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Abstract  

Heat shock protein 90 kDa (Hsp90) has long been an appealing drug target 

for cancer treatment due to its pivotal role in conformational maturation and 

refolding of many proteins directly related to malignant progression. Previously 

various Hsp90 N-terminal domain (NTD) inhibitors have progressed to clinical 

trials in patients, unfortunately these studies were suspended due to high 

toxicity-related issues. On the other hand, the lack of a high-resolution crystal 

structure of the C-terminal domain (CTD) of human Hsp90 hampers the 

discovery of next generations of CTD inhibitors and presents challenges for 

further structure-based drug design.  

This study attempts to provide validated evidence for the Novobiocin binding 

site in yeast Hsp90 CTD by combinatorial use of photochemistry-based affinity 

protein labelling and analytical tools including NMR and mass spectrometry. 

This research on completion will shed light on the development of Hsp90 CTD 

inhibitors, which provide an alternative route to effective development of 

cancer drug candidates based on inhibition/interruption of Hsp90. 

The use of ligands conjugated to photoaffinity labelling (PAL) reagents for 

chemical modification of active site residues can circumvent limitations such 

as lack of complete crystal structure in CTD region, allowing detailed 

information on the sites of protein-ligand interactions to be acquired through 

high resolution MS and MS/MS experiments.  

Bifunctional PAL compounds incorporated a diazirine group and a novobiocin 

component, based on a previously reported glucosyl-novobiocin scaffold, 

which has been reported to demonstrate 200-fold increase in CTD inhibitory 

effects towards Hsp90 activities compared to that of novobiocin. The synthesis 

of the diazirine group we developed alleviated the high temperature and high-

pressure conditions reported in literature.  Also, in the functionalisation of the 

affinity providing novobiocin was based on the Williamson ether mechanism 

and resulted in regioisomers. An isomer due to rearrangement from coumarin 

to flavone in novobiocin core was identified by advanced NMR, and this 
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phenomenon has recently been reported by our group. Further detailed 

studies of photoactivation revealed the physiochemical properties of these 

probes, and such information was very critical for the ease of data analysis in 

the protein labelling stage.  

These novobiocin derivatives were activated under UV irradiation in the 

presence of Hsp90 proteins and adducts were detected using detailed MS and 

MS/MS analysis. The protein-PAL complexes were identified using MALDI-

TOF MS and related techniques to confirm the labelling of yeast Hsp90. 

Complexes were further subjected to enzymatic digestion and result products 

were analysed by tandem MS (Orbitrap MS).  

Currently, the peptide mapping of chemically labelled proteins and localisation 

of chemically labelled amino acid are frequently carried out by manual analysis, 

which is time-consuming and requires relatively high level of modified peptide 

in the enzymatic digestion mixture. In this project, by using PeptideShaker with 

custom modification of the pre-identified mass difference, the modified peptide 

(at W585) was identified at relatively low protein labelling yield. W585 in yeast 

Hsp90 has been recently reported to be related to client remodelling coincident 

with stabilizing yHsp90 in an open conformation.  

The peptide region in the vicinity of this residue was further analysed and the 

binding pocket was identified by correlating the experimental results to ICM 

Pro based molecular docking, providing a direct visualisation of the yeast 

Hsp90 CTD binding site. Even these probes demonstrated low affinity towards 

human Hsp90, given the close homology between Hsp90 tertiary structures 

from yeast and human origins, the combination of both experimental and 

computational results obtained yeast Hsp90 labelling is expected to cast light 

on the understanding of Hsp90-novobiocin binding rationale, and contribute to 

future structure based drug design (SBDD) in the search for more potent 

Hsp90 C-terminal domain inhibitors.   
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Impact Statement  

The workflow presented in this thesis demonstrate an indirect but rational 

approach towards the identification of Hsp90 CTD binding site and to gain 

deeper understanding of the inhibition mechanism. This workflow can 

significantly circumvent the great effort and time needed in crystallography 

experiments in order to obtain high resolution 3-D structures, while providing 

specific information about protein-inhibitor interaction in the binding site. As a 

result, this method can be transferred to other similar research projects, 

revealing more information of substrate-protein binding using covalent binding 

and MS assisted analysis.   

More importantly, the binding site we have identified in this research has 

echoed with many other site directed mutagenesis studies relating to Hsp90 

CTD, and with the topology of the binding site now made available, chemists 

from academia and industrial backgrounds can use the information to initiate 

rational structure based drug design for next generation of CTD that are more 

specific and safer for patients who suffer from cancer and also potentially for 

Alzheimer's disease patients as well.  

This research has also captured interests from major international 

pharmaceutical companies both for its application in analysis of covalently 

labelled protein identification and from contract research organizations for the 

potential to be accelerating characterising antibody drug conjugates.  

The research results have also been shared with British mass spectrometry 

community and evoked discussion over peptide mapping analysis that are not 

included currently available databases. This research project also led to 

publication of characterisation of the affinity probe regioisomers using 

advanced NMR, which underpins the potential complexity in chemically 

modifying Novobiocin and the approach to distinguish by-products from target 

Novobiocin derivatives.    
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Chapter 1 Introduction 

1.1 Hsp90 

 Molecular chaperone Hsp90 

  Protein expression is a dynamic and complicated process, and a large 

number of proteins coded by 30,000 genes are expressed to conduct various 

biological functions
1
. The initial phase of protein synthesis is carried out on 

ribosomes, and products are linear chains composed of up to several 

thousand amino acids. To obtain functional properties, these single-stranded 

chains must be further folded into their ‘native states', defined as an ensemble 

of a few closely related three-dimensional structures. However, a very large 

number of proteins in eukaryotic cells, and up to one-third of proteins in 

mammalian cells are unstructured, only acquiring an ordered three-

dimensional structure upon interacting with other binding partners
2,3

.  

  Homeostasis relates to maintaining biological equilibria, while proteostasis is 

defined as the equilibrium of the competing and integrated biological pathways 

regarding protein production, degradation and function
4
. Molecular 

chaperones are essential in safeguarding proteostasis and homeostasis at the 

cellular level, particularly under stress conditions such as a sudden rise in 

temperature (heat shock)
5
. By definition, a molecular chaperone is any protein 

that interacts with, stabilises or helps another protein acquire its functionally-

active conformation without being present in its final structure
6,7

. There are 

several structurally unrelated types of chaperone present in cells, and these 

classes together form a complicated network of cooperative pathways
6
. Many 

of these proteins represent stress proteins or heat-shock proteins (HSPs), 

since they are upregulated under stressful conditions
8,9

. Chaperone proteins 

are classified and named based on their molecular weight, for example Hsp40, 

Hsp60, Hsp70, Hsp90, and Hsp100
10

.  
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  Molecular chaperones such as Hsp90, Hsp70, and Hsp60 are responsible 

for de novo protein folding and refolding, and often require assistance from 

other proteins as co-chaperones and cofactors to form multi-component 

molecular machines, which are capable of promoting folding through ATP-

requiring and cofactor-regulated binding and release cycles
8
. When folding 

unfolded/misfolded proteins, Hsp70 releases substrate proteins into bulk 

solution for folding, while Hsp60 and Hsp90 fold proteins enclosed in a cage. 

Hsp90 functions downstream of Hsp70, buffering unwanted structurally 

destabilising effects, which allows a large number of signal-transduction 

nascent proteins, such as kinases and steroid receptors, to acquire active 

conformations
11

. Apart from aiding protein folding, the Hsp90 machinery can 

also regulate protein functions and activities by facilitating ligand binding to 

target proteins and the assembly of multiprotein complexes. Hsp90 works 

closely with several other regulators and co-chaperones; notably, many of 

these co-workers use tetratricopeptide repeat (TPR) domains to dock with 

Hsp90
12

. For instance, Hsp70-Hsp90 organising protein (HOP) also contains 

a TPR region; hence, it can establish a direct link with Hsp90 and facilitate 

substrate transfer.  

  Hsp90 functions as a dimer of two identical subunits (Fig 1.1 b), and the 

dimerisation is mediated by the carboxy-terminal domain (CTD). The Met-Glu-

Glu-Val-Asp (MEEVD) motif in the CTD region is important for interaction with 

co-chaperones containing TPR domains. The amino-terminal domain (NTD) 

contains an ATP (adenosine triphosphate) binding site and hydrolyses ATP. 

There is also a ‘lid’ motif (a loop containing several conserved amino acids 

corresponding to residues 94-125 in yeast Hsp90)
13

 in the NTD. The NTD is 

joined to the CTD by a middle domain (MD), which also plays an important 

role in binding to client proteins as well as interacting with co-chaperones such 

as AHA1
14

. The NTD and MD is modulated by a flexible linker that affects 

Hsp90 function
15

.  
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Figure 1.1 Schematic description of Hsp90 structure and its conformational cycle
16

. a: When 

ATP binds to an open state Hsp90 dimer, a new state (open ATP bound) forms. When the lid 

section closes, an intermediate state towards close state 1 forms, with assistance from AHA1. 

When p23 is involved, close state 1 transits into the twisted close state 2. With help from HOP 

and peptidyl-prolyl cis–trans isomerases (PPIases), ATP hydrolysis is completed and ADP 

and Pi are released, while Hsp90 returns to an unbound open state; b: domain organisation 

of Hsp90 dimer, as each monomer consists NTD, a linker, MD, CTD, and a MEEVD region. 

   Hsp90 is an ATPase member of the GHKL (gyrase, Hsp90, histidine kinase, 

and MutL (methyl-directed mismatch repair protein)) superfamily
17

. Inherently, 

Hsp90 demonstrates low ATPase enzymatic activity (ATP dissociation 

constant (Kd) approx. 400 μM)
18

, and adopts an open conformation in the 

absence of ATP. To date, it has been elucidated that the Hsp90 dimer 

undergoes a reaction cycle (Fig 1.1 a) driven by ATP accompanied with 

significant structural rearrangements
19

. Many other co-chaperones participate 

in and regulate the cycle
20

, including: 

• Peptidyl-prolyl cis–trans isomerases (PPIases), which have been 

reported to bind to all conformations of Hsp90 through the cycle; 
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• CDC37, which is believed to deliver certain kinase substrates to Hsp90 

and inhibit ATPase activity, binding to Hsp90 early in the cycle; 

• Hsp70/Hsp90-organising protein (HOP), which inhibits the dimerisation 

at the NTD;  

• The activator of Hsp90 ATPase homologue 1 (AHA1), which is able to 

stimulate ATP hydrolysis; 

• p23, which can stabilise the dimerised form of Hsp90 prior to ATP 

hydrolysis.  

  The aforementioned proteins are capable of adjusting the kinetic features of 

the Hsp90 cycle in order to make conformational changes possible and 

facilitate Hsp90 binding to client proteins and their disassociation from Hsp90.  

