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ABSTRACT
Characterization of protein structural properties is crucial to determine its role in
normal and pathological conditions. In this dissertation, we have employed NMR
spectroscopy in a combination of other biochemical and biophysical techniques to
investigate the catalytic function, the molecular mechanism, and nature of the
interactions of bmAANAT3, Cdc37, and TIMP2, respectively.
In the first project, we have employed an arylalkylamine N-acetyltransferases
(AANATs) from Bombyx mori (bmAANAT3) to determine the role of the acetyl-group in
coordinating the catalytic cycle in this family of enzymes. We have found that the
occupancy of the acetyl-moiety in the catalytic funnel of these enzymes coordinates the
ordered progress of their catalytic cycle by regulating the conformational properties of
their acetyl-group donor and acceptor binding sites.
In the second project, the catalytic domain of the Hsp90 client kinase bRaf has been
used to investigate the role of kinome specific Hsp90 cochaperone Cdc37 in the Hsp90
chaperone machinery. Our data has revealed that Cdc37 sorts a broad range of kinases
into Hsp90 clients and nonclients by scanning their thermal stability through locally
unfolding only the client kinases.
Finally, we have used the N-terminal domain of the tissue inhibitor
metalloproteinase-2 (N-TIMP2) to provide an insight into the extracellular interaction
xi

activity of Hsp90. Our data has shown that both Hsp90 and its middle domains (mHsp90)
interact with N-TIMP2 in a transient low-affinity regime. However, in both states of the
Hsp90, this interaction is driven by a subset of hydrophobic residues located at the
surface of N-TIMP2.

xii

CHAPTER ONE:
INTRODUCTION

1.1 Preface
Protein structure characterization is crucial to determine protein structural
properties that enable protein’s biological function in normal and pathological
conditions.1 To date, using a diverse array of structure determination techniques
including X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and
electron microscopy has revealed the structure of more than 140,000 proteins deposited
in the Protein Data Bank (PDB).2
While X-ray crystallography is routinely used in the protein structure-based
studies, it has limited applications in determining the structural properties for the type
of proteins that can be distorted by the crystal packing conditions and for the
characterization of proteins with dynamic properties.3-5 In this respect, NMRspectroscopy has emerged as a powerful method to investigate protein structure and
dynamic properties and to map protein interactions with other natural and synthetic
molecules.3-8 Recently, the advances in NMR-spectroscopy, including the improvement
1

in magnetic field strength and the use of the isotopic labeling have expanded the
number and the nature of investigated proteins.9-12
In this dissertation, we have used NMR-spectroscopy in combination with other
biochemical and biophysical techniques to investigate the catalytic roles and the
biological interactions of a set of biologically important proteins including Cdc37,
Arylalkylamine N-acetyltransferase3 (AANAT3) from Bombyx mori, and tissue
inhibitor metalloproteinase-2 (TIMP2). This dissertation is organized as follows: the first
chapter describes the basic concepts of protein structure, the preparation of protein
samples for NMR-spectroscopy characterization, and the applications of NMR
spectroscopy in protein structure and dynamic-based studies. The second chapter
covers bmAANAT3 expression, purification and its 1H, 15N and 13C-backbone resonance
assignment. In the third chapter, the bmAANAT3 was used as a model protein to
investigate the catalytic role of the acetyl-group of the acetyl-CoA in GNAT protein
superfamily. In the fourth chapter, the catalytic domain of Hsp90 client kinase, bRaf,
was used to investigate the role of Cdc37 in Hsp90 chaperone machinery. Finally, in the
fifth chapter, the interaction of the N-terminal domain of Timp2 (N-Timp2) protein with
the Hsp90 protein and its middle domain were investigated to provide an insight into
the extracellular activity of Hsp90.

2

1.2 Protein Structural Characterization
1.2.1 Protein Synthesis, Refolding and Classifications
Proteins are biological macromolecules made of different building blocks known
as amino acids that are connected by a covalent bond known as peptide bond.1,13
Protein’s biological functions vary in nature and complexity from transporting and
storing other molecules to regulating gene expression and signaling pathways.13
Proteins are synthesized in a highly regulated process known as the translation that
takes place in a cell’s complex macromolecular machine known as the ribosome
(Figure.1.1-i).13 Prior to its synthesis, a copy of the protein’s genetic information that is
stored in deoxyribonucleic acid (DNA) is transferred through messenger ribonucleic
acid (mRNA) to the ribosome for protein translation.13-14 The translation is initiated by
linking two ribosomal subunits to mRNA, which is followed by adding successive
amino acids to the growing chain by transfer RNA (tRNA).14
Followed by their biosynthesis, the newly produced protein begins acquiring its
native functional structure as soon as it emerges from the ribosome in a physical
process known as protein folding.15-16 In this process, which is driven by the protein
intramolecular forces, the translated polypeptide chain folds into its characteristic threedimensional (3D) structure from the random coil conformation.16 On the other side,
incorrectly folded proteins are helped by the chaperones to fold properly or are tagged
by ubiquitin for degradation by the proteasomes (Figure.1.1-ii).17
3

i

ii

Figure.1.1 Protein from gene to folding. The different pathways of protein from its expression from its
gene to the folding of the newly synthesized protein and degradation of misfolded proteins.17

Proteins have been classified into different families according to their structures,
chemical compositions, and functions.18 Based on their structures, proteins have been
classified into globular and fibrous.19 Based on their chemical compositions, they have
been organized into simple protein, or homoproteins and conjugated proteins, or
heteroproteins.18 While simple proteins like collagen and keratin formed of only amino
acids, the conjugated proteins like glycoprotein contain in their structure a nonprotein
portion.19 Finally, according to their biological function, they have been organized into,
transport, mechanical, storage, and structural proteins in addition to the hormones and
enzymes.18-19

4

1.2.2 Protein Structure
Protein structure is the crucial factor that determines protein’s physiochemical
properties and its biological functions.1,13 Proteins are organized into four structural
levels, including primary, secondary, tertiary, and quaternary (Figure.1.2).20 While the
primary structure of the protein is the simplest structural level, that represents the
sequence of amino acids in the protein’s polypeptide chain, it dictates protein
physiochemical properties.20-21 The secondary structure is an extended architectural
structure resulting from hydrogen bond interaction between a backbone hydrogen
donor and an acceptor.20 The α-helices and parallel anti-parallel β-strands are the most
common types of protein secondary structure elements.20-21 The tertiary structure or the
protein’s three-dimensional shape is a combination of protein secondary structure
elements and the side chain’s spatial arrangement.21 Several forces within protein
contribute in maintaining this tertiary structure, such as hydrophobic interaction,
electrostatic interactions, hydrogen bonds, and the disulfide bridges.20 The quaternary
structure is the highest level of protein structure, which results from the interaction of
two or more identical or different protein subunits.20-21

5

The Primary Sequence

β−Strand α−Helix
Secondary Structure

Figure.1.2. Protein structure level. Protein structure levels in Ubiquitin showing the primary sequence,
the secondary elements, and the overall tertiary structure (Adapted from PDB, 1UBQ).22

1.2.3 Proteins Structure Characterization Methods
Protein structure characterization is crucial for determining protein functions,
interactions, and regulations in different biological processes.23 Towards this end,
several experimental and computational-based techniques have been advanced,
including, NMR spectroscopy, electron microscopy, X-ray crystallography, and
homology modeling.23-28
In X-ray crystallography, a crystal of a high purity protein is bombarded by an X-ray
beam to generate a phenomenon called X-ray diffraction that can be recorded on an X6

ray film (Figure.1.3).28 Mathematical processing of the recorded data generates a threedimensional map of electron density for the protein under investigation.28-29 To date, Xray crystallography has revealed the structure of more than 125,000 proteins deposited
in the PDB.2

Figure.1.3 X-Ray diffraction pattern. [Isolde Le Trong, David Teller, and Ronald Stenkamp, University of
Washington].

Cryoelectron microscopy (Cryo-EM) has emerged as a powerful method to
investigate the structural and the dynamic properties of the biological macromolecules
in their native conditions.25,30 Unlike X-ray and NMR spectroscopy, detection by CryoEM requires smaller sample and covers a wide range of specimen types that vary in
nature and size from a single protein molecule of hundreds of kilo-Daltons to a virus
particle of mega-Daltons (Figure.1.4).31-34
7

d

Figure.1.4. Detection by Cryo-EM. Cryo-EM covers a range of biological molecules form single protein
like Hemoglobin (64-kDa) to human adenovirus 26 (150 MDa).31-34

In this technique, a beam of high-energy electrons is applied to the biological
molecule sample at cryogenic temperatures.25,30 The interaction between these electrons
and the molecules under investigation is recorded in the form of 2D images which can
be reconstituted into a 3D electron potential map.25
Structure characterization of biological molecules by solution NMR spectroscopy
has a large number of applications such as investigation of protein dynamic properties
and mapping of its interactions with other biomolecules or ligands.3-8 In this technique,
the magnetic properties of protein atoms such as 1H,

13C,

and

15N

are employed to

acquire an NMR spectrum associated with these isotopes.35-36 The development in
8

biochemical methods, including recombinant protein expression and purification, has
enabled the preparation of a protein sample enriched with these isotopes.24, 35 The NMR
spectra are obtained by placing the sample of the protein under investigation in a high
magnetic field to lineup the magnetic moment associated with these labeled nuclei.36
Then, radio-frequency pulses are applied on the sample to flip and rotate their nuclear
magnetization. The rotating magnetic field induces an electric current that can be
measured as a function of time to generate a set of free induction decays (FIDs). Fourier
transformation of these FIDs from the time domain into a frequency domain generates
the target NMR spectrum.35-36 To obtain a protein structure, the NMR signals of nearly
all 1H, 13C and 15N nuclei are assigned using a set of multidimensional heteronuclear
NMR experiments. NOEs and chemical shifts are used to determine the 1H-1H distance
and the dihedral angles restrains, respectively to perform simulating annealing and to
determine the protein structure.21,27 To date, approximately 11,000 NMR-derived
protein structures have been deposited to PDB.2
Besides these experimental-based methods, in silico-based protein modeling
techniques including homology modeling, threading or fold recognition, and the ab
initio methods have been developed to predict protein structure.27,37 The principle of
these methods is to use a known structure of a homologous protein to build a structural
model for the protein under investigation.37 In homology modeling, a highly-resolution
protein structure of 50% identity or more is used as a template to build a protein model
using its amino acid sequence.38-39 Model building begins by selecting a protein
9

template from deposited protein structures.38 The selected template is aligned to the
target protein sequence to identify their identical areas to construct its 3D-structure
model.39

1.3 Protein NMR Spectroscopy
NMR-spectroscopy is a useful technique to investigate the structure, the
function, and the dynamic properties of a solution protein sample.4-7 Protein structural
fluctuation, internal mobility, and the dynamics of folding are among the dynamic
properties that can be investigated by NMR spectroscopy.6-7,

16

In this respect, NMR-

spectroscopy has emerged as a useful technique to study intrinsically disordered
proteins (IDPs) which are too small or too flexible to be characterized by Cryo-EM and
are not amenable to X-ray crystallography.38-39 Among the other applications of solution
NMR spectroscopy is the investigation of protein interactions with other biomolecules
like proteins or synthesized organic molecules, for example, a potential drug
candidate.8 Using a two-dimensional (2D) NMR experiment like heteronuclear singlequantum coherence (HSQC) is possible to obtain useful information about the affinity,
and location sites of these interactions.8
The improvement in magnetic field strength and the use of the cryoprobe and
isotopic labeling have improved the resolution power and expanded the applications of
NMR-spectroscopy (Figure.1.5).9-12
10

40 MHz

Figure.1.5 NMR spectra improved resolution gained from field strength increase. For 1D-spectrum of
bovine pancreatic ribonuclease acquired in 40 MHz Varian NMR Spectrophotometer showing 4 lines
corresponding to its aromatic and aliphatic proton (top)40, compared to 1H-15N-HSQC spectra acquired
with 400, 600, and 800 MHz magnetic fields for a protein of 15 kDa (bottom).41

1.3.1 Multidimensional NMR-Spectroscopy Experiments
Multidimensional or multinuclear NMR-spectroscopy experiments such as 2dimensional (2D) and 3-dimensional (3D) are useful methods for investigating proteins
structural properties and mapping its interaction with other molecules.20,

29, 40

The

spectra of multidimensional NMR-experiments are obtained by transferring spin
magnetization of nuclei under investigation through space or covalent bond ((J)
coupling).20 The coupled spins generate time domains that are Fourier transformed into
11

the corresponding frequency spectra.29 Based on the nature of coupled spins,
homonuclear or heteronuclear multidimensional NMR-spectra are made from identical
or non-identical nuclei, respectively.20
In the heteronuclear NMR experiments such as 1H-15N-HSQC and 1H-13CHMQC, the proton spin magnetization is transferred to the attached heteroatoms
and

13C,

15N

respectively, to generate a set of NMR peaks for each of these protons

(Figure.1.6).42 The 3D-NMR experiment is a 2D-NMR based experiment in which a
further evolution and mixing step is added to introduce a third-time domain.20, 43 For
example, the addition of

13C-dimension

to the HSQC 1H- and

15N-dimensions

leads to

the formation of a 3D-NMR experiment like HNCO.43

Figure.1.6. 2D-NMR Spectroscopy. The 1H-15N-HSQC spectrum of the seven-transmembrane-helix Gprotein coupled receptor (left)41, spin magnetization transferred via J-coupling from the Nitrogen
attached proton to the amide nitrogen to be transferred back to the same hydrogen for detection (right).
5,35

12

1.3.2 Protein NMR-Resonance Assignment
As a prerequisite to utilize NMR-spectroscopy in determining protein structural
and dynamic properties and to map its interactions with other molecules, it is necessary
to assign the NMR signals to their associated protein atoms.44 During the protein
assignment process, a set of NMR experiments is acquired and analyzed using an
extremely pure protein sample.43 Once the assignment is obtained, the structural-based
study of interest can be conducted.
The molecular weight of the protein is the major barrier of the protein NMR.45
The increase in the protein molecular weight reduces its tumbling rate and causes short
signal relaxation times, which impacts the sensitivity of the NMR-experiments and
complicates the assignment process.5,

45

Nevertheless, the increase in magnetic field

strength and the use of isotopic labeling approaches made protein assignment an
achievable task.9-12, 45
Several 2D homonuclear NMR experiments have been used to assign the proton
of the protein including, 1H–1H double quantum filtered-correlation spectroscopy
(DQF-COSY)46, 1H–1H totally correlation spectroscopy (TOCSY)47, and 1H–1H NOE
correlated spectroscopy (NOESY) spectra.48-49 These experiments are useful for small
proteins (molecular weight < 10 kDa) and for non-isotopically labeled proteins
(Figure.1.7-i and ii).46-49 The improvement in recombinant protein technology and the
use of

13C

and

15N

enriched media have enabled the production of uniformly labeled
13

samples that can be detected by NMR measurements.42, 49 The isotopes are introduced
to the protein of interest during its overexpression using

13C

glucose,50 [1,3-13C 2 ]- or [2-13C]-glycerol,51

and [1,2-13C 2 ]- or [3-13C]-

pyruvate,53-55 in addition to using

13C-acetate,52

15N-ammonium

sources such as [1-13C]-

chloride as a sole source of

nitrogen.56 The use of such samples expanded the range of protein molecular weight
that can be characterized by NMR by introducing the 2D, 3D and 4D dimensional NMR
spectra.50-56 For example, the coupling of the 2D-homonuclear approach with the
HSQC experiment in the

15N-homonuclear

15N-

technique has expanded the molecular

weight limit to a range of 10-15 kDa (Figure.1.7-iii and vi).57

iii

i

vi

ii

Figure.1.7. Heteronuclear homonuclear approaches. The inter-intra proton coupling between protein
adjacent residues (i),46 1H-1H NOESY experiment (ii)49 and the creation of 3D-NOESY experiment by
coupling 2D-NOESY with 15N-HSCQ experiment (iii and iv).57
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Heteronuclear triple resonance experiments are used to observe the 1H, 13C and
15N

signals of a protein of the molecular weight in the 15-30 kDa range.43 In these

techniques, the scalar coupling between 1H,

13C,

and 15N (Figure. 1.8) is used to obtain

the sequential assignment of the protein mainchain atoms, utilizing a set of triple
resonance NMR-experiments (Table.1.2).43
Table.1.2. Triple resonance NMR-experiments used to assign protein 1H, 15N and 13C backbone.43, 58
Triple Resonance Experiment

Target

HNCO

CO i-1 with NH

HN(CA)CO

CO with NH

HNCA

C α i, i-1 with NH

HN(CO)CA

C α i-1 with NH

HNCACB

[C α, C β ] i, i-1 with NH

HN(CO)CACB

[C α, C β ] i-1 with NH

NH; amide proton, CO carbonyl, C α alpha , C β beta carbon, i intra residue i-1 inter residue
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Figure. 1.8. Magnetization transfer in triple resonance NMR-experiments. Schematic representation of
magnetization transfer in triple resonance NMR-experiments used in protein resonance assignment.58

In addition to the 1H, 13C and 15N signal backbone assignments, further chemical
shift assignments of 13Cα, 13Cβ, 13C′ and 1Hα nuclei are necessary to predict protein
secondary structure by the TALOS program.59
Exchanging protein’s aliphatic and aromatic protons by deuterium by using
protein samples prepared in deuterated media decrease the spin-spin relaxation rates
and expanded molecular weight detection to as large as 60 kDa.60 Moreover,
introducing transverse relaxation optimized spectroscopy (TROSY) has expanded the
molecular weight limit of the investigated proteins to hundreds of kilo-Daltons.61 In the
methyl-TROSY

experiment,

nonuniformly
16

[1H,13C]-labeled

methyl

groups

in

perdeuterated protein is used to acquire an NMR-spectrum using a high magnetic field
spectrometer.

