fit.

All models regardless of their mechanism must follow the van #Hoff relation

oIn{K;""} _ AH,” 3.1
oT RT2

If a set of numbers do not follow this relationship they are not physically
reasonable. The integrated form of the van #Hoff equation was used to
simultaneously analyze the raw ITC isotherms obtained at a variety of
temperatures. This strategy constrains the extracted values of
phenomenological binding parameters to a set of physically reasonable values
and yields sets of binding AH,™" and K,™" values with improved accuracy
compared to those obtained from fits of individual ITC isotherms. No prior
binding information beyond the binding stoichiometry is required for analyzing the
isotherms. The parameters thus computed can be used to design and test

mechanistic binding models.
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Chapter 2 showed that the wild type enzyme binds AcCoA with a 2 site
sequential binding model. In this chapter, van #Hoff global analysis was used on
the model system of AAC(6’)-li W164A with AcCoA. Trp164 is located at the
dimer interface of the two subunits in AAC(6°)-li, and its substitution with Ala
destabilizes the dimer and produces a monomeric protein with about 10% of the
wild-type activity.#> The monomeric mutant only binds a single molecule of
AcCoA, and is therefore a much simpler system to study. The van ‘fHoff global
analysis is also utilized in later chapters to describe more complex binding
interactions. Chapter 4 details wild type AAC(6°)-li binding AcCoA and Chapter 5

details wild type AAC(6’)-li binding the aminoglycoside paromomycin.

3.2 Variable temperature ITC

ITC experiments were performed on mutant AAC(6’)-li W164A titrated with
AcCoA at 10, 15, 20, 25, 30, 34, 37, and 40°C. The resulting isotherms are
shown in Fig. 3.1. The ITC isotherms were initially fit individually to obtain the
phenomenological binding parameters for AH,™" and K, (Fig. 3.2 and Table
3.1). There is a large varience in the values obtained between each experiment,
in particular for K,"™". This is likely due to the low affinity of AAC(6’)-li W164A for
AcCoA (Kaarr = 3.2x103 M-! at 40°C). The low Ka2PP makes it challenging to

achieve a high c-value and fully saturate the protein by the end of the titration
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due to the high concentrations required for both the ligand and protein. However,
it is apparent that there are some trends present. From 10 to 30°C the change in
heat capacity (AC,) remains constant; this results in AHa2P? of binding varying
linearly with temperature (Fig. 3.2). Above 30°C the AHa2?? varies non-linearly
with temperature resulting in a large increase in the AC,. This behaviour is
characteristic of coupling between a binding event and an additional
conformational transition or ionization equilibrium.11¢ As discussed below, CD
spectroscopic measurements indicate that the protein undergoes a partial or
complete unfolding around 30°C. This suggests that ligand binding is coupled to

a protein conformational change under these conditions.
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Fig. 3.1: ITC Isotherms of AcCoA binding to AAC(6")-li W164A at 10, 15, 20, 25,
30, 34, 37, and 40 °C. Experimental data (open circles) is individually fit (black
line) to a one site binding model.

3.3 Circular Dichroism
Circular dichroism (CD) is the difference of absorption of left-handed

(negative) and right handed (positive) circularly polarized light. This occurs when
a molecule contains a chiral chromophore. Proteins are chiral molecules and
preferential absorb circular polarized light. For proteins, the direction of rotation
absorbed is dependent on the structure that the protein adopts. The wavelength
range of 220 to 230 nm gives a negative molar ellipticity for alpha helices and
beta sheets (folded)'47-148 and a positive molar ellipticity for random coil

(unfolded)47-149, This range is ideal to monitor the transition from defined
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secondary structures (alpha helices and beta sheets) to an unfolded state
(random coil). As mentioned above, a sudden change in AC, can be linked to a
folding/unfolding event. CD spectroscopy can detect changes in secondary
structure through the change of molar ellipticity. CD spectra of AAC(6’)-li W164A
were measured from 0.1-70°C in increments of 1°C. At low temperatures, the
molar ellipticity at 222 nm was on the order of -9000 deg cm2 dmol-'. As the
temperature increases, the molar ellipticity in this range sigmoidally approaches
zero. This suggests that AAC(6’)-li W164A undergoes partial or complete
thermal unfolding. This process is completely reversible up to ~50°C, so only

data from 0.1 to 47°C will be used for further analysis.

3.4 Coupled folding and binding
The data from both ITC and CD suggest that the appropriate mechanistic
binding model to describe the association of AcCoA with AAC(6’)-li W164A is
one in which a thermal unfolding event is linked to binding. In this model there
are two unbound states, a folded state (F) and an unfolded state (U). Moreover,
only the F state is binding-competent, and hence in order for the protein in the U
state to bind ligand it must first fold to the F state. This suggests the following

Scheme'l 16,150

U+Ly KF’AHF’AC”’F%ML/ K, AR, AC, > FL

N
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Fig. 3.2: Coupled folding/binding analysis of (A) AHa2PP, and (B) Ka2PP, values
obtained from fits of individual ITC isotherms, together with (C) circular dichroism
spectroscopic data (222 nm). In A and B, open circles indicate the values
obtained for individual replicate experiments (two per temperature), while the
solid circles are the pair-wise averages (AHa2PP(indiv) and Ka2rP(indiv)). In (C),
the upper and lower dashed lines correspond to the unfolded and folded ellipticity

baselines, respectively.
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where AHr, AHa and AC,r, AC, A, are the changes in enthalpy and heat capacity
for the folding and binding steps, while Kr = [F])/[U] and Ka = [FL]/([F][L]) are
equilibrium constants. As with most folding events, the transition from the U to
the F state is exothermic (AHr < 0) and entropically disfavoured. At low
temperatures, the protein is mostly folded. At these temperatures, the
macroscopic binding affinity and binding enthalpy are simply given by K, and
AH,. Atincreased temperatures, there is an appreciable amount of unfolded
protein (U). This requires transitions from U to FL. The macroscopic binding
affinity and binding enthalpy from ITC will contain components from both folding

and binding events. The phenomenological binding constants can be defined as:

Kr(T)
app Yy = —F 2 3.2
app _ 3.3
AH,""(T) = AH,(T) + 1+ K, (T) AHR
where
AHx(To)(1 1\, ACpx/ (T, T
Kx(T) = Ky (T,) X e{ R\ TR \ln{Toj' T 1)} 3.4
AHx(T) = AHx(To) + ACP,X(T - To) 35

X =ForA, and Ty is an arbitrary reference temperature, in this case 283.15 K.
It is possible to extract the values of Kx(70), Ka(T0), AHg(T0), AHA(T0), AC,F, and
AC, A from sets of K,™ and AH,"" values determined by ITC over a range of
temperatures. However, due to the large covariance between the parameters

this becomes difficult, and leads to unreliable estimates of their values based on
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ITC data alone. CIliff ef al. have shown that it is possible to combine CD
measurements with ITC to overcome this problem.192 As mentioned earlier in
this chapter, CD measurements can detect changes in secondary structure of
proteins. The U and F states contain different amounts of secondary structure,
so CD measurements represent an independent measurement of the folding
equilibrium constant, Kr. This allows for the determination of the other
microscopic binding and folding parameters from the macroscopic parameters.
This procedure can then be used to validate the van f Hoff global fit which will be
described later in the chapter.

A single wavelength for CD was chosen to measure the folding
equilibrium. Alpha helices give a spectral minimum for the molar ellipticity at 222
nm. This wavelength was therefore monitored to determine the folding
equilibrium.192 The temperature dependence of the molar ellipticity was modeled

through the following expression02

Kr(T)

1
1+ KF(T) ([G]F + mF(T - To)) + — ([G]U + mU(T — TO)): 3.6

[61(T) = 15 K.(F)

which assumes that the overall signal is the population-weighted average of the
folded and unfolded signals, and that both baselines are linear functions of
temperature. The variables [0]r and [6]u are the molar ellipticities of the folded
and unfolded states at the reference temperature, and mr and my are the

corresponding baseline slopes. Unfortunately, the unfolding baseline, mu, is not
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well defined, because the CD melts can only be obtained partway through the
unfolding transition due to the irreversible unfolding. Fortuitously, CD studies of
protein thermal denaturation typically yield approximately a horizontal
baseline.102.151-153 Therefore, analysis was performed by optimizing for [6]u while
fixing mu near zero. The final results were unaffected by the precise choice of
mu, and in the following analysis my =0.

CD data and ITC-derived values of AH,™" and K,*" were simultaneously
fit to equation 3.2 - 3.6, to provide the data shown in Fig. 3.2. The best fit for the
folding model was obtained through non-linear regression of the binding
parameters to obtain the minimal residual squared differences (RSS) between

the Ka2rP, AHa%PP and [0] and those calculated equations 3.2 - 3.6,

In{KZPP} — In{K PP ? AHEPPY — (AHSPP 2 3.7
RSS=Z< {A } {A }calc> +Z({ A } { A }calc)

In{K, "} (AH,™)

[G]exp - [G]calc 2
+Z( [6lexp > |

The overall agreement was reasonable, but the scatter in the data makes it

difficult to judge the overall quality of the fits. Furthermore, there are small but
systematic deviations between the calculated and CD data (Fig. 3.2C). Before
this mechanistic model is rejected or accepted, the scatter in the ITC derived
parameters must be addressed. In the next section, a global fitting procedure will
be explained which link together ITC isotherms from different temperatures using

the van 't Hoff relation.
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3.5 van 'tHoff method for global fitting of ITC isotherms
To properly address the scatter observed in the ITC-derived values there
can be no assumptions regarding the underlying mechanism of binding, as this
could introduce bias into the fit and cause one to come to incorrect conclusions.
A restriction should only be applied to a fit if it occurs in every possible physical
model. One such restriction is the van 't Hoff relation. For any model to be

physically possible it must follow the van ‘f Hoff expression

d ln{K} _ AH 3.8
oT RT?

This expression can constrain the values of AHa2P? and KA™" within the global
fits. This will ensure that the values obtain are physically possible and will greatly
reduce the scatter in the obtained binding parameters. Thus, the binding
enthalpy, AHA,™"(Ty), is optimized for each temperature, and only an association
constant for a single temperature (Kﬁf) is fitted. The remaining association

constants are obtained from the set of AHA*"*(T) and the integrated form of

equation 3.8

Tn

In{K, PP (T,)} = In{K;PP (To)} + % f

To

AHXLPP(T) 3.9
T dT.

The last term in equation 3.9 is evaluated by trapezoidal numerical integration, in
which the function AH,"™(T)/T2 is approximated by a series of straight lines

connecting the experimental AH,*"(Ty)/Tn? points (Fig. 3.3). This approach
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greatly reduces the number of adjustable variables and improves the accuracy of
the extracted parameters. Additionally, the approach does not restrict the

possible mechanistic model, as every possible physical model must obey the van
tHoff relation. The only assumption is that the numerical integral of AHA™(T)/T2

is evaluated accurately.
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Fig. 3.3: Schematic representation of trapezoidal integration of AHA/RT>. The
points represent the fitted values of AHa, divided by the corresponding values of
R72. The difference in binding affinity between temperatures 7i and T;
corresponds to the shaded area, i.e. KaaPr(ii) = KaaPr(i) + shaded area. Thus the
AHNaPP/R T2 profile together with the single value of Kaarr(i) specifies the affinity

constants at all other temperatures.
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3.5.1 Application of van ‘fHoff method to AAC(6’)-li W164A

The experimental ITC isotherms obtained at all temperatures for the
titration of AcCoA into AAC(6')-li W164A were refit simultaneously using the van
tHoff global approach (Fig. 3.4, Table 3.1, and Appendix Figure A.1). This
yielded a new set of values, denoted as AH,""(global) and K»*"(global). The
agreement between the predicted and the experimental isotherms are good (Fig.
3.4). The residual sum-of-squares only increases by a factor of 2.5 relative to the
individual fits. Additionally, the temperature dependence of AH,""(global) and
KA™P(global) appear smoother than those of AHA"(indiv) and K,""(indiv). At
many temperatures, the values from the van fHoff global approach and
individual fits are similar. However, at higher temperatures, values from the two
approaches deviate greatly, in particular for AH,™" (Table 3.1). For example, at
40°C the average AHA™(indiv) and AH,*(global) differ by more than 20 kcal
mol-. These deviations may explain why the folding model (equations 3.2-3.6)
contained systematic deviations in the combined CD and individual ITC fit Fig.

3.2.
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Table 3.1: Thermodynamic parameters from individual and global fits of ITC

dataa.

Individual Fitsb Global Fits

T (°C) DN Hpapp Kpaprp DN Hpapp Kparp
(kcal mol -1)  (x103 Mm*)  (kcal mol -1) (x103 m-1)

10 -7.1+0.1 201 -6.89+0.06 21.5+0.3
-6.1+0.1 251

15 -8.6+0.2 16+1 -7.75%0.08 17.2+0.3
-6.7+0.2 331

20 -9.1+0.3 13+1 -8.5+0.1 13.5%0.2
-8.0+0.3 14+1

25 -10.0+£0.5 1+1 -9.4+01 10.4+0.2
-8.8+0.5 9+1

30 -7.9+0.7 16.0£0.8 -11.1+0.2 7.910.2
-21.4%0.7 4.5+0.8

34 -13+1 7.6x0.7 -14.3+0.3 6.0+0.2
-8+1 1.00.7

37 -37+2 3.1£0.5 -19.2+0.6 4.610.2
-19+2 4.7+0.5

40 -29+5 3.0+0.4 -28+2 3.21+0.2
-80+5 1.6+0.4

aErrors are taken as the standard deviations of values extracted from Monte Carlo simulations.

b There are two isotherms for tempterature and each isotherm is fit individually so each

temperature has two obtained values.
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Fig. 3.4: ITC Isotherms of AcCoA binding to AAC(6")-li W164A at 10, 15, 20, 25,
30, 34, 37, and 40 °C. Experimental data (open circles) is individually fit (black

dashed) or globally fit (grey line) through the van tHoff approach to a one site
binding model

The coupled folding and binding model used above to fit AH,*"(indiv) and
KA™P(indiv) was used to fit the values AH,""(global) and K,""(global). Again
equations 3.2 - 3.6 were used to optimize the fit with the same CD temperature
melt data, shown in Fig. 3.5. Excellent agreement was obtained between the CD
data and the globally-fit ITC values, which confirms that the coupled
folding/binding model is an appropriate mechanistic binding model. The level of
agreement obtained for the global values is far better than the individual fit ITC

isotherms. The RSS deviations for AH,""(global) and K5""(global) for the
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coupled folding/binding mechanistic model are 10 fold lower compared to the
AHA™"(indiv) and K,*"(indiv). Additionally, the parameters obtained from van
Hoff global fit differ greatly from the values from the individual fits (Table 3.2).
The improved fits obtained through AH,*(global) and K,*"(global) strongly
suggest that van fHoff global fitting approach provides a clearer picture of the

interactions between AAC(6’)-li W164A with AcCoA.

Table 3.2: Coupled folding/binding parameters for individual and global fits of ITC

data
Individual Fits Global Fits
AHA(To) (kcal mol-1) -6.8+0.1 -7.5£0.1
Ka(To) (x103 m-1) 2211 22.4+0.5
Cypa (kcal mol-! K1) -0.02+0.03 -0.08+0.02
AHF(To) (kcal mol-') -120+10 -53+3
Kr(To) (1.38+0.08)x10¢ 2415
C,F (kcal mol-1 K1) 0+0.5 -2.1+£0.2
[6]F (deg cm2 dmol-") -7700£300 -8000£100
[6]u (deg cm2 dmol-1) -5300£200 -4500£200
mr (deg cm2 dmol-1 K-1) 4118 42+3
RSS 0.299 0.011

To = 283.15 K. Errors are taken as the standard deviations of parameters extracted from coupled
folding/binding fits using AHa2PMC(global & indiv) and Ka2rpMC(global & indiv) values obtained

from global and individual analyses of synthetic Monte Carlo ITC datasets.
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Fig. 3.5: Coupled folding/binding analysis of (A) AHaaPP(global) and (B)
Ka2rr(global) values obtained from a simultaneous fit of all 16 ITC isotherms,
together with (C) circular dichroism spectroscopic data (222 nm). In (C), the
upper and lower dashed lines correspond to the unfolded and folded ellipticity

baselines, respectively.
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The model predicts that the unfolding event linked to binding of AcCoA to
AAC(6’)-li W164A is 50% complete at 42°C, with a AC,r = -2.1 kcal mol-' K-' and
AHF = -52.9 kcal mol-! at this temperature. These values are consistent with
unfolding events in proteins the size of AAC(6’)-li W164A (182 aa). Robertson
and Murphy reported that the AC, of globular proteins can be approximated by
the relation -(Nresx14 cal mol-' K-1), while the AH (extrapolated to 100°C) is given
by -(Nresx1.26 kcal mol-'), where Nres is the number of residues.?®* The
experimental values, AC,r = -2.1 kcal mol-' K-' and AHr(100°C) = -176 kcal mol-!
are comparable, but smaller than those predicted by the empirical relationships,
AC,pred =-2.5 kcal mol-! K-1 and AHPred =-229 kcal/mol. This reduction could be
due to the F state being only slightly more stable then the U state. The CD
traces also suggest that the enzyme undergoes cold denaturation at around 0 °C,
and that at the most stable temperature of 17°C only 3% of the enzyme is
present in the unfolded U state. This increases to about 25% at 37°C. The
mutation at Trp 164 may play a role in the mutant’s stability, as the unfolding
transition for the mutant is broader (Fig. 3.6) compared to the wild type. In
addition, the absolute molar ellipticity is lower in the mutant then the wild type
enzyme, which suggests decreased secondary structure in the mutant.