  All three domains in Hsp90 are affected by this dynamic conformational 

change. The binding of ATP at the NTD provides an open ATP-bound state, 

followed by the intermediate state, then close state 1 – when the closure of 

the “lid” is accompanied by contact between NTDs from two monomers (Figure 

1.1). Close state 1 will further transform to close state 2, a so-called Hsp90 

'molecular clamp' requiring compaction of the Hsp90 dimer where the two 

subunits twist around each other
21

. The formation of the closed states 

facilitates ATP hydrolysis
22

, which is followed by dissociation of the NTDs, the 

release of phosphate (Pi), and transformation to the Hsp90 open state. This 

transition from the open to the closed state represents the rate-limiting step
23

. 
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 Hsp90 as a cancer therapeutic target 

Hsp90 clients and diseases  

  Proteins relying on the Hsp90 system to obtain a matured conformation are 

termed Hsp90 client proteins. Several hundred Hsp90 client proteins have 

been identified to date
24

, and Picard has maintained a complete list of Hsp90 

interactors. However, when compared to chaperones Hsp70 and Hsp60, 

which interact with all unfolded proteins, Hsp90 clients remain comparatively 

limited. Its interactions with clients have been characterised into the following 

groups: 

1) facilitating proteins (such as kinases) to achieve active/specific 

conformations
25

; 

2) assisting assembling multiprotein complexes (e.g., the kinetochore
26

); 

3) facilitating ligand binding to target proteins by stabilising the correct 

conformation of binding sites (e.g., in the case of a steroid hormone 

binding to a steroid hormone receptor (SHR)
27

); 

4) others including maintaining protein dynamics and ensembles of 

conformational states
28

. 

  As seen in Table 1.1, the Hsp90 system is involved in the manifestation and 

progression of many important diseases, including infectious disease such as 

viral and protozoan infections, cancer, type 2 diabetes, cardiovascular 

diseases, and neurodegenerative diseases
20

. Many Hsp90 client proteins are 

kinases, SHRs, or transcription factors (TFs) that are well studied in their role 

in cancer development and progression. It has been reported that 

approximately 30% of human E3 ubiquitin ligases interact with Hsp90, most of 

which are related to cancer
29

. 
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Table 1.1 Representative Hsp90 client proteins
20,30

.	

Client Function Diseases 

Steroid hormone receptors 

Glucocorticoid receptor Response to glucocorticoids Cushing syndrome 

Mineralocorticoid receptor Response to mineralocorticoids Chronic kidney disease 

Progesterone receptor Response to progesterone Cancer 

Androgen receptor Response to androgens Spinobulbar muscular atrophy 

Oestrogen receptor Response to oestrogens Cancer 

Kinases 

AKT (also known as PKB) Mitogen signalling Cancer 

CDK4 Cell cycle control Cancer 

ERBB2 EGF receptor Cancer 

HCK Immune response Cancer 

JAK1 and/or JAK2 Cytokine signalling Cancer 

SRC Constitutively active Tyr kinase Cancer 

BRAF Mitogen signalling Cancer 

BCR–ABL Constitutively active Tyr kinase Cancer 

E3 ubiquitin ligases 

MDM2 p53 degradation Cancer 

UHRF1 DNA methylation Cancer 

Transcription factors 

p53 Tumour suppressor protein Cancer 

OCT4 Embryonic development Cancer 

HIF1α Angiogenesis Cancer 
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PPARα, PPARβ, PPARγ Fat and glucose metabolism Diabetes mellitus 

STAT2, STAT3, STAT5 Cytokine signalling Cancer 

Others 

Argonaute 1, Argonaute 2 RNA interference   

Calcineurin Immune response Rheumatoid arthritis 

Calmodulin Various signaling pathways   

CFTR Chloride channel Cystic fibrosis 

HSF1 Regulation of heat shock response   

NLR proteins Innate immune response Inflammation 

TERT Telomere maintenance Cancer 

eNOS Nitric oxide synthesis   

RAD51 and/or RAD52 DNA repair Cancer 

Tau Microtubule stabilization Alzheimer disease 

 *The complete list of Hsp90 clients can be obtained from https://www.picard.ch/downloads 

 
  However, the broad involvement (either direct or indirect) of Hsp90 in 

pathological and physiological activities results in a major concern, being that 

global inhibition of Hsp90 would most likely lead to a high level of cellular 

circuitry disruption. Hence, it is of great importance to target and interrupt a 

limited range of Hsp90 functions and activities. 
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Cancer  

  In 2011, Hanahan and Weinberg reported that most cancer cells manifest ten 

similar hallmarks
31

, while Pavlova recently summarised six hallmarks of 

cancer metabolism
32

. Although the classification has changed, it has remained 

accepted that a significant number of Hsp90 client proteins are connected to 

these hallmarks
30

; hence, disruption of the Hsp90 molecular chaperone 

machine directly affects all of these cancer hallmarks by preventing the 

maturation of proteins directly associated with disease progression. Currently, 

several types of cancer treatments are available, including, but not limited to, 

surgery, cytotoxic chemotherapy, radiotherapy, hormone therapy, gene 

therapy, and molecularly targeted cancer drugs. Treatment choices will vary 

depending on tumour characteristics (cancer type, stage, etc.). For instance, 

surgical treatment is generally used for breast cancer, and it has been reported 

that, when combined with other types of treatments – especially hormone 

therapy and targeted cancer drug treatment – the survival rate has significantly 

increased among young female patients
33

. Small molecule chemotherapy is 

commonly used; as such, subsequent sections will review the importance of 

Hsp90 as a cancer drug target.  

  The majority of first-generation cancer drug treatment strategies have 

focused on the inhibition or disruption of individual oncogenic proteins or 

receptors. Subsequently, new paradigms such as combinatorial therapies 

(e.g., a cocktail of several drugs
34

 targeting different proteins, respectively) 

were gradually introduced to the field. The inhibition of Hsp90 allowed for 

simultaneous disruption of a network of signalling pathways, resulting in a 

powerful/combinatorial attack on the cancer cell machinery, making Hsp90 

one of the most intensively studied proteins to attenuate tumour progression
35

. 

In cancer cells, a strong need exists for Hsp90 machinery to correctly fold over-

expressed or mutated proteins, resulting in an up-regulation and over-

expression of Hsp90 and associated co-chaperones in cancer cells
36

. 

Additionally, the high level of Hsp90 expression in cancer has been correlated 
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with decreased cancer survival rate. Another beneficial observation is that 

oncogenic Hsp90 demonstrate a higher affinity for inhibitors compared to 

Hsp90 in normal cells, bestowing a potential differential selectivity to Hsp90 

inhibitors
37

. One explanation for this being that, in cancer cells, Hsp90 

primarily exist in a complex bound to both client proteins and co-chaperones, 

meaning the chaperone system is constantly in use, while in normal cells they 

populate in the homo-dimeric state. These hetero-complexes demonstrate a 

higher affinity for ATP, hence small molecules designed to compete against 

ATP for binding sites would demonstrate higher selectivity for the Hsp90 

chaperone system in malignant cells over normal cells
35

.  

 Hsp90 family   

HSP90 family, being highly conserved, can be categorized into 5 subfamilies, 

being cytosolic HSP90A, endoplasmic reticulum (ER)-localized HSP90B, 

chloroplast HSP90C, mitochondrial TNFR-associated protein (TRAP) and 

bacterial high temperature protein G (HtpG). This nomenclature system for the 

Hsp90 family was proposed upon genome analysis of 32 genomes across. It 

is believed that four eukaryotic HSP90 subfamilies all evolved from the same 

group (HtpG-like). Cytoplasmic HSP90 (HSP90A) group is the best studied 

and the largest subfamily.  

Yeast (Saccharomyces cerevisiae) Hsp82 belongs to the HSP90A family. Like 

in many eukaryotes, two cytosolic Hsp90 isoforms (Hsp82 and Hsc82) can be 

found in yeast. These two isoforms demonstrate 97% sequence identity, with 

differences in 16 amino acids (AAs). Cells under different stress condition can 

show differences in expression in Hsc82 or Hsp82. 

The human (homo sapiens) Hsp90 belongs to the ER-localized HSP90B 

subfamily, making them relatively close in terms of the genetic distance. 

Human and yeast Hsp90 sequences demonstrated 69% identity, although the 

intact Hsp90 crystal structure is not available, using limited proteolysis, crystal 

structures of an amino-terminal domain of yeast and human have been 

identified. The tertiary structures of NTD domains are also very similar, with 
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both consisting an eight-stranded β sheet covered by α helices. Also, a 

predicted amino acid sequences comparison (based on genes isolated from 

several species between plant Hsp90s, yeast Hsp90 and Hsp90 from animal 

origin demonstrated high level of identities (63–71%).  

 

 The structure of Hsp90 

  The Hsp90 superfamily is highly conserved, and is found in nearly all 

organisms except Archaea
38

. Four Hsp90 homologues exist in different 

compartments in cells. The Hsp90 family can be subdivided into 5 subfamilies: 

cytosolic Hsp90s, ER-localised Grp94, mitochondrial TRAP1, chloroplast 

Hsp90, and bacterial HtpG
38

. In bacteria, HtpG does not function unless it is 

under stressed conditions. However, when bacteria are exposed to high 

temperature, HtpG is essential to maintaining growth
38

. The complete atomic 

resolution structure of full length human Hsp90 remains undetermined due to 

the lack of well-ordered diffraction-quality crystals; progress in structural 

studies of individual Hsp90 domains (Fig 1.2, a) has made the majority of 

these three domains known. The most recently published human Hsp90 

crystal structures are 3Q6M (amino acid (AA) 293 to 697) and 3Q6N (AA291 

to AA697), with both missing the NTD regions (residues 2-219) and some 

other residues in the CTD and MD
39

. Yeast Hsp90 structures include 2CG9 

(AA1 to 677) and 2CGE (AA273 to 677), and 2CG9 possesses unassigned 

residues in MD and NTD region (Fig 1.2, b).  
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Figure 1.2 Crystal structures of Hsp90 domains and full-length a:  Hsp90 domains and 

respective AA range; b: Human Hsp90 structure (3Q6M) and yeast Hsp90 (2CG9). NTD is 

coloured in blue, MD is coloured in orange, and CTD region is coloured in green. All missing 

residues are illustrated by red dotted line.  

  The NTD is described as a two-layer α/β sandwich structure. Earlier crystal 

structures revealed that, in this region, a pocket extends from the outer surface 

of a highly twisted anti-parallel β-sheet into its inner face, confined by helices. 

This pocket is known as the ATP and geldanamycin (GDA) binding site
40

. 

Clearer insight into this region was gained when individual yeast Hsp90 NTDs 

from S.cerevisae (PDB: 1AH8, 1AH6)
41

 and co-crystal structures of yeast 

Hsp90 NTD with ATP/ADP and substrate were determined (PDB code: 1AMW, 

1AM1), which elucidated the NTD pocket as the binding site for adenine 

nucleotides
18

. The most recent structures of human Hsp90 NTD reported are 

1OSF
42

, 1BYQ
43

, 1YET
44

, and 5LRZ* (Fig 1.3). (* indicates structures are 

available in the PDB bank, but have not yet been published) 
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Figure 1.3 Hsp90 domain structures in Homo sapiens: NTD (in blue, 1OSF), CTD (in green, 

1SF8) and MD (in orange, 3PRY). 