62

Compared to the other amino acids side chains functional groups, the

methyl groups are well suited for NMR studies of high molecular weight proteins due
to their highly intense and well-resolved NMR signals and because they are enriched at
protein–protein interfaces.61 Using methyl-specific labeling results in excluding specific
fast decaying magnetization pathways and retaining only those favorable relaxation
properties, thus enhancing sensitivity (Figure. 1.9).60-63 Combining a methyl-specific
labeling technique to the methyl-TROSY approach enabled conducting several NMR
relaxation studies of larger proteins and supramolecular assemblies. Moreover, the
increase in magnetic felid strength facilitated the characterization of intrinsically
disordered proteins.9-12, 60

i

ii

Figure.1.9. TROSY-approach. Using a TROSY approach in a structural study of a 90 kDa protein (Hsp90),
Ile-methyl labeled Hsp90 (ii) and their 1H-13C-HMQC spectrum (ii).63
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1.4 Mapping Protein Molecular Interactions by NMR-Spectroscopy
NMR-spectroscopy has proved a powerful technique to detect protein-molecule
interactions.8, 56 These molecules vary in nature and size from small synthetic potential
drug molecule to large macromolecules like protein or nucleic acids.8 In this respect,
chemical shift perturbation (CSP),64-65 paramagnetic approaches,66 and NOE48, 67 are the
major NMR-based experiments used to map and characterize these interactions. In CSP,
the change in the NMR-spectrum of an isotopically labeled protein is monitored to
determine the nature of the change in the chemical environment of the protein as a
result of its interaction with an unlabeled molecule.64-65 The induced CSP is
mathematically analyzed to determine the nature and the affinity of the formed
complex.64 CSP is a useful technique for drug discovery studies because the presence of
binding can be identified even if the protein resonance assignment is not available.65
In the paramagnetic approaches, a paramagnetic tag like lanthanide-tag is
attached to one of the protein complex partners to determine the distance between
them.66 The increase in relaxation rate, R2, which resulted from the interaction between
the tagged protein and the NMR active residues in the other partner, can be used to
determine the distance between complex’s partners.68 While the paramagnetic methods
are useful for long-range distances (as far as 30 Å), the NOE approach is used for
distances of 5 to 7 Å.67-68 In the NOE method, the relaxed spin of an exited NMR active
nuclei changes the resonance intensity of the nuclei located in their vicinity. This change
in intensity is monitored to determine the distance between these nuclei.48, 67
18

1.5 Employing NMR-Spectroscopy to Investigate Protein Dynamic Properties
At the molecular level, protein is a highly flexible (dynamic) system that
undergoes conformational changes over a wide range of timescales (Figure.1.10).3, 6-7, 16,
41, 69

In many cases these dynamic properties control protein function.3 Compared to

other molecular motion detection method like fluorescence spectroscopy, NMRspectroscopy can report information on protein molecular dynamics over a broad
timeframe from picoseconds to hours and longer.6-7 Therefore, NMR-spectroscopy is a
well-suited technique to study protein dynamic properties. In general, the dynamic
properties of the protein are obtained by measuring how an NMR signals change over a
specific timescale.16

h

Figure.1.10. The timeframe of protein motions. A hierarchy of the timescale of the different protein
conformational changes.69

Several NMR-based methods have been developed to follow protein structural
fluctuation at different timescales.16,

69-81

These methods are classified into four main
19

categories according to the time frame they cover and the dynamic events they monitor.
The first method, Real-time NMR, includes a set of slow events at (1-10) s timescale.70-72
In these experiments, a collection of NMR spectra is recorded for the conformational
event under an investigation like protein folding and amide proton exchange.70 Physical
events, like ligand-binding and release, cis-trans isomerization and topological
interconversion of secondary structure that require a (10-5,000) ms time window, can be
quantified by the exchange spectroscopy method (EXSY).73 The dynamic events that are
characterized by EXSY fall in the slow exchange regime in which each structural probe
is associated with a unique set of signals that can be assigned by the NMR experiment.
For example, an 1H-15N-HSQC experiment can be used to report protein backbone
dynamic properties by determining the rate of exchange between protein amide’s
proton and deuterium from the solvent.74 Carr-Purcell Meiboom-Gill Relaxation
Dispersion (CPMG-RD) is useful for dynamic events in the ms timescales, such as side
chain reorientation and loop motions.75-76 CPMG-RD refocuses the broadening which is
resulted from the exchange between two conformational states, by applying 180o
refocusing pulses.76 Magnetization relaxation to equilibrium has been used to study
dynamic events that occur at the ns timescales like internal fluctuations and rotational
diffusion.77,

79-81

Longitudinal relaxation R 1 ,79 transverse relaxation R 2 ,80 and

heteronuclear Overhouser Effect (hnNOE)81 are the most common NMR-based methods
to study these dynamic properties.
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1.6 Thermodynamics of Proteins Interaction
Biological molecules like proteins do not operate in an isolated fashion from their
surroundings.81 On the contrary, they interact with a broad spectrum of species ranging
in size and nature from small ions and synthetic organic ligands to macromolecules like
proteins and nucleic acids.81-82 The determination of the forces that govern molecular
associations requires a quantitative description of changes of all thermodynamic
parameters, including free energy of binding (ΔG), enthalpy (ΔH), and entropy (ΔS) of
binding and the heat capacity change (ΔCp).83 These thermodynamic parameters can be
measured by determining the equilibrium constant (K eq ) and the enthalpy of binding,
and the binding stoichiometry (n) according to the following expressions:
∆𝑮𝑮 = −𝑹𝑹𝑹𝑹 𝐥𝐥𝐥𝐥 𝑲𝑲𝒆𝒆𝒆𝒆
∆𝑮𝑮 = ∆𝑯𝑯 − 𝑻𝑻 ∆𝑺𝑺

∆𝑪𝑪𝒑𝒑 =

∆𝑯𝑯
∆𝑺𝑺
= 𝑻𝑻
∆𝑻𝑻
∆𝑻𝑻

where R is a gas constant and T is the temperature in Kelvin.81-83

1.6.1 Isothermal Titration Calorimetry (ITC) in the Thermodynamics of Protein
Interactions
Protein interactions are associated with heat absorption or release.81 The change
in heat can be monitored using an apparatus known as calorimetry.83 Isothermal
21

Titration Calorimetry (ITC) has been employed as a microcalorimeter to measure the
thermodynamic parameters of protein interactions (Figure. 1.11).83-85 In the ITCexperiment, one binding partner is titrated to a second binding partner at a fixed
temperature.84 The resulting heat exchange is measured to determine the extent of the
binding. ITC is the only technique that provides a full description for binding
thermodynamic parameters including; binding constant (K d ), free energy (ΔG), enthalpy
(ΔH) and entropy (ΔS) of binding. The change in heat capacity (ΔC p ) of the binding can
be obtained from the ITC-experiment by monitoring the heat exchange at different
temperatures.84 Also, the stoichiometry of the titration (n) is obtained from the titration
equivalence point. K d , ΔH, and n values is determined from injection peaks integration,
and ΔG and ΔS is measured from K d , ΔH, and T values using the previously described
equations.83
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Figure.1.11. The ITC of Proteins. ITC experiment raw data of heat change that resulted from partners
interactions (upper panel). Binding isotherm resulted from injection integration, also Kd, ΔH, and n
values (lower panel).85
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CHAPTER 2:

BACKBONE 1H, 13C AND 15N RESONANCE ASSIGNMENTS OF AN INSECT
ARYLALKYLAMINE N-ACETYLTRANSFERASE FROM BOMBYX MORI REVEALS
CONFORMATIONAL HETEROGENEITY
Note to Reader
Portions of this chapter have been previously published in Biomol NMR Assign,
2017, DOI 10.1007/s12104-017-9729-8, and have been reproduced with permission from
Springer Publishing Company. This work can be viewed in Appendix A.

2.1 Introduction
The

Gcn5-related

N-acetyltransferases

(GNATs)

are

a

superfamily

of

acetyltransferases that utilizes the acetyl group of acetyl-CoA to acetylate the amine
group of a large number of acceptor substrates.1-6 This acetylation process is crucial for
a wide array of biological processes from antibiotic-resistance in bacteria to the
regulation of circadian rhythm in mammals.5-8 To date, approximately more than
300,000 GNAT enzymes have been identified in all life domains.9 According to the
nature of their substrates, GNATs have been classified into 17 subfamilies.1 Among
35

them is the arylalkylamine N-Acetyltransferases (AANATs) subfamily that catalyzes
the transfer of the acetyl group from acetyl-CoA to different types of primary amine
acceptors known as arylalkylamines, such as tyramine, tryptamine, octopamine,
dopamine, norepinephrine, and serotonin.10-11 Vertebrate AANAT, also known as
serotonin N-acetyltransferase (SNAT) is the penultimate enzyme in the melatonin
biosynthesis pathway catalyzing the N-acetylation of serotonin using acetyl-CoA as
acetyl donor to produce N-acetylserotonin (Figure.2.1). 11-13
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AANAT
HO

O

HO
HN

HN
NH2

O

O

Serotonin

N-acetylserotonin

Melatonin

Figure.2.1. Melatonin Biosynthesis. The role of AANAT in the conversion of serotonin into Nacetylserotonin to be converted to melatonin by Hydroxyindole-O-methyltransferase (HIOMT) into
melatonin.11

It is expressed in photoreceptor cells where melatonin plays a key role in
controlling biological timing and seasonal adaptation and thus it is termed the
Timezyme.5, 11-13 On the other hand, multiple AANATs have been identified in insects.1116

Beyond their involvement in the circadian system, insect AANATs participate in the

metabolism of small neurotransmitter arylalkylamines such as dopamine, octopamine,
tryptamine or tyramine in the central nervous system.12-14 In addition, they facilitate
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cuticle sclerotization and pigmentation by providing reactive quinone-based species to
promote the chitin arthropodins crosslinking and feed the cuticle tanning pathway.14-17
2.1.1 GNAT Proteins Structural Features
Structural

analysis

of

GNAT

family

members

guided

primarily

by

crystallography has revealed a conserved core domain, made up of a mixed β sheet and
flanking α helices, which contains four signature motifs (A-D) (Figure.2.2).8, 10, 18
P-Loop
α1

β1

β2
β4
β3

β5

α3
α4

Motif C

Motif A

Motif D

Motif B

Figure.2.2. The GNAT superfamily conserved motifs. The conserved structural motifs of GNAT
superfamily enzymes and their secondary structure elements (Adapted from the crystal structure of
acetyltransferase from Streptococcus agalactiae, PDB. 2PC1).8, 10

Strands β4 and β5, from motifs A and B, respectively, form the only parallel
stretch of the mixed β sheet (Figure.2.3-i). A conserved β bulge in strand β4 results in
partial separation of the β4- β5 stretch, creating a characteristic V-shaped catalytic
cavity that interacts with the pantetheine arm and the acetyl group of acetyl-CoA
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(Figure.2.3-ii). The amide nitrogen of the residue downstream of the β bulge forms a
conserved hydrogen bond with the carbonyl of the acetyl group. In contrast to the
pantetheine arm and the acetyl group which reach deep in the aforementioned cavity,
the 3'-phosphate ADP is exposed at the surface of the protein, resulting in an overall
bent conformation for acetyl-CoA. The highly conserved Q/R-X-X-G-X-G/A consensus
sequence found at the loop downstream of β4 (P-loop) coordinates the pyrophosphate
moiety of the 3'-phosphate ADP via hydrogen bonding of main-chain atoms (Figure.2.3iii).

i

β4

ii

iii

β4
β5

V-Shaped

β5

β-Bulge

P-loop

Figure.2.3. GNAT protein conserved structural elements. A V-shaped acetyl-CoA binding site formation
of the parallel β4 and β5 strands (i), the β-Bulge which is help in tetrahedral formation (ii), and the P-loop
conformation made of six residues for accommodation pyrophosphate group (iii) [PDB: 1S3Z].3
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Although the mode of acetyl-CoA binding is highly conserved, the mode of
interaction of GNATs with acceptor substrates is highly divergent due to their
substantially different chemical nature.1-3
Although, these structures have suggested a central role of conformational
dynamics in substrate donor and acceptor recognition during catalysis, the number of
solution NMR studies is very limited. In this respect, millisecond timescale
conformational exchange in the arylamine N-acetyltransferase (NAT), which is
involved in the detoxification of carcinogens, was proposed to allow for binding of
ligands of different size.19-22 For the subfamily of aminoglycoside-modifying enzymes,
which cause resistance to aminoglycoside antibiotics (AGs), it has been found that some
members are unfolded or conformationally labile in their apo-state, while they shift to a
well-folded conformation by the addition of acetyl-acceptor and/or acetyl-donor
substrates (Figure. 2.4).8, 23-24
i

ii

Figure.2.4. AcCoA induced conformational changes in AAC protein. The change in the dispersion of the
signals in 1H-15N NMR spectra of AAC (6′)-Ii in the absence (i) and the presence of acetyl-CoA (ii),
suggests the role of acetyl-CoA in inducing structural and dynamical changes in GNAT proteins.23
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Therefore, to investigate the role of conformational exchanges in facilitating the
acetylation processes in GNAT proteins can be achieved by conducting more NMRbased studies. As a first step to employ NMR-spectroscopy in the characterization the
dynamic properties of GNAT proteins and its role in facilitating their catalytic cycle, we
present the 1H,

13C

and 15N backbone resonance assignment of AANAT3 from Bombyx

mori (bmAANAT3).

2.2 Methods and Experiments
2.2.1 Expression and Purification of bmAANAT3
A clone of N-terminally His-tagged full-length bmAANAT3 (amino acids 1-213)
in a pET28a vector, carrying a thrombin cleavage site between the His-tag and
bmAANAT3 (a generous gift of Prof. D.J. Merkler, University of South Florida), was
transformed into BL21(DE3) cells. Cell growth was performed at 37°C, in M9 media
containing

15N-NH 4 Cl

and

13C-glucose

as the sole source of nitrogen and carbon,

respectively, and in the presence of kanamycin. At an OD 600 = 0.5, protein expression
was induced using 1 mM IPTG and allowed to proceed for 5 h. Cells were harvested by
centrifugation at 4°C and resuspended in 50 mM Tris–HCl, pH = 8.0, 20 mM imidazole
and 500 mM NaCl.

15N-amino

acid selective labeling of alanine and glutamine, and

selective unlabeling of arginine residues was performed by the addition of 250 mg/l of
the labelled or unlabeled amino acid 30 min prior to induction of protein expression.
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For valine, leucine, isoleucine, phenylalanine and tyrosine amino acid selective labeling
of bmAANAT3, expression was performed using a pET15b vector carrying an ampicillin
resistance gene in CT19 auxotrophic cells,25 followed by the same purification protocol.
Phenylmethylsulfonyl fluoride (1 mM) and β-mercaptoethanol (5 mM) were added
prior to cell disruption by sonication. The cell lysate was clarified by centrifugation at
35,000×g and loaded on a Sepharose Ni2+ column, previously equilibrated with the
same buffer. After extensive washing, the fusion protein was eluted with a buffer
containing 400 mM imidazole and subsequently loaded to a Superdex-75 size exclusion
column, pre-equilibrated with 50 mM Tris–HCl pH = 8.0, 150 mM NaCl, 0.5 mM EDTA
and 5 mM β-mercaptoethanol. Fractions containing the pure enzyme were concentrated
and incubated overnight in the presence of biotinylated thrombin (2 U/mg) to cleave
the fusion protein. Thrombin was removed by streptavidin agarose.

2.2.2 NMR Experiments
All NMR experiments were performed in a buffer consisting of 20 mM Tris pH =
7.5, 100 mM KCl, 5 mM DTT, 0.5 mM EDTA and 7% D2O, at 30°C, with sample
concentrations in the range of 0.2–0.7 mM. Standard versions of through-bond
heteronuclear triple resonance experiments were acquired for the sequential assignment
of 1H,

13C,

and

15N

backbone chemical shifts of bmAANAT3 that included HNCA,

HN(CO)CA, HNCACB, CBCA(CO)NH and HNCO, in addition to a 15N-edited NOESYHSQC. A fresh sample was prepared for each experiment due to the limited stability of
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bmAANAT3 under these conditions (~3 days) and the quality of each preparation was
verified by comparing the corresponding 2D

15N-HSQC

spectra. All spectra were

acquired on Varian direct drive 600 and 800 MHz spectrometers equipped with a
cryoprobe, processed using NMRPipe26 and analyzed using Sparky (T. D. Goddard and
D. G. Kneller, SPARKY 3, University of California, San Francisco).

2.3. Experimental Results
2.3.1 Resonance Assignments and Data Deposition
The

15N-HSQC

of the apo-state of bmAANAT3 (Figure2.5) acquired at 30°C

shows excellent signal dispersion which is indicative of a very well folded protein. Out
of the 208 non-proline residues, the amide signals of 201 residues were unambiguously
assigned, while for the residues for which the amides remained unassigned (M1, S10,
G79, T92, V129, N132, G135, G137), complete or partial assignment of

13C′and 13Cα/β

was obtained. Among the unassigned residues, N132, G135 and G137 are all found
within the P-loop sequence of bmAANAT3, which is a signature sequence of GNATs
important for the interaction with the pyrophosphate group of acetyl-CoA. One broad
signal in the Gly region of the 15N-HSQC spectrum of bmAANAT3 is unassigned due to
the absence of intra- and inter-residue connectivities in the triple resonance spectra and
presumably belongs to one of G79, G135 and G137. Hence, the P-loop of apo
bmAANAT3 undergoes conformational exchange on a ms timescale, which may be
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important for coupling the binding of the acetyl-CoA cofactor to the adjacent acceptor
substrate binding site.
Importantly, the total number of signals observed in

15N-HSQC

spectrum of

bmAANAT3 is substantially higher than the expected number of 208 (241 observed
signals). This is because a large number of residues, particularly towards the C-terminal
end of the sequence, show two signals of almost equal intensity (relative ratio ~55:45)
(Figure2.5

Figure.2.5 The 2D 15N-HSQC of bmAANAT3. The 2D 15N-HSQC of bmAANAT3 in its free state acquired
at 30°C on a 800 MHz spectrometer equipped with a cryoprobe, using a sample of 0.4 mM concentration.
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Dashed lines highlight signals from sidechains and red boxes highlight representative residues for which
two conformations are observed and are expanded on the right.

Unambiguous assignment was obtained for N73, I75, R77, H78, F100, F116, E117M122, C124, K144, I147-L149, K156-K159, D161, E177, Y187, I209 and K211. Given that
this conformational heterogeneity occurs at a slow exchange, and in a region of the
enzyme rich in prolines (five prolines occur at positions 194, 199, 200, 201 and the Cterminal amino acid 213), it is attributed to a cis–trans proline isomerization. The two
conformations of apo bmAANAT3 are not expected to be significantly different as most
residues share very similar 1H–15N chemical shift correlations, while for all the residues
for which distinct

13C′and/or 13Cα/β

are observed, the chemical shift differences

between the two states is smaller than 0.3 ppm. Mapping the positions of the residues
that sample two conformations and of all prolines of bmAANAT3, on the crystal
structure of the highly homologous Aedes aegypti Arylalkylamine acetyltransferase 2
(aaAANAT2, 47% sequence identity and 62% sequence similarity to bmAANAT3, PDB:
4FD6), reveals that they cluster around the C-terminal proline, P213 (Figure.2.6).
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Figure.2.6. Cis-trans isomerization effect. The positions of all residues sampling two distinct
conformations (shown in pink) are mapped on the crystal structure of aaAANAT2 (PDB: 4FD6) together
with the positions of all prolines found in bmAANAT3 (cyan). Only the Ca atoms are shown as spheres
(a). An overlay of the amide of I209 in three alternative liganded forms of bmAANAT3: free-state (green),
binary complex with acetyl-CoA (blue) and ternary complex with acetyl-CoA and the substrate mimetic
tryptophol (pink) (b)

Indeed, the two signals of K211, which lies adjacent to P213 and for which we
have unambiguous assignment, exhibit the largest chemical shift difference, suggesting
that P213 cis/trans isomerization is the main source of conformational heterogeneity
(Figure.2.5). The only residue that appears as an outlier in the mapping is Y187. Given
that it also shows a substantially different relative population ratio between the two
states compared to the other signals (~80:20) and lies in the vicinity of P194, we propose
that there are at least two prolines that contribute to the observed conformational
heterogeneity. Finally, the role of these two conformational states in the catalytic cycle is
not clear, as both are present in solution independent of the liganded state. In this
respect, the population ratio remains the same in a binary complex of bmAANAT3 with
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acetyl-CoA or in a ternary complex with acetyl-CoA and tyrosol, a non-amine, acceptor
substrate mimetic (Figure.2.6).
The assignment of the 1HN,

15N, 13C′

and

13Cα/β

chemical shifts of free

bmAANAT3 has been submitted to the BMRB and can be found under the accession
number 26962.
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CHAPTER 3:
ACETYL GROUP COORDINATED PROGRESSION THROUGH THE
CATALYTIC CYCLE OF AN ARYLALKYLAMINE N-ACETYLTRANSFERASE

Note to Reader
This

chapter

has

been

previously

published

in

PLOS

ONE,

2017,

doi.org/10.1371/journal.pone.0177270 and has been reproduced according to Public
Library of Science “Creative Commons Attribution License 4.0 International”. This
work can be viewed in Appendix A.