However, wild type protein does undergo thermal denaturation in the same
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temperature range. Chapter 4 will further discuss the stability of the wild type

enzyme.
-3
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Fig. 3.6: CD molar ellipticities of the aminoglycoside 6’-N-acetyltransferase-li
W164A mutant (m), and wild-type (*) measured as a function of temperature at a
wavelength of 222 nm. Unfolding of the W164A mutant is reversible up to about
47°C, so data beyond this temperature in not shown. Unfolding of the wild-type

protein is reversible over the entire temperature range tested.
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3.6 Monte Carlo error analysis

It is important to ensure that the van f Hoff global fitting approach is a
generally applicable as a method for improving accuracy of ITC data analysis.

To test the utility of the van ‘fHoff approach a series of Monte Carlo (MC)
simulations were performed. All of the fits obtained through the MC analysis
extracted the phenomenological binding parameters, AHA™ and K;™".

The coupled folding/binding mechanistic model parameters obtained from
the globally-fit ITC data were used to calculate theoretical AH,"™ and KA
values at 10, 15, 20, 25, 30, 34, 37, and 40°C (Fig. 3.7). From these values, 300
datasets were generated which consisted of 16 isotherms with random
experimental errors (2 isotherms for each temperature). Each MC dataset was fit
both individually and through the van f Hoff global approach. The individual
fitting yielded two AHa2PP and Ka2rP values at each temperature and the van’t Hoff
analysis produced only a single value for each temperature, AHa2PPMC(global) and
Ka2rrMC(global). The two individual values were averaged and these pair-wise
averages will be referred to AHaarP-MC(indiv) and Ka2rr-MC(indiv). The two fitting
procedures produced 300 Monte Carlo AHa2PP and Ka2PP temperature series,

which are shown in Fig. 3.7.
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Fig. 3.7: Plots of AHa2PP.MC and Ka2rp-MC values extracted from fits of Monte-Carlo
ITC datasets generated using the coupled folding/binding parameters obtained
for AAC-W164A and AcCoA. In all panels, the fitted parameters are indicated by
points, while the true values are shown as lines. (A,B) Results are pair-wise
average for individual analyses, where the points correspond to fitted values of
(A) AHa2rPMC(indiv) and (B) KaarP:MC(indiv). (C,D) Results for van ‘# Hoff global
analyses, where points correspond to fitted values of (C) AHa2PP-MC(global) and
(D) Ka2rr:MC(global).
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Individual fits produce AHa2rPP-MC(indiv) and Ka2rP.MC(indiv) values with a
large amount of scatter. Even with averaging two individual values, there
appears to be broad distribution, especially at higher temperatures. This scatter
is consistent with the experimental fits obtained with AAC(6’)-li W164A data (Fig.
3.2). Meanwhile, the AHa2rPP.MC(global) and Kaarr-MC(global) values from the van
Hoff fitting approach produce much less scatter. The error calculated in the
individual fits is around 2 fold higher compared to the van ‘tHoff fits. The relative
errors for the individual fit are 2% at 10°C and 13% at 40°C compared to the van
‘t Hoff approach which produces errors of 1% at 10°C and 6% at 40°C. The
relative errors are shown graphically on Fig. 3.8. A large amount of the
uncertainty is likely due to the weakness of the interactions between AAC(6’)-li
W164A and AcCoA. This makes it difficult to saturate the protein. In these
experiments, the injectant concentration was above 2 mm, yet even with this
relatively high concentration of AcCoA, only 55% of the protein was saturated at
the final injection at 40°C. Tellinghuisen has shown in detail, that greater than
90% saturation is required for optimal accuracy in the fitted parameters.?%> This
is @ common problem in weakly binding systems, as a high concentration (mM to
M) of ligand is required to fully saturate the protein. Ligand solubility and
aggregation, as well as availability and cost can place restrictions on the

maximum concentrations that are experimentally accessible. Additional MC
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simulations were performed at a 30 fold higher concentration of AcCoA. These
simulations show that increasing the concentration of AcCoA does reduce the

uncertainties in the calculated AHa2PP and Ka2rp.

14
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o O O N b~ O
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Fig. 3.8: Relative errors (standard deviation/true value x 100%) for (A) AHa2rP
and (B) Kaarr values extracted from Monte Carlo ITC data sets by fitting pairs of
individual isotherms (dashed line) or globally fitting all 16 synthetic isotherms
(solid line).

As mentioned above, the van ‘tHoff fitting approach clusters the extracted

AHaarPMC(global) and KaarP-MC(global) values (points) closer to the true values.
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Additionally, these values are evenly distributed about the true values. This is
important, as it shows that the fitting method does not introduce bias into the
extracted thermodynamic parameters, and that the numerically integration of
AHA%PP/T2 in Equation 3.9 does not lead to systematic errors. The two fold
improvement observed in the accuracy of fitted AHa2PP and Ka2°P values implies
that the van fHoff approach produces accuracy which would be expected for an
ITC dataset 4 times larger (8 replicates instead of 2 for each temperature). This
improvement occurs due to the restriction of parameter-space available. The van
‘t Hoff relation as a constraint allows only values which are physically realistic
since the set of AHa2PP and Ka2PP produced by any physical model must obey the

van ‘t Hoff relationship.

3.7 Application to other systems
The binding of AcCoA to AAC(6’)-li W164A represents a system where
low affinity prevents complete saturation, which leads to high uncertainties in the
apparent AHa2rr and Ka2PP values computed from ITC isotherms. The van fHoff
fitting approach has been shown to produce significant improvements in the
uncertainties of the extracted phenomenological binding parameters. Chapter 4
and 5 will detail additional situations where the van ‘t Hoff fitting approach can

improve the accuracy of the phenomenological binding parameters and lead to a
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gain of insight on microscopic binding models. MC analysis was performed on
other theoretical binding systems to test the utility of the van #Hoff fitting
approach at improving the accuracy of the AHa2PP and Ka2rP values in systems
different from the one studied in this chapter. There were two scenarios tested:
1) systems with low heats of binding that lead to poor signal-to-noise ratios in ITC
data and consequently poorly defined AHa2PP and Ka2PP values; and 2) systems
with two non-equivalent binding sites, for which it is difficult to separate the
overall heat signals into contributions from the different sites.’#! The results of
the simulations are shown on Fig. 3.9. In both of these situations the
uncertainties for the extracted AHa2PP and Ka2P values are decreased when using
the van tHoff global fit. The hypothetically low-enthalpy interactions have the
uncertainties in both AHa2PP and Ka2°P reduced by a factor of 2. In systems with
two non-equivalent binding sites, uncertainties in Ka2rr are reduced by up to 4
fold and AHa2PP are reduced by up to 1.5 fold. These simulations show that the
van 't Hoff approach will work well to improve the accuracy of the AHa2PP and
Ka2ee for the wild type AAC(6°)-li, as we have shown in Chapter 2 that AAC(6)-li

binds AcCoA with 2 non-equivalent binding sites.
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Fig. 3.9: Plots of AHa2PP and Ka2rP values extracted from fits of Monte-Carlo ITC

datasets generated for (A-D) a system with a low binding enthalpy, and (E-H) a

molecule with two non-equivalent binding sites.55 Lines indicate the true values,

while points indicate the parameters obtained from (A,B,E,F) fits of individual

isotherms and (C,D,G,H) global fits of isotherms over the temperature range. In

(E-H), the dashed and solid lines correspond to binding of the first and second

ligand molecules
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3.8 Discussion

ITC data collected over a range of temperatures can provide uniquely
detailed information on how ligand binding to a macromolecule occurs at a
molecular level. However, the interpretation of variable temperature ITC data
sets is not always straightforward. Ideally, each ITC isotherm can be analyzed
using a phenomenological binding model to yield values for AHa2PP and Kaarp.
These, in turn, help to indicate which mechanistic model best corresponds to the
actual ligand binding process. Analysis of the phenomenological AHaaPP and
Ka2rp values using the selected mechanistic model yields thermodynamic
parameters that explicitly describe molecular events associated with binding.
However there are situations in which this approach becomes problematic. When
binding is weak, saturation can be difficult to achieve during the titration
experiment and errors in the extracted parameters are elevated.33 When binding
enthalpies are low, the amount of heat released or absorbed during the
experiment is small and the signal-to-noise ratio is reduced. When the binding
stoichiometry is greater than 1:1, phenomenological binding models contain
larger numbers of adjustable parameters that can suffer from covariation.#! In
addition, analyte impurities or incorrect estimates of the injectant concentration or

the can lead to errors in AHa2PP and Ka2rP.156 Deviations in extracted AHa2PP and
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Ka2re values due to any of these factors can make it difficult to determine which
mechanistic binding model best describe the system under study.

The van 't Hoff global fitting method, presented in this chapter, provides a
simple and effective way to reduce uncertainties in phenomenological AHa2PP and
Ka2rr values for binding. Unlike previous methods reported, the van fHoff
method does not fit a mechanistic model directly to the experimental ITC
isotherms. Also it requires no prior assumptions regarding the thermodynamic
equilibria beyond the binding stoichiometry. This method can be applied to any
variable temperature dataset and can be used to determine accurate
phenomenological AHA2PP and Ka2PP values in systems where the underlying
mechanics of binding are unknown. The values obtained can be used to test
possible mechanistic binding models. Additionally, the van f Hoff global fitting
method can be used on any system, because any model, regardless of the

complexity of the underlying coupled equilibria, must obey the van f Hoff relation.
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4 Competing allosteric mechanisms modulate substrate binding in a

dimeric enzyme
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4.0 Preface and contributions

Allostery is a key feature of biological systems in which covalent
modification or ligand binding at one site influences the activity at distant sites in
a macromolecule or macromolecular assembly. Allosteric regulation plays a
central role in metabolism and cell signaling, and has been identified as a source
of new drug targets.157-161 Thus, detailed descriptions of allostery have far
reaching implications. A number of systems have been explained in terms of
mechanistic models, yet allostery takes a variety of forms and many details of
this phenomenon remain unresolved.62-165 This chapter expands upon Chapter
2 and Chapter 3 to develop an allosteric model to describe acetyl coenzyme A
(AcCoA) binding to the antibiotic resistance causing aminoglycoside N-6'-
acetyltransferase-li (AAC(6')-li). Isothermal Titration Calorimetry (ITC) is used to
obtain thermodynamic details, whereas nuclear magnetic resonance
spectroscopy (NMR) and circular dichroism spectroscopy (CD) are used to gain
structural insights. The majority of the work presented in this chapter has been
published and cited as:

Freiburger, L. A. Baettig, O. M. Sprules, T. Berghuis, A. M. Auclair, K;;

Mittermaier, A. K. "Competing allesteric mechanisms modulate substrate

binding in a dimeric enzyme."Nature: Structure and Molecular Biology

2011, 18, 288-294.
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Except for the assignments of the NMR spectra with AcCoA bound, the work
presented in this chapter was performed by myself. The assignment was
completed by Oliver Baettig, a graduate student in Dr Albert Berghuis's lab, with
the assistance of Dr Tara Sprules, Ph.D. These assignments were instrumental
in determining changes in specific regions of AAC(6')-li upon binding AcCoA and

in partially assigning the spectra of the apo-enzyme.

4.1 Introduction

In Chapter 2, the binding of AcCoA to AAC(6")-li was shown to fit a
sequential binding model. Since AAC(6')-li contains two identical subunits, both
of which are able to bind AcCoA,48 the difference between the 2 binding events
was expected to arise from homotropic allosteric cooperativity. Homotropic
allostery involves interactions between a macromolecular system and two or
more identical ligands. Cooperativity implies that binding depends on the ligation
state, i.e. the first ligand is bound with a different affinity than the second, etc.
These behaviours are frequent in oligomeric proteins and many theoretical
models have aims at describing them. For example, as was explained in the
introduction, in the Monod-Wyman-Changeux (MWC) model, ligand binding leads
to simultaneous conformational changes in all subunits of a oligomeric protein,

thereby altering their binding affinities for the next ligand(s).1%8 In the Koshland-
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Nemethy-Filmer (KNF) model, free and bound subunits adopt different
conformations, and cooperativity results from inter-subunit interactions. 61
Recently, Hilser and Thompson (HT) have proposed a model in which allostery is
mediated by coupled folding and binding of adjacent protein domains or
subunits.'66 A key difference between these last two paradigms is that the KNF
model assumes that conformational changes occur only upon ligand binding,
while the HT model explicitly includes conformational equilibria in the unbound
subunits. The MWC, KNF, and HT models are illustrated schematically in Fig.
4 1. Other allosteric models have also involved coupled folding and binding, 167
changes in protein flexibility,168-170 networks of interacting amino acid
residues,%.171 or shifting populations within conformational ensembles.72-175 A
detailed description of the KNF, MWC, and HT models can be found in the

introduction, sections 1.2.2-1.2.4.
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Fig. 4.1: Schematic representation of homotropic allosteric models for a dimeric
protein. O and O correspond to subunits in binding-incompetent, and binding-
competent states, respectively. (a) Monod-Wyman-Changeux (MWC): Symmetry
of the dimer is preserved, so that only OO and LI states are permitted. In the
absence of ligand, both states are populated, while ligand binding forces the
dimer into the IO state. (b) Koshland-Nemethy-Filmer (KNF): Each subunit
converts from the O to the O state only upon binding ligand. (c) Hilser-Thompson
(HT): O and O correspond to the unfolded and folded states, respectively. Each
unbound subunit can populate either the folded or unfolded state, and the folding

equilibrium is influenced by the state of the adjacent monomer.
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Chapter 3 described a global fitting approach which used the van fHoff
relation as a restriction in fitting a variable temperature dataset. This approach
linked a series of isothermal titration calorimetry (ITC) binding isotherms of acetyl
coenzyme A (AcCoA) with the mutant variant aminoglycoside N-(6’)-
acetyltransferase-li (AAC(6°)-li) W164A at a variety of temperatures to a single
set of binding enthalpies (AHa) and association constants (Ka). Also, a
combination of isothermal titration calorimetry (ITC) and circular dichroism (CD)
spectroscopy was shown to describe a linked folding/binding event in AAC(6’)-li
W164A. In this chapter these techniques were applied to the wild type AAC(6’)-li
to characterize the allosteric mechanism of AcCoA binding to this enzyme. This
homo-dimeric enzyme confers bacterial resistance to aminoglycoside antibiotics
by transferring an acetyl group from AcCoA to the 6’-AN position of the drugs.44
The structure of AAC(6’)-li has been solved by X-ray crystallography, with CoA,
AcCoA,46,176-177 or inhibitors'7® bound in the two active sites of the homo-dimeric
enzyme. Chapter 2 showed that AAC(6’)-li binds two molecules of AcCoA with
positive cooperativity, likely reflecting energetic coupling between the active
sites.%® Chapter 3 showed that folding was linked to binding. This chapter shows
that the cooperative interactions vary unexpectedly with temperature, shifting
from positive to negative cooperativity as the temperature is raised. Data from

nuclear magnetic resonance (NMR) spectroscopy is coupled with the
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experimental data gained from ITC and CD to gain additional structural and
mechanistic information. Together these data suggest a novel arrangement in
which an HT-type coupled folding and binding mechanism is superposed onto a
classical KNF-type interaction. This finding provides experimental validation for
the recently-proposed HT paradigm, and to our knowledge, represents the first

example of a hybrid allosteric mechanism.

4.2 |sothermal Titration Calorimetry.

A total of 28 ITC experiments were performed at 8 temperatures ranging
from 10 to 40°C, titrating AcCoA into solutions of AAC(6’)-li (Fig. 4.2 and
Appendix Figure A.2) in 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 2 mmM ethylenediaminetetraacetic acid (EDTA), pH 7.5. Chapter 3
showed the utility of simultaneously fitting experimental isotherms using a van %
Hoff global fit. This approach was used here with the ITC data to improve the
accuracy of extracted binding parameters. In summary, the AH, and Ka of

binding at a variety of temperatures are linked through the van ‘tHoff equation.

6 1n{KA} _ AHA 41
oT  RT?

where T is the temperature for the measured AH, and Ka. As was done in

Chapter 3, the AHA is fit for all the temperatures used for each titration (10, 15,
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20, 25, 30, 34, 37, and 40°C). Only a single Ka is fit at reference temperature (20

°C). The remaining Ka are determined through an integrated form of eq 4.1.
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Fig. 4.2: ITC isotherms of AcCoA binding to AAC(6')-li with the experimental data
(*) fit using the van 't Hoff global appoach (=) at a) 10, b) 15, c) 20, d) 25, e) 30, f)
34, g) 37, and h) 40°C.

1 (T AH,(T
In{K, ()} = In{Ky (To)} + fT 0 D or 42

This method yields apparent equilibrium association constants (Ka12%,

Ka29rP) and enthalpy changes (AHa1277, AHp277) for binding of the first and
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second molecules of AcCoA to the enzyme as functions of temperature (Fig. 4.3
A,B,Table 4.1). At 10°C, Ka2a® > Ka12PP, indicating that the second molecule of
AcCoA binds more tightly than the first and the interaction is positively
cooperative. The difference between Ka22°7 and Ka197¢ decreases as the
temperature increases and the situation reverses to negative cooperativity, Ka2a°

< Ka1@rp, at around 37°C and above.

Table 4.1: ITC-derived association constants and enthalpies of AcCoA binding to

AAC(6")-li
Temperature AHp12pP AHp23PP Ka13pP Kn22rp
(°C) (kcal mol-1) (kcal mol-1) (x104 M) (x104 M)
10 -1.610.2 -4.840.2 13.3£0.3 33.2+0.7
15 -6.01£0.3 -8.210.6 11.91£0.3 27.2+0.5
20 -9.5+0.2 -12.240.3 9.5+0.2 20.1£0.3
25 -15.320.4 -17+1 6.6+0.2 13.11£0.2
30 -15.6+0.1 -28.310.3 4.310.1 6.9+0.1
34 -21.5+0.3 -31+2 2.89+0.08 3.65+0.06
37 -21.7£0.2 -46.710.2 2.05+0.06 1.97+0.04
40 -20.410.5 -84.1£0.4 1.48+0.05 0.71+0.02
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Fig. 4.3: Binding parameters obtained from the van f Hoff global fit of ITC
isotherms of AcCoA binding to AAC(6')-li. This gave A) association constants of
both the first (blue dot) and second (red dot) binding event and B) enthalpies of
binding. Error is given for all values but most uncertainty is smaller than data

points shown.