  The MD consists of a large αβα segment connecting to the NTD side, 

followed by a tight coil formed by a series of short α-helices, and a smaller αβα 

domain connecting to the CTD side (PDB:3PRY*) (Fig 1.3). Due to its 

structural homology to the NTD domain, the larger αβα domain was identified 

to have a similar fold resembling MutL and DNA gyrase B, with notable 

differences between loop regions (which are responsible for DNA interactions 

in MutL and DNA gyrase B)
40

. The smaller αβα domain folds differently 

compared to classic αβα units. The structural similarity with MutL and DNA 

gyrase B renders the MD the major region for client protein interactions, which 

are achieved by a conserved hydrophobic patch (around Trp300) and another 

amphipathic protrusion (with the hydrophobic side exposed and the other end 

positively charged) composed of amino acids 327 to 340
45

. Additionally, this 

analogy with GHKL proteins suggests that the MD can provide a catalytic 
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residue that would interact with the γ-phosphate of ATP when bound to the 

NTD
46

.  

  Structural information regarding the CTD remains rather limited, though the 

E. coli Hsp90 homologue HtpG CTD was determined in 2004, which provided 

some structural insights on this region
47

. It is known that the CTD is essential 

for the dimerisation of Hsp90
48

. Within the HtpG CTD structure, the interface 

where two monomers interact is a four-helix bundle formed by a pair of helices 

at the C end of each dimer. Although the overall fold of the CTD in eukaryotic 

and bacterial Hsp90 demonstrates great similarity, the absence of an MEEVD 

segment in the HtpG CTD structure makes it relatively more divergent from 

the equivalent region of human Hsp90 when compared to the other two 

domains
49

. As a result, this structure cannot be used for computational-based 

structure-activity relationship (SAR) studies for human Hsp90. Recently an 

incomplete human Hsp90 CTD structure has been reported (PDB: 1SF8)
47

, 

providing more crystallography information for structure-activity relationship 

studies (Fig 1.3). Moreover, the CTD regions of yeast structures 2CGE and 

2CG9 have recently been fully assigned and used for computational modelling 

of the Hsp90 cycle
50

. Considering the successful labelling of yeast Hsp90 CTD, 

the 2CG9 structure will be used for molecular docking research in the present 

study.  
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 Hsp90 inhibitors 

  Hsp90 inhibition represents one of the major proposed therapeutic strategies 

for cancer, and has become the focus of several drug development efforts
51

. 

In general, all three domains can be exploited for potential cancer drug 

development, two types of Hsp90 inhibitors currently exist: NTD inhibitors and 

CTD inhibitors.  

  Rational computational based drug design (CBDD) has shown great potential 

in NTD inhibitor designs considering the Hsp90 NTD region, and a specific 

binding site has been fully depicted using high-resolution crystallography 

information. Unfortunately, progress in X-ray crystallography for fully 

elucidating the Hsp90 CTD region has not been particularly successful; hence, 

reliable computational searches for the Hsp90 CTD ligand binding site and 

further CBDD towards increasingly potent CTD inhibitors have not yet been 

achieved.  

Hsp90 NTD inhibitors  

  GDA was originally isolated from Streptomyces hygroscopicus, and identified 

as a tyrosine kinase inhibitor in 1970
52

; however, it has been subsequently 

identified as a potent Hsp90 NTD inhibitor that possesses anti-cancer activity
53

. 

GDA also showed promising anti-tumour properties, though its development 

was halted due to its unfavourable solubility and toxicity, which led to the 

suspension of Phase I clinical trials
54

. Moreover, modifications to GDA led to 

the discovery of a series of less toxic GDA derivatives (Fig 1.4) including 

17AAG (17-(Allylamino)-17-demethoxygeldanamycin). However, since 17-

AAG is insoluble in water, egg phospholipid and 4% v/v DMSO was used in 

the diluent, and hypersensitivity was reported in the phase I trial
55

.   

  A second generation of GDA derivatives, including 17-DMAG (17-

dimethylaminoethylamino-17-demethoxygeldanamycin) and IPI-504 

(retaspimycin hydrochloride), was introduced with improved water solubility
56

; 
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however, 17-DMAG treatment resulted in some cases of hepatoxicity and 

gastrointestinal haemorrhage
57

. Additionally, IPI-504, an active form of 17AAG, 

reached phase III trial – but development was recently terminated due to 

unreported reasons
58

. A major problem with GDA analogues has been GDA 

triggering p-glycoprotein upregulation, which is an ATP-dependent pump that 

can efflux drugs from cells, contributing to drug resistance among GDA 

derivatives
59

. To circumvent the drug-efflux pump mechanism, combinatorial 

administration of NTD inhibitors and other drugs, such as paclitaxel, has been 

used
60

. Another rationale behind the modification of GDA analogues is based 

on Hsp90 functioning as a dimer. It has been shown that dimers formed from 

two linked 17AAG molecules exhibit very high binding affinity to Hsp90, and 

that the complex formed is extremely stable, resulting in enhanced anti-cancer 

activity and efficacy
61

. However, dimer GDA analogues have very poor water 

solubility. Moreover, the extraordinary binding results in effectively irreversible 

inhibition – to the extent that the administration of the drug was not 

recommended. 

  Radicicol is another N-terminal inhibitor that was also a natural product 

isolated from a fungus. Radicicol acts on the NTD via a similar mechanism to 

GDA analogues, and, in some 17AAG-resistant cancer cells, it can interrupt 

apoptosis
62

. Although in vitro studies of radicicol have shown promising anti-

cancer properties, this inhibitor unfortunately failed to demonstrate activity in 

animal models
63

. Synthetic efforts led to the development of a series of 

radicicol derivatives (Fig 1.1.4 b), including KF25706, which showed 

antitumour potency in preclinical studies, though clinical examinations were 

not pursued due to development issues. Purine is another scaffold for NTD 

inhibitors (Fig 1.1.4 c), among which PU-H58 is the most potent and selective 

NTD inhibitor of its kind, demonstrating nanomolar IC50 values (30 nM) for its 

interaction with Hsp90
64

. In addition, pyrazole-based inhibitors, such as 

CCT018159 (Fig 1.1.4 d), have shown inhibitory effects on human Hsp90 NTD 

ATPase activity (IC50 of 3.2 µM)
65

. Other NTD inhibitors (Fig 1.1.4 e) have also 

been reported, and two of the most advanced molecules in development are 
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AUY922 and STA-9090, both of which are in phase III clinical trials. In 2017, 

several new inhibitors were reported; for instance, a phase I/II study of KW-

2478 in combination with bortezomib (BTZ) was reported to be well tolerated 

in multiple myeloma patients
66

, while TAS-116 was another highly selective 

Hsp90α/β inhibitor currently in human phase II trials.  

  In general, NTD anticancer drug development has attracted great attention, 

and has resulted in a large number of derivatives being developed; however, 

no candidates have reached the market to date. 
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Figure 1.4 Structure of some representative Hsp90 NTD inhibitors. a: GDA analogues; b: radicicol and its derivatives; c: purine based compounds; d: a pyrazole 
based inhibitor; e: other NTD inhibitors. 
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Hsp90 CTD inhibitors  

  Another research front for Hsp90 inhibition arises from the CTD region. 

Development of Hsp90 CTD inhibitors has been gaining momentum, 

especially given the fact that the development of several N-terminal inhibitors 

has been terminated in the clinic phases of testing. Initially launched as an 

antibiotic in the 1960s, novobiocin possesses activity against DNA gyrase and 

inhibits enzyme-catalyzed hydrolysis of ATP. The wisdom of linking inhibition 

of the gyrase to that of Hsp90 gave birth to the discovery of the first Hsp90 C-

terminal inhibitor – novobiocin. Another two coumarin antibiotics with Hsp90 

CTD inhibitory activities include chlorobiocin, and coumermycin A1, both can 

be extracted from natural resources. Cisplatin67 and (−)-epigallocatechin-3-

gallate (EGCG)68 can both bind to Hsp90 CTD non-specifically (Fig 1.1.5 b), 

however they also bind to other targets like tyrosine kinase and mitogen-

activated protein kinase69 for EGCG,  hence their anticancer activities cannot 
be solely accredited to Hsp90 interruption.  

  As can be seen in Figure 1.5, a, novobiocin (NB) is composed of three distinct 

parts: a noviose sugar, coumarin core and benzamide side chain. In SKBr3 

cells, novobiocin demonstrates poor growth inhibitory activity (about 700 μM). 

NB was the first CTD inhibitor, attracting great attention to the modification of 

this compound. Attempts to modify NB and thus improve the bioactivity 

resulted in A470, in whose structure, the N-acyl side chain has been shortened, 

the 4-hydroxy substituent removed, and the one carbamoyl group on the 

noviose moiety removed. A4 demonstrates ~70-fold enhanced activity (IC50 

~10 μM) to induce degradation of Hsp90 client proteins70. Further 

development of the SAR gave compounds DNH2 and DNH1; with DNH2 being 

the inhibitor with the lowest IC50 value (70 μM). The difference between A4 

and DNH2 lies in the presence/absence of the benzamide group, so 

demonstrates the importance of this group or at least the importance of 

lengthening this sidechain70. Further a series of A4 dimers were made, with 

two A4 molecules linked through the modified amine side chain (the length of 
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this linker varies) (Figure 1.5, a). The A4 dimers again exhibited better anti-

proliferative activity than A4, suggesting that the modification of the amide side 

chain of novobiocin may provide novobiocin analogues with higher inhibitory 

activity. Blagg also developed ring-constrained novobiocin analogues 

including KU135 (IC50 =  416 nM)71 and KU174 (IC50 = 14 µM)72 which were 

cytotoxic to human breast SKBr3 cancer cell lines, and in these two 

compounds further modifications were made on the noviose group73.  

Figure 1.5 Hsp90 Novobiocin based CTD inhibitors 

  Modifications on the noviose group also represents another approach to 

improvement, Alami and co-workers synthesized a series of coumarin 
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inhibitors of Hsp90 with modifications on the noviose group. The leading 

compound 4TCNA (Figure 1.5, a) lacks the noviose moiety, which is substituted 

by a tosyl group at C4’ of the coumarin core and it demonstrated a 6-fold lower 

IC50 than that of novobiocin74. Recently, 6BrCaQ (growth inhibition GI50 = 7 

μM),  a new 4TCNA derivative (with the 7’ noviose group removed, 4’ OH group 

removed and benzamide chain altered) has been reported75, showing that it 

can be beneficial to improve hydrogen bond donor/acceptor, polarity and 

solubility properties of the CTD inhibitors. Additionally, the addition of a second 

sugar at the 4’-position hydroxyl group was reported to show elevated anti-

proliferative activity in several cancer cell lines76, indicating that adding sugar 

moieties would increase Hsp90 CTD binding significantly. 

  All three major functional groups in novobiocin have provided possibilities for 

modification and improvement of biological activity, and hence a variety of 

combinations have been obtained from altering these parts. By doing this the 

role of each part has been studied through investigations into the newly 

synthesized analogues, and has given a preliminary SAR summary of Glc-

novobiocin (Glc-NB) and its analogues77 (Figure 1.6).  