3.1 Introduction
Arylalkylamine N-acetyltransferases (AANATs) catalyze the transfer of an acetyl
group to a diverse gamut of arylalkylamines, such as indolethylamines and
phenylethylamines.1-2 Structural studies on three AANATs identified in Aedes aegypti,
revealed that the three enzymes share high structural homology and contain the
signature motifs of the GNAT superfamily, but display distinct binding specificities
with respect to the acceptor substrate.3-13 Accumulating evidence from kinetic analyses
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of AANATs has shown that they follow an ordered, ternary complex mechanism, where
acetyl-CoA binding facilitates the interaction with the acceptors (Scheme.3.1).14-17

Scheme.3.1 Ternary complex mechanism. Acetyl-CoA binding promotes acceptor substrate binding for
acetylation.

Indeed, the structure of the prototypical AANAT, serotonin N-acetyltransferase,
from Ovies aries (oaAANAT) in the free state and when in complex with a bisubstrate
analog supports this mechanism, as the acceptor binding site is fully formed only after
acetyl-CoA-induced conformational changes (Figure.3.1).7,18 These changes involve
rearrangement of loops over the acetyl-CoA binding cavity as well as a notable loop-tohelix transition at the C-terminal end of helix α1.
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ii

i

Figure.3.1. Loop to helix transition. Induced loop to helix transition (highlighted in gold) in oaAANAT
driven by bi-substrate analog binding (ii).7,18

However, significant deviations from this model are observed. Comparison of
the crystal structures of the highly homologous dopamine N-acetyltransferase from
Drosophila melanogaster (DAT) solved in the free and acetyl-CoA-bound forms, revealed
that the acetyl-CoA induced loop-to-helix transition at the C-terminal end of helix α1
observed for oaAANAT preexists in the free form of DAT

(Figure.3.2-i- and -ii).8

Similarly, comparison of the crystal structure of free Aedes aegypti AANAT2
(aaAANAT2) to that of free or acetyl-CoA bound DAT shows the same distribution and
three dimensional arrangement of secondary structure elements, suggesting that, again,
the conformational changes observed for oaAANAT preexist in the free form of
aaAANAT2 (Figure.3.2-iii).19,8
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i

ii

iii
PDB:ID 5GIF

PDB:ID 3V8I

PDB ID: 4FD6

AcCoA

Figure.3.2. Deviation from the ternary complex mechanism. The crystal structures of DAT protein in the
free (i) and bi-substrate bound states (ii), and the free form of aaAANAT2 (iii) show that the helix
conformation preexisted in both states (highlighted in red). (PDB; 3V8I, 5GIF).8,19

Thus, even for closely related GNAT homologues as the AANAT subfamily
members, a common, ternary complex kinetic mechanism can be driven by distinct
underlying molecular events. In addition, more divergent models, such as global
unfolded-to-folded transitions, are encountered when GNATs other than AANATs are
considered.20-21
In this chapter, NMR spectroscopy, ITC, and homology modeling have been
employed to determine the role of acetyl-CoA’s acetyl group in coordinating the
progress of the catalytic cycle of acetyltransferase proteins. These methods were used to
follow the formation of the binary and the ternary complexes upon the binding of a
small AANAT protein from Bombyx mori (bmAANAT3) with the acceptor substrate in
the presence and absence of acetyl-CoA.
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3.2 Experimental Procedures
The materials and the reagents used to express and to purify bmAANAT3 was
previously described. All bmAANAT3 protein samples were expressed and purified
according to the previously described protocols.22 All NMR samples were prepared,
acquired, and analyzed as previously described.22

3.2.1 Production of bmAANAT3 Site-Directed Mutants
The T-163→A and A26→A mutants of bmAANTA3, were generated using site
direct mutagenesis (QuikChange XL Site-Directed Mutagenesis Kit). Primers were
designed by using Agilent QuickChange Primer Design tool (Table.3.1) and purchased
from Eurofins MWG Operon. The reaction mixture of both mutants were prepared
according to (Table.3.2) and amplified using PfuTurbo DNA polymerase (Agilent) in a
thermal cycler according to the following conditions, 1.0 minute at 95°C followed by 30
cycles of polymerization chain reaction (PCR) and a final extension step at 65°C for 6.0
minutes. The plasmids were treated by incubating reaction mixture at 37°C for 90
minutes with 0.5 µL of (10 U/µL) Dpn-I to digest the parental DNA template. Finally, 4
µL of each plasmid was used to transform XL10-Gold Ultracompetent Cells
(QuikChange XL). The bmAANAT3 mutant proteins were expressed and purified using
the same protocol as the wild-type enzyme.
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Table.3.1. BmAANAT3 site-directed mutagenesis primers
Full Length Gene

Forward-NdeI

GGAATTCCATATGGCTGATTTTGTTGTTGTGATGC

Reverse-

CGCGGATCCTCAACGGCAGTTTCAGAATCATAACA

BamHI
bmAANAT3E26A

bmAANAT3T163A

Forward

5'-ggctttgttcagcggttccgcggcaaagaaggaatcacg-3'

Reverse

5'-cgtgattccttctttgccgcggaaccgctgaacaaagcc-3'

Forward

5'-cgttgactaaaggcgcccgccgcatcaactttgaaca-3'

Reverse

5'-tgttcaaagttgatgcggcgggcgcctttagtcaacg-3'

Table.3.2. The reaction mixture for bmAANAT3 mutation.
Reaction Components

Vol (µL)

10X Reaction Buffer

2.5

F-Primer

0.6

R-Primer

0.6

dNTPs

0.5

Quick Solution

1.5

DNA

2.0

PfuTurbo DNA polymerase

0.5

dH 2 O

16.8

3.2.2 bmAANAT3-Ligand Interactions Monitored by NMR
bmAANAT3 titrations with acetyl-CoA and CoA were performed at 30ºC and at
a protein concentration of 250 μM. The titration with acetyl-CoA progressed to 750 μM.
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Two titrations were performed with CoA, one in small increments that progressed up to
1.75 mM for extracting the K d of the interaction, and one in large increments that
progressed to 8M and was used to achieve > 99.6% saturation. The assignment of free
bmAANAT3 has been reported previously and can be found at the BMRB under the
accession number 26962.22 The assignment of the 15N-HSQC of bmAANAT3 in the CoAbound state was performed by following the signal trajectories during the course of the
titration. For the assignment of the 15N-HSQC of bmAANAT3 in the acetyl-CoA-bound
state, the spectrum of the CoA-bound state was used. Titrations with substrate
acceptors in the presence or absence of acetyl-CoA or CoA were performed at 22ºC at a
concentration of 120-150 μM and progressed close to saturation.
Combined chemical shift changes were calculated using the following
expression:
∆𝛿𝛿 = �∆𝛿𝛿𝐻𝐻 2 + �

∆𝛿𝛿𝑁𝑁 2
5

�

……… (1).

Dissociation constants (K d ) were determined by global fitting using a set of selected
residues.23
∆δobs = ∆δmax

( [Pt ]+[Lt ]+Kd )−�([Pt ]+[Lt ]+Kd )2 −4[Pt ][Lt ]
2[Pt ]

…. (2).

In this expression, Δδ obs represents the incremental chemical shift change at each point
of the titration, Δδ max represents the maximum chemical shift change. [P] t and [L] t are
the total protein and ligand concentrations at each point of the titration.
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{1H}-15N NOE experiments were acquired in an interleaved manner and with a
recycling delay of 5 seconds.

3.2.3 bmAANAT3-Ligands Interactions Monitored by ITC
All ITC experiments were performed on a VP-ITC calorimeter (GE Healthcare) at
30 and 22ºC for cofactors and acceptor substrates, respectively. bmAANAT3 was
dialyzed against buffer system made of (20 mM Tris, 100 mM NaCl, 0.5 mM EDTA and
1 mM tris(2-carboxyethyl) phosphine) and degassed. bmAANAT3 concentration was
~40 μM and the ligands at a 10- to 100-fold excess. Titrations included an initial 0.2-μl
injection and were completed by 10-12 injections, with a 4 min time interval between
each injection. The data were processed using Origin 7.0 (OriginLab Corporation) with
the point of the initial injection excluded and using an one-site binding model.

3.2.4 bmAANAT3 Homology Modeling
The structure of bmAANAT3 was generated using SWISS-MODEL.24 The
primary sequence of bmAANAT3 uploaded to Swiss model server for template
selection. The crystal structure of the arylalkylamine N-Acetyltransferase 2 from the
yellow fever mosquito, Aedes aegypti (aaAANAT2, PDB: 4FD6) with 47% sequence
identity and 62% sequence similarity to bmAANAT3 was used to generate the structural
model.19
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3.3 Experimental Results
3.3.1 Results and Discussion
To characterize the mode of donor binding, we followed the titration of
bmAANAT3 with acetyl-CoA and CoA by NMR. Addition of acetyl-CoA to 15N-labeled
bmAANAT3 results in significant chemical shift perturbation (CSP) of a large number of
signals (Figures 3.3-A, 3.4-A and 3.4-B), suggesting that acetyl-CoA binding does not
affect only residues in the vicinity of the binding site but induces conformational
changes to distal regions. Changes in the

15N-HSQC

spectrum of bmAANAT3 as a

function of added acetyl-CoA occur on the slow-exchange regime of the NMR
timescale, causing progressive disappearance of the signals of the free-state and the
concomitant appearance of a new set of signals corresponding to the bound-state
(Figure. 3.3-B). To discriminate between CSPs reporting direct binding from those
reporting induced conformational changes, we took advantage of the highly conserved
mode of acetyl-CoA binding to GNAT family members. Thus, we used the structure of
DAT (20% identity and 50% similarity) to identify CSPs caused by direct acetyl-CoA
binding. As expected, significant CSPs are observed for residues within the conserved
motifs A and B (Figures 3.4-A and 3.4-B). Therefore, prominent CSPs that report
induced conformational changes outside the acetyl-CoA binding site, span the end of
motif C and the downstream sequence prior to motif D, and include amino acids L19H42 (Figures 3.4-A and 3.4-B). Notably, this region corresponds to a segment of
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oaAANAT's acceptor binding site which undergoes a loop-to-helix transition upon
bisubstrate binding to allow for a high affinity interaction with the acceptor.7,17

Figure 3.3. Association of bmAANAT3 with acetyl-CoA and CoA followed by NMR.
(A)

15N-HSQC

of bmAANAT3 in the free (blue) and acetyl-CoA-bound state (green). The very large

number of signals affected by acetyl-CoA indicates that chemical shift perturbations do not solely report
cofactor binding at the catalytic funnel, but also induced conformational changes to distal regions of the
enzyme. (B) Expanded region of the 15N-HSQC of bmAANAT3 in the free-state (blue), after the addition
of 0.5 (orange) or 1.0 (green) equivalents of acetyl-CoA, showing the concomitant disappearance and
appearance of the signals for the free and bound states. (C) Expanded region from the NMR titration
course of bmAANAT3 with CoA highlighting signals from residues that either do not exhibit any line
broadening (L76) or broaden beyond detection at different points of the titration (R125, D161, A162 and
L179).
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Figure 3.4. Cofactor-mediated conformational remodeling of bmAANAT3 monitored by NMR. (A)
acetyl-CoA induced CSPs mapped on the model of bmAANAT3. (B) CSPs as a function of primary
sequence for the interaction of bmAANAT3 with acetyl-CoA (green) and CoA (cyan). CSPs greater than
the mean or one SD above the mean are marked by continuous and broken lines, respectively. The
conserved motifs of the GNAT superfamily are indicated on the left. Black bars in the acetyl-CoA portion
of the plot mark G135 and G137 which are absent in the free state of the enzyme, but tentatively assigned
in the bound state. Red bars in the CoA portion of the plot mark residues that become broadened beyond
detection in the CoA-bound state. (C) CoA induced CSPs mapped on the model of bmAANAT3. In (A)
and (C) the white region in the three-color gradient corresponds to the mean CSP, while the magenta
region to greater than mean + σ. Residues highlighted in orange in (C) highlight residues that broaden
beyond detection in the presence of CoA. The position of acetyl-CoA is highlighted in green, after
aligning the bmAANAT3 model with the structure of acetyl-CoA-bound DAT. Residues that experience
significant CSPs for acetyl-CoA and CoA are listed in (A), while, signals that broaden (beyond detection)
upon CoA binding are listed in (C).

To elucidate how conformational changes at this region are linked to the
formation of ternary complexes with acceptors, we generated a homology model of
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bmAANAT3 (Figures.3.5-A and -B). Overall, two major conformational variations are
observed between the predicted bmAANAT3 structure and the prototypical structure of
free oaAANAT, both of which occur at the acceptor binding site. First, helix α1 preexists
as a long helical element, whereas in oaAANAT, helix α1 extends towards its C-terminal
end only upon bisubstrate analog binding (Figure.3.5-C). Second, residues 28-33 of
bmAANAT3, that correspond to the C-terminus of oaAANAT's loop1, form a short
helical “plug” on top of the catalytic funnel (Figure.3.5-B). In agreement with the NMR
derived secondary structure (Figure.3.5-A), heteronuclear {1H}-15N NOEs recorded for
this region (Figure.3.5-D) indicate a rigid backbone and further support the presence of
a preformed long helix α1 and a helical plug in the unliganded state of bmAANAT3.
These observations explain the significantly higher K d of oaAANAT for acetyl-CoA
(~242 μM) [9] as compared to that of bmAANAT3 (0.66 ± 0.03 μM, Figure.3.6) and
account for the three-fold difference in K M .14,25 Hence, the observed CSPs for the L19H42 segment do not report a loop to-helix transition, but rather a subtle structural
reorganization of helix α1 and the plug over the catalytic funnel. This observation is in
line with the proposed ordered mechanism for bmAANAT3 and other GNATs, but
highlights significant variations within the AANAT class. In this respect, bmAANAT3
resembles DAT both in terms of the thermodynamics of acetyl-CoA binding (K d = 3.7
μM, Table.3.3 and Figure.3.6) and the steady-state kinetic constants.16,8,25
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Figure.3.5 Structural properties of bmAANAT3. (A) Primary sequence alignment of bmAANAT3 and of
the template, aaAANAT2, generated using Jalview and color-coded according to amino acid properties.
Invariant residues are marked with an asterisk. A comparison between the secondary structure elements
predicted by homology modeling (noted as predicted SS) to those determined by analysis of HN, N, C α ,
C β and C' backbone chemical shifts of bmAANAT3 (noted as NMR SS) is shown under the alignment.
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Strands and helices are represented by arrows and cylinders, respectively, and named according to the
GNAT nomenclature. Conserved motifs of the GNAT superfamily and amino acid numbering is shown
above the alignment. (B) Orthogonal views of the homology model of bmAANAT3, where the conserved
GNAT family fold is colored in red. The insect specific helical insert and the helical plug, are shown in
cyan. The bisubstrate analog CoA-S-Acetyltryptamine (shown in green) was used to illustrate the
position of acetyl-donor and -acceptor ligands in the catalytic funnel, after structural alignment of the
model with the crystal structure of the binary complex of oaAANAT with a bisubstrate analog (PDBID:
1CJW). (C) Overlay of the bmAANAT3's homology model (colored as in panel B) to the structures of
oaAANAT in the free (yellow) and bisubstratebound state (blue). The bisubstrate analog is shown in
green and loop1, which undergoes a disorder- to-helix transition upon bisubstrate binding is shown in
gray. In the extended conformation, loop1 partially occupies binding of acetyl-CoA, while in the helical
conformation it completes the substrate binding site. These differences may account for the higher K d of
oaAANAT for acetyl-CoA as well as for the higher K M observed, compared to bmAANAT3. (D) {1H}-15N
heteronuclear NOEs, which are sensitive to ps-ns timescale dynamics of backbone atoms, reveal that the
plug region (colored in magenta) acquires a helical conformation in solution.
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Figure.3.6. An overview of dissociation constants measured in this study. For those complexes that gave
poor c-values in the ITC, K d values were determined by NMR (marked by *). A summary of K d values is
presented in Table.3.3. (A) Determination of Kd values for the interaction of free bmAANAT3 with acetylCoA (black) and CoA (gray), and DAT with acetyl-CoA (red). The isotherms presented in the middle
panel correspond to interaction of bmAANAT3 with acetyl-CoA and CoA (black) and to the interaction of
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DAT with acetyl-CoA (red). NMR was used to confirm the Kd of bmAANAT3 for CoA (right panel). (B)
Determination of K d values for the interaction of different cofactor-liganded states of bmAANAT3 with
tryptamine and tryptamine analogs. The presence of acetyl-CoA in the catalytic funnel leads to an
increase in the affinity for tryptophol, while an even more substantial increase is observed when an
acetylated derivative of tryptamine (N-acetyltryptamine) is utilized. Binding of N-acetyltryptamine to
bmAANAT3 is not sensitive to the presence of CoA, but it is abolished in the presence of acetyl-CoA. The
isotherms presented in the middle panel correspond to the interaction of bmAANAT3 with Nacetyltryptamine in the free- or CoA-bound states (black) and in the acetyl-CoA-bound state (red). NMR
was used to measure the K d for the interaction of free- and acetyl-CoA-bound bmAANAT3 with
tryptophol (right panel). (C) Determination of K d values for the interaction of different cofactor-liganded
states of bmAANAT3 and variants (D26A) with tyramine and tyramine analogs. The presence of CoA in
the catalytic funnel leads to an increase in the affinity for tyrosol, while an even more substantial increase
is observed in the presence of acetyl-CoA. The D26A mutation renders tyrosol binding insensitive to
acetyl-group occupancy of the catalytic center, in a manner that tyrosol affinity of acetyl-CoA-bound
bmAANAT3D26A is similar to that of CoA-bound bmAANAT3D26A or CoA-bound bmAANAT3. NMR
was used to measure the K d for the interaction of tyrosol with free- or CoA-bound bmAANAT3, and for
acetyl-CoA- or CoA-bound bmAANAT3D26A.

Table.3.3. Dissociation constants measured for bmAANAT3, in μM.
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To further characterize the role of the acetyl group in the progression of the
catalytic cycle from an activated acetyl-donor to the CoA product, we investigated the
association of bmAANAT3 with CoA. Consistent with its higher K d measured by ITC
(28.00 ± 3.00 μM, Figure.3.6-A), incremental additions of CoA cause a gradual shift of
the signals from the free to the fully saturated state (Figure.3.3-C). Evidently, signals
that experience significant CSPs cluster to the same regions as for the titration with
acetyl-CoA, and include residues from motif A and motif B (Figure.3.4-B and -C). This
is in agreement with the available structural information for GNATs, where a conserved
mode of binding is observed for the two cofactors. Nevertheless, CoA produces distinct
conformational changes to bmAANAT3 as, for two sets of signals, a change in chemical
shift is also associated with significant and incremental signal broadening, leading to
complete signal loss (Figures.3.3-C and 3.4-B). Surprisingly, one set maps to the acetylCoA binding site and the second to the segment spanning the end of helix α1 and the
plug, which partly comprises the acceptor binding site (Figure.3.4-C), indicating that in
the presence of CoA the cofactor and acceptor binding sites undergo exchange at a μsms timescale. The origin of exchange broadening is not chemical exchange due to CoA
binding, since bmAANAT3 is fully saturated with the cofactor under these conditions
(>99.6%). When 15N-HSQC signals from residues that do not experience line broadening
but lie in the vicinity of the acetyl-CoA binding site were used to determine the K d ,
there was a very good agreement between NMR and ITC (Figure.3.6-A), confirming
saturation with CoA. Therefore, broadening is caused by conformational heterogeneity
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of bmAANAT3 in the CoA-bound state, suggesting that the acetyl group of acetyl-CoA
(and its absence thereof) modulates the dynamic properties of the enzyme, both locally,
throughout the donor binding site, and remotely at the acceptor binding site. Analysis
of available crystal structures of GNATs in the presence of either of the two cofactors
reveals that, overall, CoA exhibits higher conformational variability as compared to
acetyl-CoA. In this respect, the B-factors of CoA atoms are consistently higher than the
B-factors of the corresponding atoms of acetyl-CoA (Figure.3.7). In addition, there are
several structures of CoA-bound GNATs for which poor or no electron density is
observed for the adenosine,26-27,10 pantothenic11 and β-mercaptoethylamine26,11,28
moieties, or for which multiple conformations are observed, particularly for the
pantetheine29 and β-mercaptoethylamine30,12,31 moieties. The inherent mobility observed
for CoA segments that are in contact with the enzymes suggests that the CoA-induced
conformational heterogeneity observed for bmAANAT3 is a common characteristic
among GNATs. Thus, although the ΔΔG for CoA and acetyl-CoA binding to
bmAANAT3 (~-10.0 kJ/mol) indicates a simple additive contribution of the acetyl
group to the overall binding affinity of acetyl-CoA as compared to CoA, in the absence
of the acetyl group, motions are propagated throughout the cofactor binding site and
ultimately to the substrate binding site.
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Figure.3.7. Correlation between acetyl-CoA and CoA B-factors. A comparison between the B-Factors of
acetyl-CoA and CoA atoms obtained from those GNAT crystal structures that have been determined with
both acetyl-CoA and CoA. The PDB IDs for each set of structures is provided.