In many systems, the binding enthalpy depends linearly on temperature
with a slope equal to the difference in heat capacity between the bound and free
forms. Much like the mutant AAC(6’)-li W164A explained in Chapter 3, the wild
type enzyme undergoes a temperature dependent change in heat capacity. For
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AAC(6’)-li, the binding enthalpies for the first and second molecules of AcCoA
(AHa12PP, AHp29PP) exhibit curvature above about 30°C. AHa12eP deviates slightly
upwards, while AHa29°° exhibits a sharp decrease. Curved enthalpy profiles of
this sort are characteristic of systems that populate both an active free form (F)
and an inactive partly unfolded or fully unfolded form (U) that is higher in
enthalpy, within the temperature range studied.'%0.1779 At low temperatures (Fig.
4.3 A,B), almost all protein molecules will be folded in the active F state, and ITC
detects the intrinsic heat of binding, i.e. the difference in enthalpy between the
bound (B) and F states. At high temperatures, free proteins populate the inactive
U state. When ligand is added, the proteins must both fold and bind (U—->F—B)
and AHa@rP contains contributions from both folding and the intrinsic binding
enthalpy. The curvature observed in the enthalpy vs temperature plot is different
between the first and second binding event. This suggests that the folding
events are different between each of the binding events. Shown below, section
4.6, is the curvature in both the AHa1922 and AHa24°° profiles quantitatively
explained by a model involving multiple states with coupled partial unfolding of

the two enzyme subunits.
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4.3 Circular Dichroism spectroscopy.

As described in Chapter 3 for mutant AAC(6')-li, the CD spectrum of wild
type AAC(6’)-li was monitored at 222 nm, from 0.1 to 71 °C in the absence of
AcCoA in buffer conditions which match the ITC titrations (25 mm HEPES, 2 mm
EDTA, pH 7.5). The molar ellipticities ([@]) of both alpha-helices and beta-sheets
are large and negative,148.180 while those of unstructured polypeptides are close
to zero or slightly positive at this wavelength.148.180-181 The CD data show a
sigmoidal decrease in the absolute molar ellipticity from about 35 to 45 °C (Fig.
4.4). Curvature of the ITC-derived binding enthalpies is observed within the same
temperature range. These data are thus consistent with an endothermic
transition from the native free F state to a partly or fully unfolded U state that is
unable to bind AcCoA, at around 40°C. The NMR experiments are performed in
100 mM sodium phosphate (NaPO4), pH 6.5, so these conditions were tested.
The stability of the protein in these conditions was shown to increase the melting
temperature by ~6 °C. To test if this effect was from the different buffer salts, or
higher salt concentrations the [©] of AAC(6')-li monitored in HEPES buffer with
150 mM NaCl. The increased salt concentration increased the melting
temperature by ~6 °C, shown in Fig. 4.4. This confirms that AAC(6')-li is

stabilized by increased salt concentration.
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Fig. 4.4: Change of molar ellipticity ([©]) of AAC(6')-li at 222 nm with increasing
temperature. Several conditions tested to observe change in Tm: ITC buffer
conditions, (25 mM HEPES, 2 mMm EDTA, pH 7.5), [AAC(6')-1i] = 15 um (m),
[AAC(6')-1i] = 45 uMm (*), ITC buffer with 150 mM NaCl, [AAC(6")-1i] = 15 uM (4),
and NMR buffer conditions (100 mm NaPOg4, 2 mm EDTA, pH 7.5), [AAC(6")-li]
15 uM (@).

We investigated whether the AAC(6’)-li dimer fully dissociates when
subunits are in the U state by repeating the CD experiments with the enzyme
concentration reduced by about a factor of three. If unfolding and dissociation are

concurrent, then lowering the concentration by a factor of 3 would be expected to
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RTy?In3
AHy ’

reduce the melting temperature by approximately where AHuy is the

enthalpy of the transition at the midpoint temperature, Tu. Using the values
obtained from the joint ITC/CD fitting described below, this predicts a reduction in
the midpoint temperature of 2.7°C. However, the two CD traces are nearly super
imposable and yield midpoints that differ by only about 0.1°C, shown in Fig. 4.4.
Therefore, the transition to the U state does not involve the complete loss of
structure and dissociation of the subunits, but rather involves partial unfolding
that leaves the dimer intact. This is supported by the observations that the
enzyme elutes from size-exclusion chromatographic columns as a dimer, even in
dilute solutions, and that binding cooperativity is not affected by protein
concentration, as shown in Chapter 2.55 From CD we observe that the enzyme
undergoes a conformational change beginning around 30°C. This is the same
temperature range which we observe the nonlinear dependence of binding

enthalpy, and suggests that it is a folding event which is linked to binding.

4.4 Nuclear Magnetic Resonance spectroscopy.
4.4.1 Structural assignment of spectra

NMR is an ideal technique to study structural changes upon binding, and
can detail structural information of partially saturated macromolecules. Two

dimensional 'H/'SN NMR correlation spectra are can provide information about
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backbone structure of the protein. The backbone of proteins contains a series of
amino acids linked together by amide bonds, and each non-proline residue
contains an N-H bond. Therefore, information of the chemical environment can
be gained for almost every amino acid in a protein. Two-dimensional 'H/15N
heteronuclear single quantum correlation (HSQC) NMR experiments of AAC(6)-li
in the free (apo) and ligand-saturated (holo) forms provide evidence that large
structural and dynamical changes accompany AcCoA binding (Fig. 4.5 and Fig.
4.6). This confirms that the enzyme undergoes a conformational change linked
to binding. The apo-spectrum contains only about 137 distinguishable backbone
amide peaks, 60 of which are baseline-separated, while 172 signals are
expected (Fig. 4.5a). The remainder of the signals are either located in a highly
overlapped region in the center of the spectrum, or are absent altogether,
possibly due to dynamical broadening or rapid hydrogen exchange with water. In
contrast to the free form, the spectrum of the AcCoA-saturated enzyme is typical
of a folded globular protein, containing about 166 well-resolved backbone amide
resonances, 89 of which are baseline-separated (Fig. 4.6a). This suggests that in
the absence of AcCoA, much of the protein is highly mobile or partially
disordered, while a few ordered regions give rise to a number of well-dispersed
signals. AcCoA binding to AAC(6’)-li occurs on a slow timescale (ms-s), so both

the apo and holo peaks were present at the same time under partially saturating
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conditions. As a result, it was not possible to assign the NMR signals of the apo
enzyme directly. Nevertheless, we were able to transfer 32 assignments from the
holo to the apo spectrum through two methods. First, it was assumed that peaks
which are largely superimposed between the apo and the holo state are from
residues which maintain a similar chemical environment between the apo and
holo states. Second, a 2D exchange spectroscopy (EXSY) experiment’82 was
used to link together peaks between the apo and holo state in a partially
saturated sample. If a residue is exchanging between two chemical
environments, then there are two separate NMR signals. In these 2D NMR
experiments, magnetization is transferred from the 15N to the 'H during a period
known as the mixing time. The EXSY experiment adds a delay after the
magnetization transfer. If a residue is exchanging on a timescale similar or faster
than the delay time, then cross peaks appear for these two signals. In a partially
saturated sample, the protein exchanges between the apo and holo states, so
through this experiment several apo and holo signals developed crosspeaks
(Appendix Figure A.3). From these crosspeaks, several apo peaks were
assigned. On average, one in every 6 residues in the apo spectrum of AAC(6’)-li
was thus assigned by either superimposed apo and holo peaks or through EXSY
crosspeaks. Therefore, it is significant that a stretch of about 46 residues, from

105 to 150, gives rise to no assigned peaks (Fig. 4.5 and Fig. 4.7 (red)). This
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region is thus expected to undergo extensive dynamical broadening in the free

form of the enzyme. The NMR measurements were performed under stabilizing

conditions of higher salt so the free subunits are almost entirely in the F state.

The U state, which predominates at higher temperatures, is presumably even

less structured.
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Fig. 4.7: X-ray crystal structure of the enzyme (PDB 2A4N"76) bound to CoA
(sticks) with blue spheres indicating the locations of residues with assigned
cross-peaks in apo spectra. The backbone is color-coded according to the
distance in the 1° sequence (n) from the nearest assigned residue according to
1=n=2 (light blue), 3=n<5 (white), 6<1<10 (pink), 7>10 (red)

Information on the conformational transition from the active free (F) to the
bound (B) states can be obtained from a comparison of the apo and holo spectra.
Several of the well-resolved apo-peaks change their chemical shift upon addition
of AcCoA (for example Leu56, located 15 A from the active site). This strongly
suggests that the free enzyme adopts a distinctly different configuration than that

of the bound enzyme. It is unlikely that dynamical broadening in the unbound
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enzyme is due to excursions between the F and B conformations in the absence
of AcCoA. Millisecond-timescale exchange between the F and B conformation
would preferentially broaden signals whose chemical shifts change the most
upon AcCoA binding. However, this is not observed. We therefore conclude that
the population of B-type conformations in the absence of AcCoA is below our
detection limit (=1%). As discussed above, only a relatively small number of
spectral assignments could be obtained for the unbound enzyme. Thus, in order
to map ligand-induced changes onto the protein structure, we calculated
minimum chemical shift differences (Adapp),83 which are defined as the distance
between each holo-peak and the nearest signal in the apo-spectrum. All residues
with large values of Adapp either have very different chemical shifts in the free and
bound forms, or are broadened beyond detection in the free form of the protein.
Large values of Adapp are obtained throughout the protein, notably including
residues located at the interface between the two subunits and near the bound
AcCoA (Fig. 4.8). This suggests that binding AcCoA leads to remodelling of
subunit interactions, and provides some insight into the mechanism for allosteric

communication between the two active sites, as discussed below.
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Fig. 4.8: Apparent minimal chemical shift differences

(A8 app = \/ (10 - A52E)” + (a825))°) between the free and bound states, mapped

onto the X-ray crystal structure (PDB 2A4N'76). Backbone amide nitrogen atoms
are indicated with spheres for one subunit of the dimer and colored according to
Ad2pp<0.5 ppm (white), 0.5=Adapp<1 (light yellow), 1=A8app<2 (yellow), 2<Adapp<4
(orange), 4<Adapp (red). Unassigned residues, including prolines, are indicated

with gray spheres.

4.4.2 HSQC NMR titration

A series of two-dimensional protein NMR spectra was recorded as AcCoA
was titrated into a sample of AAC(6’)-li (Appendix Figure A.4). In what follows,
apo and holo are used to describe peaks appearing in NMR spectra of the
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AcCoA-free and AcCoA-saturated protein, and 0-bound, 1-bound, and 2-bound
to describe the various ligated states of the enzyme. Binding occurs slowly on the
NMR chemical shift timescale, so both apo and holo peaks are simultaneously
visible in spectra collected midway through the titration when the enzyme is only
partially saturated. The expected fraction of enzyme in the 0-bound (fy), 1-bound
(f7), and 2-bound (f2) forms may be calculated based on the known
concentrations of AcCoA used in the titration and the binding parameters
determined by ITC (Fig. 4.9a). The value of f7is predicted to increase to about
30% at partial AcCoA saturation, before decreasing at higher ligand
concentrations. Notably, we do not observe any signals in the spectra that follow
this pattern of intensities. We conclude that all signals from the 1-bound form
either coincide with those of the 0-bound or 2-bound states (i.e. contribute to the
apo and holo peaks or are located in overlapped regions) or are dynamically
broadened beyond detection. The exchange between these two states occurs at
a slow timescale (~seconds). Millisecond-timescale exchange between F-type
and B-type configurations would preferentially broaden signals whose chemical
shifts change the most upon AcCoA binding. In order to discriminate between
these two possibilities on a peak-by-peak basis, we developed a joint analysis of
the NMR and ITC data. The intensity profile of each well-resolved apo and holo

peak was fitted using the sets of ITC-derived fp, /7, and f2values, adjusting only
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the relative contribution of the 1-bound state to the apo or holo peak as follows:
the initial intensity of each apo peak was normalized to 2, and the final intensity
of each holo peak was normalized to 2. Peak intensities throughout the titration
were calculated as [ot2P° = 2xfp + f7112°° and [iothole = f7l4holo + 2xf> The values of
11@pe and [4holo were optimized for each apo and holo peak, respectively. Excellent
agreement was obtained with all NMR titration data (Fig. 4.9b and Appendix
Figure A.5-8). The value of |1aro or [41holo thus quantifies the contribution of the 1-
bound form to each signal, relative to that of a single subunit of the 0-bound or 2-
bound form, respectively. The 62 values of [4"0lo cluster about a value of 1 (Fig.
4.9c¢). This strongly suggests that a single subunit of the 1-bound enzyme
resembles those of the 2-bound state, and produces a set of signals coincident
with the holo spectrum. The 10 values of I141aP° are more heterogeneous, ranging
from 0 to 1. The presence of five peaks with l1aro significantly greater than zero
suggests that the unbound subunit in the 1-bound enzyme may somewhat
resemble those of the 0-bound form, and produces some signals coincident with
the apo spectrum. The five values of /1aP° close to zero could result from
increased dynamical broadening, hydrogen exchange with solvent, or movement

of peaks to overlapped regions of the spectrum.
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Fig. 4.9: Analysis of NMR titration data of AAC(6')-li with AcCoA. (a) Fraction of
the enzyme in the 0-bound (red), 1-bound (blue), and 2-bound (green) states
determined by ITC. (b) Intensities of the apo (yellow points, dashed red line) and
holo(green points, solid blue line) peaks for L56 as a function of [AcCoA]. The
intensities were analyzed to extract the relative contribution of the 1-bound
enzyme to the signals (/1aro.nolo) as described in the text. The lines correspond to
the optimized theoretical intensities. (c) Histograms of the relative contribution of
the 1-bound enzyme to apo (/427°) and holo (/1h°'°) peaks in titrations of AAC(6’)-li
with AcCoA.
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The relaxation rate of the transverse magnetization, known as Ry, is
dependent on the relative dynamics of the nucleus studied. Protein with
increased large scale motions in the ms timescale may have a higher R2. R2
values were measured for the protein in different ligated states: free, partially
bound, and fully saturated. The apo state has elevated R2s compared to the
partially and fully saturated protein. This is likely due to the unbound protein
rapidly sampling many different conformational states at ms-us. This exchange
causes dephasing of the transverse magnetisation and leads to exchange
broadening in the signals and increases the relaxation rates. Meanwhile the
bound subunit adopts a specific conformation reducing its Ros by eliminating the
exchange broadening. The partially saturated protein has slightly elevated Ros
for the holo signals compared to fully saturated AAC(6')-li. This increased
relaxation is likely due to the protein in the 1-bound state has more dynamics at
the ms timescale compared to that of the 2-bound saturated enzyme. Due to the
lack of unequivocal data, no specific model is proposed for the unbound subunit
of the 1-bound enzyme, and it will be referred to as the F’ state, to distinguish it

from the F subunits of the 0-bound state.
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Fig. 4.10: Rz values of each amino acid at different saturation states: Free
protein apo peaks (green triangles), partially saturated apo peaks (yellow circles),

partially saturated holo peaks (red square), and saturated (blue diamond).

The titration intensity analysis provides a basis for discriminating between
the classical KNF16" and MWC158 paradigms (Fig. 4.1a,b). The KNF model
predicts that the 1-bound enzyme contains one B-type subunit and one F-type
subunit. Values of 11are and [1hole should thus both be close to 1. This
corresponds closely to what is observed experimentally, although some values of
11aro are smaller. In contrast, the MWC model predicts that the 1-bound enzyme

contains two B-type subunits and no F-type subunits. Values of /4ar° should be 0,
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while values of /1holo should be close to 2, this is not observed. Given the large
conformational changes exhibited by AAC(6’)-i, it is of interest to understand the
binding reaction pathways, or the sequences of events that occur as AcCoA is
taken up by the enzyme. This process has historically been described by an
“‘induced-fit” model, in which ligands bind weakly to F-type molecules, which
subsequently convert to the tightly-bound B form."'5> More recent work has
focused on a “conformational selection” model, in which ligands bind directly to a
small, pre-existing population of unbound, high-affinity B-type molecules.184-185 |t
has been noted that the conformational selection and MWC models are similar,
since both models invoke small pre-existing populations of unbound B-type
molecules.86 As well, the induced fit and KNF paradigms are similar, and KNF is
sometimes referred to as an “induced-fit” model.62 However, our identification of
a KNF-type allosteric mechanism in AAC(6’)-li does not necessarily imply that
ligands are taken up through an induced-fit pathway. The KNF paradigm
describes binding purely in terms of thermodynamics, and ligands can be taken
up by either induced fit or conformational selection pathways.'6' The
contributions of the two pathways are governed by the microscopic rate
constants for binding and conformational transitions184.186-188 and also by protein
and ligand concentrations.'® Thus it is quite challenging to determine the extent

to which a particular system follows the conformational selection or induced-fit
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binding pathway. We cannot confidently assign either model to AAC(6’)-li, given
the data at hand. Even though we do not observe any F to B transition in the
absence of AcCoA, it does not rule out the B state being present at very minor
concentrations. Discriminating between the KNF and MWC allosteric models is
more straightforward than identifying the binding pathway. According to the MWC
model, the 1-bound enzyme exists in a BB-type conformation (Fig. 4.1a), while
according to the KNF model, the 1-bound enzyme exists in a BF-type
conformation (Fig. 4.1b), irrespective of ligand concentration or the rates of
binding or conformational transitions. Based on the NMR titration data and this
criterion, we can confidently assign a KNF-type model to the interaction of

AcCoA with native AAC(6’)-li.