 

Figure 1.6 SAR summary of Glc-Novobiocin (Glc-NB) 
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  In summary, the role of the 7’ noviose group hasn’t reached a consensus yet 

but the carbamate group is believed to reduce activity. On the coumarin core, 

bulkier substitutions at the 8’-position can increase activity. As for 5’ and 6’ 

positions: modification on the former is detrimental to the anticancer effect, 

while O-propyloxyl substitution at the 6’-position proved to be the most active. 

A 4’-hydroxyl group was believed to reduce anticancer activity, while 

glycosylation on this position demonstrates significantly elevated Hsp90 

inhibitory effect. The lactone group is believed to be non-essential. On the 

benzamide side, the 5-hydroxyl group serves as an important H-bond acceptor; 

also at the 4-position, polar substituents are tolerated and it is critical to retain 

this side chain. The amide bond and the secondary amine are also essential 

in Hsp90 CTD binding.  

  To summarize, despite the immense research effort in developing Hsp90 

inhibitors for cancer treatments as well as other therapeutic opportunities, the 

process has been significantly hampered by emerging challenges identified in 

the clinical phases of testing. At the current stage, it is both crucial to 

understand the mechanism underlining beneficial aspects and potential 

toxicity, resistance, metabolism problems associated with Hsp90 NTD 

inhibition. NTD inhibitors demonstrate higher potency but suffer from toxicity 

problems, CTD inhibitors, on the other hand, have not yet been linked with 

such problems but show very weak activity, which has been attracting 

synthetic efforts to improve binding potency. Rational Computational Based 

Drug Design (CBDD) has been showing great potential in NTD inhibitor design 

due to the Hsp90 NTD region and GDA binding site being fully characterized 

using high resolution crystallography data. Unfortunately, progress in fully 

elucidating Hsp90 CTD region using x-ray crystallography has not been very 

fruitful hence reliable computational searches for the Hsp90 CTD ligand 

binding site and further CBDD towards more potent CTD inhibitors have not 
been achieved.  
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1.2  Photo-affinity labelling (PAL) technique  

 PAL mechanism  

  To identify substrate binding sites in proteins of interest, several tools can be 

used in chemical biology studies: site-directed mutagenesis (SDM)78, X-ray 

crystallography79, NMR (nuclear magnetic resonance) spectroscopy80,81, and 

chemical labelling combined with mass spectrometry or NMR82. In the present 

project, photoaffinity labelling (PAL) was adopted and will be reviewed in this 

section. 

  In the early 1960s, Frank Westheimer first introduced the concept of PAL83. 

The general process of PAL can be described as: 

1) Chemical modification of a known ligand with a photo-reactive group 

(PG); 

2) Pocket recognition driven by the affinity-providing ligand structure; 

3) UV irradiation of the PG to generate a highly reactive intermediate that 

covalently attaches (normally by insertion) the ligand to the active site 

of its target macromolecule(s), in most cases, proteins (Fig 1.7).  

  In other words, the ligand portion provides specificity towards the target 

protein and is responsible for reversible (non-covalent) binding, while the 

photo reactive moiety makes the photo-inducible permanent (covalent) 

attachment to targets possible 84. For the photo-reactive unit, it can be either 

connected to the ligand by a linker or directly incorporated into the ligand 

structure85. In the former case, to find a productive site on a known ligand to 

link the PG can represent a substantial task, considering the importance of not 

disrupting ligand binding and maintaining cellular bioactivity when label in cell. 

In some cases, an additional moiety (biotin, for instance), is incorporated in 

the design of PAL probes to act as an identification or reporter tag86. 

  The most desirable traits of PAL probes include, but are not limited to: 1) 

demonstrate stability at a range of pHs when placed in dark; 2) show great 

structural similarities to the parent compound (affinity providing component) to 

ensure comparable activity and affinity and to avoid steric interference; 3) 

activation wavelength does minimal damage to target molecules; 4) generates 
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reactive intermediates, which can react with maximum bond types and form 

stable adducts87. While it remains extremely challenging to optimise all of 

these aspects in a single probe, optimisation for potency, selectivity, and 

physicochemical properties necessitates careful design.  

 

Figure 1.7 A schematic description of photoaffinity labelling (PAL). Two major elements exist 
in bifunctional PAL probes, namely photo-reactive moiety and the affinity providing unit. The 
latter facilitates the specific pocket recognition process. Upon UV irradiation, the photo-
reactive group (PG) forms a covalent bond with the target protein.  

  PAL enables the introduction of targeted covalent ligands (being 

fluorophores88), cross-linkers89, isotopic labels90, or spin labels91 to a biological 

molecule or system of interest, thereby helping to resolve some fundamental 

issues underlining important pathological processes. For example, PAL has 

been widely used to study protein-ligand interactions including the 

identification of unknown protein targets for ligands, aiding in the elucidation 

of protein structure, and revealing new binding sites in proteins87,92. Successful 

cases of PAL applications in recent years have also supported this technique 

being used to study molecular interactions between proteins (protein–protein 

interactions)93, proteins and nucleic acids94, and proteins and cofactors95.  
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 Photo-reactive groups (PGs) 

  The search for appropriate chemical functions to be used in PAL primarily 

focused on analogues of known photosensitive chemicals, as opposed to new 

chemical functions. The objective was to generate reactive species which can 

be covalently attached to targets. In the process of forming highly reactive 

species, a relatively stabilised counterpart would normally be produced, ideally 

a gas. The criteria then narrowed down to the photochemical fragmentations, 

which can induce the release of nitrogen (an inert gas), and four primary types 

of chemical functions exist that can serve as precursors, namely: azides96, 

diazirines97, diazo compounds and diazonium salts98. These chemicals can 

act as precursors of active intermediates, including: nitrenes, carbenes, 

radicals, and carbocations (Fig 1.5). The half-life of these active intermediates 

is generally shorter than the dissociation time for the non-covalent bound 

ligand–protein complex (for example, nitrene half-life is estimated at 0.1 to 5 

ms99, and carbene at 0.5 to 20 ms100), opening a window wide enough for 

labelling to occur at the binding site 85, provided the ligand demonstrates 

reasonable binding affinity towards the target protein.  

 

 

Figure 1.8 Four major PGs and their active intermediates upon UV activation87. 

  Carbenes are bivalent carbon intermediates containing two non-bonding 

orbitals. In these two orbitals, two electrons exist as either two spin-paired 

electrons in one orbital, which gives a singlet form of the carbene, or 

distributed as two unpaired electrons in two orbitals providing triplet 

states101,102 (Fig 1.9). The singlet carbene form can be stabilised by another 
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electron-donating substituent by sharing electrons to the unoccupied p 

orbital98. There are several factors influencing the formation of different forms 

of carbenes, and the structure of diazirine itself plays a key role: for instance, 

upon UV activation, aliphatic diazirines tend to generate the singlet state 

carbene, while 3H-diazirine might result in a triplet state103. 

 

 

Figure 1.9 Representation of the electronic states of carbene. 

  For an ideal PG, however, it should remain relatively stable in daylight 

conditions, and its UV activation wavelength should exceed (or at least avoid) 

absorption wavelengths (280 and 200 nm) of proteins in order to protect 

protein 3-D integrity. Moreover, longer wavelengths (preferably at the deep UV 

region) are more favourable as lower energies are applied. To date, the three 

most frequently utilised PG types in PAL practices are benzophenones96, aryl 

azides104, and diazirines105. It has been reported97,106 that when attached to 

the same ligand, these three PGs demonstrate different PAL efficiency and 

selectivity in labelling the same protein. Other studies have also indicated that 

activation of PG can be influenced by the physiochemical properties of the 

affinity providing moiety106. One major potential pitfall of PAL is that the 

modification to introduce a PG onto the original ligand would significantly 

change the ligand’s chemical/physical properties, which may be essential in 

its ability to interact with biological targets. Most notably among small 

molecules, when investigating ligand-protein interactions using this technique, 

it is essential that the PG should be either as small as possible, or as 

structurally similar as possible to the replaced group in the substrate in order 

to result in an acceptable mimic of the original compound105. Therefore, it is 
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critical to make a judicious choice in selecting the correct PG when designing 

PAL probes.  

 

 

Figure 1.10 The three most frequently used PAL PGs and their activation mechanisms. a: 
benzophenone; b: phenyl azide; c: diazirine. Their active form is depicted in blue. 

  Benzophenone: Upon irradiation, benzophenones generate reactive triplet 

carbonyl forms (Fig 1.10, a), which can inset into C-H bonds and demonstrate 

higher chemo-selectivity compared to other PGs107. Benzophenones are 

relatively easy to prepare, and many are commercially available. Activation 

can be achieved at long wavelengths (350 to 360 nm), which means less 
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energy is applied to the system. Moreover, the active intermediates of this type 

of PGs are very inert to solvents. The major disadvantage of this PG type is 

that, due to the reversible nature of its activation107, some benzophenones 

require a relatively long irradiation period (can be up to hours100), which is 

accompanied by increased non-specific labeling108. Furthermore, 

benzophenones belong to a rather bulky group, and the steric hindrance it 

provides can potentially compromise the binding affinity of the PAL probe 

towards the target protein, leading to a lower binding yield and elevated non-

specific binding109. Nonetheless, the wide use of this PG type has successfully 

demonstrated its labelling potential110,111.  

  Phenyl azide: Aryl azides can be easily prepared, and many are 

commercially available. When an aryl azide is excited by UV light, it forms an 

intermediate nitrene which can further react with double bonds, and insert into 

single bonds including C-H, O-H, S-H, and N-H bonds of amino acids in the 

vicinity. Alternatively, they may subsequently undergo a rapid rearrangement 

to form a ketenimine intermediate – a more stable electrophile that can further 

react with reactive hydrogen groups or primary amines in the environment112 

(Fig 1.10, b). This rearrangement would significantly decrease PAL yields, and 

may result in non-specific binding. Sufficient activation of aryl azides requires 

short wavelengths (e.g., 260 nm), which are inevitably linked to potential 

damage to the target biological macromolecules, resulting in reduced reliability 

of the labelling result98. Aryl azides can also be reduced to amines by thiols113, 

though this reaction primarily occurs in an alkaline environment, while most 

PAL experiments of proteins are carried out in the physiological pH range. 

Three basic forms of aryl azide exist for use in PAL studies, being phenyl 

azides, hydroxyphenyl azides, and nitrophenyl azides (Fig 1.10, b). 

Tetrafluorophenyl azide has been developed to prevent rearrangement of 

nitrenes to ketenimines, hence it demonstrates improved photoaffinity 

suitability114. However, due to its electron-poor ring, it demonstrates high 

electron affinity, making it easy to decompose under in electron-rich 

environments115. In most cases, comparatively shorter wavelengths of UV light 

are necessary to efficiently activate simple phenyl azides, while longer 
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wavelengths of UV light are more suitable for nitro-phenyl azides; hence, nitro-

phenyl azides are usually preferable among these azides. In general, ortho-

azide substituents are avoided due to frequently observed intramolecular 

cyclisation upon photolysis116.  

  Diazirine: Compared to two other main types of conventional PGs, diazirines 

represent a class of reagents that is experiencing increased popularity and 

commercial availability. Among the PGs in PAL, diazirines are the smallest. 