The conformational heterogeneity of the acceptor binding site in the CoA-bound
form suggests that acetyl-group occupancy in the catalytic funnel may control the
sequential mechanism. To test this hypothesis, we characterized binary and ternary
complexes of bmAANAT3 with acceptor substrates. To prevent acetyl group transfer in
ternary complexes, we used tyrosol and tryptophol as model non-acceptor analogs of
tyramine and tryptamine, respectively.14 Both ligands give poor ITC isotherms with low
c-values and thus NMR titrations were used to determine K d values for binary
complexes (Figures.3.6-B and -C). In agreement with an ordered kinetic mechanism,
saturation occurs only in the presence of high acceptor excess (K d values of 180 ± 21 and
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230 ± 12 μM for tyrosol and tryptophol, respectively), indicating a weak acceptorbmAANAT3 interaction. Mapping the observed CSPs on the model of bmAANAT3
(Figure.8) reveals that the most prominent changes occur at the following structural
elements (i) the β-sheet, at a position of the catalytic funnel that coincides with the
tryptamine moiety of the bisubstrate in the crystal structure of oaAANAT, (ii) the plug
and the downstream loop, (iii) helix α2, (iv) the insect-specific helical insert and (v) the
loop connecting the last two β-strands on top of the catalytic funnel. In the homology
model of bmAANAT3 generated using the crystal structure of aaAANAT2, a large
number of hydrophobic sidechains from these regions protrude towards the catalytic
funnel forming a hydrophobic cage, which presumably encapsulates the arylalkyl
acceptor (Figure.3.9). A similar cluster of hydrophobic residues is also observed in the
crystal structures of DAT in both the free- and acetyl-CoA-bound states.8 In addition, a
set of residues within the plug (E27, L29 and N30) exhibit significant line broadening or
disappear at near saturating substrate concentrations (Figure.3.8). Thus, although the
acceptor interacts weakly with the hydrophobic part of the catalytic funnel even in the
context of binary acceptor complexes, the dynamic nature of the plug does not allow for
a high affinity interaction.
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Figure.3.8. Assembly of bmAANAT3 complexes with acceptor substrates monitored by NMR. (A)
Mapping of tryptophol induced CSPs to free bmAANAT3. The conserved motifs of the GNAT
superfamily are indicated on the left. (B) CSPs as a function of primary sequence for the interaction of
tryptophol with free- (blue) and acetyl-CoA bound bmAANAT3 (red). CSPs greater than the mean or one
SD above the mean are marked by continuous and broken lines, respectively. Green, open bars in the
free-state mark residues that disappear in the substrate-bound state. (C) Mapping of tryptophol induced
CSPs to acetyl-CoA bound bmAANAT3. The bisubstrate, CoA-Sacetyltryptamine (green), was modelled
by aligning bmAANAT3 model to the structure of oaAANAT.

Figure.3.9. Proposed acceptor substrate binding cavity. Two orthogonal views of the acceptor substrate
binding cavity of the modelled bmAANAT3 structure. The tryptamine and CoA moieties of the
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bisubstrate analog CoA-S-acetyltryptamine are colored pink and yellow respectively, while hydrophobic
residues that exhibit significant chemical shift perturbation are shown as green spheres.

On the other hand, in the presence of acetyl-CoA the interaction with acceptors is
significantly enhanced (K d values of 6.45 ± 0.52 and 52 ± 2.40 μM, for tyrosol and
tryptophol, respectively, Figures.3.6-B and -C). To identify the molecular origin of this
strong, positive binding cooperativity (ΔΔG ~ -8 kJ/mol), we looked for differences in
the NMR titrations of substrates in free and acetyl-CoA-bound bmAANAT3. The CSP
patterns obtained from the two titrations are very similar (Figure.3.8), suggesting that
the mode of substrate binding at the two states is similar. However, in the presence of
acetyl-CoA, residues at the C-terminal end of helix α1 that either contribute directly to
the substrate binding site (F22) or lie in the vicinity of the 3'-phosphate ADP moiety
binding site (A25, D26), experience significantly higher chemical shift changes.
Furthermore, the residues from the plug for which we have available assignment in the
acetyl-CoA-bound state, do not show any line broadening. These results suggest that
acetyl-CoA binding selectively stabilizes a conformation of the plug which is competent
for a strong interaction with the substrate.
The differential effect of CoA and acetyl-CoA binding on the conformational
properties of the acceptor binding site, implies that acetyl group occupancy of the
catalytic cavity may act as an effector that modulates the affinity of the enzyme for
acceptors during the ordered catalytic cycle. To test this hypothesis, we studied the
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interaction of acceptors with CoA-bound bmAANAT3. Indeed, the affinity of tyrosol is
significantly reduced as compared to the acetyl-CoA bound state of bmAANAT3 (K d of
52.3 ± 2.5 μM), although it is still higher than for the free enzyme. Hence, the extent of
the binding cooperativity is highly dependent on the presence of the acetyl group on
the cofactor and binding of CoA does not shift bmAANAT3 to an acceptor binding
competent state to the same extent as acetyl-CoA does. Next, we utilized Nacetyltryptamine as an acetylated acceptor to test binding to free bmAANAT3 and to a
binary complex with CoA. N-acetyltryptamine shows a 20-fold increase in affinity for
the free protein as compared to the non-acetylated substrate (K d = 11.8 ± 2.7 μM), which
is only marginally improved in the presence of CoA (K d = 8.9 ± 0.9 μM) (Figure.3.6). It
must be noted that this large difference in K d is not due to an erroneous comparison
between the alcohol mimic and the natural amine, as the affinity of tyramine and
tryptamine is comparable to that tyrosol and tryptophol for free bmAANAT3
(Figure.3.6). Thus, acetyl group occupancy of the catalytic site has a profound effect on
the binding properties of the acceptor binding site even when the acetyl group is carried
by the acceptor. Importantly, the position of the acetyl group of the acetylated acceptor
is mutually exclusive to the position of the acetyl group of acetyl-CoA, as Nacetyltryptamine does not bind to bmAANAT3-acetyl-CoA (Figure.3.6-B). This is
expected to provide a mechanism for productive dissociation of the acetylated acceptor
upon acetyl-CoA binding during the progression to a new catalytic cycle. In support of
this hypothesis, comparison of available GNAT structures in the presence of acetyl-CoA
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and bisubstrates or acetylated acceptors, shows that the acetyl group occupies the same
space and in some cases with a conserved hydrogen bond network.31-35
As the most significant difference between the NMR titrations of bmAANAT3
with acetyl-CoA and CoA was the conformational heterogeneity of the C-terminus of
helix α1 and the plug, we hypothesized that residues at the interface between this
region and the P-loop encompass the molecular switch that couples acetyl group
occupancy to the acceptor binding site. Comparison of the structure of DAT in the free
and acetyl-CoA-bound state reveals that a salt bridge between D46 and R153 is only
formed in the presence of acetyl-CoA, while a salt bridge from residues of the same
structural elements of oaAANAT (E54 and R131) is observed in the presence of a
bisubstrate, but not in the free-state. To test our hypothesis, we mutated the
corresponding residue, D26, of bmAANAT3 to alanine (Figure.3.10). Our rationale was
that disruption of a potential interaction with R134 from the P-loop in the acetyl-CoAbound state would affect the substrate binding properties. Indeed, tyrosol binding to
acetyl-CoA-bound bmAANAT3 D26A, shows a 10-fold drop in affinity (K d = 65.7 ± 4.8
μM), to the level of CoA-bound bmAANAT3 or CoA-bound bmAANAT3D26A (K d = 84.2
± 12.4 μM) (Figure. -6C). Hence, this salt bridge comprises the structural switch that
mediates the observed positive cooperativity by sensing acetyl group occupancy at the
catalytic site, since when broken, acetyl group occupancy of the catalytic funnel is not
relayed to the substrate binding site. This observation is also in agreement with the 20fold higher K m,app observed for DATR153A for tyramine as compared to wild type DAT.16
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Figure.3.10. Acetyl-group donor and acceptor coupling switch. Cartoon diagram of bmAANAT3 model
highlighting the salt bridge between D26 located at the end of helix α1 and R134 located at the P-loop.

3.4 Conclusions
In summary, we find that the sequential progression between binary and ternary
complexes formed during the catalytic cycle of an N-acetyltransferase is coordinated by
the acetyl group occupancy in the catalytic funnel. When carried by acetyl-CoA, the
acetyl group shifts the conformational ensemble of the acceptor binding site to a high
affinity competent state, while when carried by the acceptor it allows for displacement
of the acetylated acceptor upon acetyl-CoA binding. Our NMR data also show that the
C-terminus of helix α1 of bmAANAT3 preexists in a helical conformation in the freestate of the enzyme and thus allows for a high affinity interaction with the cofactor,
acetyl-CoA. Similar observations were made for the free-states of DAT and aaAANAT2,
suggesting that this is a general mechanism for insect acetyltransferases.19,8 However,
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the highly conserved sequential mechanism observed for other GNATs suggests that
this model may apply to other members of the superfamily.
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CHAPTER 4:
MOLECULAR MECHANISM OF PROTEIN KINASE RECOGNITION AND
SORTING BY THE HSP90 KINOME-SPECIFIC COCHAPERONE CDC37

Note to Reader
This chapter has been previously published in Molecular Cell, 2016, 62, 260–271
and has been reproduced according to ScienceDirect “(Creative Commons CC-BY-NCND license for author manuscript versions)”. This work can be viewed in Appendix A.

4.1 Introduction
Selective entry into the Hsp90 chaperone cycle is a critical step in proteostasis and
regulation of signaling pathways. The process is challenged by the lack of sequence and
structural homology between the substrates, termed clients,1 and thus, Hsp90 has
acquired recruiter cochaperones to gain the essential specificity elements.2 Cdc37 is the
ubiquitous cochaperone of the machinery controlling the entry of a large and diverse
gamut of protein kinases.3-6 As with other recruiter cochaperones, the mechanisms of
substrate recognition and sorting within the client-nonclient continuum remain elusive.
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There is the consensus that the first 40 residues of Cdc37, which exhibit the highest
sequence homology, contain residues critical for conferring kinase specificity. A construct
lacking the first 30 residues (D30-Cdc37) does not associate with bRaf and cannot
compete with ATP for kinase binding,6 while deletion of residues 26–38 results in
impaired signaling by the sevenless receptor.7 Association with HRI is abolished by either
of the Y4A or W7A mutations and is significantly affected by the V2A and D3A
mutations.8 Y4 phosphorylation abolishes association with a certain class of kinases,9
while S13 phosphorylation promotes formation of stable Hsp90-Cdc37-kinase ternary
complexes, without affecting the stability of binary Cdc37-kinase complexes.10-13
However, two regions outside the N-terminal domain (N-Cdc37) were identified to
regulate kinase binding, making the kinase recognition site a matter of controversy. A 20
amino acid stretch (181–200) in the middle domain (M-Cdc37) was proposed to comprise
the recognition site for cRaf,14 and either Y298 phosphorylation9 or the W342C mutation7
has a detrimental effect on kinase binding, implicating the previously uncharacterized Cterminal domain (C-Cdc37) in kinase binding. In this respect, it was also shown that Cterminal constructs interact with bRaf in the presence of the full-length protein.15
On the kinase side, the catalytic domain is unambiguously implicated in the
interaction with the Hsp90 machinery.16 Although kinase primary sequence elements and
surface characteristics have been proposed as Hsp90-clientspecificity determinants,17-20
these features cannot account for the striking selectivity between highly homologous
kinases such as v-Src and c-Src.21-22 Moreover, the sequence and structural diversity of
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Hsp90-dependent proteins suggests that such ‘‘motifs’’ do not exist. Instead, the current
paradigm suggests that the machinery sorts kinases within the strong-to-nonclient
continuum by sensing their thermal stability,23,5-6 and specificity determinants on the
kinase are recognized by Cdc37, which recruits the substrate to Hsp90. These Cdc37
recognition sites reside at the conserved glycine-rich motif and the loop connecting the
αC-helix to the β4-strand.18,24 The observed Cdc37 inhibition of nucleotide binding to the
kinase domain reinforces the notion that Cdc37 recognizes sequence or structural features
in the vicinity of the ATP-binding cleft.11
Currently, the molecular mechanism of kinase recognition and the role of Cdc37
in sensing the thermal stability of a kinase domain remain unknown. In this chapter, we
have employed NMR spectroscopy in a combination of thermodynamic and biochemical
approaches to determine the molecular mechanism of kinases recognition and the role of
Cdc37 in sensing kinases thermal stability.

4.2 Experimental Procedures
4.2.1 Sample Preparations and Isotope Labeling
Full-length human Cdc37 (Cdc37), N-Cdc37 (a.a. 1-126), MC-Cdc37 (a.a. 147-378)
and C-Cdc37 (a.a. 288-378) were cloned into a pDB.His.MBP vector [25] to overexpress
fusion proteins with an N-terminal, His6-MBP purification tag, and a TEV cleavage site.
The DNA encoding for the catalytic domain of human bRaf, carrying 16 amino acid
substitutions, was synthesized for an E. Coli optimized codon usage (GeneArt) and
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cloned into a pDB.His.GST vector25 to produce a fusion protein with an N- terminal,
His6-GST purification tag, and a TEV cleavage site. NM-Cdc37 was also cloned in the
pDB.His.GST vector. A plasmid for the bacterial overexpression of human p38 was
obtained from DNASU Plasmid Repository25, encoding for an N-terminal, His-tag, and a
TEV cleavage site. Full-length human Hsp90 αβ1 was overexpressed from a pET28
plasmid encoding for a His-tag. Cdc37 point mutants were generated using the
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent).
Constructs for Cdc37, p38 and Hsp90 were transformed into BL21(DE3) (NEB),
and bRaf in TUNER(DE3) (EMD). For the expression of Cdc37 constructs, cells were
incubated at 37°C until OD 600 ~ 0.5 and protein overexpression was induced by the
addition of IPTG at a final concentration of 0.5 mM for five hours. p38 was expressed
as described previously.26 For bRaf overexpression, cells cultures were incubated at
37°C until OD600 ~ 0.5 and cooled down into an ice/water bath for 30 minutes. Protein
o

overexpression was induced by the addition of 0.15 mM IPTG at 16 C and allowed to
proceed for 24h. Labeled proteins were expressed in M9 as described above. For the
15

production of double-labeled proteins, media in H 2 O were supplemented with NH 4 Cl,
13

U- C 6 glucose and trace metals. Uniformly deuterated proteins were expressed in the
2

same way, but in 99.8% D 2 O and supplemented with U- H glucose. Methyl protonated
samples were prepared in a perdeuterated background as described previously.27-31
Briefly, 50 mg/L α-Ketobutyric acid, 100 mg/L α-ketoisovaleric acid, 125 mg/L Met86

2

13

2

13

[ H/ CH 3 ] and 50 mg/L Ala-[ H/ CH 3 ] were added to the media 40 minutes before
induction with IPTG. All isotopically labeled chemicals and bioexpress media were from
CIL. A peptide corresponding to the 32 aminoterminal residues of human Cdc37 was
obtained synthetically with a cysteine at position 33 instead of a histidine.
All Cdc37 constructs and p38 were purified as described previously.26-32 Cells
overexpressing bRaf were resuspended in lysis buffer (50 mM Tris, pH = 8.0, 150 mM
NaCl, 10 mM MgCl 2 , 5 mM 2-mercaptoethanol, 1 mM EDTA, 5% glycerol, 1 mM PMSF
and lysozyme) and disrupted by sonication. The lysate was clarified by centrifugation,
loaded on a GST column, and washed with lysis buffer, before eluting with 40 mM
reduced glutathione in the same buffer. The fusion protein was digested overnight with
TEV protease and buffer exchanged into lysis buffer with 20 mM imidazole and 0.2 mM
2+

EDTA. GST and TEV were removed over a Ni -affinity column and bRaf was run
through a Superdex 200 in 50 mM Tris, pH = 8.0, 150 mM NaCl, 5 mM 2mercaptoethanol, 1 mM EDTA and 5% glycerol. Cells overexpressing Hsp90 were
resuspended in 50 mM Tris, pH = 8.0, 1 M NaCl, 20 mM imidazole, 0.2 mM EDTA and
5mM 2-mercaptoethanol. Cells were disrupted by sonication and the lysate was
2+

clarified by centrifugation before loading to a Ni -affinity column. After extensive
washing with lysis buffer the column was washed with 50 mM imidazole and Hsp90
was eluted with the same buffer containing 400 mM imidazole. The protein was further
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purified over a Superdex 200 in 50 mM Tris, pH = 8.0, 1 M NaCl, 1.0 mM EDTA and
5mM 2-mercaptoethanol.
Cdc37 and N-Cdc37 phosphorylation at position S13 was performed at a protein
concentration of ~20 µM, in 25 mM Tris, pH = 7.5, 100 mM KCl, 10 mM MgCl 2 , 5 mM
DTT and 0.5 mM ATP. 2500 units of CKII holoenzyme (NEB) was added, and the
º

reaction was incubated at 30 C overnight. CKII and traces of non-phosphorylated
substrate were removed by anion exchange chromatography. In all cases, complete
phosphorylation of NMR samples was confirmed by comparing the NMR spectra
before and after the phosphorylation reaction.
4.2.2 NMR Spectroscopy
All NMR experiments were performed on Varian direct drive 600 and 800 MHz
spectrometers equipped with a cryoprobe. Sequential assignment of 1H,

13C,

and

15N

backbone chemical shifts for N-Cdc37 was achieved by means of through-bond
heteronuclear scalar correlations with standard pulse sequences (HNCA, HNCOCA,
HNCACB, CBCACONH, HNCO and HNCACO). Selective amino acid labeling (15N-Ala,
Gln, His, Cys and 15N/13C-Lys), unlabeling (Arg, Met) and the acquisition of a 3D HNN
experiment [33], further facilitated assignment. Sidechain and methyl group assignment
was accomplished with 3D (H)C(CO)NH, 3D H(C)(CO)NH, 3D