4.5 Deriving equations.
4.5.1 Concentration dependent melting of dimers

If the dimer dissociates when AAC(6’)-li is in the U state then there will be
a concentration dependent effect on the melting temperature. The dissociation of
the dimers (Kbp) is given by

[M]? 4.3
[D]

where [M] and [D] are the concentration of the protein as a monomer and dimer

KD:

respectively and at the Tm
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M = 2D 4.4
substituting 4.4 into 4.3 gives

4[D]? 4.5
Kp = = 4[D .
and the total protein concentration [P]r is given by
[P]; = M + 2D, 4.6
and substituting 4.4 and 4.5 into 4.6 gives

_Kp  Kp _ 4.7
[Plr = >t = Kp
If the concentration is changed by a factor of Z then
[P;] = Z[P] = Kz = ZK, 4.8

where [P/], K}, [PZ] and K are the protein concentration and dissociation constant
at the initial and final concentration respectively.

If the difference in melting temperatures is only a few degrees K then

T, = Ty, 4.9
SO we can express 4.8 as

—RTy zIn{K;} = —RTy, ;In{ZK;} = —RTy, ;In{Z} — RT, ;In{K;} 4.10
where T,y and T, 7 are the melting temperatures at the respective
concentrations. We know that

—RT In{K} = AH — TAS, 4.11

so 4.11 can be substituted into 4.10 to give

AH — Ty AS = —RTy ; In{Z} + AH — Ty, 4AS, 412
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and simplified to

(TZ - T[)AS = _RTm,Z ln{Z} 413

rearranged to give

T = RTm,Z IH{Z} 414
AS
at Tm
AH = TAS 415

so substituting 4.15 into 4.13 we obtain

T:w 4.16
AH

4.5.2 Allosteric model

The experimentally observable parameters, which comprise the apparent
binding affinities and enthalpies for the first and second molecules of AcCoA as a
function of temperature (Ka12°P, AHa19PP, K a22PP, AHp23PP), were re-cast in terms of
microscopic model parameters, which describe 4 thermodynamic transitions:
binding of the first and second molecules of AcCoA to the native enzyme and
subunit melting in the 0-bound and 1-bound forms.
The microscopic binding constants for the first and second binding event of

AcCoA to AAC(6')-li are defined as

[BF'] 4.17
[FF][X]

Ky =

and
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[BB] _ [BB] 4.18
[BF'][X] [F'B][X]

A2
where [X] is the concentration of free ligand. The equilibrium constant for the

partial unfolding of the 0-bound and 1-bound state is given by

[UF] _ [FU] _[UU] _ [UF] 4.19

YO [FF] ~ [FF] ~ [FU] ~ [UF]

and

[U'B] _[FU'] 4.20

YL [F'B] ~ [FBTY
We denote the total concentrations of protein (i.e. all native and partially
denatured forms) that are unbound, bound in the first subunit, bound in the

second subunit, and fully bound with [PP], [XPP], [PPX], and [XPPX],

respectively. Using these definitions and applying eq 4.17-4.20 we obtain

[PP] = [FF] + [UF] + [FU] + [UU] = [FF](1 + 2Kyo + K{o)

= [FF](1 + Kyo)? 4.21
[XPP] = [BF'] + [F'B] = [BF'] + Ky1[BF'] = K1 [FF][X](1 + Ky1) 4.22
[PPX] = [F'B] + [BF'] = [F'B] + Ky1[F'B] = K1 [FF][X](1 + Ky1) 4.23
[XPPX] = [FF] = Ky, [BF'][X] = Ky [F'B][X] = Kj1K,, [FF] [X]Z 4.24

The apparent equilibrium association constants for the first and second

molecules of AcCoA are then given by the expressions

awp _ [XPP] _ [PPX] _Ku[FF[X](1+Ky) _ . (1+Kyy) 4.5
41 T [PP][X] [PPI[X]  [FF](1+ Kyo)?[X] A1 (1 + Kyo)?

and

awp _ IXPPX]  [XPPX] K41 K4, [FF][X]? _x 1 4.96
42 T [XPP][X] ~ [PPX][X] Ku[FFIIXI(1+KyDIX] ~** (1 +Kyy)
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In Eq. 4.25, the apparent affinity for the first molecule of AcCoA (K,1?) in the
absence of unfolding (Kvo, Ku1<<1) is equal to the intrinsic affinity of the native
protein (K471), as expected. Partial unfolding in the 0-bound state (increasing Kvo)
leads to a decrease in the apparent affinity, since the protein must undergo
energetically-unfavorable folding in order to bind. Somewhat counterintuitively,
unfolding of the unbound subunit in the 1-bound enzyme (increasing Ku1) leads
to an increase in the apparent affinity for the first AcCoA molecule. This can be
explained in terms of a hypothetical system where Kvo<<1<<Kuvz. In this case, the
0-bound enzyme is almost entirely in the FF state, while the 1-bound enzyme is
almost entirely in the BU' state. Binding of the first molecule of AcCoA is
accompanied by unfolding of the unbound subunit, which helps to drive the
reaction forward. In Eq. 4.26, partial unfolding of the unbound subunit in the 1-
bound state (increasing Kv1) leads to a decrease in the apparent affinity for the
second molecule of AcCoA, as expected. The average enthalpy for the 0-bound
enzyme is given by,

Hop = Hyp + —200_ppy 4.27
where Hrris the enthalpy of the native enzyme, AHuwois the change in enthalpy
upon partial denaturation of a single subunit, Kuo/(1+Kuo) is the fraction of

subunits that are partially denatured, and the factor of 2 accounts for the fact that
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both subunits of the 0-bound state can undergo partial denaturation. The average

enthalpy of the 1-bound enzyme is given by

K, K
U1 AHUl = HBF/-I_ u1 AHUI 428

1+ Ky, 1+ Ky

Hypp = Hppx = Hpp +
where Hsr= Hrsis the enthalpy of the native 1-bound state, AHu1 is the change
in enthalpy upon partial denaturation of the unbound subunit, and Kuv1/(1+Ku1) is
the fraction of unbound subunits that are partially denatured. The enthalpy of the
2-bound state is denoted by

Hyppx = Hgp. 4.29

The intrinsic binding enthalpies for the first and second binding event are given

by

AHyy = Hpp, — Hpp = Hpyp — Hpr 4.30
and

AHy; = Hpp — Hpp) = Hpp — Hpyp. 4.31

Combining eq 4.27, 4.28 and 4.30 gives the enthalpy for the first binding event,

given as
KUl ZKUO
AH:fp = Hppx — Hpp = Hxpp — Hpp = AHp; + AHy, 1+ Kyq ~ Ao 1+ Ky 492
and
o = = = Ko 433
AH,," = Hxppx — Hppx = Hxppx — Hxpp = AHp, — AHy; .

1+ Ky,

Each of these transitions is associated with 3 parameters: an equilibrium

constant (K’) and enthalpy change (AH’) at an arbitrary reference temperature
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(7") and the change in heat capacity (AC,). The temperature dependences of

microscopic equilibrium constants and enthalpies are given by

. (AH'1 1y AG T\ T’ 4.34
K{T} =K exp {T <F T) + T(ln (F,) + ? 1)};
and
AH{T} = AH' + ACp(T -T", 4.35

The affinity and enthalpy profiles were relatively insensitive to the choices of
AC,,uo and AC,u1. Therefore both parameters were fixed equal to the value we
have previously determined for a monomeric mutant of AAC(6°)-li in Chapter 3,
2.1 kcal mol-* K-'. The molar ellipticity of the protein was fitted as the population-
weighted average of those of the F and U states, which were assumed to be

linear functions of temperature, according to the expression

[O{T} = ([@] e+ mp X (T — T')) + ([@] +my x (T — T')) 4.36

1+ Ky 1+ KUO

where [B]'F and [@]'u are the molar ellipticities of the F and U states at 7" and mr
and my are the corresponding temperature dependences. Fourteen parameters
(K’A1; AHA1; ACp’A1; K’AZ; AH’AZ; ACp,AZ: K’UO; AH UO; K’U17 AH’U17 [®]'F7 mF’ [®]’U’

mu) were adjusted to minimize the residual function

2
In{K315}  —In{K:T5} {am7o} - {aHT5) D\ 437
RSS = Z e + Z -
n{KAl 2 {AHAl,Z

exp

Z ([9 exp calc>2
+ )
9] exp

where the sums run over all data points.
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4.5.3 Calculating theoretical ITC isotherms

As was explained in Chapter 2, given the apparent association constants
(Ka12rp and Ka297P) and enthalpies (AHa14°° and AHa22°P) for binding of the first
and second molecules of AcCoA to AAC(6’)-li, the initial concentrations of
enzyme ([P]o), and ligand ([X]o), and the working volume of the cell (Vo), a
theoretical ITC isotherm can be calculated. The heat released or absorbed (AQ)
for injection i is dependent on the fraction of protein singly (f1) and doubly (f2)

bound.

4.5.4 Calculating fractions of AAC(6°)-li in the 0-bound, 1-bound, and 2-bound
states
Given the apparent association constants (Ka12°? and Ka22ep) for binding of
the first and second molecules of AcCoA to AAC(6’)-li as well as the total
concentration of enzyme ([P]7) and AcCoA ([X]7), the fractions of protein in the O-

bound, 1-bound, and 2-bound states (fo, f1, f2) can be determined by

£ = 2K, 7P [X] 4.38
VUL 2K L [X] + KPP KPP [X]2

and

; Kitb - Kb - [X]7 4.39
2

T 1+ 2K7P [X] + KPP KPP [X]2
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Chapter 2 describes the expressions used to determine the concentration

of free AcCoA ([X]) throughout the titration.

4.5.5 Global Fitting of ITC isotherms

Each ITC isotherm can be fit individually to five adjustable parameters: the
apparent association constants (Ka13PP and Ka22PP) and enthalpies (AHa12PP and
AHp227P) for binding of the first and second molecules of AcCoA to AAC(6’)-li, and
the initial enzyme concentration ([P]o). Individual fits of the entire 28-isotherm
dataset therefore contain a total of 140 adjustable parameters. Through globally
fitting the isotherms to a single set of binding parameters the number of
adjustable parameters can be reduced to 46. Chapter 3 showed that the
accuracy of the fits can be improved by using the van't Hoff global fitting scheme
that makes no assumption regarding the underlying allosteric mechanism. In this

approach, the van ‘t Hoff expression,

OIn{K, 77} _AH.T) 4.40
aT RT? '’

is used to constrain the values of AHa1,297° and Ka1,29°° within the global fits. The
binding enthalpies, AHa12"”, are optimized at each experimental temperature
(7;), while association constants are fitted only at a single temperature (7o). The
remaining Ka1,22PP values are obtained from the set of AHa1,22PP(7}) and the

integrated form of Eq 4.40.
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1 (Ti AHPP(T
{51} = iy )+ % [ 202D g 44t
To

The last term in Eq 4.41 is evaluated by trapezoidal numerical integration,
in which the function AHa1,2?(T)/T? is approximated by a series of straight lines

connecting the experimental AHa12""(T})/T/2 points, leading to the expression:

J

T, (MM AHIPR(T)
In(KETE(T)) = n{KEED )+ g S 4.42

i=1

In this approach, 28 values of [P]o are optimized (one for each isotherm), 8
values of AHa1aPP and AHa22PP are optimized (one pair of enthalpies for each
temperature), and only a single value of K, 77 (T,) and a single value of K, 27 (T,)
are fitted, at a reference temperature To. The values of K,77(T;) and K27 (T;)at
the remaining seven temperatures are obtained using Eq 4.42. The 46 adjustable

parameters were varied to minimize the residual sum of squared deviations,

RSS = > (AQWeae = B0Dery)’, 4.43

1

where the sum runs over all injection heats in all ITC experiments. The AQ(i)calc
values were calculated from the 46 adjustable parameters by computing 1) the

14 association constants at the seven remaining temperatures using Eq 4.42; 2)
the total amounts of enzyme and ligand at each point of each isotherm using; 3)
the concentrations of free ligand at each point of each isotherm; 4) the fractions

of 0-bound, 1-bound, and 2-bound states (fo, f1, and f2) at each point of each
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isotherm using Eq 4.38 and 4.39; 5) the heat released during each injection

(BO(7))-

4.5.6 Error Calculations
Uncertainties in the parameters extracted from the global fit were

determined using the covariance matrix similarly described in Chapter 2, given

by:131-132

A~ RSS ~a~ ~\—1 4 44

V=—+(XWX :
o5 (XWX)

where X is a matrix of the first derivatives of the differences between the 756
calculated and experimental injection heats, AAQ(i) = AQ(i)caic - AO(i)exp, With
respect to each of the 46 adjustable parameters, A4 7.4 evaluated numerically at

the values of the optimized binding parameters:

dAAQ(1) dAAQ(756) 4.45
94, 94,
X = : : )
dAAQ(1) dAAQ(756)
aA% aA46

W is a 756x756 diagonal matrix of the fitting weights for all data points (all equal
to 1), RSS is the sum of the residual squares (Eq 4.43) and DFis the degrees

of freedom for the fit (710). The diagonal elements in VV are the variances of the
optimized binding parameters, while the off-diagonal elements describe

correlations between the errors of the extracted parameters.
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The uncertainties in those affinity constants obtained by trapezoidal
integration (K15 (Ty..T,); Eq 4.42 and in the parameters extracted from fits of the
allosteric model were computed from the covariance matrix using a Monte Carlo
approach. 104 sets of 18 binding parameters, 4.1s, comprising the apparent
affinities at the reference temperature, Kffé’(To), and apparent enthalpies at all
temperatures, AH,} 5 (T,..T;), were generated with the appropriate distributions of
random errors according to:189

MC exp
A7 A &

=| ¢ |+L

Mc exp
A18 A18

4.46

€18

where ¢ are random numbers distributed with means of 0 and a standard
deviations of 1. L is the lower triangular matrix from Cholesky decomposition
satisfying

VI

LL 4.47
where [’ is the transpose of L, and Vv’ corresponds to the portion of the
covariance matrix describing uncertainties in the affinities and enthalpies (i.e.
omitting portions related to uncertainties in fitted [P]o values). The 104 sets of
Monte-Carlo binding parameters were used to generate 104 sets of 14 affinity
constants (K, (Ty..T,)) with Eq 4.42. The standard deviations in the values
were taken as the experimental uncertainties. The allosteric model described in
the text was fitted to the 104 Monte Carlo datasets (including affinity constants

obtained by trapezoidal integration), yielding 104 sets of model parameters (Ka1,
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AHa1, AC, a1, Kaz, AHp2, AC, A2, Kuo, AHuo, Ku1, AHu1). The standard deviations in

the parameters were taken as the experimental uncertainties.

4.6 Thermodynamic Description of Allostery.

Temperature-dependent allostery in AAC(6’)-li can be explained by a
model comprising a hybrid of the KNF and HT paradigms (Fig. 4.12). The ITC,
CD, and NMR data indicate that each subunit of the enzyme can exist in at least
3 (likely more) distinct conformational states. Disordered conformations are
increasingly prominent as the temperature is raised, although a dimeric form is
retained. We have represented this as the transition of each subunit from a
native free (F) form to a partially unfolded (U) form. The free enzyme can
therefore exist as a mixture of FF, FU, UF, and UU states. Under conditions
where the enzyme is entirely in the FF state, subunits undergo a large
conformational change when AcCoA is bound (we assume that this
conformational change does not occur to a significant extent in the absence of
AcCoA, as discussed above). This can be represented as transitions from the F
state to a bound (B) state. Under stabilizing conditions, the 1-bound enzyme
contains one subunit in the B form, and another that somewhat resembles the O-
bound state, i.e. BF’ and F’B. The free subunit (F’) also melts, since the

temperature profile of AHa2977 is curved. For the sake of generality, we will refer
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to the unfolded subunit in the 1-bound enzyme as U’ to distinguish it from
unfolded subunits of the 0-bound enzyme. Therefore a full description of the 1-
bound enzyme includes the states BF’, BU’, F’'B, and U’B. The 2-bound enzyme
exists simply as BB. The ITC data show that the thermal unfolding transition
depends upon the conformational state of the adjacent subunit (i.e. FF—>FU =
BF'—»BU’ ). This conclusion is based on a simple calculation, equations 4.31 and
4.32, showing that if the thermal transition of each subunit were unaffected by its
neighbor, both AHa14¢ and AHa22°° would exhibit identical curvature, which is not
the case (Fig. 4.11b). We therefore employed a model in which all thermal
transitions of the 0-bound state are thermodynamically equivalent and the
thermal transitions of the 1-bound state are different. The assumption that
subunits partially unfold independently in the 0-bound enzyme (FF—FU =
UF—UU) is almost certainly an over-simplification. However, a more realistic
description of subunit unfolding would require additional adjustable parameters.
This simple model provides excellent agreement with the data (see below). Any
additional folding parameters would therefore be ill-defined by the data. The
parameters extracted using this simple model provide effective measures of
subunit unfolding, even though the process is likely more complex in reality.
Temperature-dependent allostery in this protein is thus described by 12

microscopic thermodynamic parameters. Equilibrium constants, enthalpy and
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heat capacity changes are associated with the first (FF—F'B, FF—>BF’) and
second (F’'B—»BB, BF°—BB) binding events, as well as thermal transitions in the
0-bound (FF—»FU, FF—UF, FU—-UU, UF—UU) and 1-bound states (BF'—BU’,
F’B—U’B). In addition, the linear CD baselines of the F and U states are each
described by two parameters (slopes and vertical positions). These parameters
were fitted to the combined ITC and CD dataset, as reported in Table 4.2. The
lines in Fig. 4.11 are derived from these optimized thermodynamic parameters,
and show excellent agreement between the model and all experimental data,

even capturing the slight upward curvature of AHa19~.
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1: Temperature dependence of AAC(6’)-li binding thermodynamics and

ary structure. (a) Equilibrium association constants for the first and

molecules of AcCoA, plotted as a function of temperature. Solid lines

correspond to the best fit obtained with Eqgs. 4.17 to 4.37. Dashed lines indicate

the predicted affinities in the absence of thermal melting of the subunits. (b)