Additionally, under UV irradiation at longer wavelengths (for example, 350 nm), 

diazirines form carbenes, which are more reactive compared to active 

intermediates of the other two PG classes117. The feature most exploited 

feature in carbenes for PAL techniques is their ability to react with and 

covalently bind to the nearest region of the target molecule via performing C–

C, C–H, O–H, and X–H (heteroatom) insertions. Apart from its favourable 

small size, other advantages of the diazirine group include: stability at room 

temperature; relative stability to nucleophiles such as thiols in the solvent 

under both acidic and alkaline conditions; activation wavelengths being 

relatively long (330 to 370 nm); lifetime after activation being relatively short, 

but with higher reactivity118. Apart from the aforementioned advantages of 

diazirines, aryl diazirine can undergo a process called photo-isomerisation 

upon photolysis, forming a linear diazo intermediate that is very long-lived (Fig 
1.10, c). Diazo isomerisation is not desired in PAL, though by introducing a 

trifluoromethyl group into the diazirinyl ring, diazo product formation can be 

suppressed119. In comparative irradiation studies of three major PGs, cell 

death during the photolysis process of azide and benzophenone has been 

reported. However, (3-trifluoromethyl) phenyldiazirine (TFD) has 

demonstrated favourable photochemistry features and excellent stability over 

the other two types of PG, making it the most widely used PG105. To date, 

research has aimed to improve the synthetic route to this compound, and 

these studies will be reviewed in 1.2.3.  

  Generally, diazirine-based PAL yield can be very low, since the carbenes 

generated can be quenched rapidly by water molecules in the vicinity120. 

However, this aspect has always been regarded as another advantage of this 



41 

 

method since it would minimise the non-specific binding: only those probes 

closely located to the protein or other target receptor macromolecules will react 

with the target, while unbound probes will quickly react with water. 

 

 The synthesis of diazirine  

  The synthesis of diazirines has matured over the past few decades: the 

synthetic routes often require the synthesis of a parent diazirine from which 

further substitutions can be made; therefore, the PG can be attached to 

affinity-providing moieties such as known ligands of the target protein. Several 

starting points exist in this scenario, and conventional approaches often 

involve the formation of a prototype (Fig 1.11, a) – a challenging 

modification121. To circumvent such drawbacks, a newer approach based on 

the far more stable diazirine (Fig 1.11, b) was introduced by Yasumaru122. The 

alkoxy substituted phenyldiazirines demonstrate desirable features, including 

the alkoxy substituent possessing electron-donating characteristics, which 

facilitates further modification such as substitution reactions on the aromatic 

ring. When needed, this group can also be easily replaced with spacer arms 

or radioisotope labels. Recently, the prototype (Fig 1.11, c) has been used 

more frequently123.   

 

 
a: R1=H, R2=H; b: R1=H, R2= COOH; c: R1=H, R2= CH3 

Figure 1.11 Photoaffinity labelling photo-reactive group design. 

  Although the starting point might vary, the main strategy for preparing 

diazirines begins from a ketone, which is then converted into a diazidine group, 

followed by oxidation to a diazirine (Fig 1.12).  
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Figure 1.12 Synthesis conditions of diazirine 

  In the first step, oximation of the ketone is carried out by hydroxylammonium 

chloride in pyridine (ethanol can be added optionally) at 85 °C. Bases such as 

NaOH or NaHCO3, can also be added to facilitate the reaction in some 

cases124. The next step is tosylation or mesylation by treatment with the 

appropriate sulphonyl chloride in the presence of DMAP (4-

(dimethylamino)pyridine) or triethylamine in pyridine. Wang recently reported 

that this step can also be achieved in the presence of triethylamine in acetone 

for one hour at 20 °C125. In the third step, the tosyl (or mesyl) oxime is treated 

with ammonia, resulting in a conversion into diazidine. It has also been 

reported that the presence of ytterbium (III) trifluoromethanesulfonate as a 

catalyst may aid in the activation of tosyl oxime126. Alternatively, the ketone 

can be converted directly to diazidine by direct reaction with ammonia and an 

aminating reagent (e.g., chloramines or hydroxylamine-O-sulfonic acid 

(HSOSA))127.  
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  Conventional synthesis of TPDs typically begins from α,α,α-

trifluoroacetophenone, which can be obtained via a Grignard reaction for 

trifluoroacetylation, then reoxidation of a ketone. This is then followed by 

oximation and tosylation using sequential treatments with hydroxylamine, tosyl 

chloride, and ammonia105. However, it has recently been reported that the 

conversion from a tosyl oxime to a diazidine (yield 87%) can be achieved using 

ammonia in diethyl ether in a pressure tube at room temperature (20 °C)125 or 

at -78 °C with a slightly lower yield (83%)128. Tsegaw also reported that liquid 

ammonia alone in a pressure tube at 80 °C can also complete the conversion 

without any solvent129. 

  Moreover, the formation of a diazirine from the corresponding diazidine is 

completed by oxidation with a range of oxidants, including: chromic acid 

(Jones oxidation) in acetone; iodine in the presence of triethylamine in 

methanol or dichloromethane; silver oxide; oxalyl chloride; or (CH3)3COCl. 

Electrochemical oxidations of the diaziridine on a Pt/Ti anode are used less 

frequently105.  

  Diazirine can also be prepared directly by heating tosyl oxime in the presence 

of ammonia at 50 °C for 2.5 h; however, it should be noted that tosyl oxime 

must be stable at this temperature130. In a recent study by Yasumaru, tosyl 

oxime can be directly converted into diazirine in a one-pot reaction via addition 

of lithium amide into a reaction system in a sealed steel tube. However, this 

reaction requires high temperature and high pressure123. 
  



44 

 

Table 1.2 Summary of reported diazirine synthesis: reagents and conditions 

Step to diaziridine (step 1) Step to diazirine (step 2) 

1. NH3, 0–10 °C, MeOH,   Jones oxidation in acetone131  

2. HAOSA, −12 °C  

3. +7 °C O/N  

1. NH2OH·HCl, Py/EtOH, 60 °C I2, NEt3, MeOH, rt132 

2. pTsCl, DMAP, NEt3, DCM, 0 °C to rt  

3. NH3(liq), DCM, −78 °C to rt  

1. NH2OH·HCl, Py/EtOH, 85 °C  I2, NEt3, MeOH, 0 °C to rt133 

2. TsCl, Py, 85 °C  

3. NH3, EtOH, −78 °C to rt  

1. NH3(liq), −35 °C  I2,, NEt3, DCM, rt127 

2. HAOSA, −78 °C, MeOH  

1. NH2OH·HCl, Py/EtOH, 60 °C  (COCl2)2/DMSO/DCM, −78 °C134  

2. pTsCl, DMAP, NEt3, DCM, 0 °C to rt  

3. NH3(liq), DCM, −78 °C to rt  

1. NH3(liq), MeOH, −78 °C, 10 min  Electrochemical oxidation on Pt/Ti 
anode135 

2. HAOSA, −78 °C, 2 h  

1. NH3(liq), −35 °C, 3 h  AgNO3 (in H2O), DCM, NaOH136  

2. HAOSA, −60 °C, MeOH, 3 h  

1. NH2OH·HCl, NaHCO3, H2O  (CH3)3COCl, ether, 0 °C137  

2. MsCl, NEt3, DCM, 0 °C  

3. NH3, ether, −25 °C, 3 d  
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 The application of diazirine based PAL probes  

  Technological advances in mass spectrometry – especially in tandem mass 

measurements and liquid chromatography – have made the detection and 

analysis of photolabelled products increasingly straightforward. Recently, 

several successful examples of bifunctional PAL probes (consisting of a PG 

and an affinity providing portion without the presence of an 

identification/reporter tag) have been reported105. A wide range of PAL probes 

have been successfully reported labelling enzyme targets, including V-type 

ATPase138, topoisomerase II139, and the transient receptor potential ankyrin 1 

ion channel (TRPA1)140. However, not all TPD PAL probes were successful; 

for example, a TPD probe based on lacosamide (Vimpat) failed to covalently 

link to a receptor, even though the probe resembled lacosamide and 

demonstrates a higher binding affinity towards the target protein than the latter. 

This failure was likely due to photodegradation of TPD group or the possibility 

that the TPD group is too far from residues in the receptor141. Homoserine 

lactone autoinducers have been reported to regulate gene expression in 

eukaryotic cells. During the search for a putative receptor, a diazirine based 

dual tagging probe (OoDHL probe) was synthesised by Dubinsky, and PAL 

experiments revealed its receptor to be LasR127. Evidently, the PAL probe 

represents a good mimic of the original ligand (homoserine lactone 

autoinducer, OoDHL) and contains a handle that can be linked to the tag, an 

alkyne suitable for azide-alkyne cycloaddition ‘click chemistry’ in this case (Fig 
1.13). The brassinosteroid insensitive 1 (BRI1) protein binding site was elusive 

until a castasterone based diazirine probe was recently used to localise the 

BRI1 binding pocket142. The structural difference between castasterone and 

the castasterone PAL probe is significant; however, the labelling remained 

successful. Also, diazirine based probes sometimes can be outperformed by 

other types of PGs. For example, Balas et al. synthesised an anandamide 

diazirine based probe that failed to label its target protein primarily because it 

appeared to be too stable upon UV irradiation; however another aryl azide-

based probe was able to label the cannabinoid receptors as planned143.  
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Figure 1.13 Some PAL probes and their mother scaffolds. 

  To summarise, PAL technology represents a powerful tool for the 

characterisation and identification of protein-ligand and protein-protein 

interactions. When compared to two other frequently used PGs, diazirines – 

especially TPD – show advantageous properties. The application of TPD has 

been made more straightforward by advances in the synthesis of these 

compounds.   
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1.3 Characterizing PAL modified proteins by Mass Spectrometry  

 Overview 

  In studies of the interactions between proteins and small molecules, and in 

identification of binding sites, several analytical approaches have been 

combined with other chemical tools. These analytical methods include, but are 

not limited to X-ray crystallography, NMR, and mass spectrometry (MS)144. 

NMR and X-ray can provide structural information for biochemical 

investigations over protein-ligand binding and can further guide rational drug 

design. However, the scope of their application to characterising covalent 

interactions between small ligands and their respective target proteins in vitro 

remains rather limited, as these two techniques are frequently linked to strict 

requisites in terms of protein compatibility.  

  MS is a technique that measures the mass-to-charge ratio (m/z) of gas-phase 

ions, which allows the determination of chemicals modification of  a protein145. 

There are three major (and equally important) components in a mass 

spectrometer, namely: ion source, such as electrospray ionisation (ESI) and 

matrix-assisted laser desorption ionisation (MALDI); analyser, for example, the 

linear ion trap (LIT), Orbitrap, Fourier transform ion cyclotron resonance (FT-

ICR), quadrupole, and time of flight (TOF)) and detector.  

  Rapid recent technological advances in MS have made it the primary 

analytical tool for the direct structural characterisation of a wide range of 

biochemical interactions between proteins and small ligands, including 

protein-probe covalent conjugates when used in line with PAL. In order to 

ensure the successful identification of structural differences between modified 

and non-modified proteins, MS workflows must take three major hurdles into 

consideration: 1) the covalent conjugation chemistry; 2) detection of the 

conjugated proteome; and 3) data interpretation and assignment. The first 

aspect (PAL, in the context of this project) has been reviewed in the previous 

section, and herein we will only focus on the second and the third aspects.  