15N-edited

TOCSY,

H(C)CH-TOCSY and (H)CCH-TOCSY. The former three experiments gave unambiguous
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assignment for methyl groups of residues in the flexible tails, and for L28, L68 and V73
in the two helix bundle. The remaining methyl groups were assigned using the latter two
spectra in combination with side-directed mutagenesis. Methyl group assignment for MCdc37 was accomplished using the (H)C(CO)NH and H(C)(CO)NH set of 3D spectra,
together with the available backbone assignment.34-35 Full assignment of C-Cdc37 signals
has been presented elsewhere.32 All NMR samples for assignments were prepared in 50
mM Hepes, pH = 7.5, 100 mM NaCl, 2.5 mM DTT, with concentrations in the range of 0.3
- 0.5 mM and spectra were recorded at 30°C. We have investigated the interaction of
Cdc37 with protein kinases by monitoring formation of binary Cdc37-kinase complexes
using the Methyl-TROSY approach.27-29 Observing methyl resonances allows us to
overcome challenges associated with the relatively large molecular weight of the complex
(~76 kDa), which in combination with the low temperature range at which experiments
are performed (8-20ºC) and the low concentrations at which the complex is stable over
prolonged times (<80 µM) pose serious experimental limitations. Furthermore, the
presence of long unstructured segments in both N- and C-Cdc37 results in extensive
signal overlap in the central region of the 1H-15N HSQC spectrum of Cdc37, which makes
the analysis ambiguous (Figure 4.2-F). On the other hand, the methyl groups of Val, Leu,
Ile, Met and Ala residues of Cdc37 produce 1H-13C correlation maps of remarkable
quality, while they are uniformly distributed throughout the protein structure, and thus
are excellent probes to characterize the interaction of the cochaperone with protein
kinases (Figure 4.3). The modular structure of Cdc37 results in good resonance
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correspondence between spectra of isolated domains or two-domain fragments and the
spectra of the full-length protein, which permits the assignment transfer using a domain
parsing approach (Figure 4.3-C). Any ambiguities associated with amino acids at or
adjacent to linker regions were resolved by acquiring a 3D NOESY spectrum of the fulllength Cdc37 or by introducing conservative mutations and thus a nearly complete
assignment was obtained (95%). Methyl group assignment transfer from isolated
domains to full-length Cdc37 was assisted by a 3D HMQC-NOESY-HMQC spectrum
acquired in D 2 O and further aided by a series of mutants at linker regions. Assignment
at 20oC was obtained by recording several

1H-13C

HMQC spectra at different

temperatures. All spectra were processed with NMRpipe36 and analysed using sparky (T.
D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).
Methyl-TROSY titrations of full-length Cdc37 with bRaf (or vem-bRaf) were
performed at 20ºC (or 30ºC), with protein concentrations in the range of 10 to 80 µM.
Cdc37-bRaf complexes with 2H/13CH 3 -Cdc37 (IMA- and VL- or VLIMA-labeled) in either
of the two phosphorylation states of S13 contained a small molar excess (1.2 equivalents)
of unlabeled bRaf and had a final Cdc37 concentration between 60 and 80 µM. Cdc37bRaf complexes with 2H/13CH3-bRaf (VLIMAlabeled) were prepared by the addition of
a small molar excess of either S13-phosphorylated [U-2H]-Cdc37 (1.2 equivalents) or [U2H]-Hsp90

(2.4 equivalents). The final concentration of 2H/13CH 3 -bRaf ranged between

10 and 18 µM. 1H-15N HSQC spectra of

15N-labeled

90

N-Cdc37 in either of the two

phosphorylation states of S13, in the presence of the non-client state of bRaf were
performed at 30ºC. The concentration of N-Cdc37 varied between 80 and 100 µM and the
kinase at the final point was present at three-fold and four-fold excess for vem-bRaf and
p38, respectively. Combined chemical shift perturbation for the interactions monitored
by Methyl-TROSY was calculated according to:
∆𝛿𝛿 = �∆𝛿𝛿1𝐻𝐻𝐻𝐻 2 + (𝛥𝛥𝛥𝛥13𝐶𝐶𝐶𝐶 ∗ 𝑤𝑤𝑤𝑤)2

where Δδ is the chemical shift difference between the bound state and the free state in
ppm and the weighting factor w i is set to σ H,i /σ C,i , where σ i is the standard deviation of
deposited chemical shifts at BMRB for that atom. For interactions followed by 1H-15N
HSQCs combined chemical shift perturbation was calculated according to:
∆𝛿𝛿 = �∆𝛿𝛿𝐻𝐻 2 + �

4.2.3 Structural Model of N-Cdc37

∆𝛿𝛿𝑁𝑁 2
�
5

To obtain a three-dimensional model of adequate resolution for functional studies,
NOE restraints were derived from a 3D

15N-edited

NOESY-HSQC (τ mix = 120 ms),

acquired with a fully protonated sample in H 2 O, and a 3D HMQC-NOESY-HMQC (τ mix
= 250 ms) acquired with a U-2H/12C sample, specifically protonated at the methyl groups
of Val, Leu, Ile, Met and Ala, in D 2 O. Both spectra were recorded at 30ºC with a sample
concentration of 0.4 mM. The structural model was calculated using CYANA 2.1.37 All
NOE distance restraints were manually assigned and only unambiguous pairs of
91

distances were included in the calculations. The C α , C β , C’, N, HN and H α NMR chemical
shifts served as input for the TALOSN program38 and dihedral angles were extracted and
incorporated into the calculations. A set of hydrogen bond restraints was included in the
form of upper and lower distance limits for those residues with a predicted helical
secondary structure, and only if a strong H i N-H i+1 N NOE was observed. A total of 200
structures were calculated and an ensemble of the 20 lowest energy structures was
analyzed. The poor quality of the TOCSY-based spectra for NCdc37 has limited the
number of unambiguously assigned sidechain resonances for the helical hairpin region,
which in turn resulted in a relatively small number of NOEs. However, an adequate
number of long-range, interhelical NOEs allowed us to obtain a low-resolution structural
model (b.b. RMSD = 1.01) that is nevertheless very helpful in interpreting functional
interactions of the cochaperone with protein kinases.

4.2.4 SEC-MALS
Size-exclusion chromatography coupled to multiangle light scattering (MALS)
was performed at 20ºC, in 20 mM Tris, pH = 7.5, 100 mM NaCl, 2.0 mM DTT, 0.5 mM
EDTA. Protein samples were run through a WTC015S5 column (Wyatt technology) at a
flow rate of 0.6 ml/min an detected by UV absorbance. MALS was detected downstream
by a miniDAWN TREOS and processed with ASTRA 6. For all samples, the injection
volume was 100 µl. Protein concentration for free-Cdc37 and free-bRaf was 49 µM and 34
µM, respectively. Samples containing Cdc37 and bRaf at different molar ratios were
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prepared by mixing the two proteins at low concentrations (< 10 µM). The volume was
subsequently reduced in an amicon stirred cell to obtain Cdc37:bRaf micromolar
concentration ratios equal to 80:80 and 80:40.

4.2.5 Immunoprecipitation and Pull Down
MCF7 cells were transfected with kinase clients (ErbB2-bio, bRaf-bio or
bRafV600E-bio), BirA biotinyl transferase (BirA) and, when indicated, HA-Cdc37. The
bio-tag

on

the

kinase

clients

encodes

a

biotinylation

substrate

peptide

(GLNDIFEAQKIEWHE) for the BirA biotinyl transferase. The lysates were incubated
with neutravidin agarose beads (Pierce, 29202) for 1 h. Where indicated, in vitro
phosphorylated, E. coli expressed Cdc37 was added to the mixture. After the incubation,
beads were washed three times with lysis buffer, and associated proteins were analyzed
by western blots.

4.2.6 Fluorescence Spectroscopy
Fluorescence emission of ANS was recorded in 20 mM K Pi , pH =6.8, 100 mM NaCl,
2.5 mM DTT and 0.5 mM EDTA, using an PC1 single photon counting spectrometer (ISS,
Inc). The spectra were obtained from 400 to 600 nm, using an excitation wavelength of
290 nm with 1 nm steps and 100 ms integration time. The final ANS concentration was
the same in all samples (16.6 µM), while the concentration of free proteins or of each
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protein in a mixture was 4.3 µM. Samples were equilibrated for 20 minutes at room
temperature prior to data collection.
4.2.7 Isothermal Titration Calorimetry
Titrations were carried out on a VP-ITC calorimeter (GE Healthcare) at 20°C.
Protein samples were extensively dialyzed against 20 mM Tris, 100 mM NaCl, 0.5 mM
EDTA and 1 mM tris(2-carboxyethyl) phosphine and degassed. For the titrations
performed with Cdc37 constructs, the 1429-μl sample cell was filled with the Cdc37
construct at a concentration of ~10 to 12 μM protein (Cdc37, N-Cdc37, MC-Cdc37, CCdc37 or NΔ30-Cdc37), and the 281-μl injection syringe was filled with bRaf at 120 - 160
µM. Isotherms for the interaction of bRaf with N32, were measured by titrating N32 (200
µM) into bRaf (18 µM). All titrations included an initial 0.2-μl injection and were carried
out by 10 - 12 injections, with a 4 min time interval between each injection. The data were
processed with Origin 7.0 (OriginLab Corporation) with the point of the initial injection
excluded. Errors in K d were determined from duplicate measurements.

4.2.8 CD Experiments
Thermal denaturation of the client and non-client states of bRaf and the extraction
of the corresponding melting temperatures was performed by monitoring molar
ellipticity at 222 nm, using an AVIV (215) Circular Dichroism Spectrometer. For both
states, the concentration of bRaf was 4 µM in 20 mM Tris, pH = 7.5, 100 mM NaCl, 2.5
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mM DTT and 0.5 mM EDTA. A small excess of vemurafenib was added for the non-client
state (6 µM).

4.2.9 Limited Proteolysis and Mass Spectrometry
Proteolytic digestions were performed in 20 mM Tris, pH = 7.5, 100 mM NaCl, 2.5
mM DTT and 0.5 mM EDTA. CaCl 2 at a final concentration of 10 mM was added for
digestion with chymotrypsin. bRaf (5 µM), Cdc37 (30 µM) or a mixture of bRaf and Cdc37
at 5 µM and 30 µM, respectively, were incubated with 1% (w/w) Lys-C or chymotrypsin
in ice or at 20ºC for time intervals ranging between 30’ and five hours. Reaction aliquots
were quenched by the addition of formic at a concentration of 5% or by SDS-PAGE
loading buffer. Minor changes were observed at different temperatures and thus only
reaction aliquots after 30’ incubation at 20ºC were finally analyzed. Reactions were
desalted on a C4 column, dried to completeness and resuspended in 0.1 % formic acid for
MS analysis. Peptides were separated on a C18 column using an easyNano 1000 (Thermo)
and analyzed on a LTQ OrbitrapXL (Thermo), using a top 10 data dependent acquisition.
Raw data files were searched using MaxQuant against the sequences of mutant bRaf and
wild type Cdc37. Methionine oxidation was included as variable modification and
multiple missed cleavages were allowed during the search.
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4.3 Experimental Results
4.3.1 Conformational Properties of N-Cdc37
To understand the role of N-Cdc37 in recruiting protein kinases to Hsp90, we first
characterized its structural and dynamic properties using NMR spectroscopy. The 1H-15N
HSQC spectrum of N-Cdc37 exhibits a large dynamic range of signal intensities
and limited signal dispersion34-35 (Figure 4.1-A). Secondary structure prediction, using
backbone chemical shifts, indicates that one-third of N-Cdc37 acquires a coil
conformation, including the highly conserved 25 N-terminal amino acids and the extreme
16 C-terminal amino acids (Figure 4.1B). The rest of the domain forms two helices (α1 and
α2) connected through a loop (aa 73–77) (Figure 4.1-B). Phosphorylation of N-Cdc37 at
S13 does not affect the boundaries of the predicted secondary structure elements (Figures
4.2A-2C). In addition, {1H}-15N heteronuclear NOEs (hNOEs) provide direct evidence that
N-Cdc37 exhibits differential flexibility (Figure 4.1-C). Residues in the predicted helices
α1 and α2 exhibit hNOEs near 0.8, indicating that internal dynamics faster than the overall
domain tumbling are not present. In contrast, the terminal regions (aa 1–25 and 115–126)
exhibit low (<0.3) or even negative hNOEs, suggesting that ps-ns dynamics are operative
and ample backbone conformational heterogeneity is present for these regions.
Although the 1H-15N HSQC for N-Cdc37 is 93% complete, assignment of sidechain
proton signals for most residues in α1 and α2 was hindered by extensive signal overlap,
conformational exchange, and/or a fully anisotropic motion. To obtain structural
information, we adopted an alternative approach and relied on CH 3 -derived long-range
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NOEs. An adequate number of interhelical CH 3 -CH 3 long-range NOEs, as well as many
medium- and short-range CH 3 -CH 3 , HN-CH 3 , and HN-HN NOEs, allowed us to define
the fold of the domain at a resolution suitable for functional studies (Figures 4.2-D and
4.2-E). The central region, comprised of helices α1 and α2, forms a U-shaped, antiparallel
two-helix bundle, while the absence of any long-range NOE for the N- and C-tails
suggests that these regions are indeed flexible (Figure 4.1-D). The interface of the bundle
is lined with clusters of highly conserved hydrophobic residues, but the lack of a regular
coiled-coil repeat pitch results in a loosely packed structure (Figure 4.1-E). Comparison
of the 1H-15N HSQC spectra of N-Cdc37 and Cdc37 confirms that the fold is the same in
the context of the full-length protein, as previously suggested35 (Figure 4.2-F).
In summary, N-Cdc37 forms an independently folded domain that adopts a twohelix bundle conformation and displays differential dynamics containing long N- and Cterminal flexible tails.

Figure.4.1. Structural and Dynamic Properties of N-Cdc37 in Solution. (A) The 1H-15N-HSQC spectrum
of N-Cdc37 exhibits limited signal dispersion (the Trp indole region is omitted). (B) N-Cdc37 secondary
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structure: straight and zigzag lines illustrate unstructured and helical regions, respectively. (C) hNOE
values as function of primary sequence. Missing values are due to prolines, missing assignment, or extreme
overlap that precludes accurate quantitation. (D) Ribbon diagram of the lowest energy structure of NCdc37 showing helices a1 and a2 and the terminal tails. (E) Clusters of stabilizing nonpolar interactions
between a1 and a2 identified by NMR and utilized for building a structural model.
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1

Figure.4.2: Structural and dynamic properties of N-Cdc37 in solution. (A) The central region of the H15

N HSQC spectrum of N-Cdc37 in its non-phosphorylated (black) and S13-phosphorylated forms (yellow),

showing assignment for residues that exhibit changes in chemical shift. (B) Magnitude of normalized CSP
for N-Cdc37 upon S13 phosphorylation, as a function of primary sequence. CSPs greater than the mean
or one standard deviation above the mean are marked by green and red lines, respectively. Significant
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chemical shift perturbations are limited to residues adjacent to S13, suggesting that phosphorylation has
a highly localized effect, without producing global structural rearrangement on N-Cdc37. It is also noted
that phosphorylation has no effect on signal linewidths, indicating that domain dynamics are not affected.
(C) Secondary structure prediction as a function of the primary sequence, based on the available C α , C β ,
C’, N, HN of pN-Cdc37, confirms that S13 phosphorylation does not impact the secondary structure of
the domain. The absence of significant CSPs for residues distal to S13 indicates that neither the fold of the
domain is affected. (D) Structural ensemble of the 20 lowest energy models of N-Cdc37 as determined by
a limited set of long-range NOEs. A 1.01 pairwise RMSD is obtained for the backbone atoms of the helicalhairpin region (26 - 110). (E) A set of selected strips extracted from a three-dimensional HMQC-NOESYHMQC spectrum of VLIMA- labeled Cdc37 recorded in D 2 O at 30ºC, showing long range (inter-helical)
1

15

NOEs for L50, V61 and A79. (F) An overlay of the H- N HSQC spectra of full-length Cdc37 (blue) and
N-Cdc37 (pink) shows very good peak correspondence suggesting that the overall structure of the domain
is not altered due to truncation at the C-terminus.

4.3.2 Interaction of Cdc37 with the Client Kinase bRaf
As a model kinase domain, we used an engineered form of bRaf with significantly
weak self-association properties and increased solubility.39-40 bRaf is a well-characterized
Hsp90 client,41-42,5 and this variant accurately recapitulates binary Cdc37-bRaf and
ternary Hsp90-Cdc37-bRaf complexes formed by the wild-type bRaf kinase domain
in vivo.11 To assess the oligomeric state and the stoichiometry of in vitro-assembled
binary complexes, we characterized the hydrodynamic properties of Cdc37, bRaf, and
Cdc37-bRaf at different molar ratios (Figure 4.3-A). For all three species, the molar mass
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distribution determined by analytical size-exclusion chromatography coupled to
multiangle light scattering detection (SEC-MALS) is in agreement with a model where
Cdc37 and bRaf are monomeric in their free state and form a complex with a 1:1
stoichiometry.35
To obtain site-specific information on Cdc37 elements mediating stable association
with client kinases, we used the methyl-TROSY approach (Figure 4.4) and followed
changes in the 1H-13C HMQC spectra of Cdc37 as a function of increasing amounts of
unlabeled bRaf. Addition of bRaf at a molar ratio of 1:1 affects the position and linewidth
of Cdc37 signals from different domains in two distinct ways (Figures 4.3-B and 4.5-A).
Signals from N- and C-Cdc37 disappear and a new set of signals appears at different
positions, without any significant change in linewidths, suggesting that complex
formation occurs at a slow exchange regime (kex < < |Δν|), as expected for a complex
with a K d of 0.2 μM.11 However, signals from M-Cdc37 show extreme broadening and
disappear or split into two broad signals of almost equal intensity, one for each of the free
and bRaf-bound states (Figure 4.5-B).
Analysis of chemical shift perturbations (CSPs) reveals that the most prominent
changes (greater than one SD from the mean, i.e., Δδ > 0.13 ppm) occur at C-Cdc37
(Figure 4.3-C) and include L301, L317, I321, M333, and I337. With the exception of L301
(located at the α1-α2 linker), L317, I321, M333, and M337 belong to helices α3 and α4 of
C-Cdc37. Other signals that become affected include those of V314 (broadened beyond
detection), as well as those of L297, V311, M316, A329, and V343 (CSP greater than the
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mean, i.e., Δδ > 0.028 ppm). When this subset of residues is mapped on the structure of
C-Cdc37, a discrete and highly conserved hydrophobic patch is formed, suggesting that
kinase binding to this domain is localized at this region (Figures 4.3-D and 4.5-C). The NCdc37 signals that experience significant CSP include V6, I10, A26, L28, A35, V37, M40,
M105, and M112, while the signal of I23 broadens beyond detection. This observation
provides direct evidence that N-Cdc37 residues beyond the N terminus are involved in
kinase binding (Figure 4.3-E). On the other hand, the effect of bRaf addition on M-Cdc37
signals cannot be accounted for by a direct interaction. The observed 1:1 stoichiometry
(Figure 4.3-A)11 and the pattern of signal intensity changes during the course of the
titration (Figure 4.5-D) suggest that the source of M-Cdc37 signal splitting is not
formation of an asymmetric complex between dimeric Cdc37 and monomeric bRaf.
Furthermore, under this set of experimental conditions the observed signal broadening,
which results in an ∼70% signal attenuation, cannot be due to chemical exchange caused

by bRaf binding or transient self-association of the Cdc37-bRaf complex to form a
symmetric 2:2 complex (Figure 4.5-E). Therefore, the interaction of N- and C-Cdc37 with
bRaf affects the conformational properties of M-Cdc37 by inducing exchange to an
alternate conformational state (changes in chemical shift) at an intermediate/slow
timescale (severe line broadening). Significant CSP is observed in the vicinity of the
Hsp90 binding site, including the signals of M164 and L205, which are critical for
stabilizing the Cdc37-Hsp90 complex (Figure 4.5-F).43-44, 35 Thus, kinase binding to N- and
C-Cdc37 is transmitted to M-Cdc37, in a manner that may modulate the Cdc37-Hsp90
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interaction and allow for the coordinated binding and release of the cochaperone during
the Hsp90 chaperone cycle.
We also examined whether S13 phosphorylation alters the mode of Cdc37-bRaf
recognition. Addition of bRaf to phosphorylated or nonphosphorylated Cdc37 produces
identical changes to the 1H-13C-HMQC maps, with C-Cdc37 signals exhibiting the largest
CSP and signals from N-Cdc37 showing exactly the same pattern. In addition, the two
forms produce identical thermodynamic signatures of binding and have the same affinity
for bRaf (Figure 4.6). Therefore, S13 phosphorylation does not impact the mode of
recognition or affinity for protein kinases. This is in agreement with the hypothesis that
CK2 phosphorylation regulates the chaperone cycle at a stage later than Cdc37
recognition and is required for stabilizing ternary Hsp90-Cdc37-kinase complexes.11
In summary, Cdc37 associates with a client kinase to form a stable complex of 1:1
stoichiometry. The methyl-TROSY approach provides direct evidence for an
unprecedented synergy between N- and C-Cdc37 and reveals that residues beyond the
extreme N terminus of N-Cdc37, together with a conserved hydrophobic patch on CCdc37, participate in binding.
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Figure.4.3. Assembly of Binary Cdc37-bRaf Complexes. (A) SEC-MALS traces, displayed from top to
bottom for Cdc37 (49 mM), bRaf (34 mM), Cdc37 + bRaf (both at 80 mM), and Cdc37 + bRaf (at 80 mM and
40 mM, respectively). (B) Selected regions of 1H-13C HMQC correlation maps of labeled Cdc37 in the
absence (blue) or presence of 1.2 equivalents of unlabeled bRaf (pink). The signal for M333 shows the largest
CSP and shifts near the ‘‘Ile’’ region. (C) Magnitude of CSPs (Dd) as a function of Cdc37 primary sequence.
CSPs for methyl groups of N- and C-Cdc37 (aa 1–126 and 287–378, respectively) are shown in cyan. CSPs
for M-Cdc37 methyl groups are displayed for those signals that split in the bound state (gray). (D and E)
Ribbon representation of C-Cdc37 (shown in D) and N-Cd37 (shown in E), highlighting residues that
experience Dd > 0.13 ppm (red) and 0.028 > Dd >0.13 ppm (orange).