Binding enthalpies of the first and second molecules of AcCoA. Inset shows the

fraction

of free subunits that are melted in the 0-bound and 1-bound forms. (c)

Molar ellipticity (222 nm) of AAC(6’)-li as a function of temperature. Dashed and

dash-dot lines correspond to the pre- and post-transition baselines, respectively.
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Table 4.2: Thermodynamic parameters describing allostery in AAC(6’)-li binding
AcCoA at 37°C

K'a1 (x104 M-1)a 2.1 +0.1 AH'yo (kcal mol-1)k -71 +7
K'a2 (x104 M-1)b 2.8 +0.1 AH'ys (kcal mol?)! -93 16
K'uo® 0.20 +0.06 | AC,a1 (cal molt K-1)m -790 +40
K'uy1d 0.38  +0.07 | AC, a2 (cal mol-t K-1)n -820  £30

AG'a1 (kcal mol-t)e | -6.13  £0.03 | AC,,uo (cal mol-! K-1)o 2100 NA

AG'p2 (kcal mol')f | -6.32 £0.02 | AC,u1 (cal mol! K)o 2100 NA

AG vo (kcal mol-)s | 1.0 +0.2 [O]'F (deg cm2 dmol-1)p -7600 £200

AG'u1 (kcal mol-)r 1 0.6 0.1 [O]'v (deg cm2 dmol-1)a -4040 +£20

AH' a1 (kcal molt)i | -22.9  +0.8 mr(deg cm2 dmol-' K-y | 54 +3
AH'p2 (kcal molt) | -28.1 0.8 mu (deg cm2 dmol-'K-1)s | 8 +2
T=37°C

agquilibrium association constant for the native (non-melted) enzyme and the first AcCoA molecule
bEquilibrium association constant for the native (non- melted) enzyme and the second AcCoA molecule
¢Equilibrium constant for subunit melting in the 0-bound enzyme

dEquilibrium constant for melting of the unbound subunit in the 1-bound enzyme

eFree energy change upon binding of one molecule of AcCoA to the native (non- melted) 0-bound enzyme
fFree energy change upon binding of one molecule of AcCoA to the native (non- melted) 1-bound enzyme
9Free energy change upon melting of a single subunit in the 0-bound enzyme

hFree energy change upon melting of the unbound subunit in the 1-bound enzyme

iEnthalpy change upon binding of one molecule of AcCoA to the native (non- melted) 0-bound enzyme
iEnthalpy change upon binding of one molecule of AcCoA to the native (non- melted) 1-bound enzyme
kEnthalpy change upon melting of a single subunit in the 0-bound enzyme

'Enthalpy change upon melting of the unbound subunit in the 1-bound enzyme

mHeat capacity change upon binding of one molecule of AcCoA to the native (non- melted) 0-bound enzyme
nHeat capacity change upon binding of one molecule of AcCoA to the native (non- melted) 1-bound enzyme
°Heat capacity change upon subunit melting. These values were fixed at the value obtained for a monomeric
mutant of AAC(6’)-li

PCD molar ellipticity of a native (non- melted) subunit

aCD molar ellipticity of a melted subunit

"Temperature dependence of the molar ellipticity of a native subunit

sTemperature dependence of the molar ellipticity of a melted subunit
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Fig. 4.12: Schematic representation of the allosteric binding model. B

corresponds to the bound state. F(F’) and U(U’) correspond to the free folded
and partially unfolded states that are adjacent to a free (bound) subunit,
respectively. Transitions involving the symmetry-related F’B and U’'B states are

not shown.

4.7 Discussion

The energy of AAC(6°)-li binding to AcCoA can be separated into two
distinct contributions, based on the parameters extracted in the global fit of ITC
and CD data (Fig. 4.11 and Table 4.2). The first component corresponds to the
intrinsic binding affinity of the native dimer for AcCoA, while the second arises

from partial unfolding of the subunits. In order to address the first component, the

~ 165 ~



Chapter 4

intrinsic ability of the dimer to bind AcCoA in the absence of F—»U and F'—»U’
transitions can be predicted based on the model parameters, even for
temperatures where the U and U’ states are prevalent (dashed lines in Fig.
4.11a). The calculations show that the dimer binds with inherently positive
cooperativity across the entire temperature range studied, although the intrinsic
positive cooperativity should disappear at about 48°C due to the temperature
dependences of Ka1 and Ka2. According to the NMR data, when the 0-bound
enzyme binds a single molecule of AcCoA, a single subunit converts from the F
to the B state. This is consistent with a classical KNF explanation of allostery.161
We hypothesize that binding of the first ligand (FF—BF’) is opposed by disruption
of the FF interface, while binding of the second (BF°—BB) is promoted by
formation of the BB interface; the symmetry of the FF and BB interfaces likely
make them more stable than the F’B interface of the 1-bound state.190

The low intensities of some NMR signals for the free subunit in the 1-bound
enzyme (F’) suggest that it may undergo additional dynamics beyond those
already present in the F state. In fact, modulation of protein dynamics can
provide a powerful driving force for protein allostery.168-170 |t is possible that the
intrinsic positive cooperativity of the AAC(6’)-li dimer derives from a combination
of these two effects. This idea is supported by the extracted thermodynamic

parameters (Table 4.2). Compared to binding the first molecule of AcCoA,
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binding the second is enthalpically more favorable (AAHA=-3.4 kcal mol-' at
10°C), consistent with the formation of additional contacts, and entropically less
favorable (AASA=-10 cal mol-' K-1 at 10°C), consistent with the dampening of
internal motions.

The unbound subunits undergo partial unfolding as the temperature is
raised. The process is endothermic and entropically favored as would be
expected, AHy = 71, 93 kcal mol-* and ASu = 230, 300 cal mol-* K-' at 37°C in the
0-bound and 1-bound states, respectively. The model used makes the
assumption that each subunit folds and unfolds independently of the second
subunit so that FF—FU is equivalent to UF—>UU. However, the ligation state of
the enzyme alters the stability of the subunits, and the model predicts that
subunits are slightly more stable in the context of the 0-bound compared, FF,
then the 1-bound state, BF', with melting temperatures of 41.2 for FF—FU and
39.0 °C for BF*—»BU'. At 37°C, Kuo=[FU)/[FF]=0.20, while Ky~=[BU’]/[BF’]=0.38.
This difference in stability may be related to disruption of the symmetrical FF
subunit interface when the first AcCoA molecule is bound. At higher
temperatures, this destabilization leads to partial unfolding of the unbound
subunit of the 1-bound enzyme (BF’—BU’), with a concomitant reduction in
affinity for the second AcCoA molecule (Ka2°) and a shift towards negative

cooperativity. At lower temperatures, the unbound subunit is sufficiently stable to
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remain in the active (F’) state, and the intrinsic positive cooperativity of the native
dimer dominates. This effect represents a modification of the HT (coupled folding
and binding) model of allostery (Fig. 4.1¢).166 In the HT model, ligand-induced
folding of one subunit alters the folding equilibrium of the adjacent subunit. In
AAC(6’)-li, each subunit can adopt at least three distinct conformational states,
and it is largely the F to B transition that modulates partial unfolding of the
adjacent subunit.

The modulation of folding/unfolding equilibria is emerging as a sensitive
and versatile mechanism for connecting distant sites in proteins.167.191-193 |n
AAC(6’), ligand binding in one subunit triggers a change in the subunit interface
that promotes partial unfolding of adjacent subunit, conveying a homotropic
allosteric signal and modulating ligand binding. An important consequence of the
HT model, and folding-mediated allostery in general, is that control of
cooperativity can be shared by many or most residues in a protein, even those
located far from subunit interfaces or the active sites themselves, provided that
these residues influence subunit stability.66 This view of allostery as a
decentralized process contrasts sharply with other studies in which it has been
explained in terms of specific networks of relatively small numbers of interacting
residues.?.171 [n AAC(6’)-li, a negatively cooperative HT mechanism opposes the

intrinsic positive (KNF) cooperativity of the native dimer. To our knowledge, this
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is the first reported observation of such an intertwined phenomenon.
Interestingly, the presence of these competing allosteric mechanisms leads to
additional properties beyond those of either the KNF or HT models alone. In the
original HT model, the type of the cooperativity (positive or negative) is specified
entirely by whether the interaction between the folded domains is favorable
(positive) or unfavorable (negative) with the strength of cooperativity modulated
by the stability of the domains.166 In the hybrid KNF-HT mechanism exhibited by
AAC(6’)-li, both the sign and the magnitude of cooperativity can be modulated
simply by changing the stability of the subunits. Allostery in such systems can be
defined by three parameters: the intrinsic cooperativity coefficient of the native
dimer, an=Ka2/Ka1,1%4 the equilibrium constant for melting in the 0-bound state,
Kuo, and the ratio of melting equilibrium constants in the 1-bound and 0-bound
forms, ¢=Ku1/Kuo. The apparent cooperativity is then given by the expression:
Aapp = Aine(1 + Kyo)?/ (1 + @Kyo)?. 4.48
Even if both ais and @ remain constant, the apparent cooperativity can vary from
positive (aapp>1) to negative (azpp<1) depending only on the intrinsic tendency of
the subunits to partially unfold, Kuo. At 37°C, global fits of AAC(6’)-li data give an
intrinsic cooperativity coefficient, ain=1.3, and a ratio of thermal melting
constants, ¢=1.9. Cooperativity can therefore vary between weakly positive

(aapp=1.3) to weakly negative (azp,~0.36) for Kyo<<1 and Kuo>>1, respectively
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(Fig. 4.13a). Interestingly, dynamic range of up to six orders of magnitude in aapp
can be achieved if Kuo varies between 104 to 102 and a;n=¢=1024 (Fig. 4.13b).
Several important lessons can be drawn from AAC(6’)-li as a model system. It
represents one of the clearest examples to date of a system following the HT
coupled folding/binding allosteric model. It provides proof-of-principle for
competition between simultaneous positive and negative cooperative
mechanisms, and suggests a scenario in which the sign of cooperativity can be
modulated simply by altering subunit stability. Finally, aspects of the approach
we took to characterize this enzyme have the potential to be quite useful in future
studies of allostery. The van 't Hoff global fitting approach, which was described
in Chapter 3, significantly reduces the scatter in the extracted AHa%° and Kaarp
values obtained for the variable-temperature ITC data, and permits definitive
characterization of coupled folding and binding (fits using non-global methods are
shown in Appendix Figure A.9). Simultaneous analyses of variable-temperature
ITC and CD data have been performed previously,7® but to our knowledge this
the first application of this method to study homotropic allostery. In addition, the
combined analysis of ITC and NMR titration facilitates characterization of the
spectral properties of the 1-bound protein, even though its signals are not directly
distinguishable. A new form of allosteric regulation has been identified in

AAC(6’)-li by applying calorimetric and high-resolution spectroscopic techniques
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in concert. It seems likely that similar superpositions of MWC, KNF, and HT
allosteric mechanisms will be observed in additional systems as more studies are

performed using this sort of approach.
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Fig. 4.13: Dependence of the apparent cooperativity coefficient (aapp) On subunit
instability (Kuo=[UF]/[FF]) calculated using Eq. 4.48 and (a) the intrinsic
cooperativity coefficient (ain~=1.3) and ratio of melting equilibrium constants
constants (¢=1.9) determined for AAC(6’)-li at 37°C. The circle corresponds to
the Kuo value obtained for AAC(6’)-li at 37°C (0.2). (b) Hypothetical proteins in
which ain=¢=4,16,64,256,1024..
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5. Binding of paromomycin to aminoglycoside A-6'-acetyltransferase-
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5.0 Preface

As previously explained in the earlier chapters, isothermal titration
calorimetry (ITC) is used to study the thermodynamics of molecular interactions
through the direct measurement of heat released or absorbed. The previous
chapters focused on the interactions of aminoglycoside A-G'-acetyltrasferase-li
(AAC(6')-li with acetyl coenzyme A (AcCoA). Allostery was shown to affect the
binding of AcCoA in the two active sites of AAC(6')-1i.62.66-67 Unlike the previous
chapters, the ligand of interest in this chapter is the aminoglycoside. As
explained in Chapter 1, AAC(6')-li undergoes a bi-bi sequential ordered
mechanism first binding AcCoA followed by the aminoglycoside. However,
aminoglycosides are also known to bind to AAC(6')-li in the absence of AcCCoA .45
However, to date there has been no successful attempt to crystallize AAC(6')-li
with aminoglycosides bound. The only structural information available for
aminoglycoside binding is from crystal structures of aminoglycosides chemically
linked to a CoA molecule binding to AAC(6')-li. Methodologies described in
Chapters 3 and 4 are used here to develop an allosteric model for the binding of
aminoglycosides to AAC(6')-li. Data from ITC, nuclear magnetic resonance and
circular dichroism spectroscopy experiments with AAC(6')-li in the presence of
the aminoglycoside paromomycin suggests a different allosteric mechanism

compared to the interaction of this enzyme with AcCoA. The work presented in
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this chapter was performed by myself under the guidance of Dr. Karine Auclair

and Dr. Anthony Mittermaier.

5.1 Introduction

AAC(6')-li consists of two identical subunits. Free in solution, the two
subunits of the homodimer are in equilibrium between a binding competent
folded (F) state and a binding incompetent partially unfolded (U) state. This
equilibrium is temperature dependent and more protein populates the U state as
the temperature is increased. When a subunit binds AcCoA it undergoes a
conformational change from the F state to a bound (B) state to form a FB
complex. The second subunit can bind an aminoglycoside and will form a BB
complex. The two subunits interact with each other and prefer to be symmetric.
This favours the enzyme to adopt either a FF or a BB conformation. The second
binding event is thus favoured over the first binding event, giving rise to positive
cooperativity. This follows the Koshland-Némethy-Filmer (KNF) model in which
individual subunits fold from a free to a bound conformation and cooperativity
results from the inter-subunit interactions,%4 shown in Fig. 4.11. Additionally, the
unbound subunit of proteins in the FB state is destabilized due to the disruption
of the interactions between the two subunits. The FB state will then unfold into

the UB state at a lower temperature compared to free subunits in the FF state.
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The increased prevalence of the U species creates negative cooperativity. This
folding/unfolding equilibrium is reminiscent of the Hilser-Thompson model®8 (HT)
explained in detail in Chapters 1 and 4. A detailed description of AcCoA binding

to AAC(6')-li is found in section 4.6 of Chapter 4.
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Fig. 5.1: Schematic representation of the allosteric binding model. B corresponds
to the bound state. F(F’) and U(U’) correspond to the free folded and partially

unfolded states that are adjacent to a free (bound) subunit, respectively.
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Transitions involving the symmetry-related F’'B and U’B states are not shown.
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This chapter focuses on the interaction of AAC(6')-li with its other ligand,
the aminoglycoside. AAC(6')-li is known to undergo a bi-bi sequential ordered
catalytic mechanism with AcCoA binding initially followed by the
aminoglycoside.#> However, aminoglycosides can to bind to AAC(6')-li in the
absence of AcCoA and produce an unproductive complex.4> This complex must
dissociate for AcCoA to bind and the enzyme reaction to occur. The
aminoglycoside bound AAC(6')-li will be referred to as the unproductive complex
and NMR signals which correspond to this complex will be referred to as
unproductive peaks. Previously, Draker ef al. have reported that
aminoglycosides bind to AAC(6')-li in a cooperative manner. Preliminary ITC
studies and kinetic studies showed that the wild type enzyme binds
aminoglycosides with two non equivalent binding sites. Additionally, the kinetic
studies showed mixed and partial inhibition of dead-end inhibitors which
suggests cooperativity between the two sites.45> The cooperativity observed was
believed to be from the two subunits of the AAC(6')-li dimer interacting, as the
cooperativity is not observed with the monomeric mutant variant AAC(6')-li
W164A.45

Chapter 3 and 4 showed that binding enthalpy (AHa) and binding

constants (Ka) are linked through the van ‘fHoff relation given as,

d 11’1{KA} _ AHA 5.1
0T  RT?
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R=

Paromomycin -OH

Neomycin -NH,

Fig. 5.2: Structure of the aminoglycosides paromomycin and neomycin.195

This relation can be used as a restraint for a variable T dataset and increase the
accuracy in extracted phenomenological (macroscopic) binding parameters.
These binding parameters can then be fit to a mechanistic (microscopic) model
to describe the molecular events involved in binding. The work described in this
chapter employs the methods detailed in Chapters 3 and 4 to study the binding of
an aminoglycoside (paromomycin, Fig. 5.2) to AAC(6")-li. Paromomycin consists
of a 4,5 disubstituted deoxystreptamine ring. Unlike most aminoglycosides, the
6' position consists of a hydroxyl group instead of an amine.’¥5 As a result,
paromomycin is not acetylated by AAC(6')-li, and it is a competitive inhibitor.45

Neomycin is the corresponding aminoglycoside containing a 6'-NH..
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Paromomycin is an ideal probe, as future studies can be performed with
paromomycin in the presence of AcCoA which would form the ternary complex
without undergoing the acetyl transfer reaction. This will allow information on the
ternary state to be obtained, by comparison with data on the unproductive

complex studied in this chapter.