  Currently, no simple one step characterisation of a complex protein sample 

exists using MS (quantitatively or qualitatively). MS does not stand alone in 
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this task, as separation techniques, the identification of peptides, and data 

analysis using correct algorithms must work in unison. In fact, the idea of 

covalent chemical medication of proteins is not entirely novel, as it has long 

been used in cells as the post-translational modifications (PTMs), and the 

characterisation of PTMs by MS has also been reviewed extensively146,147. 

Additionally, effective and direct detection of covalently conjugated protein-

probe complexes has been made possible by advanced MS instrumentation, 

chemical enrichment methods, and righteous decisions on MS workflow148. 

  Generally, two workflows – bottom-up and top-down approaches – have 

been widely used in MS characterisation of proteins and PTMs. This has also 

been combined with PAL as a powerful chemical tool for probing small ligand-

protein interactions. In the top-down approach, the intact protein analytes 

(either PAL labelled or not) are subjected to fragmentation in gas phase by 

collision techniques. Mass spectrometry data from tandem mass process can 

then be analysed using MS characterisation software packages. This is the 

reverse of a bottom-up pipeline, in which protein is subjected to enzymatic 

digestion followed by further MS analysis (Fig 1.14). 
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Figure 1.14 Illustration of two major PAL protein characterization strategies: bottom-up vs 

top-down. 
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 Top-down approach  

  As mentioned previously, intact proteins are analysed in the top-down 

approach. First and foremost, the separation and purification process is 

required considering the complexity within the PAL-processed samples 

(especially in labelling experiments in cell lysate)149. There are many 

separation techniques to be used off-line, including reversed-phase liquid 

chromatography (RPLC), hydrophobic interaction liquid chromatography 

(HILIC), and ion exchange chromatography (IEX), allowing eluted fractions 

collected to be loaded into MS machines afterwards. In this way, more 

instrument time can be allocated to collecting MS data of target proteins. 

However, on-line separation techniques (directly coupled with MS) require less 

time spent handling samples. In order to achieve sufficient separation, both 

off-line and on-line approaches can sometimes be employed in one 
workflow146.  

  Upon effective separation of the target proteins, a protein sample is 

introduced to mass spectrometer where both the intact protein and its 

fragments are analysed, followed by the use of tailored bioinformatic tools for 

protein identification and assignment. With advances in separation techniques, 

MS instrumentation, and bioinformatics tools, the top-down approach has 
been an effective alternative for the conventional bottom-up approach150. 

Intact protein MS detection  

  As previously mentioned, the top-down approach begins with MS detection 

of intact proteins. Both ESI-MS and MALDI-MS can be used for ionisation and 

the detection of intact PAL-labelled and non-labelled proteins. Karas and 

Hillenkamp first introduced a matrix into the pre-existing laser desorption (LD) 

ionisation method in 1985, which led to the development of MALDI151. 

Thereafter, a range of matrix molecules (for instance, sinapinic acid, α-cyano-

4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB), etc.) have 

been discovered for different types of analytes. In general, MALDI facilitates 

the soft ionisation of relatively smaller amounts of large non-volatile 

macromolecules, especially proteins, antibodies, and peptides152. Detection of 
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oligosaccharides was challenging due to the lack of strong chromophores in 

their structures. However, benzylamine-labelled oligosaccharides were 

reported to be 10 times more sensitive towards MALDI MS when compared to 

underivatised oligosaccharides153. The domain where tetanus toxin binds 

neuronal surface gangliosides was elucidated by photoaffinity radio-labelling 

combined with MALDI-MS, in which the mass of labelled C-terminal domain 
was detected 154.  

  Other additional methods including the biotin/streptavidin method can be 

incorporated to enhance the sensitivity of MS-based analysis. For instance, at 

the sub-picomolar range of labelled proteins, biotin/streptavidin purification of 

PAL-labelled conjugates was reported to be incorporated with the isotope-

coded affinity tag (ICAT) technique in the labelling of human NK-1 receptor, 

which made the identification of labelled regions easier155. Though MALDI-MS 

is powerful in intact protein ionisation, its analysis has been largely limited to 

TOF instruments, preventing it from being widely utilised in top-down 
proteomics studies when compared to ESI-MS.  

  As a soft ionisation method, ESI is very effective for the ionisation of proteins 

and non-covalently bound ligand-proteins or protein-protein complexes156. For 

example, ESI-Q-TOF has been used for monitoring the PAL labelling reaction 

of a 37 kDa G protein-coupled receptor (GPCR) superfamily member157, and 

in the labelling of HIV-integrase at whole protein level158. At the whole protein 

level, ESI-MS (not MS/MS) has also been reported to detect covalent 

conjugation of up to ten biotin molecules to a 50 kDa protein, demonstrating 

its potential for characterising chemically modified proteins150 using a top-

down approach. In fact, ESI has been widely coupled with FT ICR or Orbitrap, 
and both have been widely used for top-down characterisation of proteins. 

Protein tandem mass  

  Upon the detection of intact proteins, protein fragmentation techniques can 

be used to generate fragment ions by various techniques such as collision-

induced dissociation (CID), electron capture dissociation (ECD), and electron 
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transfer dissociation (ETD). Subsequently, algorithms designed for top-down 

analysis can be adopted for protein characterisation and identification of 
chemically modified sites when combined with PAL.  

  The top-down approach has been reported to characterise non-covalent 

bound protein–nucleotide triphosphate complexes, in which the complex was 

detected by ESI-FT ICR and CID technique was further utilised to fragment 

protein-substrate complexes for tandem MS analysis159. The top-down 

approach has also been reported to characterise PAL-labelled proteins. For 

instance, voltage-dependent anion channel-1 (VDAC1) is important for 

transporting ions and metabolites between cytosol and mitochondria within the 

cell. It is functionally regulated by cholesterol, though the site of cholesterol 

binding has been elucidated. Mouse VDAC1 was photolabelled by cholesterol 

analogues with an attached diazirine and characterised by top-down MS in 

which the fragmentation of intact proteins and non-labelled protein were 

achieved by higher-energy collisional dissociation (HCD), which is essentially 

a CID technique specifically used in Orbitrap. The MS1 ion scan of intact 

photolabelled mouse VDAC1 was achieved in LTQ Orbitrap, and HCD 

fragmentation spectra were acquired at 60,000 FMHW (full width at half 

maximum)  resolution, followed by analysis of fragmentation spectra using 

MASH (a proteomics data analysis tool), which revealed a binding site near 

E73 residue160 (Fig 1.15).  
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Figure 1.15 Illustration of a top-down characterisation of PAL-labelled VDAC1: at MS1, both 

labelled and non-labelled VDAC1 were detected, and data (after HCD fragmentation) was 

collected at MS2, followed by MASH analysis, which identified the labelled peptide. A binding 

site was proposed.  

  A compact high field Orbitrap, which demonstrated 4 times higher resolution 

compared to conventional LTQ Orbitrap, has been put in use161. With access 

to high field spectrometers, ultra-high resolution and mass accuracy can be 

achieved in characterising whole proteins. For instance, high field Orbitrap has 

been reported to characterise 690 proteins in the H1299 human cancer cell 

line162. However, newly developed dissociation techniques, including ECD and 

ETD, which are especially effective in mapping PTMs163, have been made 

available for more complete fragmentation compared to conventional CID. 

Additionally, during the fragmentation process of ETD/ECD, most peptide 

modifications remain undamaged; hence, these methods prove to be more 

useful for the identification of photolabelling sites150, considering valuable 

fragments enclosing the chemical modification are intact. Fragmentation 

methods that result in unpredictable fragments, especially in the context of 

PAL labelling proteins, are not desired148.  
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  When compared to the bottom0up method, the top-down method is a 

relatively new MS-based workflow; however, it has demonstrated great 

potential as an alternative tool for use in PAL-MS characterisations. In the MS 

characterisation of PAL-labelled samples, it is instrumental to obtaining a 

detailed description of full amino acid sequences for targeted protein in MS 

analysis. Sequence coverage should allow reliable identification and 

characterisation of potential PTMs and introduced chemical modifications 

through PAL. This also explains why top-down workflows can characterise 

potential PTMs more accurately and comprehensively compared to the 

bottom-up method, as both intact proteins and their fragments are analysed. 

The Top-down method also allows 100% sequence coverage and complete 

characterisation of proteins, other forms of protein derived from genetic 

variations, and PTMs164, indicating that it can be used to characterise other 
chemical modifications, including PAL-introduced ones.  

  However, to fully realise its potential, several technical challenges must be 

resolved: 1) proteins are generally more difficult to handle compared to 

peptides, which are more soluble. Generally, large proteins such as membrane 

proteins are not soluble without assistance from detergents such as SDS, 

which are incompatible with MS165; 2) the sensitivity (as well as the detention 

limit) towards whole proteins is significantly lower than that of peptides, hence 

top-down workflows require more concentrated and pure samples compared 

to the bottom-up method166; 3) the top-down approach often requires high 

high-end mass spectrometers with high resolution (which are inevitably more 

expensive) to resolve whole protein precursors and fragmentation ions – 

especially for complex samples167 – while the bottom-up approach can be 

achieved by low-cost instruments, although high-end MS will provide 
increased advantages. 
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 Bottom-up approach  

  The bottom-up workflow is also termed the shotgun method168. In a typical 

bottom-up workflow, PAL-labelled species can either be separated by HPLC 

or SDS PAGE, either in solution or in gel proteolysis. Thereafter, the peptide 

mixture is further fractionated and analysed by chromatographic techniques 

and tandem mass. Peptides are identified though comparison of the tandem 

mass spectral information observed and that generated theoretically via in 

silico digestion of a known database. The characterisation of proteins is 

fundamentally based on the identification of these peptides, which is called the 
“inferred identification” of the protein. 

  The bottom-up approach has been regarded as a primary approach in 

general proteomics studies, and for the identification of chemical modifications. 

Several factors are instrumental to the success of a bottom-up approach, 

including the separation of target protein, proteolytic digestion, MS 

instrumentation for peptide analysis, and database search algorithms. Herein, 

we will review the first three aspects, and the search algorithms will be 

reviewed in 1.3.4.  

Proteolysis   

  Protease-based cleavage of proteins has been widely used for bottom-up MS 

workflows. Trypsin is the most common protease for digestion, which 

hydrolyses proteins at the carboxyl end of lysine (Lys, K) or arginine (Arg, R), 

except when followed by proline (Pro, P). Its sequence-specific aspect was 

used as a filter in conventionally identifying peptides, but has been made less 

important by the recent development of high accuracy MS, which facilitates 

identification of non-proteolytic sequences and PTMs, where tryptic digestion 

is prohibited169.  