104

Figure.4.4. Methyl-TROSY NMR of Cdc37. (A) 1H-13CHMQCspectra of Cdc37 U-[2H,12C]-Iled1-[13CH 3 ]
(blue), U-[2H,12C]-Val/Leu-[13CH 3 ] (red), and U-[2H,12C]-Met-Ala-[13CH 3 ] (green-orange). (B) The Ca atoms
of Cdc37 methyl-bearing amino acids used as probes to monitor interactions with bRaf are displayed as
spheres on a pseudo model of full-length Cdc37. The C terminus of the protein (342–378) is omitted. The
color code is the same as in (A). (C) Overlay of 1H-13C HMQC spectra, from the two-domain fragment
comprised of N- and M-Cdc37 (1–276, red) and N-Cdc37 (yellow) onto the spectrum of full-length Cdc37
(blue).
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Figure.4.5: Interaction of Cdc37 with bRaf monitored by Methyl-TROSY NMR. (A) Complete 1H-13C
HMQC correlation maps of Val/Leu-, Ile-, Met- and Ala-labeled Cdc37 in the absence (blue) or presence of
1.2 equivalents unlabeled bRaf (pink). Boxed numbered regions refer to panel B. (B) Representative
examples of signals from M-Cdc37 methyl groups showing splitting (i and ii) or extreme line broadening
(iii and iv) in the bound state. (C) Left: Surface representation of C-Cdc37 highlighting the methyl groups
that experience CSP greater than one standard deviation from the mean (red) and greater than the mean
(orange) The position of W342 is also highlighted. Middle and Right: Residue hydrophobicity and
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conservation, respectively, plotted on the surface of C-Cdc37. In all three cases the same domain orientation
as in Figure 2D is used. (D) Fraction of free (filled symbols) and bRaf-complexed (open symbols) Cdc37 as
a function of Cdc37:bRaf molar ratio, derived by normalizing signal integrals to the signal of the free state.
Representative examples from N- (orange), C- (cyan) and M-Cdc37 (black) are shown. At a molar ratio ~1:1,
a number of N- and C-Cdc37 signals of the free-state disappear and a new set of signals reaches a fraction
> 90%. For M-Cdc37, the signals affected either become broadened beyond detection and no new signal
appears or the signal is split to two broad signals one of which corresponds to the free-state. (E)
Representative example of an M-Cdc37 signal (I159) showing a pair of broad signals at 1:1 molar ratio,
extracted from a spectrum acquired at 7 µM. M-Cdc37 signal splitting and broadening is not a result of selfassociation of Cdc37-bRaf complexes. (F) Structural model of M-Cdc37 (light gray) in complex with NHsp90 (dark gray) obtained from 1US7.43 Highlighted in red are M-Cdc37 methyl bearing residues, for
which signal splitting is observed in the kinase-bound state.
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Figure.4.6: Interaction of bRaf with Cdc37 phosphorylated at S13. (A) Representative examples of methyl
signals that experience significant CSP in the presence of bRaf. The panels in the top row were extracted
from titrations of non-phosphorylated Cdc37 (blue = free, green = bound) and the panels in the bottom row
were extracted from titrations of Cdc37 phosphorylated at S13 (blue = free, red = bound). (B) ITC isotherms
for the titration of bRaf into non-phosphorylated (green) and phosphorylated Cdc37 (red), yield identical
thermodynamic signatures of binding and affinities for both forms.
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4.3.3 Mutations in C-Cdc37 Compromise the Interaction of Cdc37 with Clients
To further characterize the C-Cdc37 client binding site, we investigated the impact
of helix α3 mutants on complexes of Cdc37 with bRaf (wild-type or V600E, bRafV600E) and
the receptor tyrosine kinase ErbB2 in human MCF7 cells. M316, L317, and I321 were
altered to produce two double mutants, M316A/L317A and M316A/L317E (denoted AA
and AE), and two triple mutants, M316A/L317A/I321A and M316A/L317E/I321E
(denoted AAA and AEE). At comparable co-expression of biotin-tagged bRaf, the ratio of
biotinylated bRaf to recovered Cdc37 drops by >90% for all four mutants (Figure 4.7-A)
(>80% adjusted for biotinylation yield). Compared to bRaf, the effect of Cdc37 mutations
is more profound on the synthesis yield of the membrane-localized ErbB2 receptor,
reflecting the more complex maturation path and additional levels of quality control
(Figure 4.7-B). For equivalent amounts of biotinylated ErbB2, the recovery of associated
Cdc37 drops sharply for all four mutants. Hence, both clients reveal a similar and very
pronounced sensitivity in their client-Cdc37 complex recovery, despite large differences
in their mode of processing and sensitivity of production rates toward Cdc37 defects.
Because the AEE mutant shows consistent impaired interaction for both clients, it
was further evaluated for its impact on the interaction with wild-type and bRafV600E
(Figure 4.7-C). Consistent with published reports, the interaction of Cdc37 with bRafV600E
is significantly stronger.41-42 The S13A mutation in Cdc37 (Cdc37S13A) is known to impact
client interaction and maturation, likely at later stages of stable ternary complexes
involving Hsp90, while its impact on the formation of the unstable binary complex is low.
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This allows complex recovery when the overexpression of both client and Cdc37
increases the population of binary complex intermediates.45 However, while the
impairment in Cdc37 complex recovery is far more pronounced for the AEE mutant, the
mutant still discriminates between wild-type and bRafV600E. The decrease in AEE mutant
recovery is proportional to the difference seen for the interaction of wild-type Cdc37 with
bRaf versus bRafV600E. Together with the comparable expression levels of wild-type and
mutant Cdc37, this suggests that the ability to discern both forms of bRaf is retained and
C-Cdc37 mutations do not achieve their disruptive impact through global destabilization
and structure perturbation.

Figure.4.7. Mutations at C-Cdc37 Compromise the Formation of Binary Cdc37-Client Complexes in
MCF7 When His-Tagged Cdc37 Is Transiently Coexpressed with Biotin-Tagged bRaf Client and BirA
(A) C-Cdc37 mutants show an all but complete loss of recovery in a pull-down analysis of bRaf with
neutravidin beads. bRaf and Cdc37 were detected by their His and HA tags, as indicated. The control in all
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panels is equivalent to wild-type (WT) but uses biotin-saturated neutravidin beads. The relative efficiency
of BirA-mediated biotinylation of bRaf is impaired for cotransfections with mutant Cdc37, and the ratio of
biotinylated bRaf to recovered Cdc37 is shown for each mutant. (B) All C-Cdc37 mutants reduce ErbB2Cdc37 interactions. Compared to bRaf, synthesis of the slow maturing ErbB2 receptor is more impaired for
all Cdc37 mutants while biotinylation efficiencies are more uniform. (C) While bRafV600E shows a
substantially elevated Cdc37 association, the relative sensitivity of this complex to the AEE mutation is
comparable to wild-type bRaf. The bRafV600E recovery is shown at lower exposure setting to facilitate
comparison of relative changes with wild-type bRaf. Consistent with the thermodynamic signature of
Cdc37S13A-bRaf binding (Figure S5B), the mutant has a reduced impact on an initial Cdc37-client binary
complex, and it was added as a reference point.

Figure.4.8: The interaction of bRaf and Cdc37 in pull-down assays is Vemurafenib sensitive.
Recombinant bRaf, Cdc37 and BirA were transiently expressed in MCF7. The recovery of Cdc37 after
neutravidin pull-down of bRaf is sensitive to Vemurafenib in an inhibitor concentration dependent
manner.
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4.3.4 N-Cdc37 Is a Bona Fide Kinase Recognition Module
Despite the synergy between N- and C-Cdc37 in stabilizing binary Cdc37-client
complexes, isolated C-Cdc37, or a two-domain construct comprised of M- and C-Cdc37
(MC-Cdc37) or NΔ30-Cdc37, does not interact with bRaf (Figure 4.9-A). This is consistent
with a model in which interaction of clients with C-Cdc37 is controlled by N-Cdc37 and
suggests that Cdc37-kinase complexes are formed through a staged process where NCdc37 recognizes a client kinase and facilitates stable association with C-Cdc37. To test
this hypothesis, we first investigated the interaction of N-Cdc37 with bRaf. In yeast, this
is the minimal functional domain of the cochaperone,46-47 while in human cancer cells it
is able to promote client association to Hsp90.44 The thermodynamic signature of binding
is comparable to that of the full-length Cdc37, resulting, however, in a marginally higher
affinity (0.09 μM versus 0.2 μM; Figures 4.9-B and 4.9-C), presumably due to the presence
of an autoinhibitory element in the full-length Cdc37. Since NΔ30-Cdc37 is devoid of
kinase binding, we also examined the interaction of bRaf with a peptide spanning the
first 32 residues of Cdc37 (N32). Intriguingly, the thermodynamic signature of N32
binding to bRaf is distinct from that of N-Cdc37 or Cdc37 and is characterized by small
favorable enthalpic and entropic contributions, which nevertheless result in one order
magnitude lower affinity for the kinase (Figures 4.9-B and 4.9-C). Thus, although N32
encompasses the minimal kinase specificity determinants of Cdc37, it functions
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synergistically with other regions of N-Cdc37 to increase the affinity of the interaction by
∼14-fold.

The low stability of bRaf in the presence of N-Cdc37 prevented us from revealing

this complete set of kinase-binding determinants by NMR. However, the high specificity
of Cdc37 for protein kinases5 suggests that N-Cdc37 comprises a general kinaserecognition domain, and we hypothesized that it recognizes clients and nonclients
through a common mechanism. Thus, we followed the interaction of phosphorylated N
Cdc37 (pN-Cdc37) with a nonclient state of bRaf, represented by bRaf in complex with
vemurafenib (vem-bRaf).11,5 We also used p38a as a protein kinase that does not exhibit
Hsp90 dependency in its mature form.5 Both kinases affect the 1H-15N HSQC of pN-Cdc37
in exactly the same way, producing small (Δδmax ∼0.04 ppm) and gradual CSPs, in a
kinase-concentration-dependent manner (Figures 4.10-A, 4.10-B, and 4.9-D). This result

suggests that complex formation occurs at the fast exchange regime of the NMR timescale
(kex >> |Δν|) and is reminiscent of a low-affinity, transient interaction. Nevertheless,
the mode of nonclient kinase recognition by pN-Cdc37 is specific, as two unrelated
kinases perturb the signals of the same subset of residues. These colocalize into two
clusters, spanning the 40 N-terminal residues (W7, H9, pS13, D14, D15, T19, H20, N22,
I23, D24, S27, L28, F29, W31, R39, and E41) and a smaller segment at the C-terminal end
of the domain (M112 and W114). Comparison of signal intensities in the presence and
absence of vem-bRaf reveals a similar differential effect. Kinase addition causes a uniform
decrease in the intensity of all signals (∼30%), but residues in the segments 1–44 and 110–
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116 exhibit significant signal attenuation with minima at W7, F29, and W114 (Figure 4.10C). Signal attenuation is a result of increased linewidth, as expected when a highly
dynamic segment forms a complex with a 27 kDa protonated protein. When this set of
residues is mapped on the structure of N-Cdc37, it is evident that the beginning of helix
α1 and the end of helix α2 are regions of the two-helix bundle that are also involved in
the interaction with kinases and thus may account for the significant increase in affinity
when going from N32 to N-Cdc37 (Figures 4.10-C and 4.10-D). The role of the 42–109
region of the two-helix bundle is purely structural, that is, to bring the two kinaseinteracting regions of N-Cdc37 in close proximity. The N-Cdc37-interacting segments
identified for clients (Figure 4.3-E) and nonclients (Figures 4.10-D and 4.9-E) are in
excellent agreement, suggesting that recognition and specificity toward kinases occurs
through a common mechanism for both classes. As for the interaction of the full-length
protein with the client state of bRaf, S13 phosphorylation has no impact on the interaction
with nonclient kinases, and addition of p38 to nonphosphorylated N-Cdc37 results in
identical CSPs and line broadening, as for the phosphorylated form (Figure 4.10-B).
Combined with the information obtained for the Cdc37-bRaf interaction using
methyl-TROSY, these data suggest that N-Cdc37 acts as a scanning factor of Cdc37
sampling for protein kinase catalytic domains through a mechanism that allows for the
recognition of both Hsp90 clients and nonclients.
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Figure.4.9: Interaction of Cdc37 constructs with the client and non-client states of bRaf. (A) The signal
for the CH 3 Ᵹ1 group of I321 in the context of full-length Cdc37 (i), NΔ30-Cdc37 (ii), MC-Cdc37 (iii) and CCdc37 (iv), shown in the absence (blue) or presence (yellow) of bRaf. Only full-length Cdc37 is competent
of interacting with the client kinase. Thermodynamic signature of bRaf binding to full-length Cdc37, N-
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Cdc37 and N32 are shown on the left. Dissociation constants derived from ITC are shown on the right,
including that for the Cdc37S13A mutant. (C) ITC isotherms for the interaction of bRaf with full-length Cdc37
(red), Cdc37S13A (orange), N-Cdc37 (blue) and N32 (cyan). The boxed region shows an expansion of the
isotherm obtained for the interaction with N32. (D) Central region of the 1H-15N HSQC spectrum of pNCdc37 free (blue) or in the presence of a non-client kinase (red). (E) CSP pattern for the interaction of Ilelabelled Cdc37 with bRaf and vem-bRaf. CSPs greater than the mean or one standard deviation above the
mean are marked by continuous and broken lines, respectively.

Figure.4.10. Interaction of N-Cdc37 with Nonclient Kinases. (A) CSP pattern for the interaction of pNCdc37 with vem-bRaf and p38. CSPs greater than the mean or one SD above the mean are marked by red
and yellow lines, respectively. (B) Representative set of HSQC signals affected by vem-bRaf or p38. The
right panel (marked p38*) illustrates the same signals for the titration of N-Cdc37 with p38. (C) Signal
intensity ratio for free over vem-bRaf-bound pN-Cdc37. The average drop in intensity is marked by a
yellow line. (D) Residues for which significant signal attenuation is observed upon addition of vem-bRaf
are highlighted on the structure of N-Cdc37. The Ca atoms of W7, F29, and W114, which experience the
most prominent attenuation, are shown as spheres. In (A) and (C), signals of Trp 1H-15Nε1 pairs are shown
in green bars (W7, W31, W85, and W114, top to bottom).
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4.3.5 Cdc37 Selectively Alters the Conformational Properties of Client Kinases
Based on the differential mode of kinase recognition exhibited by Cdc37, where
nonclients form transient complexes through only N-Cdc37, while clients form stable
complexes through an interface that involves C-Cdc37, we hypothesized that Cdc37 does
not function simply as a kinase specificity cochaperone, but it sorts kinases within the
client-nonclient continuum. To test this hypothesis, we first examined the conformational
properties of the two states of bRaf. Analysis of the fingerprint 1H-15N HSQC spectrum
of bRaf is very informative about its structural and dynamic properties, even in the
absence of assignment (Figure 4.11-A). The observed signal dispersion and narrow
linewidths suggest that prior to its interaction with the chaperone machinery, it
represents a well-folded and monomeric kinase domain. However, the thermal stability
of free bRaf is very low. Unfolding begins at 28°C and displays a sharp transition with a
Tm of only 33.2°C (Figure 4.11-B). It is noted that 205 signals out of the 265 expected
appear in the spectrum, suggesting that despite being well folded, bRaf contains regions
that undergo conformational exchange at a millisecond timescale. Exchange broadening
is common in kinase NMR spectra and correlates to the intrinsic plasticity of regions that
sample alternate conformations during kinase activation and catalysis, and particularly
of the activation segment and hinge region. However, the large number of exchangebroadened signals observed indicates that bRaf contains extended dynamic regions that
result in an overall low thermal stability. Comparison with the spectrum of vem-bRaf
reveals chemical shift changes over the entire spectrum and the appearance of a large
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number of signals (251 in total) (Figure 4.11-A). This marked effect indicates that ligand
binding induces global changes in the structural and dynamic properties of bRaf, which
is reflected in a large increase in Tm (∼20°C) (Figure 4.11-B). Thus, Cdc37 utilizes distinct
modes of kinase recognition for the two bRaf states by sensing the enhanced
conformational heterogeneity of the client over the nonclient state.
Since a common functional output of the Hsp90 chaperone cycle is to increase
substrate stability, we hypothesized that Cdc37 binding to bRaf would quench its
dynamic properties, especially if binding occurs at the regions that experience exchange
broadening. However, comparison of the 1H-13C HMQC maps of free and Cdc37-bound
bRaf reveals that upon addition of Cdc37 signals fall within any of the four classes:
remain unaffected, broaden beyond detection, shift without a change in linewidth, or
shift to the center of the spectrum with a very narrow linewidth (Figures 4.11-A and 4.11C). This intriguing observation suggests that cochaperone binding enhances, rather than
suppresses, the dynamics of the client kinase. Specifically, it induces local unfolding at
some segments (as evident by the appearance of sharp signals at the “unfolded” region),
while other segments form a heterogeneous ensemble of conformations that interconvert
at a millisecond timescale (as evident by the extreme broadening of other signals). Cdc37induced unfolding is also observed for bRafV600E (Figure 4.11-C), which exhibits the same
T m as the wild-type kinase domain (Figure 4.11-B) and, again, cannot interact with MCCdc37 in the absence of N-Cdc37 (Figure 4.11-D). In order to identify regions of the kinase
domain that undergo unfolding transitions, we subjected bRaf, Cdc37, and Cdc37-bRaf
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to limited proteolysis using Lys-C and chymotrypsin. We then identified “conformotypic
peptides”48 using mass spectrometry. As expected based on our observations by NMR,
in the presence of Cdc37 the proteolytic efficiency of both enzymes is markedly enhanced
for some sites, while additional, unique cleavage sites are also identified (Figures 4.11-E
and 4.11-F). Notably, enhanced proteolytic susceptibility, and thus conformational
flexibility, is not limited in and around the ATP-binding cleft of the kinase domain but
spans conserved features of the C-lobe and includes residues with limited solvent
exposure (Figures 4.12-B and 4.12-C).
The functional role of the cochaperone-induced conformational destabilization
becomes evident when the Hsp90-bRaf interaction is considered in the absence of Cdc37.
Hsp90 addition to VLIMA-labeled bRaf causes only small shifts and broadening for a
small group of signals in the 1H-13C HMQC spectrum (Figure 4.11-G). This is consistent
with a dynamic, transient interaction and is in agreement with previous observations
showing that Hsp90 and bRaf do not coelute in the absence of Cdc37, despite the fact that
stable Hsp90-Cdc37-bRaf complexes are formed.11 Notably, the set of methyl signals
affected by Hsp90 belongs to the set of signals that either broaden or shift to the unfolded
region upon Cdc37 addition. Thus, the Hsp90 binding sites on the catalytic core of a client
kinase are only partly exposed, and stable association requires cochaperone-induced
local unfolding.
In contrast to bRaf, the interaction of Cdc37 with vem-bRaf is dynamic and does
not alter the conformational properties of the substrate. Addition of deuterated Cdc37 to
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VLIMA-labeled vem-bRaf has a negligible effect on either the linewidths or the positions
of 1H-13C HMQC signals (Figure 4.11-H), while the addition of unlabeled Cdc37 to 15Nlabeled vem-bRaf induces only minor chemical shift changes and broadening of few
signals, which is consistent with a local and transient mode of interaction that is not
accompanied by conformational change (Figure 4.11-I).
In summary, although the specificity determinants of the substrate recognized by
Cdc37 as a kinase fold are exposed in both the client and nonclient states of bRaf (Figures
4.3 and 4.9), the cochaperone senses the underlying differential dynamics and thermal
stability of the two states by selectively altering the conformational manifold of only
client kinase states. This altered conformational state, which encompasses partially
unfolded regions from both kinase lobes, promotes interaction with the cochaperone
through an interface that includes C-Cdc37, and presumably is poised for high affinity
interaction with Hsp90.