5.2 Isothermal titration calorimetry

Neomycin binding to AAC(6')-li was first compared to paromomycin
binding AAC(6')-li. This verifies that substitution of the 6' amine of the
aminoglycoside substrate with a hydroxyl group does not alter the binding
mechanism. The resulting isotherms (Fig. 5.3) were fit to a 2-site sequential
binding model. The values obtained for both fits are given in Table 5.1. The
binding parameters obtained for neomycin and paromomycin are very similar
with all values having less than 2-fold difference. The differences observed are
unsurprising as it has been previously reported that different aminoglycosides
can have a Km up to 5-fold different from one another.45 The isotherms of
aminoglycosides binding to AAC(6')-li were also compared to that of AcCoA (Fig.
5.3C). Itis immediately apparent that the binding of aminoglycosides differ from

that of AcCoA.
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Table 5.1: Binding parameters of individual fits of paromomycin and neomycin

binding to AAC(6")-li

Aminoglycoside Ka; (M) AH, (kcal M-1) Ky (M) AH,(kcal M)
Paromomycin 3 +2 x 106 -22 + 1 9+2x106 9+1
Neomycin 2+1x106 22 £ 1 6+1x106 -5+1
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Fig. 5.3 Comparing isotherms of paromomycin (A), neomycin (B), and AcCoA
binding to AAC(6")-li at 25°C.

The unproductive complex (i.e. that of AAC(6')-paromomycin) was next
studied with ITC experiments performed in triplicates at 3-5°C intervals between
5 -46 °C (Appendix Figure A.10). Paromomycin was titrated into a solution of
AAC(6')-li for a total of 33 ITC experiments. All the isotherms were fit together
using the van ‘tHoff global fit described in Chapter 3 to obtain the

phenomenological binding parameters for the apparent binding enthalpies (AH,T?
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and AH,Y?) and association constants (K,;7* and K,.") of binding the first and
second molecule of paromomycin to AAC(6')-li. The isotherms with the predicted
fits are shown in Fig. 5.4 with the thermodynamic binding parameters shown in
Fig. 5.5 and Table 5.2:. Again the van fHoff global fitting approach gives good

agreement with the experimental data at all temperatures.

Table 5.2: ITC derived association constants and enthalpies for paromomycin
binding to AAC(6")-li

Temperature AHa12PP AHp23p K 418PP K 423pP

(°C) (kcal) (kcal) (x107 m-1) (x107 m-1)

5 6.9 03 -34 103 97 +0.5 14.6 10.3
10 37 02 -56 102 115 +0.6 12.6  10.3
15 43 02 -67 102 114 +0.6 104 0.2
20 -124 0.2 -86 0.3 8.9 +0.4 83 10.2
25 -23.2 03 -114 103 53 +0.3 6.2  £0.1
30 -32.3 0.3 -111 04 25 +0.1 4.57 +0.07
34 -43.3 04 -17.6 0.4 1.09 +0.06 3.35 +0.05
37 -62.5 +0.6 -22.3 0.7 047 +0.03 245 10.04
40 -74.5 +0.8 -36.1 109 0.16 +0.01 156 *0.04
43 -82 1 -57 +1 0.049 +0.004 0.76 +0.03
46 -94 1 -92 +1 0.0132 £0.001 0.25 0.01

~ 181 ~



Chapter 5

0 5°C 10°C 15°C 20°C

3

=

=

© 34°C 37°C
é A ‘

T 0 2 4
=

80 40°C | 43°C 46°C

o 2 40 2 40 2 4
[Paromomycin]/[AAC(6')-li
Fig. 5.4 ITC isotherms of paromomycin binding to AAC(6")-li at 5, 10, 15, 20, 25,

30, 34, 37, 40, 43, and 46°C. The experimental data (circles) is fit using the van
t Hoff global approach (line).
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The ITC data suggest that the underlying mechanism of binding of
aminoglycosides to AAC(6')-li to form the unproductive complex may differ from
AcCoA binding to AAC(6')-li to form the holo complex. At all temperatures the
isotherms obtained for paromomycin binding to AAC(6')-li differ greatly from
isotherms obtained for AcCoA binding to the same enzyme. Chapter 4 describes
the temperature dependence of binding enthalpy (AHa) and association
constants (Ka ) of AcCoA binding to AAC(6')-li. AcCoA was shown to bind to
AAC(6')-li with positive cooperativity (K;77< K,P?) at lower temperatures, but the
cooperativity decreases and switches to negative cooperativity (K,77> K, 77
when the temperature is increased. Additionally above 30°C the change in heat
capacity (AC,) between the free and bound state of AAC(6')-li increases greatly
due to the thermal unfolding of AAC(6')-li. However, in the case of paromomycin
binding to AAC(6')-li, the negative cooperativity appears to occur at ~15-20°C
with positive cooperativity increasing below and above these temperatures.
Additionally, the binding is endothermic at low temperatures (5°-10° C) for the
first event (AH;*?), but as temperature increases, it becomes exothermic and
increasingly negative. The heat capacity (AC,) is determined from the
temperature dependence of enthalpy. For the first binding event the AC, is quite
large, ~1.3 kcal mol-! K-1, compared to 0.79 kcal mol-' K-1 for the first binding

event with AcCoA. This suggests a greater change in protein structure during
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the first binding event of paromomycin compared to the first binding event of
AcCoA. However, the change in AC, with paromomycin binding follows the same
trend as AcCoA. At lower temperatures the AC, is constant but becomes
increasingly negative at temperatures above 30°C. This suggests that AAC(6')-li
undergoes a similar linked folding and binding event with paromomycin. The
phenomenological parameters obtained through the van Hoff global fit was fit to
the same linked folding and binding model used for AcCoA binding to AAC(6")-li

explained in Chapter 3.

5.3 Coupled folding and binding

Even though the temperature dependence of thermodynamic parameters
describing the binding of paromomycin to AAC(6')-li differs from those of AcCoA
there are some similarities. The value of AH, decreases slowly as T° increases
from 5 to 30°C for the first binding event and remains roughly constant for the
second binding event from 5-30°C. Above this temperature the AC, (slope of AH
vs T°) increases greatly and the temperature dependence of AH, becomes
strongly curvilinear. As this behaviour is similar to that of AcCoA binding to
AAC(6')-li, it is likely explained by the thermal denaturation of AAC(6')-li. The
phenomenological binding parameters were fit to a linked folding and binding

model similar to that described in Chapters 3 and 4 which consist of a folded
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state (F) and an unfolded state (U). Chapter 4 describes a model in which both
subunits of the homo-dimeric enzyme are able to convert between the F and U
state independently of the other subunit. This allows the protein to be in the
following states: FF, FU, UF, and UU. Here again, our results suggest that only
subunits in the F state can bind paromomycin, and for a subunit in the U state to
bind paromomycin, it must first fold to the F state. Microscopic binding
parameters for the linked folding and binding event were obtained through
experimentally observed parameters, AH, TP, AH,P?, KPP and K, T?. In this
model used to explain folding and binding each monomer is able to fold and

unfold. So for each monomer to bind ligand it undergoes the following

U+L3 2F+ L3 —> FL
AHr, AHg and AC,.r, AC, g, are the changes in enthalpy and heat capacity for the
folding and binding steps, while Kr = [F]/[U] and Kg = [FL]/([F][L]) are equilibrium

constants.
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Fig. 5.5: van 'tHoff global fit (circles) of different binding parameters, Ka (A) and
AH (B) for the first (blue) and second (red) binding events. The apparent binding
constants where fit to a temperature dependent unfolding event (solid lines in A
and B). Dashed lines in A predict the affinity constants in absence of thermal
melting. The F—U equilibrium was studied by monitoring molar ellipticity (C) at
222 nm. The folded and unfolded baselines are given by solid and dashed red
line respectively. The fraction of unbound subunits unfolded (D) shows that the
free subunits in the 1-bound state are more stable then the subunits in the 0-

bound state.
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Circular dichroism (CD) was again used to determine the relative
population of AAC(6')-li in the U and F state (Fig. 5.5C). CD spectroscopy can
measure the change in protein secondary structure through monitoring of molar
ellipticity. Proteins rotate the plane of polarized light depending on their
secondary structure. As before (section 4.3), a wavelength of 222 nm was
monitored at increasing temperatures to evaluate the change in secondary
structure from a folded (alpha helices and beta sheets) to an unfolded state
(random coil). The CD results from 0.1-71 °C in the absence of ligand are shown
on 5.5C. At low temperatures the molar ellipticity is around -9000 deg cm?
dmol-' and sigmoidally approaches 0 as the temperature increases. The molar
ellipticity ([®]) can be fit to a population weight average of the F and U state as
was explained in Chapter 4, section 4.5.2. The thermodynamic contributions
from both folding and binding cannot be deconvoluted through ITC alone.’02 The
use of CD spectroscopy allows the separate monitoring of the folding event, so
through fitting together the apparent enthalpies, apparent association, and molar
ellipticity we can obtain the thermodynamic parameters of both binding and

folding events. The best fit values are given on Fig. 5.5 and Table 5.3.
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Table 5.3: Thermodynamic parameters describing allostery in AAC(6')-li binding

paromomycin at 37°C

K'a1 (x107 M-1)a 1.03 +0.08 AS'a1 (cal mol-)m -74 +3
K'a2 (x107 M-1)b 2.8 +0.2 AS'a2 (cal mol-1)n -12 +3
K'uo® 0.448 +0.03 AS'so (cal mol)e -167  +£3
K'yyd 0.112 +0.06 AS’s1 (cal mol-')p -230  +£70
AG'a1 (kcal molt)e  -9.9 +0.8 AC, 1 (cal mol-! K-1)a -1310 +40
AG'a2 (kcal mol-Y)f  -10.6 +0.8 AC, a2 (cal mol-! K-1)r -341  +40

AG’yo (kcal mol-)g  0.49 £0.03 AC,uo (cal mol-! K-1)s 2100 NA
AG'u1 (kcal mol-)r 1.4 +0.7 AC,u1 (cal molt K-1)s 2100 NA
AH a1 (kcal molt)i -32.9 0.9 [®]'F (deg cm2 dmol-1)t -8000 +200
AH'n2 (kcal mol1)i -14.40 +0.8 [®]'v (deg cm2 dmol-1)u -4010 +40
AH'yo (kcal mol)k -525  +0.8  mr(deg cm2dmol'K-1)v 38 +3
AH'y1 (kcal mol-') -70 +20 mu (deg cm2 dmol-'K-)w 7 +2

T'=37°C

a bAssociation constant for the native (non-melted) enzyme for the first and second Paromomycin molecule
¢Equilibrium constant for subunit melting in the 0-bound enzyme

dEquilibrium constant for melting of the unbound subunit in the 1-bound enzyme

e fFree energy change upon binding of paromomycin to the native (non- melted) 0-bound enzyme and 1-
bound enzyme

9Free energy change upon melting of a single subunit in the 0-bound enzyme

hFree energy change upon melting of the unbound subunit in the 1-bound enzyme

i JEnthalpy change upon binding of paromomycin to the native (non- melted) 0-bound and 1-bound enzyme
k IEnthalpy change upon melting of a single subunit in the 0-bound enzyme and 1-bound enzyme

m. nEntropy change upon binding of paromomycin to the native (non- melted) 0-bound and 1-bound enzyme
° PEntropy change upon melting of a single subunit in the 0-bound enzyme and 1-bound enzyme

9 'Heat capacity change upon binding of paromomycin to the native (non- melted) 0-bound and 1-bound
enzyme

sHeat capacity change upon subunit melting. These values were fixed at the value obtained for a monomeric
mutant of AAC(6’)-li

tuCD molar ellipticity of a native (non- melted) subunit and melted subunit repectively

v.wTemperature dependence of the molar ellipticity of a native subunit and melted subunit respectively
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The physical parameters derived from studies of paromomycin binding to
AAC(6')-li differ greatly from those of AcCoA. The intrinsic affinity constants (Ka1
and Ka») are much higher for paromomycin compared to AcCoA, 107 vs 104 M-
(at 37°C). Additionally, at all temperatures studied the model predicts
paromomycin binds AAC(6')-li with positive cooperativity (Fig. 5.5A and Fig. 5.5).
Unlike with AcCoA, the cooperativity of paromomycin binding AAC(6')-li
increases below and above ~18°C. As established in Chapter 4, the unbound
subunits of the enzyme undergo partial unfolding. Thus the model described in
Chapter 4 where each subunit can unfold independently of the second subunit
still holds (FF—FU is equivalent to UF—UU), but unlike with AcCoA, binding of
paromomycin appears to stabilize the unbound subunit of the 1-bound species.
As a result, the Tm of the unbound subunit increases from 313 K to 315.5 K upon
the first binding event. In contrast, binding of AcCoA was found to destabilize the
unbound subunit and decrease the Tm by 2 K. The binding enthalpies (AHa1 and
AHna?) also differ for paromomycin and AcCoA. During AcCoA binding to
AAC(6')-li all binding events are exothermic with the second binding event being
more exothermic then the first one (5-40°C). However, during formation of the
paromomycin-AAC(6')-li complex, the first binding event is endothermic at lower
temperatures (6.9 kcal M1 K- at 5 °C), but becomes exothermic with increasing

temperature (Fig. 5.5B). The first binding event begins more endothermic then
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the second binding event but at around 15°C the first binding event becomes
more exothermic. This is explained by the change in heat capacity of binding (A
Cp.a), Which is much larger for the first than for the second binding events (-1.3 to
-0.34 kcal mol-' K-! respectively). Interestingly, the ACp a1 for paromomycin is
much higher than the ACp a1 for AcCoA, -1.3 to -0.79 kcal mol-' K-' respectively.
It is believed that the change in heat capacity in proteins is dependent on the
changes of exposure of hydrophobic residues to water.196-197 This suggests that
when AAC(6')-li binds the first paromomycin it buries more hydrophobic residues
compared to when AAC(6')-li binds the first AcCoA. Meanwhile, the second
binding event for paromomycin has a lower ACp a2 than AcCoA, -0.34 versus
-0.82 kcal mol' K-1. Therefore, the event which buries the hydrophobic surface
for paromomycin binding occurs mostly during the first binding event. This
suggests that the conformational changes which occur when paromomycin binds
AAC(6')-li are different from AcCoA binding AAC(6')-li, and supports the MWC
folding model. To gain information about the structural changes which occur
during binding of aminoglycosides to AAC(6')-li NMR experiments were

performed.
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Fig. 5.6: Overlay of NMR spectra of AAC(6')-li saturated with AcCoA (Black) or

paromomycin (red) at pH 6.5, 100 mM sodium phosphate.

5.4 Nuclear magnetic resonance spectroscopy

5.4.1 Paromomycin titration
Two dimensional 'H-15N single quantum coherence correlation (2D-

HSQC) spectra of the free (apo) and the paromomycin-saturated (unproductive
complex) forms of AAC(6')-li were obtained in 100 mM sodium phosphate at pH
6.5. These spectra suggest that large conformational and dynamic change occur

upon paromomycin binding AAC(6')-li. The spectrum of the unproductive
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complex contain 164 well-resolved backbone amide resonances, with 77
baseline separated. This is comparable to the AcCoA-AAC(6')-li complex which
has 166 peaks with 89 baseline separated in the same conditions. While many
peaks for both spectra are similar, many peaks also differ (Fig. 5.6). This
suggests that the two bound states adopt different confirmations.

A series of HSQC spectra were also obtained at increasing paromomycin
concentration in the presence of 1N enriched AAC(6')-li (Appendix Figure A.11).
A total of 15 spectra were obtained at 0, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.8, 1.0, 1.25, 1.50, 1.75, and 2.0 mM of paromomycin, in the presence of 600
MM of AAC(6')-li in 25 mMm HEPES, 2 mM EDTA, pH 7.5. This buffer was chosen
because the binding constants obtained with ITC at pH 6.5 differed greatly from
those at pH 7.5. Some peaks disappeared as the pH was increased which is
likely due to proton exchange with the solvent at higher pH. As demostrated for
AcCoA, NMR signals corresponding to the free and paromomycin-bound enzyme
are in the slow exchange NMR regime (>>ms) and are simultaneously present in
partially saturated samples. The maximum intensity observed for all peaks is
around the saturation point of the enzyme (~600 yM paromomycin added to 600
MM AAC(6')-1i). After this point the intensity for every peak decreases linearly
with increasing concentration of paromomycin. Paromomycin is a polycationic

molecule, and AAC(6')-li is negatively charged at pH 7.5 with a pl = 4.6. This
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may cause some non specific charge interactions of AAC(6')-li to the excess
aminoglycosides and may alter the tumbling time of AAC(6')-li in solution. This in
turn would broaden the NMR peaks and decrease their overall intensity.
Additionally, many of the bound peaks migrate a small amount throughout the
titration, but once the enzyme is saturated the peaks remain at the same
chemical shift. Therefore, the change in chemical shift is due to the shift in
population from the 1-bound to the 2-bound state, and not from random non
specific interactions of paromomycin with AAC(6')-li. The intensities of the peaks
were monitored throughout the titration. Unlike the titration of AcCoA, the bound
peaks did not appear concertedly, shown in Fig. 5.8b. Some peaks appear very
early, while others peaks have no measureable intensity well into the titration.
From ITC measurements, we can determine the relative population of each state
at all points throughout the titration. In a slow exchange model the population in
a given state dictates the relative intensities of a peak. However, several of peak
intensities are lower than expected throughout the titration to fit this model.
Additionally, several chemical shifts migrate as the titration progresses. This
suggests that there may be different dynamics between the binding of the first
and second molecule of paromomycin to AAC(6')-li. Chapter 1 described the
effects of dynamics on different NMR timescales. Some additional dynamics

may occur in the intermediate or fast time regime. In intermediate exchange
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models, the observed intensity can be suppressed through additional relaxation
processes such as conformational exchange. Therefore the relative observed

peak intensities may not correlate to the population of each state.
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Fig. 5.7 Overlay of AAC(6")-li titration with paromomycin at 0 (green), 0.2 (black),
0.4 (grey) and 0.8 (red) mM. Several peaks have been expanded to show their

migration at increased concentration of paromomycin
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Fig. 5.8: Change of peak intensity with increasing concentrations of
paromomycin. (A) Peaks corresponding to the apo state with all peak intensity
normalized to 2 at 0 uM of paromomycin. (B) Peaks referring to the unproductive

complex. All intensities were normalized to 2 at 600 uM of paromomycin.
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A possible model to explain these is as follows (Fig. 5.10). Large
conformational changes are likely responsible for the slow kinetics. The first
binding event occurs under the slow time regime, likely due to a large scale
conformational change and ordering. As the conformational changes have
already occurred the second binding event occurs on the fast timescale with
changes in the protein occurring only locally at the active site. Aminoglycosides
are polycationic molecules and will greatly change the chemical environment in
the area around them. As the concentration of paromomycin increases, the
lifetime in the free state decreases, but the lifetime of the bound complex does
not change. This is because kon is a second order rate constant, and the average
lifetime of the free state will be 1/(k,,[Amg]), while ko is a first order rate
constant with the lifetime of the bound complex independent of ligand
concentration. This causes the NMR signals to migrate from the 1-bound
chemical shift to the 2-bound shift as the titration progresses. A fast exchange
model can take this behaviour into account and fit the observed experimental

intensities.