  Other proteases have also been used for characterisation of PAL-labelled 

proteins; for example, partial digestion with V8-protease (Cleveland mapping) 

was adopted to localise the PAL-labelling site, and was used to study the 

binding site for ubiquinone and inhibitors in Na+-pumping NADH-quinone 
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oxidoreductase (Na+-NQR)170. Compared to trypsin, the V8-protease is a 

serine endopeptidase that cleaves peptide bonds at the carboxyl side of 

glutamate (Glu, E) and aspartate (Asp, D)171. It is frequently used as a 

complementary to trypsin. For instance, Blagg reported using V8 protease to 

explore the amino acid regions of Hsp90 CTD that otherwise could not be 
characterised by trypsin digestion172.  

  In the context of PAL protein mixtures, the digestion process results in a very 

complicated mixture consisting of unmodified peptides, modified peptides, 

partially hydrolysed probe-peptide conjugations, and some other derivatives 
from the photoactivation process, which required separation and enrichment.  

Separation and enrichment techniques  

  Digested protein from the activation and labelling process can be separated 

via HPLC or uHPLC on-line. It is believed that choosing an efficient isolation 

method is critical to successful protein characterisation, especially given that 

proteins interact with other biomolecules or themselves in the biological 

environment, and that these interactions can influence isolation of target 

proteins by LC. For example, until recently, it was believed that proteomics 

studies of transcription factors (TFs) were limited due to their low abundance, 

though this was actually caused by inadequate disruption of TF-DNA 

complexes173.  

  A good example from PAL-labelling analysis is the G protein-coupled 

receptors (GPCRs), as human A2A adenosine receptor(hA2AAR) has recently 

been characterised157 using PAL, followed by the MS shotgun method in which 

an ESI Q-TOF instrument with a 1200 series HPLC was used. Through the 

chromatographic separation process, relatively more hydrophobichA2AAR 

(PAL labelled) were retained in the column longer than the non-labelled protein 
and were therefore separated from each other.  

  Electrophoresis gels have also been widely used for the separation of 

labelled species, especially when combined with fluorescence imaging. 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
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and two-dimensional (2D) SDS-PAGE represent two of the most frequently 

used methods. Recently, a panel of PAL probes were used to label three 

carbonic anhydrases, which were supposed to link to aggressive and/or 

multidrug-resistant cancer in both protein mixtures and cell lysates174. Primary 

experiments were conducted using SDS-PAGE followed by fluorescence 

imaging for determination of non-specific labelling in cell lysates. Following 

electrophoresis, proteins of interest can be characterised as either intact 

proteins or in-gel digested peptides by MALDI-MS or LC-MS/MS175.  

  In the bottom-up MS approach of structural characterisation, enriching the 

directly modified peptide is crucial. Also, the affinity-based enrichment method 

can be used in some cases. The PAL probe is equipped with a tag (for instance, 

a biotin176) or handle that can react further with another tag, making for easy 

detection and isolation of PAL labelled-proteins. Highly sensitive radioisotope 

tags177, immunological methods149, and avidin-biotin116 tags can be 

incorporated into PAL systems. Radioisotope tags can also be used for very 

sensitive detection of low levels of PAL-labelled products87. In addition, 

antibodies can be used to recognise certain parts of proteins (for example, the 

labelled region), and co-immuno precipitate-labelled or unlabelled proteins. 

For example, Nakayama et al. reported a workflow for the identification of 1,4-

dihydropyridine binding sites towards skeletal muscle Ca2+ channels 178. In 

order to identify the photo-labelled region in their study, proteolytic products 

were tested against several anti-peptide antibodies that can recognise 

different segments in the target protein and the labelled region, which were 

fished out and identified in this manner.  
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MS for peptide analysis 

  Peptide detection: As previously mentioned, both ESI and MALDI can be 

used for peptide ionisation. Although MALDI-TOF/TOF instruments are 

significantly less expensive and more tolerant to contamination when 

compared to high resolution ESI Orbitrap MS systems, this system has fallen 

out of favour for bottom-up MS characterisation. However, MALDI-MS has 

been providing complementary information in peptide analysis. For example, 

it has been used with ESI-Q-TOF MS/MS in the PAL-based study of the action 

mode of GM2-activator protein (GM2AP)(which is a glycoprotein cofactor)179. 

Also, significant improvement has been achieved in MALDI plates, which can 

be used in offline LC-MALDI-MS/MS bottom-up workflows, resulting in an up 

to 135% increase in the number of peptides detected and identified180.  

  Nonetheless, ESI coupled with LTQ Orbitrap and FT ICR mass 

spectrometers remain the two most frequently used for the bottom-up 

approach. Peptides and chemically modified peptides generated from 

proteolysis can be detected by ESI MS. For example, in a recent study by Shiel, 

ESI MS was used to examine a range of chemically modified proteins, as it 

can rapidly determine the molecular weight of smaller peptides or segments 

(up to 14 kDa) within 0.01−0.05%, and with adequate sensitivity (10−50 pmol 

in total), and the bottom-up work flow successfully located labelling residues181. 

However, further fragmentation of peptides through subsequent peptide 

sequencing is usually achieved in tandem mass, and ESI-MS can also be used 

for such purposes. For example, in the characterisation of fluorescein-5'-

isothiocyanate (FITC)’s modification of eukaryotic ATPases and partial peptide 

sequences by adjusting potential levels of de-clustering in a single-quadrupole 

mass spectrometer, Przybylski reported specific fragmentation of FITC-

modified peptides (the cleavage of  PAL probe from modified residues), 

rendering ESI-MS an effective tool for the characterisation of such conjugates 

without explicit MS/MS experiments182. Modification of lysine residues, which 

leads to loss of positive charge, can result in low-charge states in ESI-MS; 
therefore, large peptides may not be detected due to such modifications. 
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  Peptide tandem mass: Data-dependent acquisition (DDA) is the most 

frequently used mode of bottom-up workflow. Upon the acquisition of intact 

precursor-level spectra (MS1) of peptides, ions are selected and fragmented 

based on the abundance, signal intensity, and precursor charge state, the 

fragment ion spectra (MS2). Though since protein-labelling events possess a 

so-called substoichiometic nature148, it implies that only a fraction of proteins 

are successfully labelled; the ionisation efficiency of probe-conjugated 

proteins/peptides is also unpredictable. These two aspects have been 

regarded as major factors for reducing the MS abundance of modified 

proteins/peptides relative to signals of unconjugated counterparts. Species of 

low abundance in the MS1 are less likely to be selected for MS2, hindering the 

identification and assignment of modified peptides. In fact, non-mixed 

fragmentation spectra are essential for resolving peptides of similar masses183. 

In a recent study184, photo-reactive lipid probes were used for lipid–protein 

interactions mapping in cells. A bottom-up workflow was employed, and the 

DDA mode was used for spectra collection. Several target proteins in the cell 

were identified using these chemical proteomics probes and bottom-up work 
flow.  

  Mass spectra of peptides/chemically modified peptides can be analysed 

manually and assigned using customised software packages (available 

packages will be further discussed in section 1.3.4). MS signals in the control 

sample from non-PAL processed proteins and samples from PAL processed 

proteins can be compared, and spectral differences would then be assigned 

to provide information over the photoaffinity labelling sites, and further 

information about the specific substrate binding site in protein under 
investigation when combined with other visual (modelling) software programs. 
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 Peptide/protein identification  

  It is widely accepted that peak patterns in the MS/MS spectra of peptides can 

provide information regarding sequences, which can be further used for 

protein identification. Currently, the largest problem facing de novo 

sequencing is that the mass spectrum is not directly linked to an unambiguous 

peptide sequence148,185; instead, MS/MS data need to be searched against a 

protein sequence database using purpose-built algorithms.  

Search algorithms 

  In the database, each protein entry is digested in silico based on the specific 

enzymes, and the mass values of intact peptides are calculated. If the 

observed peptide matches a theoretical peptide, the MS2 spectrum containing 

expected fragments will be compared and matched against the experimental 

MS2 spectrum185. Generally, three major approaches in peptide sequencing 

algorithms exist, namely: sequence tag186; cross-correlation187, and 

probability-based matching188 – all of which are discussed in the paragraphs 

that follow.  

  Mann et al. introduced the concept of a ‘peptide sequence tag’ as a tool to 

determine the origin of a peptide186. They proposed that a short strand of 

amino acid sequence should demonstrate enough specificity for unambiguous 

identification when MS1, MS2, and enzyme specificity are combined. It is 

believed, even in a very noisy MS/MS spectrum, that certain signals of 

sequence ions can be easily identified, and that they can be used as the 

starting point for assignment of MS/MS data for unknown peptides. This is 

done first by a partial de novo interpretation, which results in a promising tag 

(short sequence strand). This tag can then be searched against a database to 

identify the complete peptide enclosing the tag189. New algorithms (e.g., 

GutenTag) have been developed based on this rationale190.  

  Another method is called cross-correlation(by SEQUEST)187, which is a 

widely used tool in proteomics. The algorithm first identifies the peptide’s intact 
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mass value and uses it to determine a set of possible peptide sequences. For 

each possible peptide sequence, a theoretical MS/MS spectrum is projected 

and then compared against the observed MS/MS spectra using cross-

correlation. The peptide sequence with the highest match represents the top 

prediction for this MS/MS spectrum187. SEQUEST has been used for the 

characterisation of chemically-labelled enzyme active sites, in which the 

search algorithm identified protein targets of a rhodamine-tagged phenyl 

sulfonate ester probe and elucidated the specific labelled residues191.  

  Another popular approach is based on 'probability-based matching'. In this 

approach, a theoretical MS/MS spectrum containing fragments calculated 

from known peptide sequences in a database is compared against the 

observed spectrum, and collected experimentally. A score based on the 

statistical significance of the match is provided, and the top scoring prediction 

is given as the peptide identification188. Search tools of this type include the 

Open Mass Spectrometry Search Algorithm (OMSSA)192, Mascot193, 

X!Tandem194, and SearchGUI195. Mascot has been widely used in protein and 

identification as well as the identification of PAL-labelled proteins. For example, 

in a PAL-MS study of potassium (K+) voltage gated (Kv) 1.2 channel subunit, 

the Mascot Daemon search engine was used for the MS analysis. While 

analysing photo-labelled samples, modifications introduced by the PAL 

process (mass addition of 230.0559 m/z) were included in the search with 

some other search parameters196.  

  The most frequently used algorithms for characterisation of chemically 

modified proteins fall into the second and the third realm, though the sequence 

tag algorithm has potential in the analysis of isotope labelled samples.[ref] 

Database searches based on probability-based matching are capable of 

identifying modified peptides with predictable chemical modifications (for 

instance, a uniform and defined mass adduct that does not produce unusual 

fragments)197. However, for characterisation of more diverse chemical 

modifications, especially when chemical probes themselves demonstrate 

further fragmentation patterns, the challenge underlying the tandem mass data 
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interpretation is elevated, as probe-protein complexes are sometimes formed 

by amino acid chemistry (which has been reported in the use of aliphatic 

diazirine-based probes)198.  

  Via incorporation of a single modification onto one peptide sequence from 

the human protein bank (up to 26,000,000 tryptic peptides), the database 

search space is increased by 60 times. Additionally, apart from chemical 

modification, other common PTMs (for example oxidation on methionine) are 

often included. When two modifications are considered, the search space 

increase 1000-fold per peptide148. As mentioned previously, currently the 

database search algorithm does not account for fragments derived from the 

unknown small molecule probes, nor does it take into account the miss-

assigns generated by these fragment ion spectral information148. 