120

Figure 11: Conformational properties of bRaf and interaction with Cdc37 and Hsp90. (A) The 1H-15N
HSQC spectrum of the client state of

15N-labeled

bRaf (green) exhibits excellent signal dispersion and

narrow linewidths; however, 60 signals out of the 265 expected are broadened beyond detection. Thus,
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although the client kinase acquires a near native conformation prior to its engagement with the chaperone
machinery, it contains long segment(s) that sample alternate conformations at a ms timescale. Addition of
vemurafenib to bRaf (blue) alters the conformational properties of the kinase domain by quenching the
slow dynamics observed in the free state (46 new signals appear in the 1H-15N HSQC spectrum of vembRaf). (B) Thermal denaturation curves for free-bRaf (green), free-bRafV600E (red) and vem-braf (blue)
determined by monitoring the molar ellipticity as a function of temperature. No difference in the T m is
observed for bRaf and the mutant bRafV600E. (C) 1H-13C HMQC correlation maps of Ile- (right) and Met/Alalabeled (left) bRaf in the absence (black) or in the presence of 1.2 equivalents S13-phosphorylated [U-2H]Cdc37 (yellow). Signals that shift to the unfolded region with narrow linewidths, show a shift, or do not
shift are highlighted in red, blue and green boxes, respectively. Similarly, to wild-type bRaf, the Ile region
of [U-2H]-pCdc37-bound bRafV600E (green) shows signal clustering in the unfolded region, indicating that,
in vitro, the oncogenic mutant exhibits the same behavior as wild type bRaf, consistent with the Tm values
of the two forms. (D) The TROSY 1H- 15N HSQC of MC-Cdc37 in the presence of 1.2 equivalents bRafV600E
(red) is superimposable (no chemical shift changes) to that of free-MC-Cdc37 (black) and shows no
evidence of line broadening, suggesting that, kinase priming by N-Cdc37 is required for both forms. (E)
SDS- PAGE of proteolytic digestions of bRaf (lanes 4 and 7), Cdc37 (lanes 5 and 8) and Cdc37-bRaf complex
(lanes 6 and 9), using Lys-C (top) and chymotrypsin (bottom), after 30’ incubation in ice (lanes 4, 5 and 6)
or at 20ºC (lanes 7, 8 and 9). Free bRaf and Cdc37 are shown for reference in lanes 1 and 2. Free bRaf is
relatively resistant to proteolysis by both Lys-C and chymotrypsin, but it becomes susceptible in the
presence of Cdc37 and particularly to Lys-C. (F) A representative example of enhanced peptide abundance
and thus of proteolytic cleavage identified after chymotrypsin digestion at positions 619 and 633, as evident
by LC-MS/MS. An enhancement factor of ~50 is observed for Cdc37-bound bRaf (top) over free bRaf
(bottom). The manually integrated peak area is highlighted in red. (G) The 1H-13C HMQC spectrum of
Val/Leu bRaf in the presence of 3.3 equivalents [U-2H]-Hsp90 (monomer:monomer). Arrows show the set
of methyl group signals that are affected by the addition of Hsp90 and are common with pCdc37. (H) The
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Val/Leu region of the 1H-13C HMQC spectrum of vem-bRaf in the absence (black) or presence of 1.2
equivalents [U-2H]-pCdc37 (green). In contrast to the client state of bRaf, the conformational properties of
vem-bRaf are not significantly altered. (I) The TROSY 1H-15N HSQC spectrum of the non-client state of bRaf
(blue) shows only small changes in chemical shift and line broadening for a very small number of signals
upon addition of pCdc37 (pink).
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Figure 12. Cdc37 Alters the Conformational Properties of Client Kinases. (A) The 1H-13C HMQC spectrum
of Val/Leu-labeled bRaf in the absence (black) or presence of 1.2 equivalents [U-2H]-pCdc37 (yellow).
Signals that shift to the unfolded region with narrow linewidths (red), show a shift (blue), or do not shift
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(green) are highlighted. For methyl groups showing a change in chemical shift, the signal for the free state
disappears completely, in agreement with a 1:1 stoichiometry. (B) Sidechain-solvent-accessible surface area
(Fraczkiewicz and Braun, 1998) (green bars) and secondary structure (black symbols, PDB: 30G7) of
solubilized bRaf as a function of primary sequence. Proteolytic fragments uniquely identified in Cdc37bound bRaf, or fragments that show enhanced abundance in the presence of Cdc37, after limited proteolysis
with Lys-C (red bars) or chymotrypsin (blue bars) are indicated. (C) Segments of bRaf for which unique
proteolytic peptides are identified in complex with Cdc37 are mapped in green on bRaf structure. (D)
Emission spectrum of ANS, in buffer (black) and in the presence of N-Cdc37 (red), Cdc37 (green), bRaf
(pink), Cdc37-bRaf (cyan), and N-Cdc37-bRaf (blue). Colored marks on the x axis correspond to the
emission maximum of each spectrum.

4.3.6 N- and C-Cdc37 Have Compensatory Effects on Client’s Conformational
Stability
To further characterize the conformational properties of Cdc37-associated bRaf,
we monitored changes in the fluorescence spectrum of 1-anilinonaphthalene-8-sulfonic
acid (ANS). Cdc37 or N-Cdc37 produces only small changes to the spectrum of ANS
(Figure 12-D), indicating that all three domains possess a compact tertiary structure
without exposed hydrophobic cavities. However, bRaf does alter the spectroscopic
properties of ANS, producing a large increase in intensity and a blue shift of the emission
maximum. This result indicates that the client state of bRaf contains accessible
hydrophobic pockets that bind ANS49 and possibly inherently unstable regions
(Figure 4.12-D). However, in the presence of the binary Cdc37-bRaf complex, the
emission intensity of ANS is significantly higher than it is in the presence of either of the
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two free proteins or the sum of their emission spectra (Figure 4.13-A). Notably, the effect
becomes more pronounced in the presence of the N-Cdc37-bRaf binary complex,
producing higher emission intensity and a significant blue shift. On the other hand, the
increase in emission intensity is very small for the Cdc37-vem-bRaf mixture and is
comparable to the sum of intensities of the free proteins, indicating that the nonclient
state does not undergo local unfolding (Figure 4.13-B).
These data suggest that N-Cdc37 comprises the region of the cochaperone that
induces a metastable conformation to the kinase, which is partly stabilized by the
interface presented by C-Cdc37 when the full-length protein is considered.

Figure.4.13: Local bRaf unfolding monitored by emission spectroscopy. (A) A comparison between the
ANS emission spectra acquired in the presence of bRaf and Cdc37 (cyan-continuous) or bRaf and N-Cdc37
(blue-continuous), to sum the of the spectra acquired in the presence of the corresponding free proteins
(broken lines colored as for the complexes). For both cases, the ANS emission intensity in the presence of
both bRaf and Cdc37 constructs is significantly higher than the sum of the free proteins. (B) Emission
spectrum of ANS, in the presence of vem-bRaf (blue), Cdc37 (cyan), Cdc37-vem-bRaf (red), compared to
the sum of the spectra of free proteins (green).
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4.4 Discussion
The sequential interaction of cochaperones with Hsp90 finetunes the progression
of the chaperone cycle.2 Here we demonstrate that the function of Cdc37 as a substrate
recruiter cochaperone is not strictly that of an adaptor protein, but instead is to actively
participate in making triage decisions as to which substrates require stable association
with Hsp90 (Figure 4.14). The functionally indispensable N-Cdc37 has a dual role: first,
it acts as a kinase-scanning factor with broad kinase specificity, and second, it exhibits
client-sorting activity by selectively locally unfolding only client kinases. This transition
triggers stable client association through a cochaperone interface provided by C-Cdc37.
Thus, Cdc37 performs a quality control of protein kinases, where a cochaperone-induced
metastable conformational state acts as a ‘‘flag’’ for stable cochaperone association and
thus Hsp90 dependence.

Figure.4.14. Cdc37-Mediated Kinase Recognition and Sorting. (A) Nonclients acquire a native
conformation without assistance from Hsp90 and exhibit high thermodynamic stability (cyan bilobal
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structure). Clients exhibit a near-native conformation and low thermodynamic stability (rough bilobal
structure shown in green), but do not associate with Hsp90. Cdc37 is shown in black outlines, the flexible
N-terminal tail and the beginning of helix α1 (N32) in red, and the Hsp90 dimer in blue/green. (B) NCdc37, and particularly N32, recognizes both clients and nonclients, providing broad kinase family
specificity. Binding of N-Cdc37 does not affect the conformational properties of nonclients but destabilizes
the structure of clients. In vivo studies show that N-Cdc37 promotes kinase loading to Hsp90, but only
inefficiently. (C) Nonclients dissociate from Cdc37, while clients stably associate also with C-Cdc37, in a
metastable conformation that is poised for efficient recruitment to Hsp90.

4.4.1 Specificity of Cdc37 to Protein Kinases
N-Cdc37 plays critical roles in kinase recognition15,11,16 and regulation of Hsp90’s
conformational switching.12 We show that it forms an independently folded helical
domain that contains long dynamic segments at the N- and C-terminal ends (Figure 4.1).
A peptide that spans the first 32 residues recognizes client kinases but exhibits moderate
affinity as compared to N-Cdc37 or Cdc37 (Figure 4.9). The conformational plasticity of
N32 is expected to be important for the recognition of the conserved, but nevertheless
diverse, group of client kinases. Using model client and nonclient kinases, we reveal that
the complete kinase recognition elements within N-Cdc37 reach beyond the flexible N
terminus and include short segments at the beginning of helix α1 and the end of helix α2
(Figures 4.3-E and 4.10). Although N-Cdc37 recognizes client and nonclient kinases
through the same set of elements, client kinases are engaged in stable Cdc37 complexes
through additional contacts provided by a newly identified conserved hydrophobic
128

surface on C-Cdc37. Access to the C-Cdc37 binding site is, however, under the control of
N-Cdc37, as constructs that lack N32 are devoid of kinase binding. Compromising the
overall hydrophobicity of C-Cdc37’s site impacts the chaperone function of Cdc37 (Figure
4.7). This is consistent with previous studies performed with Drosophila Cdc37, where
the W342C mutation, which contributes to the overall hydrophobicity of the binding site,
had a detrimental effect on kinase-mediated signaling.7 In contrast, Y298 is not located in
this surface, and thus, the regulatory role of this phosphorylation switch is probably
indirect. The hydroxyl group of Y298 is in the vicinity of D310,32 and phosphorylation
would result in structural destabilization by electrostatic repulsion. In addition, C-Cdc37
is expected to face away from the main body of an Hsp90-Cdc37-kinase complex,13 and
M-Cdc37 binding to N-Hsp90 (N-terminal domain of Hsp90) may trigger transfer of the
substrate from C-Cdc37 to Hsp90. Indeed, our data suggest that the state of bRaf binding
to N- and C-Cdc37 is transmitted to M-Cdc37.

4.4.2 Cdc37-Mediated Sorting Activity
Protein kinases do not fall into a binary client-nonclient classification, but rather
are sorted within a continuum that spans the two extremes. Recent findings suggest that
the Hsp90 machinery sorts substrates by ‘‘sensing’’ their thermal stability,5-6,23 and
thermally unstable kinase domains exhibit strong Hsp90 dependence, while thermally
stable kinase domains show only weak functional dependence. The apparent correlation
between Cdc37 and Hsp90 association suggests that Cdc37 may play a direct role in this
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process. Our in vitro studies using bRaf show that Cdc37 comprises the subunit of the
Hsp90 machinery that ‘‘senses’’ kinase stability and implicate the cochaperone directly
in the process of kinase sorting. The soluble bRaf variant we used as a model represents
a mature form of a kinase domain that has been processed by early bacterial chaperone
complexes.50-51 Although it populates a near-native conformation, it contains
conformationally labile regions that result in a marginal thermal stability (Figures 4.12
and 4.11). Cdc37 acts as a stability sensor by altering its conformational landscape and
shifting the population from the native state toward an ensemble of nonnative
conformations (Figures 4.12 and 4.11). An extended interface presented by C-Cdc37 holds
the metastable client and thus prevents nonnative intermolecular contacts and
aggregation. On the other hand, Cdc37 is not effective in modifying the conformational
landscape of the nonclient state of bRaf. Despite the fact that this state is recognized as a
kinase domain by N-Cdc37, its significantly higher thermal stability makes it insensitive
to the destabilizing effect of the cochaperone. Thus, Cdc37 subjects kinase catalytic
domains to a controlled conformational stress as a mechanism of sorting client kinases.

4.4.3. Consequences for Hsp90 Kinase Loading
Two cryoelectron microscopy (cryo-EM) structures16,52 have shown that kinase
domains interact with Hsp90 in an extended conformation, indicating that they undergo
a large-scale structural rearrangement when in complex with Hsp90. However, Hsp90
does not form stable complexes with either bRaf or Cdk4,11,16 despite the fact that the
130

corresponding stable ternary Hsp90-Cdc37-kinase complexes can be formed. This is
consistent with our NMR data showing that in contrast to Cdc37, Hsp90 interacts with
bRaf in a dynamic fashion, without altering its conformational properties (Figure 4.11G). Hence, beyond its role as an adaptor protein, Cdc37 can be involved in lowering the
activation barrier for the structural rearrangement of the kinase that leads to stable
association with Hsp90. Indeed, most protein kinases exhibit similar dissociation rates
from Hsp90 upon inhibition, implying that kinase-binding on rates determine the level
of association with the chaperone.5 The conformationally labile state of Cdc37-bound
bRaf may represent a preselected open structure of the kinase, where the two lobes are
separated and thus are presented to Hsp90 with an optimal relative orientation.
Alternatively, the regions of bRaf that sample nonnative conformations in the presence
of Cdc37 may enhance the interaction with Hsp90, which subsequently performs the
structural reorganization of the substrate. Although these models are not mutually
exclusive, our observation that the regions of the native kinase state recognized by Hsp90
are in part common to those sampling nonnative conformations when bound to Cdc37
(Figure 4.11-G) suggest that local unfolding may simply increase the affinity of these sites
for Hsp90. It is plausible to assume that stable association of Cdk4 with Hsp90 occurs
through a similar Cdc37-mediated conformational rearrangement of the kinase domain
that involves partial unfolding. In this respect, the latest high-resolution cryo-EM
structure of Hsp90-Cdc37-Cdk4 shows that the β4-β5 strands and aC-b4 loop of Cdk4 are
completely unfolded, allowing the two kinase lobes to become separated.52 Notably,
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these structural elements partially overlap with the bRaf regions that expose unique
proteolytic sites in complex with Cdc37 (Figures 4.7-B and 4.7-C) and, particularly, the
αC-β4 loop and the beginning of β4 strand. The proposed model of local unfolding for
efficient kinase transfer to Hsp90 is also consistent to the mode of steroid hormone
receptor transfer to Hsp90.30 In this case, the Hsp70/Hsp40 system partially unfolds the
ligand binding domain of the receptor in the vicinity of the ligand binding site, prior to
transfer to Hsp90.
Finally, our findings reconcile previous observations regarding kinase transfer to
Hsp90 when a direct Cdc37-Hsp90 interaction is restricted.44 We show that N-Cdc37 acts
as an allosteric effector on the kinase by altering its conformational properties and
providing an indirect route for a productive association with Hsp90-44, 46-47, 53 or C-Cdc37containing constructs.15
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CHAPTER 5:
AN INSIGHT ON THE EXTRACELLULAR ACTIVITY OF HSP90

5.1 Introduction
While the cytoplasmic activities of Hsp90 have been intensively investigated,1-2
the extracellular Hsp90 (eHsp90) roles have been not fully discovered. To date, eHsp90
has been associated with cell migration and invasion in development, wound healing,
and cancer.2-14 Among the identified eHsp90 clients is the matrix metalloproteinase-2
(MMP2) which is a member of a family of zinc-dependent endopeptidases known as
matrix metalloproteinases (MMPs).2,5-6 In this respect, the eHsp90-MMP2 interaction
has been reported to trigger MMP2 activity as well as to promote tumor development
and progression. On the other side, disrupting the eHsp90-MMP2 complex by the
monoclonal antibody 4C5 has been found to mitigate invasiveness of the tumor cells.5
The proteolytic activities of MMPs are controlled by the action of a family of
natural inhibitors known as the tissue inhibitors of metalloproteinase (TIMP1-4).7-8
Among TIMPs, TIMP2, which is associated with regulating the activity of MMP2, has
been proposed as an eHsp90 adaptor cochaperone that links MMP2 to eHsp90
(Figure.5.1).7 However, the nature of the eHsp90-TIMP2 interaction is not characterized
yet. Therefore, further understanding of the nature of the eHsp90-TIMP2 interaction
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and the role of this interaction in promoting MMP2 activity and tumor invasions
requires full characterization using structural-based studies.

Timp-2

?

MMP-2

ProMMP-2

Cancer Invasion

Figure 5.1 The proposed eHsp90 adaptor cochaperone function. The role of Hsp90 in the activation of
the ProMMP-2 activity and the proposed role of TIMP2 protein in Hsp90 regulation.