5.4.2 Fast Exchange Fit
This model explains the suppressed peak intensity through fast exchange

between two different states (1-bound and 2-bound). In the 1-bound state, one
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subunit is bound to paromomycin (B) and one subunit is free with a similar
structure to the bound subunit, but has some peaks with different chemical shifts
(B"). Inthe 2-bound state both subunits are bound to paromomycin (BB). The

relative population of each state to each other (1-bound and 2-bound) is given by

05 * fl

S 52
PE =T )

_(05-fi+f3) 5.3
PE= = )

where f1 and f> are population of the 1-bound and 2-bound states to all protein
(apo, 1-bound, 2-bound) respectively. The population of each state is known
from the binding constants determined through ITC. Both the exchange rate (kex)
and the difference in chemical shift (Aw) between the two different states affect
the peak intensity. As both are unknown, both are combined into a single

correction term (L) and the change of intensity is given by

—L-pB'-pB
FF = el+pB'/pB 54

where FF is the correction factor for the peak intensities. The Aw is unknown,
and some peaks may have identical chemical shift in all states. Therefore it is
possible that /1 and > give identical intensities. So the observed intensity (/) for

each peak is given by
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IOZFF'I'f1+FF'2'f2.
5.5

where [ is relative contribution of signal from the 1-bound state to the peaks

corresponding to the B state.
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Fig. 5.9: (a) Experimental intensities (green circle) fit to a slow exchange (red
line) and fast exchange (blue line). (b) Histograms of the relative contribution of
the 1-bound enzyme to apo (l12r°) and holo (l1hol°) peaks in titrations of AAC(6’)-li

with AcCoA.
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Fas\A Fast

BB

Fig. 5.10: Schematic representation of allosteric binding model of AAC(6')-li with
aminoglycosides. B (B') corresponds to the bound state conformation with an
aminoglycoside bound (unbound). F and U(U’) correspond to the free folded and
partially unfolded states that are adjacent to a free (bound) subunit, respectively
The first binding event occurs under the slow exchange regime (red arrows). The

second binding event occurs through fast exchange (green arrows).
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This correction factor was used to refit the peak intensities measured
throughout the titration with paromomycin. This exchange model fit the
experimental with better agreement (Fig. 5.9A and Appendix Figure A.12). As
can be seen the slow exchange model shows good agreement with peaks that
appear rapidly, but deviates from the experimental data for peaks which appear
slowly. Meanwhile, the fast exchange model fits all peaks with good agreement.
The values for 11aro and I4bound where optimized for each peak for both the apo
and bound state. The I4aro and I4bound correspond to the contribution of intensity of
the 1-bound state to each signal relative to that of the 0-bound or 2-bound state
respectively. The values for l1aro cluster around 0 while the |1bound cluster around
2. This strongly suggests that both subunits of AAC(6')-li 1-bound to
paromomycin undergo a conformational change to that of bound conformation.

This conformational change fits the MWC model.

5.5 Discussion
The global fit of CD and ITC data show that binding of paromomycin to
AAC(6')-li has many similarities to that of AcCoA binding to AAC(6')-li. There are
two distinct contributions affecting the K;7? and AH,*? of binding. The first
contribution corresponds to the intrinsic affinity for paromomycin to the AAC(6')-li

active site. NMR results suggest that binding of paromomycin at one subunit
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induces a structural change across the whole protein, thus the free subunit in the
1-bound species has a similar structure to the bound subunit, and is referred to
as B'. This is reminiscent of the MWC binding model and paromomycin binding at
one subunit may stabilize the free subunit (FF—BB'). This leads to positive
cooperativity at temperatures above 20°C. The second binding event occurs
over a fast timescale as very little structural change occurs in the protein during
the binding and release of the second aminoglycoside molecule. However, some
peaks undergo a large chemical shift during the second binding event and cause
the reduction of peak intensity when the AAC(6')-li is partially saturated with
paromomycin. Large shifts in chemical exchange may be due to the
aminoglycoside changing the local chemical environment in the active site when
it binds. This may reduce the observed intensity of these peaks, and their
intensity may appear to be much lower then would be expected throughout the
titration. To confirm this idea the 'H-'SN HSQC spectra needs to be assigned to
determine which amino acids undergo the largest change in chemical
environment. The second contribution in paromomycin binding to AAC(6')-li is a
linked folding and binding (U—F—B) event which is reminiscent to the HT model.
This contribution is similar to that of AcCoA binding to AAC(6')-li. The unbound
subunits undergo a partial unfolding as temperature is raised. This process is

entropically driven. As explained in Chapter 4, when AcCoA binds and forms the
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1-bound complex with AAC(6')-li the unbound subunit is destabilized and melts at
a lower temperature relative to the unbound subunits in the 0-bound state. When
paromomycin binds however, the unbound subunit appears to be stabilized and
form a structure similar to a bound subunit, as explained above. In Chapter 4,
inter-subunit interactions were invoked to explain the cooperativity observed.
These interactions can either increase or decrease the stability of the subunits
and are dependent on whether the two subunits fold synchronously. In the case
of AcCoA binding, AAC(6')-li follows the KNF folding model and only a single
subunit folds to the B state. This disrupts the interactions of the subunits and the
free subunit is destabilized. This causes the proportion of unbound subunits in
the 1-bound state to be in the binding incompetent U conformation to be higher
than the proportion of unbound subunits in the 0-bound state, and reduces the
binding the second molecule of AcCoA. As the temperature increases this effect
becomes more profound as more 1-bound free subunits shift into the U state.
The observed effect is the apparent cooperativity of binding AcCoA switches
from positive to negative as temperature increases. However, in the case of
paromomycin, as detailed in this chapter, AAC(6')-li appears to follows MWC
folding model and the entire protein folds into the B state. This concerted folding
stabilizes the free subunit as the Trm increases from 40 to 42.5 °C. This is

explained by the 1-bound free subunit favours the competent fold compared to
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the 0-bound enzyme. This stabilization has the effect of increasing the
cooperativity. The unbound subunit can still melt (BB'—>BU) but this occurs at a
higher temperature relative to the 0 bound complex (FF—FU). The reason for
the apparent disparity between AcCoA binding and paromomycin binding is
unknown. The results described here need to be confirmed with additional
experiments. However the ability of AAC(6')-li to behave differently with respect
to each of its substrates may help to explain how AAC(6')-li has the ability to form

an unproductive complex with one of its substrates.
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6. Scientific Contributions
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6.0 Preface
This thesis has three distinct contributions toward science. The first is
expanding the current protocol for the analysis of isothermal titration calorimetery
(ITC) data sets alone or in conjunction with additional spectroscopic data.
Second is increasing the understanding of the mechanisms of protein allostery.
Finally, this thesis has helped to understand the specific mechanism used by
aminoglycoside N-6'-acetyltransferase-li (AAC(6')-li) to bind its substrates.
6.1 Contributions to isothermal titration calorimetry
ITC is a rapidly expanding technique. As the sensitivity of the instruments
increases, more complex systems can be studied. However, understanding the
underlying mechanistic details of these systems is complicated. Chapter 2
showed that multiple binding models can often fit identical experimental data with
equal agreement. Chapter 2 described one method to overcome this limitation.
By altering the concentration of the protein in the sample cell over several
experiments one will observe a series of different isotherms. How these
isotherms change over a concentration range is dependent upon the mechanism
which the ligand binding follows. Therefore by globally fitting the data set to a
single set of binding parameters the correct binding model can be identified. This
work expands upon previous techniques which also approaches this

problem.124.126
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Often ligand binding in proteins is coupled with additional physical events,
such as conformational changes or dimerization. These events have distinct
thermodynamic contributions to the system studied. ITC measures all events
with non-zero AH which are linked to binding, so a component of the heat
measured will be from these coupled events. Previously reported methods entail
multiple ITC experiments at different temperatures to deconvolute the
thermodynamic parameters of coupled events.102.191 | adbury and coworkers
described a method to combine circular dichroism with ITC data. This allowed
for the accurate determination of the folding/unfolding component of the heats
measured by ITC.102 Chapter 3, 4 and 5 built upon this technique. However,
unlike the system described by Ladbury, AAC(6')-li contains multiple subunits
which bind their ligands cooperatively.4> This makes accurate determination of
the enthalpies and association constants of the two binding events challenging
because the thermodynamic parameters co-vary with each other. Globally fitting
a set of isotherms to a set of parameters has been shown to reduce the variance
of fitted parameters. The data sets however, must be related mathematically,
which is not the case for variable-T data sets using standard phenomenological
models. Chapter 3 introduced the van fHoff relationship as a constraint for
fitting a variable temperature datasets. We are unaware of this relationship being

used before with variable temperature ITC datasets and its use greatly reduces
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the uncertainties in the phenomenological thermodynamic constants. This
restraint was shown to be useful in Chapter 4 and 5 when determining the
thermodynamic parameters for complex systems which would otherwise not be
nearly as amenable to ITC analysis.

These parameters were then used with CD and NMR to obtain a
mechanistic model to describe the binding of the ligands to AAC(6')-li. This
allowed us to identify a linked folding event with binding. Although this strategy
to identify events linked to binding takes foundation on Ladbury's method, our

system is much more complex with 3-state binding and multiple unfolded states.

6.2 Contributions to protein allostery

Allostery has been of great interest has been of great interest for many
years. 7071 There have been several models proposed to explain allosteric
cooperativity. This thesis shows that we were able to describe multiple separate
allosteric mechanisms which affect the observed cooperativity of AAC(6')-li.
Additionally, our results show that for this enzyme the allosteric mechanism is
dependent on the ligand. We showed that when binding acetyl coenzyme A
(AcCoA) AAC(6")-li undergoes folding as described by the Koshland-Némethy-
Filmer (KNF) model with only a single subunit folding with each binding event.

When aminoglycosides bind to AAC(6')-li however, both subunits folding upon
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the first binding event as in the Monod-Wyman-Changeux (MWC) model. With
both ligands, there is a thermal unfolding event affecting the observed
cooperativity. This is the first report of coexisting allosteric effects in binding.
Additionally, Chapter 4 describes how cooperativity can be fine tuned through the
thermal unfolding event by adjusting the stability of the unbound subunits. This
was shown through the results in Chapters 4 and 5. In Chapter 4 the thermal
unfolding event contributed to negative cooperativity due to the 1-bound subunits
being less stable than the 0 bound subunits. However, in Chapter 5 the thermal
unfolding event contributed to positive cooperativity due to the 1-bound subunits

being more stable than the 0-bound subunits.

6.3 Contributions to aminoglycoside A-6'-acetyltransferase li

AAC(6')-li belongs to the GCN5-related N-acetyltransferase (GNAT) super
family of proteins. Its function as an antibiotic resistance-causing enzyme makes
it an important target for understanding protein biophysics. There has been a
large number of structural studies performed on AAC(6')-1i.46-48.198-199 There is
however no crystal structure for the aminoglycoside-AAC(6')-li complex. Kinetic
studies in conjunction with preliminary ITC experiments suggested that there is
cooperativity between the two subunits.4> In Chapter 2 and 5 we showed that

AAC(6')-li binds to both of its ligands, AcCoA and aminoglycosides, with a 2-site
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sequential model. This corrects previous reports which used a 2-site
independent model to fit ITC data.#> This cooperativity is only present in the
dimer as Chapter 3 showed that binding of AcCoA to a monomeric mutant fit a 1-
site binding model with no cooperativity. Through the strategy developed in
Chapter 3, we have identified two allosteric processes which contribute to the
observed cooperativity. First, AAC(6')-li undergoes a conformational change
when interacting with ligands. Depending on whether AAC(6')-li binds AcCoA or
an aminoglycoside, its subunit fold via a KNF or MWC model respectively. The
reason for this is not understood but appear to connected to the differences in
thermal stability of the free subunit in the 1-bound state. The thermal stability of
the subunits is the second contribution to the observed cooperativity. When the
AcCoA binds to AAC(6')-li a single subunits undergoes a conformational change
and appears to destabilize the free subunit and results in cooperativity becoming
negative with increasing temperature. On the other hand, when an
aminoglycoside binds to AAC(6')-li both subunits undergo a conformational
change. This appears to stabilize the free subunit which produces positive
cooperativity with increasing temperature.

Some specific structural information was also extracted from the NMR
peak assignments of the AAC(6')-li-AcCoA complex. These assignments were

obtained from Oliver Baettig under the supervision of Dr. Albert Berghuis, with
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the assistance of Dr. Tara Sprules. From these assignments it was possible to
determine specific regions of the protein which undergo large conformational
changes. Additionally, some of the peak assignments were also transferred to
the apo NMR spectrum, which allowed identification of regions expected to be
disordered when AAC(6')-li is unbound in solution.
6.4 List of publications
The following is the list of my publication throughout my Ph. D. in
chronological order beginning with the most recent.
Freiburger, L. A., Mittermaier, A. K., Auclair, K. "Van’t Hoff global analyses
of variable temperature isothermal titration calorimetry" Thermochimica
Acta (submitted)
Freiburger, L. A., Mittermaier, A. K., Auclair, K., "Collecting Variable-
concentration Isothermal Titration Calorimetry Datasets in Order to
Determine Binding Mechanisms" http://www.jove.com/details.stp?id=2529
doi: 10.3791/2529. J Vis Exp. 2011, 50.
Freiburger, L. A. Baettig, O. M. Sprules, T. Berghuis, A. M. Auclair, K;;
Mittermaier, A. K. "Competing allesteric mechanisms modulate substrate
binding in a dimeric enzyme."Nature: Structure and Molecular Biology

2011, 18, 288-294
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Freiburger, L. A., Auclair, K. Mittermaier, A. K., "Elucidating protein binding
mechanisms by variable-c ITC." Chembiochem. 2009, 14, 2871-3.
Magalhaes, M.L.B., Vetting, M.W., Gao, F., Freiburger, L., Auclair, K.,
Blanchard, J.S., " Kinetic and Structural Analysis of Bisubstrate Inhibition
of the Salmonella enterica Aminoglycoside 6'-A-Acetyltransferase."

Biochemistry, 2008, 47, 579-584

6.5 Future directions

Even though much has been learned about AAC(6')-li and its interactions
with its substrates, there are still many more questions without an answer. There
appear to be significant differences in AAC(6')-li behaviour upon binding of
different ligands. In order to gain an idea of the differences in the structure, the
NMR peak assignments must be obtained for aminoglycoside bound AAC(6')-Ii.
This will allow residue by residue information for chemical shift differences and
relaxation rates between the AcCoA- and aminoglycoside-bound AAC(6')-li
complexes. In addition, specific regions involved in binding and folding can be
identified. Since no structure is available for the aminoglycoside-AAC(6')-li
complex, an NMR structure would be highly useful for comparison with the

AcCoA-bound complex.
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In its catalytic cycle, after binding AcCoA, AAC(6')-li must bind
aminoglycoside to form a ternary complex. To properly understand the catalytic
mechanism of AAC(6')-li the ternary complex must also be studied. The
methodologies developed therein for studying the binary and unproductive
complexes should prove instrumental in studies of the ternary complex. This
information should highlight differences between the ternary and the
unproductive complexes and provide a rational for why substrate binding is
ordered for this enzyme.

Based on its fold, AAC(6')-li belongs to a large family of enzymes, the
GCNS5 related N-acetyltransferase (GNAT) super family.46 This group of
enzymes is important to a wide variety of biological functions. It would be
interesting to see whether the behaviour of AAC(6')-li is unique to itself, or if other
similar enzymes share its interesting behaviour. Structural information is
available for two other AAC(6")s, AAC(6')-Ib and AAC(6')-ly. Both of these
isoforms appear to be homodimeric from their crystal structures, and have the
potential for interesting allosteric behaviour. AAC(6')-ly proceeds via a
sequential random catalytic mechanism.200 AAC(6')-1b is the most prevalent
isoform conferring clinically relevant aminoglycoside resistance.! Similarly to
AAC(6')-li it uses a sequential ordered mechanism.201 Additionally, this isoform

has the ability to modify another structurally distinct family of antibiotics, that of
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fluoroquinones.20" Studying what allosteric effects occur when AAC(6')-1b binds
different ligands may have multiple implications.

The GNAT super family of enzymes is a large group of enzymes which
contain a similar fold and is found in all domains of life. Even though the
sequence homology is quite small (20-40%),44 their structures are well
conserved.46 Through gaining a better understanding of the function of AAC(6')-

li, a better understanding of this large class of enzymes may result.
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7.1 Reagents

The plasmids containing AAC(6')-li and the AAC(6')-li mutant were both
generously provided by Dr. Gerry D. Wright, biochemistry and Biomedical
Sciences, Master University, Canada. . The buffer and cell broth reagents were
obtained from Fischer Scientific (Whitby, ON, Canada). The acetyl coenzyme A
(AcCoA), paromomycin, ribostamycin, neomycin, and protease inhibitors were
purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). The Q-
Sephorose Fast Flow and Superdex 75 chromatography resins were obtained
from GE Healthcare. The activated affinity Affi-Gel 15 was purchased from Bio-
Rad (Mississauga, ON). The Escherichia coli strain BL21(DE3) competent cells
were obtained from Invitrogen (Carlsbad, CA). The >NH4Cl was purchased from

Isotech a subsidiary of Sigma-Aldrich (Oakville, ON, Canada).

7.2 Protein Purification

The purification procedure was obtained from previously reported
procedure with some modifications to maximize yield and minimize the time
required for purification.#4 Original work done by the Wright group cloned and
sequence the aac(6')-li Enterococcus faecium CIP 54-32. This gene was

inserted into a pET22b expression plasmid which carried an ampicillin resistance
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gene. Additionally, the Wright group perform site directed mutagenesis to obtain
the aad6')-li W164A mutant gene.
7.2.1 Expression of AAC(6")-li

BL21(DE3) cells were transformed using the One Shot® protocol
developed by invitrogen with a pET-22b(+) vector containing aac(6')-li gene. The
cells were grown on a Luria-Bertani (LB) agar plate containing ampicillin (100
pmM/mL). 3x10 mL of LB (NaCl 10 g/L, Trypton 10 g/L, yeast extract 5 g/L,
amphicillin 100 mg/L, autoclaved) broth was inoculated from a single culture and
grown overnight at 37°C and shaken at 250 rom. Each 10 mL culture was used
to innoculate 1 L of LB to make a total of 10 L. The cell culture was grown at 37°
C and shaken at 250 rpm until the ODeoo reached 0.6. The culture was then
induced using isopropyl-p-D-thiogalactoside (IPTG) (1 mm) and was grown at 37°
C and shaken at 250 rpm for 5-6 hours. The cells were collected through
centrifugation (5000 G at 20 min). The cell pellet was frozen and stored over

night (-80°C).

7.2.2 Expression of 15N Labelled AAC(6")-li

7.2.21 Preparation of Minimal Media

10X M9 salts (Anhydrous Na:HPO4 60g/L, KH2PO4 30g/L, NaCl 5 g/L),

CaCl2 (0.1 M), MgSO4 (1 M), and glucose (20% w/v) must all be autoclaved
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separately. Thiamine (10 mg/mL), d-biotin (10 mg/mL), ampicillin (100 mg/mL),
NH4Cl (1 g/mL) were sterilized with of 0.2 ym seringe filter. The ingredients were
combined (10X M9 salts 100 mL, CaCl2 1 mL, MgSO4 1 mL, glucose 15 mL,
thiamine 1 mL, d-biotin 1 mL, ampicillin 1 mL, NH4CI 1 mL) and diluted to 1 L with

double distilled water.

7.2.2.2 Expression of protein

The expression protocol for labelled proteins was taken from Marley ef
al202 The beginning of the expression matches unlabelled expression except
only 4 L of LB was used. Once the cells reach an ODsgo of 0.6 collect the cells
through centrifugation (5000G for 20 min). Cells were resuspended in 1 L of
minimal media and grown for 30-45 min at 37°C and shaken at 250 rpm. Cells
are again collected through centrifugation (5000G for 20 min) and resuspended
in 1 L minimal media contain SN ammonium chloride. Cells were shaken at 37°
C and 250 rpm for 30 to 45 min then induced with IPTG (1mM). The culture was
grown for 5-6 hours then the cells were collected through centrifugation (5000G

for 20 min). The Cell pellet was frozen and stored over night (-80°C).
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7.2.3 Purification of AAC(6")-li

The cell pellet was resuspended in lysis buffer (HEPES 25 mm, EDTA 2 mwm,
Leupeptin 0.05 mg/L, Aprotinin 0.5 mg/L, Bestatin 0.01 mM, Pepstatin A 0.05
mg/L, phenylmethanesulfonylfluoride 1 um). After pellet was resuspended
lysozyme was added (10 mg/g of cell pellet), and sat on ice for 30 min. The cells
were further lyzed through sonification (8x15 s.). The suspension was
centrifuged (18000 G for 20 min) and pellet was discarded. AAC(6')-li was then
purified as previously described*4 with a Q-sepharose anion exchange column,
an affinity column and a size exclusion column. The first column was a Q-
Sepharose Fast Flow ion exchange with a bed volume of 75 mL with diameter of
26 mm. It was packed with 5 column volumes of HEPES buffer (25 mm HEPES,
2 mM EDTA, pH 7.5) at a rate of 3 mL min-'. After loading the bacterial
supernatant, the column was washed with HEPES buffer in a linear-stepwise
manner of increasing NaCl with the following volume and concentration: 100 mL
at 0 M, 200 mL at 0.2 M, 100 mL at 0.3 M, 200 mL at 0.4 M, and 200 mL at 1 M.
Fractions containing AAC(6')-li were identified with SDS-PAGE 20%
polyacrylamide gel. AAC(6')-li migrates as a monomer to an apparent MW of
~21 kDa. The collected fractions were dialysed overnight against 0 M NaCl
HEPES buffer. The second column used was an Affi-Gel 15 paromomycin-

coupled agarose affinity column and was performed following the dialyses. A
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bed volume of 25 mL in a 16 mm column was packed at 2 mL min-' with HEPES
buffer (25 mm HEPES, 2 mMm EDTA, pH 7.5). After the column affinity was
loaded protein was eluted using 200 mL of HEPES buffer with NaCl (100 mm).
This is done to remove an uncharacterized 42 kDa protein, LEE. AAC(6')-li was
then eluted with HEPES buffer by linearly increasing the NaCl concentration to 1
M. Fractions containing AAC(6')-li were identified again with SDS-PAGE 20%.
Collected fractions are concentrated to 8 mL with 10 kDa cut off centrifugal
filtration units (millipore). The Size exclusion chromotography was performed
with a hand-packed XK16 Superdex 75 column on an AKTA FPLC system and
an elution buffer consisting of HEPES (25 mm, pH 7.5), EDTA (2 mM) and NaCl
(1 M). The high salt is used to remove any compound which is bound to the
protein throughout the purification. The purification was monitored through UV
absorbance and only one major peak was observed which was at the predicted
molecular weight of the dimer. The collected fractions were concentrated and
dialysed against the appropriate buffer for the intended experiment. Protein
concentrations were determined by spectroscopic absorbance measurements
using a theoretical extinction coefficient of 33,920 Mm-'cm-' at 280 nm (ExPASy

Proteomics), and Lowry-Bradford assays.
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7.2.4 Purification of AAC(6')-li W164A Mutant

The expression the mutant variant matched that of the wild type. The
purification protocol was similar to the wild type with the following exceptions.
The size exclusion chromatography was performed after the Q-sepharose anion
exchange column. Two major peaks were observed and the second one was
collected which corresponded to the molecular weight of the monomer. The
protein was further purified be affinity chromatography as above, and the protein

concentrations were determined in the same manner as the wild type.

7.3 ITC
7.3.1 ITC data collection

All ITC experiments were performed on a MicroCal VP-ITC isothermal
titration calorimeter from MicroCal (North Hampton, MA, USA). Solutions of
protein were extensively dialyzed against HEPES buffer (25 mm HEPES, 2 mm
EDTA, pH 7.5) and the resulting solution was used to dissolve the ligand. All
runs were performed with protein (5-200 pM) in the sample cell (1.4539 mL), and
the ligand (0.1-4 mMm) in the injection syringe. Titrations were performed at 43,
40, 37, 34, 30, 25, 20, 15, 10, and 5 °C. Each titration comprise of an initial delay
of 60 s, a first injection of 2 yL and a delay of 150 s, 26 injections of 10 yL each

followed by 240-360 s delays, and a final injection of 10 pL followed by a delay of
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300-600 s to ensure the system had reached the baseline between each
injection. Blank runs were obtained by matching the experimental runs in the
absence of protein. The blank heats were subtracted from the experimental
heats and the first data point was removed due to the different injection and

delay parameters.

7.3.2 ITC data analysis
All data analysis was performed using the equations described in the text

with inhouse scripts using MATLAB (7.8.0.347 (R2009a), MathWorks).

7.3.3 Variable-c fitting procedure
In the case of the independent sites model, 7 and 12 parameters were optimized
in the individual and global minimizations, respectively: the dissociation constant
(Kp1, Kpz), binding enthalpy (AH41, AH2), and number (n1 and nz) of each type of
site, and an offset (Qo, equation 2.2) for each ITC titration. Note that the
stoichiometric parameters, n1 and n2 also account for uncertainties in the protein
concentration.293 For the independent sites model, the following protocol was
used:

1. Using the initial protein, [P]o and ligand [X]o concentrations together

with the set of injection volumes, Vi, the calorimeter cell volume, Vq,
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and Equations 2.3 and 2.4, calculate the total concentrations of
protein, [P]T, and ligand, [X]r, present in the calorimeter cell after each
injection.

. Select values of Kp1, Kp2, AH1, AH>2, n1, n2 and Qo.

. Using [P]r, [X]t, Kp1, Kp2, n1 and nz, find the real positive root of
Equation 2.7, to obtain the concentration of free ligand, [X], present
after each injection.

. Using [X] and Equation 2.5, calculate the fractional saturation of type 1
and type 2 sites, ®1 and 9.

. Using [P]r, n1, n2, ®1, ®2, AH1, AH>, and Equation 2.8, calculate the
value of the heat function, Q, after each injection.

. Use Qo, O and Equation 2.2 to calculate the theoretical ITC isotherm.
Compute the sum of squared differences, RSS, between calculated
and experimental ITC profiles according to Equation 2.16

. For global fits, the sum runs over all data points. For individual fits, the
sum runs over data at a single protein concentration.

. Repeat steps 2 to 7, varying the values of the parameters in order to
minimize RSS. In this study, the MATLAB simplex minimization

scheme was used.
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For the cooperative model, 6 and 11 parameters were optimized in the individual

and global minimizations: the dissociation constants (Kp+1, Kp2) and binding

enthalpies (AH1, AH?) for the two sites, the initial protein concentration, [Plo, as

well as the offset, Qo, for each titration. The following protocol was used:

1.

2.

Select values of Kp1, Kbz, AH1, AH>2, [Plo, and Qo.

Using [P]o and [X]o together with the set of injection volumes, Vi, the
calorimeter cell volume, V., and Equations 2.3 and 2.4, calculate the total
concentrations of protein, [P]r, and ligand, [X]r, present in the calorimeter
cell after each injection.

Using [P, [X]T, Kp1, and Kp2 find the real positive root of Equation 2.14, to
obtain the concentration of free ligand, [X], present after each injection.
Using [X] and Equations (10) and (11), calculate the fraction of protein in
the singly and doubly bound states, f1 and f.

Using [P]r, AH1, AH>, and Equation (14), calculate the value of the heat
function, Q, after each injection.

Use Qo, Q and Equation 2.2 to calculate the theoretical ITC isotherm.
Compute the sum of squared differences, RSS, between calculated and
experimental ITC profiles according to Equation 2.16

For global fits, the sum runs over all data points. For individual fits, the

sum runs over data at a single protein concentration.
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9. Repeat steps 1 to 7, varying the values of the parameters in order to
minimize RSS. In this study, the MATLAB simplex minimization scheme

was used.

7.4 Circular Dichroism.

CD measurements were performed on a Jasco J-810 spectrometer, using
a 0.2 mm path length cuvette. Samples contained 25-80 pm protein with HEPES
(25 mm), EDTA (2 mMm) at pH 7.5, and NaCl (0 or 100 mMm). Data were collected
at temperatures between 0.1 to 70°C and wavelengths from 200 to 300 nm at
scan rates of 50-200 nm/min in 0.5 nm increments with bandwidths of 1 nm.
Each scan was performed three times then averaged. The final analysis was
performed with two sets of thermal unfolding experiments. The first employed
1°C intervals with four minute equilibration times and the second employed 3-5°C

intervals with 10 minute equilibration times.

7.5 NMR

NMR experiments were performed on Varian INOVA spectrometers
equipped with either a high-sensitivity cold-probes or room temperature probe
operating at 500 and 800 MHz '"H Larmor frequencies. Spectra were collected for

protein samples (0.6 to 1.5 mM) in sodium phosphate buffer(100 mm, pH 6.5)
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containing EDTA (2mwm), 2,2-dimethyl-2-silapentane-5-sulfonic acid (10 pm) and
D20 (10% v/v) at 37°C. Spectra obtained under these conditions were
significantly better resolved than those collected at lower temperatures and in 25
mM HEPES pH 7.5. Higher temperatures lead to more rapid rotational diffusion
and sharper peaks, while lower pHs lead to slower chemical exchange of
backbone hydrogens with the solvent and stronger signals for unprotected sites.
Furthermore, the addition of 100 mmM NaPOys raises the thermal melting
temperature by about 7°C, consistent with salt stabilization of this enzyme, which
has been observed previously.204 Each spectra was collected with 64-
80*(">N)x512("H) point matrix and used 4-16 scans per transient. For spectra
with ligand bound, 5 fold concentration of ligand was added to ensure the protein

was completely saturated.

7.5.1 AcCoA titration

TH/'SN HSQC spectra205 were collected for AAC(6’)-li with 0, 0.05, 0.1,
0.2,0.3,0.4,0.6,0.8,1.1,1.4,1.7, 2.0 mMm AcCoA. A sample of AAC(6')-1i (580
MM, 910 L) had AcCoA (20 mM) added with an analytical pipette between each
spectra to a total of 100 uL. After each addition the sample was returned to the
NMR and allowed to equilibrate for 15 min. After a 'H/">N HSQC spectra2%® was

collected. ITC experiments were performed using both AAC(6')-li and AcCoA
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from the same stock solution as the NMR experiments to determine the binding
parameters of the given conditions.
7.5.2 Paromomcyin titration

TH/SN HSQC spectra205 were collected for AAC(6’)-li with 0, 0.025, 0.05,
0.1,0.2,0.3,0.4, 0.5, 0.6, 0.8, 1.0, 1.25, 1.5, 1.75, 2.0 mM paromomycin. A
sample of AAC(6')-1i (575 uMm, 900 uL) had paromomycin (20 mM) added with an
analytical pipette between each spectra to a total of 100 yL. After each addition
the sample was returned to the NMR and allowed to equilibrate for 15 min. After
a 'H/'SN HSQC spectra205 was collected.
7.5.3 EXSY spectra

EXSY spectra'82 were collected for a 50% AcCoA-saturated sample with
mixing times of 500 and 1000 ms. To determine the 50% saturation point, a
series have HSQCs were performed slowly increasing the concentration of
AcCoA. The intensity of peaks which corresponded to the apo state was
monitored until they reached 50% of their initial concentration. The presence of
faint exchange cross-peaks in these spectra implies that dissociation rate

constants are on the order of about 1 s-1.
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7.5.4 NMR data analysis

Peak intensities were quantified using the NMRPipe/NMRDraw?206 suite of
software and were corrected for dilution of the sample caused by addition of
ligand by multiplying each intensity by a factor of (Vg+4V))/ Vo, where Vpis the
initial sample volume and A4V is the total volume of ligand added. In the titration
analysis, only well-resolved signals from apo peaks that disappear at high ligand
concentrations and holo peaks that are not present in the absence of ligand were
considered. The data for each peak were normalized such that the initial
intensity of each apo peak was 2 and the final intensity for each bound peak was
2. The ITC-derived binding constants for the first and second molecules of ligand
were used together with the concentrations of ligand and enzyme to calculate the
fractions of protein in the 0-bound, 1-bound and 2-bound states at each titration
point (fo, /7, f2). The intensities of apo and holo peaks were fitted using the series
of 1o, f7, and f2 value. The contributions of the f7 state to the apo and holo peaks
was determined by adjusting values of [1arc and 74holo on a per-peak basis in order
to maximize agreement between experimental and calculated intensities in a
non-linear least-squares analysis using MATLAB (7.8.0.347 (R2009a),
MathWorks). In these fits, the enzyme concentration was adjusted as single

global variable in order to simultaneously optimize agreement for all apo and holo
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peak intensity series, and was within 10 % of the initial concentration estimate

based on Ao measurements.
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represent the best fit using a generalized global analysis.
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Figure A.5: Relative intensities of all well-resolved holo-peaks in TH/">N NMR

correlation spectra of AAC(6’)-li determined as a function of AcCoA

concentration. Lines correspond to the theoretical profiles with ITC-derived 7, f,

and £ series and individually-optimized values of I41holo, as described in the text
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Figure A.11: Representative NMR titration data of AcCoA titration with
paromomycin(6')-li at 37°C: 15N/"H HSQC spectra of AAC(6’)-li samples
containing (a) 0.0 (b) 0.1 (c) 0.3 (d) 0.6 (e) 1.25 (f) 2 mM paromomycin.
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Figure A.12: Relative intensities of all well-resolved peaks for paromomycin
titration in TH/'5N NMR correlation spectra of AAC(6’)-li determined as a function
of paromomycin concentration. Experimental data (dots) where fit to a slow
exchange (dashed line) and fast exchange (solid line) model. The theoretical
profiles with ITC-derived 7, 77, and £z series and individually-optimized values of

l4unprod a5 described in the text
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Figure A.13: Relative intensities of all well-resolved peaks for paromomycin

titration continued
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Figure A.14: Relative intensities of all well-resolved apo-peaks for paromomycin

titration in TH/15N NMR correlation spectra of AAC(6’)-li determined as a function

of paromomycin concentration. Lines correspond to the theoretical profiles with

ITC-derived 7, f1, and £2 series and individually-optimized values of |1a2ro, as

described in the text.
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