5.1.1 Extracellular Hsp90 (eHsp90)
Sinc8e its discovery, the molecular chaperone Hsp90 was thought to be an
intracellular protein that only activated in response to heat shock.1-2 However, several
studies have reported the presence of extracellular activities of Hsp90 in several
physiological and pathophysiological states.2-5 While in normal cells, Hsp90 is secreted
only in response to stressful conditions such as tissue injuries to help in wound
healing,9-11 in cancer cells, Hsp90 is secreted continuously to promote tumor invasion
and metastasis (Figure.5.2).12
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Figure. 5.2. eHsp90 secretion in normal and pathological states. eHsp90 secretion in normal tumor and
the role associated with them.9-12

The role of eHsp90 in promoting cell migration and invasion has been reported
by several research groups.3,6,13 In these processes, the binding of eHsp90 to the inactive
form of the matrix metalloproteinase 2 (pro-MMP2) triggers its activation into MMP-2.3
Inhibition of eHsp90 activity was shown to impact MMP2 expression and to decrease
the invasiveness of tumor cells.13 Stella et al., have reported that the activity of Hsp90
was inhibited by a monoclonal antibody that prevented MMP2-Hsp90 interaction and
suppressed MDA-MB-453 cell tumor growth.13
Unlike intracellular Hsp90, which dependens on the N-terminal domain for
ATPase activity, the middle domain for client binding, and the C-terminal domain for
the protein dimerization,1-2 the eHsp90 activity is promoted only by 115 residues known
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as F-5 fragment which is located at the boundary between the linker region and the
middle domain (Figure.5.3).14

Lid
ND

Linker

MD

CD

Intracellular Hsp90
All domains

MEEVD

Pro-motility factor (F-5)
(236-350)
eHsp90

Figure.5.3 Structural elements involve in Hsp90 activities. While inside the cell, all of the Hsp90
domains involved in its activity, the eHsp90 activity is dependent on the F-5 fragment of Hsp90 (amino
acids 236-350).1-2,14

5.1.2 Tissue Inhibitor Metalloprotein (TIMP)
The microvascular endothelial cells (MVEC) have crucial biological functions in
healthy and diseased states.15-17 In healthy cells, the MVEC provide a barrier between
blood proteins and the surrounding tissue.16 The activation of MVEC during injury or
infection promotes the recruitment of inflammatory cells such as monocytes to these
tissues.15 A family of metalloproteinases including MMPs regulates the functions of the
MVEC. In this respect, MMPs help in MVEC function by degrading the extracellular
matrix and facilitating the cleavage of adherents and tight junctions’ proteins.18-21 On
the other side, the activities of MMPs are regulated by the TIMPs family.22-25 This family
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of metalloproteinase inhibitors comprises four protein members (TIMP1-4) of molecular
weight of 21-29 kDa.22 At the molecular level, each TIMP is made of an N-and a Cterminal domain connected by six conserved disulfide bonds.23-24 The N-terminal
domain (N-TIMP) is made of six β-strands and three α-helices, while the C-terminal
domain (C-TIMP) is comprised two parallel β-strands connected by an α-helix to
another two anti-parallel β-strands (Figure.5.4).26
C-Timp

N-Timp

Figure.5.4. TIMP2 secondary structure elements. 3D structure of TIMP2 protein showing 10.0 β-strands
(blue) and 4.0 helices (red) (adapted from PDB:4ILW).25

Several in vivo and in vitro studies have correlated between the expression of
TIMP proteins and the activity of MMPs. Regulation of MMPs activities by TIMPs
involves the formation of a binary complex between the N-terminal domain of TIMP
and the catalytic domain of MMP (Figure.5.5).22-26
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C-Timp2
N-Timp2

MMP-10 catalytic domain

Figure.5.5. TIMP-2-MMP Inhibition. The interaction of N-Timp2 (blue) with the catalytic domain of
MMP-10 (gray), the pink spheres represent the active site zinc that is necessary for MMP activity
(PDB:4ILW).25

In addition to their role as metalloproteinases regulators, TIMPs have been
determined to be involved in controlling cell growth, cell migration and differentiation,
as well as apoptosis.28 Recently, TIMP2 protein has been reported as an Hsp90 adaptor
cochaperone.31 In this respect, TIMP2 was proposed to link MMP2 to Hsp90 machinery,
which in turn promotes MMP2 activity. However, the nature of the eHsp90-Timp2
interaction has not discovered yet. Therefore, further understanding of the nature of the
interaction and its role in promoting MMP2 activity requires characterization of the
eHsp90-TIMP2, using structural-based studies. In this chapter, we have employed
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NMR-spectroscopy to provide an insight into the nature of the interaction between the
N-terminal domain of TIMP2 (N-TIMP2) and Hsp90. Moreover, in order to investigate
whether the Hsp90’s F-5 fragment interacts with N-TIMP2 in a similar mode, the
middle domain of Hsp90 (mHsp90) that contains this peptide fragment was used as an
N-TIMP2 interaction partner in this NMR-based study.

5.2 Experimental Part
5.2.1 TIMP2 and N-TIMP2 Expression, Refolding, and Purification
The clones of the full length TIMP2 lacking the signal peptide (amino acids 27220) and the N-terminal domain Timp2 (N-TIMP2) (amino acids 27-153) in a pRSETA
vector (a generous gift of Prof. Dimitra Bourboulia, Department of Urology, SUNY
Upstate Medical University), were transformed into BL21(DE3) cells. Bacteria cells
culturing, and protein overexpression were performed in a shaking incubator at 37ºC.
Protein overexpression was induced at O.D 600 of 0.6-85 using 0.45 mM IPTG for 3 hours,
and the cells were harvested by centrifugation at 6,000xg for 15 minutes at 4ºC.
The refolding of N-TIMP2 from the inclusion bodies was performed using the following
protocol.29 A 25 mL of lysis buffer (50 mM Tris-HCl, pH 8.0 and 2.0 mM EDTA) was
used to resuspend the E. coli cell pellets. The resuspended pellets were transformed into
50 mL bench-centrifuge tube, and 250 µL of lysozyme (10 mg/mL) and 500 µL of Triton
X-100 (5% v/v) were added for lysis. The lysis mixture was incubated in ice for 30
minutes and then was sonicated in an ice-cooled water bath for about 30 minutes. The
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released N-TIMP2 was sedimented by centrifugation at 12,000xg for 10 minutes at 4.0
ºC. The pellet containing the released N-TIMP2 was resuspended in 6.5 mL of washing
buffer (50 mM Tris-HCl pH 8, 10.0 mM EDTA and 0.5% Triton-X 100). The washed
inclusion bodies were then recovered by 10.0 minutes centrifugation at 12,000 g at 4.0
ºC. The washing step was repeated twice using the same buffer or water, respectively.
The amount of protein was estimated spectrophotometrically, and the inclusion bodies
pellet was resuspended in 10 mL of solubilization buffer (50 mM Tris-HCl pH 8.75 and
5.0 M GdmCl), and then N-TIMP2 was reduced using 11 mM of DTT from 0.5 M DTT
stock prepared in solubilization buffer. The reduced N-TIMP2 was incubated at room
temperature for 30 minutes. The solubilized N-TIMP2 was diluted in 1 to 100 ratios in 1
L of refolding buffer (50 mM Tris-HCl pH 8.75 and 0.45 M GdmCl, 0.78 mM reduced
glutathione, and 0.44 mM oxidized glutathione). N-TIMP2 was refolded by incubating
the reaction mixture with continuous stirring at room temperature for 2.0 hours,
followed by overnight incubation at 4ºC. The incubated protein was then dialyzed for
16 hours at 4ºC using dialysis buffer (50 mM NaH 2 PO 4 , pH 6). Finally, the dialyzed NTIMP2 was incubated at 35ºC for 45 minutes to precipitate the misfolded protein and
then was centrifuged at 1,500 g for 15 minutes at room temperature to recover the
folded N-TIMP2.
The refolded N-TIMP2 was dialyzed in ion exchange buffer (50 mM NaH 2 PO 4 ,
pH 6), to be loaded on S-column preequilibrated with the same buffer. Followed by
extensive washing the N-TIMP2 was eluted from the column using a buffer (50 mM
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NaH 2 PO 4 , pH 6, 0.5 M NaCl). Further purification was performed using Superdex-75
column preequilibrated with gel filtration buffer made of (25 mM NaH 2 PO 4 , pH 6.0 100
mM NaCl). Finally, the purity of the refolded N-TIMP2 was confirmed using 15% SDSPAGE.
The

15N-13C-labeled

N-TIMP2 and

(M9) minimal media supplemented with
source, and [13C]-D-glucose as a sole

13C

15N-N-TIMP2
15N

expression were carried out in

ammonium chloride as a sole nitrogen

carbon source. The full-length Hsp90 and its

middle domain protein samples were expressed and purified as previously described.

5.2.2 NMR Spectroscopy Experiments Purification
All NMR experiments were acquired at 25°C or 30°C in Varian direct drive 600
and 800 MHz spectrometers equipped with a cryoprobe. TIMP2 protein samples, at
concentration of 0.2–0.7 mM, were prepared in 25 mM NaH 2 PO 4 , pH 6.7 and 100 mM
KCl and 7% D 2 O. The triple resonance NMR-experiments, including HNCA,
HN(CO)CA, HNCACB, CBCA(CO)NH and HNCO were acquired to transfer the, 1H,
13C,

and 15N backbone assignment of N-TIMP2 (BMRB Entry 4214).26 The spectra were

processed using NMRPipe [30] and analyzed using Sparky (T. D. Goddard and D. G.
Kneller, SPARKY 3, University of California, San Francisco).

149

5.3 Results
5.3.1 N-TIMP-2 Refolding and Purification
The N-terminal domain of TIMP2 protein was successfully purified and refolded
from the inclusion bodies, using the S-column and the size exclusion chromatography
(Figure.5.6-i and -ii). The purity of the refolded protein was assessed using 15% SDSPAGE (Figure.5.6-iii).

125.0
66.2

(i)

45.0
35.0

25.0
18.8

14.4
1

2

3

4

(ii)

Figure.5.6. N-TIMP2 refolding and purification. (i) S-column purification chromatogram of N-TIMP2,
the area under dashed rectangle is the part was loaded on Superdex-75 column(ii) Superdex-75 column
purification chromatogram of N-TIMP2, the area under dashed box is the resulted purified protein (iii)
15% SDS-PAGE of purification steps of N-TIMP2 (1) protein marker, (2) after Superdex-75 (3) after Scolumn (4) after refolding process.
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5.3.2 Characterization of TIMP2 Folding State
To characterize TIMP2 folding properties, the

15N-1H-HSQC

spectrum of full-

length TIMP2 (FL-TIMP2) and the refolded N-TIMP2 were recorded using 800 MHz
spectrometer at 30ºC. The acquired spectra showed a poorly dispersed signals spectrum
in case of the FL-TIMP2, which indicates a partially folded protein (Figure.5.7-i). On the
other hand, the dispersion in the signals of N-TIMP2 spectrum reflects a well-folded
protein (Figure.5.7-ii).

i-FL-TIMP2

1H

ii-N-TIMP2

(ppm)

1H

Figure.5.7. Characterization of the folding properties of TIMP2. The

(ppm)

15N-1H

HSQC spectra indicate a

partially folded FL-TIMP2 (i) and a well-folded N-TIMP2 (ii).

5.3.3 Characterization of the N-TIMP2-Hsp90 Interaction
To characterize the nature of the N-TIMP2-Hsp90 binary complex, the change in
1H-15N

HSQC spectra of N-TIMP2 in the absence and the presence of 1.25 equivalent of

unlabeled Hsp90 was monitored using 800 MHz NMR spectrophotometer. The
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recorded NMR-spectra revealed that, Hsp90 addition produced a small chemical shift
change for N-TIMP2 signals (Figure.5.8). This result suggests that N-TIMP2-Hsp90
interaction falls in the fast exchange regime resulted from a low-affinity transient binary
complex.
.

Figure.5.8. Monitoring the N-TIMP2-Hsp90 interaction. The 1H-15N-HSQC spectrum of N-TIMP2 in the
absence (blue) and the presence (red) of 1.25 equivalent of Hsp90.

To determine mode of N-TIMP2-Hsp90 interaction, the attenuation in N-TIMP2
signals was measured from the ratios of the Hsp90 bound N-TIMP2 over free N-TIMP2.
Plotting the resulted ratios against the N-TIMP2 primary sequence showed that a subset
of residues including (V43, I45-K48, V50, V55, I69-K80, E87-T91, L102-D103, E109-I112,
E117, V131, D134, and L136-S143) had experienced a drop in signal intensity lower than
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the average (Figure5.9-i). Mapping these residues on the crystal structure of TIMP2
revealed that they are clustered in segments of protein located in strands β1-β7 and the
loops connecting them as well as in a part of helix α2 (Figure.5.9-ii).
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Figure.5.9. N-TIMP2 Hsp90 interaction. The signal attenuation pattern in N-TIMP2 signals obtained
from the ratio of N-TIMP2 over Hsp90-bound as a function of primary sequence, and the average signals
drop indicated by the purple lane (ii), the signals of N-TIMP-2 that experienced a drop in the intensity
below than the average are highlighted in blue.

Further characterization of N-TIMP2 signals attenuation pattern, revealed that a
small subset of hydrophobic and charged residues (~15) including (R46, V50, K74, I76,
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F79, I89, D103, E109, L111, I112, V131, T138, Q140, K141, and S143) have experienced a
significant intensity attenuation (one standard deviation below the average). Mapping
these residues on the crystal structure of TIMP2 showed that they are residing on a
continuous surface of TIMP2 (Figure.5.10). This result indicates that N-TIMP2-Hsp90
complex forms through an interface that includes both hydrophobic and charged
residues.

180o

Figure.5.10. N-TIMP2-Hsp90 interaction pattern. The hydrophobic (purple) and the charged (pink)
residues of N-TIMP2 that that experienced higher signal attenuation upon Hsp90 addition mapped on
the structural model of TIMP-2 (PDB:ID 4ilw).

5.3.4 Characterization of N-TIMP2-mHsp90the Interaction
Next, we investigated whether the middle domain of Hsp90 (mHsp90) interacts
with N-TIMP2 in the same fashion. A

15N-labeled

N-TIMP2 sample was titrated with

mHsp90 at 30ºC using 800 MHz spectrophotometer. The recorded NMR-spectrum
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showed that mHsp90 addition had been associated with a small shift in the
HSQC spectrum of

15N-labeled

15N-1H-

TIMP2, which indicates a transient binary complex

formation.

Figure.5.11. N-TIMP2-mHsp90 interaction. The

15N-1H-HSQC

spectrum of

15N-labeled

N-TIMP2 in the

absence (green) and the presence of 2.5 equivalent m-Hsp90 (blue).

To characterize the mode of interaction in the N-TIMP2-mHsp90 binary complex,
the signal intensity ratio for free N-TIMP2 over N-TIMP2-mHsp90 bound was
determined. Plotting the obtained ratios as a function of N-TIMP2 primary sequence
revealed that both of Hsp90 constructs interact with N-TIMP2 in a quite similar subset
of residues (Figure.5.12). This result suggests that N-TIMP2 binds with both states of
Hsp90 in a conserved mode of interaction.
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Figure.5.12. The signal attenuation pattern. The resulted signal intensity ratios of Hsp90 (green) and
mHsp90 as a function of the N-TIMP2 primary sequence. A blue line marks the average drop in intensity.

5.4. Discussion
While the intracellular activities of Hsp90 are well known and widely
investigated,1-2 the emerged extracellular roles of Hsp90 are not fully characterized.
Further understanding of the eHsp90 biological activities requires broadening the
spectrum of the identified eHsp90 client proteins. Bourboulia D. et al., have proposed
that, TIMP2 as an extracellular cochaperone of Hsp90 that binds to MMP-2 and
promotes its interaction with Hsp90.31 Here we found that the N-terminal domain of
TIMP2 forms a transient binary complex with both of Hsp90 and its middle domain
(mHsp90) through interfacial interaction driven by a subset of hydrophobic and
charged residues at the surface of N-TIMP2.
In this NMR-spectroscopy based study, Hsp90 addition has slightly changed the
chemical shift of

15N-labeled

N-TIMP2 refolded from the inclusion bodies. However, a

detailed analysis of the resulted signal intensity ratios revealed that a subset of residues
located at strands β1-β7, helix-α2 and the loops connecting them, their signals intestines
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were dropped below the average signal attenuations (Figure.5.9-ii). Further analysis of
the signals that showed a significant signal attenuation (one standard deviation below
the average) elucidated that they form a cluster of a hydrophobic and charged residues
reside on the surface of the protein (Figure.5.10). Also, when the middle domain of the
Hsp90 was titrated to N-TIMP2, both states of Hsp90 showed a similar effect on the N15N-HSQC

TIMP2

spectrum (Figure.5.12). Our rationale of using mHsp90 is that the

biological activity of the eHsp90 is dependent on a segment of the Hsp90 known as F-5
fragment (amino acids 236-350) (Figure.5.13).
N-Domain

1

Linker

M-Domain

235

272

C-Domain

629

732

(F-5) 236-350

Figure.5.13. F-5 fragment of Hsp90. Schematic representation of the Hsp90 domains and the segment of
the Hsp9 involve in its extracellular activity.

These findings are in agreement with Hsp90 cochaperone mode of interaction,
which is dependent on a subset of hydrophobic and charged residues located at the
cochaperone binding site.32-33 For example, Hsp90 showed to accommodate the binding
of its protein chaperones like Cdc37, Aha1, and p23 through a variable cluster of these
residues (Figure 5.13).33

157

Aha1

p23

Cdc37

Figure.5.14 Hsp90 co-chaperone binding sites. The nature of Hsp90 residues that promote the interaction
with Hsp90 co-chaperone Aha1, p23, and Cdc37. The yellow, red, blue colors indicate hydrophobic,
negative charges, and positive charges, residues, respectively.33

We have determined that, the formed binary complexes involved small patch of
N-TIMP2 clustered residues (~15 amino acids). This finding is in agreement with the
mode of Hsp90-cochaperone interaction, that comprises of condensed small number of
residues.33
Mapping N-TIMP2 residues that have experienced the maximum signal
attenuation on the crystal structure of the complex of MMP-10 catalytic domain with
TIMP2, revealed that they are clustered on the exposed surface of N-Timp2 of this
complex (Figure.5.14). This finding may support the proposed function of TIMP2 as
cochaperone adaptor that links MMP-2 to Hsp90 (scheme.5.1).
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Timp2

MMP10-CD
Figure.5.15. TIMP2 as adaptor cochaperone. Mapping the N-TIMP2 residues that experienced maximum
signal attenuation on the crystal structure of Timp2-MMP-10-catalytic domain (PDB.ID 1lWL).

Binary Complex

MMP-2

MMP-2

MMP-2
Timp2

Ternary Complex

Timp2

Timp2

Hsp90

Hsp90

Scheme.5.1. Staged ternary complex formation. Schematic representation of the proposed staged ternary
complex formation of Timp-2, MMP-2, and Hsp90.

5.5 Conclusion
The N-terminal domain of TIMP2 forms a transient low-affinity complex with
Hsp90 through of hydrophobic and electrostatic interaction driven by a small subset of
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residues reside on the protein surface. Also, we showed that N-TIMP2 binds to the
middle domain of Hsp90 using the same mode of interaction, which suggests a
conserved mode interaction in both states of the protein. Finally, the identified position
of these residues on the exposed surface of TIMP2 in its complex with MMP may play a
role in facilitating ternary complex formation during the proposed cochaperone adaptor
function of TIMP2.
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