Consequently, for PAL-labelling in cells, unpredictable fragmentation of PAL 

probes occurring on unknown modification sites over an entire proteome 

inevitably lead to a massive search space.  

  Several techniques can be utilised to circumvent the limitations of database 

searches of chemically modified proteins. For example, a platform called small 

molecule interactome mapping by photoaffinity labelling (SIM-PAL) has been 

reported. In this platform, a certain level of stable isotopes demonstrating 

distinct isotopic distributions (for instance, 79/81 for bromine and 35/37 for 

chloride) is incorporated in the probe design, hence the modified peptides can 

be identified based on their isotopic patterns. Isotopic signature transfer and 

mass pattern prediction (IsoStamp) was developed for identification of these 

isotopic signatures in the MS1 spectrum, and this algorithm has the potential 

to enhance chemical labelling-based protein identification199.  

PeptideShaker 

  Several search engines with different underlying algorithms are available for 

protein characterisation. In the context of this project, PeptideShaker is used 

as the major search tool for PAL-labelled protein characterisation due to its 
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reliability, user-friendly features, open source, and access to several other 

search engines.  

  For identification of peptides and proteins by PeptideShaker, a target-decoy 

search strategy is used200. Peptide-to-spectrum match (PSM) lists generated 

by different search engines are unified to increase the confidence and 

sensitivity of the search output201, which is comparatively superior to a single 

search engine approach202. A wide range of search engines are available, 

including OMSSA, X!Tandem, Inspect, MyriMatch, MassWiz, Andremeda – all 

of which are made easily available in SerchGUI195.  

 

Figure 1.16 Illustration of PSM: experimental spectra are aligned and matched against 

theoretical spectral information.  

 In the statistical confidence estimates of each assignment of peptide and 

proteins, the aforementioned protein inference issues are also taken into 

account by PeptideShaker203. Both false discovery rates (FDRs) and false 

negative rates (FNRs) are calculated at the PSM alongside peptide and protein 

levels, allowing users to filter results according to a so-called FDR-FNR 

mechanism201.  

  Most importantly, apart from PeptideShaker generating more reliable 

predictions using the latest localisation methods201, it can also provide 
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confident predictions and inferences for modifications sites, including PTMs 

and customised modifications. All statistical metrics used to execute the 

modification localisation have been verified in a complex Pyrococcus furiosus 

standard204. As mentioned previously, PSM is used in this search engine for 

predictions of PTMs, which are identified by the mass shift they introduced by 

attaching to a peptide205,206.  

  PeptideShaker enables user-friendly processing, reliable analysis, and 

interpretation of experimentally acquired raw MS data. The comprehensively 

annotated search output files and reports also allow straightforward 

submission to PRIDE and ProteomeXchange201, which has been required by 

many scientific journals for proteomics publications.  

  Overall, although PeptideShaker has been popular in protein characterisation, 

especially in identifying PTMs201, its application for PAL modified proteins has 

not been reported. However, our project has demonstrated its potential for 

chemical proteomics.  

  The information obtained from PAL-MS using search tools – especially 

PeptideShaker – can pin small molecule-protein interactions to specific amino 

acids, which, when used with computational modelling tools, can provide direct 

visualisation of and insights into the small molecule-protein binding sites. 

However, binding site information obtained from chemical proteomics can also 

be complementary to information acquired in the computational aided 

molecular modelling and docking. In fact, correlation of chemical proteomics 

data with computational modelling is not new; for example, a recent PAL-

based MS characterisation of ceramide binding sites in several proteins, 

homology modelling, and docking studies using SWISS-MODEL and SWISS-

DOCK were carried out for visualisation and validation of the binding sites as 

well as binding interactions207. 
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1.4 Summary  

  In summary, the combinatorial use of PAL and MS has also been effectively 

utilised for novel protein interactions, leading to many potential pharmaceutical 

applications. MS-based protein characterisation has advanced rapidly in the 

past few decades, and represents one of the main analytical tools for protein-

ligand analysis168. Both top-down and bottom-up methods can be adopted for 

the detection and characterisation of modified peptides and proteins. As 

previously discussed, both MS and MS/MS experiments can be used for PAL-

labelled protein characterisation. The more frequently used bottom-up 

approach has proven to be powerful for localisation of labelled sites, made 

possible by a range of search algorithms and search engines. PeptideShaker 

unifies results from multiple search engines and can provide structural profiling 

and elucidation of protein-substrate interactions as well as binding sites.  

The inhibition of Hsp90 functionalities in cancer cells has been widely exploited 

in the search for effective cancer therapies, as discussed previously various 

Hsp90 NTD inhibitors have progressed to clinical trials in patients, but these 

studies were frequently suspended due to high toxicity-related issues, leaving 

CTD inhibition an appealing option for safer cancer drugs. On the one hand, 

existing Hsp90 CTD inhibitors demonstrate low potency toward Hsp90 

interruption, making the structural improvement and optimization extremely 

necessary. On the other hand, Hsp90 CTD consists of highly flexible regions, 

making it a very challenging domain for crystal structure studies. The lack of 

high-resolution 3D structures in the CTD region has significantly hampered the 

development of a generation of Hsp90 CTD inhibitors with improved high 

potency and desired low toxicity. The approach we designed to circumvent 

such limitations includes the combinatory use of PAL and advance MS 

techniques.  
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Chapter 2 Result and Discussion 

2.1 Aims and Objectives  

    As mentioned previously in the introduction chapter, combinatory use of 

PAL and MS techniques is the general approach we employ to circumvent the 

lack of high resolution CTD crystal structure and to elucidate the novobiocin 

binding site in the CTD region. The main aims of this project (Figure 2.1) were 

to use (3-trifluoromethyl)phenyldiazirine-novobiocin (TFD-NB) photo-affinity 

labelling (PAL) probes to label Hsp90 and specifically probe its C-terminal 

domain novobiocin-binding site. Yeast Hsp90 CTD construct has been widely 

used in the studies of Hsp90 SARs, and as mentioned in the introduction, 

yeast Hsp90 is structurally close to human Hsp90, so the results we obtain 

can be indicative for human Hsp90 CTD novobiocin binding rationale. 

Nontheless, labelling of human Hsp90 using effective PAL problems is also of 

our research interest, and will be further investigated in the future. The main 

aim can be divided into three stages and the objectives of the individual stages 

were: 

1) The firsts started with the rationale design of the PAL probes based on 

precious empirical studies of different novobiocin based Hsp90 CTD 

inhibitors, including Glucosyl-novobiocin and novobiocin derivatives 

with functionalisation at 4’th position on the coumarin core.  PAL probes 

were subjected to characterisation upon synthesis and purification 

using NMR and LC-MS techniques.  

As the probes contains two functional components: the PG group for 

covalent labelling upon UV activation and the affinity providing 

novobiocin structure. Several synthetic routes to obtain PGs were 

evaluated to introduce a diazirine group to the benzyl ring under 

different experiment conditions. Building blocks including 3-(4-

(bromomethyl)phenyl)-3-(trifluoromethyl)-3H-diazirine (compound m-

TFD, Fig. 2.1) were planned to be synthesized and then attached to 

novobiocin preferably on a hydroxyl group within the NB coumarin core. 

For synthesis of diazirines, conditions reported in literature required 
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high temperature and high pressure, and we also aimed to achieve less 

harsh experimental conditions. While for the reaction between 

novobiocin and the PG group, most frequently used method was phase 

transfer catalysed, considering the difference between two reactants in 

terms of solubility. we also aim to look for an appropriate solvent to 

solvate both reactants to achieve higher yield.  

 Upon the purification of target compounds, MS and NMR were used to 

fully characterize the product structures and confirm the regioselectivity 

of the conjugation steps. Additionally, the physicochemical properties 

of the probes, especially the photo-activation behaviour, were assessed. 

MS and MS2 techniques were applied to study the activation products;  

2) During the second stage, proteins (Hsp90 and its CTD region both in 

humans and yeast) were expressed, purified and characterised. As 

incubation and activation conditions are critical to allow probes to bind 

sufficiently to the binding site and also to be effectively activated then 

covalently linked to the targeted protein, different labelling conditions 

were tested to achieve the best labelling yield without exposing proteins 

to excessive UV radiation. Assays were firstly carried out to examine 

whether the PAL probes interacted with yeast Hsp90 in the CTD region 

using MALDI TOF MS by performing whole-protein studies. Upon the 

confirmation of labelling, the mixture of labelled and unlabelled yeast 

Hs90 CTD was digested enzymatically and a bottom-up approach 

adopted for proteomic analysis. Raw MS/MS data were analysed and 

database search tools employed for peptide mapping and identification 

of labelled peptides. Previously reported PAL studies of Hsp90 used 

manual assignment in MS/MS data analysis when looking for the 

labelled peptide, in this project, different programmes were used to 

facilitate the search.  

3) In the final stage, the labelling site information obtained from the PAL-

based MS workflow was correlated with computational modelling of 

yeast Hsp90. Even no complete high resolution Hsp90 CTD region was 

available, the identified labelled peptide region was presented in 
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available crystal structures in both human and yeast Hsp90. So ICM-

Pro was used to search for potential binding sites in the yeast and 

human Hsp90, then using the information from the PAL-based MS 

experiments, a potential binding site was identified. Subsequently, the 

probes and novobiocin derivatives (especially Glucosyl-novobiocin) 

were docked into the CTD binding site to a direct visualisation of binding 

mechanism in the binding pocket, which was then cross-examined in 

relation to discoveries made by other researchers to further assess the 

validity of the proposed binding rationale.
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Figure 2.1 Schematic description of project outline: the TFD compounds were linked to novobiocin via the conjugation step, resulting in TFD-novobiocin PAL 
probes, which were characterised by NMR and MS techniques. These probes were then utilised for Hsp90 labelling specifically targeting the CTD region. The 
labelling products was monitored by a range of MS techniques, leading to the    identification of the labelled region. Information obtained via MS was correlated 
to computational-based studies, aiding the elucidation of SAR of the parent compound, glucosyl-novobiocin. 
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2.2 Synthesis and characterisation of photo-affinity labelling reagents  

 Design of photoaffinity labels  

  As discussed in the introduction, a bi-functional photo-affinity probe consists 

of two vital components: a substrate or ligand of the targeted protein, of which 

the specific binding affinity will direct the probe into the binding pocket; the 

second is the PG which can be activated and linked covalently to the peptide 

in the vicinity of the binding site208.  

  There are several types of PAL reagents, including benzophenones, aryl 

azides and diazirines. An aryl diazirine that contains a heptafluoro group was 

chosen to be introduced onto the novobiocin core initially. Later, TFD was 

chosen as the PG owing to the progress in its synthesis, its excellent chemical 

stability and high resistance towards a number of factors, including but not 

limited to temperature, nucleophiles, acidic/basic conditions and 

oxidizing/reducing reagents105. The activation of TFD by UV (350 nm) yields a 

highly reactive carbene that can insert into C-H, N-H and O-H bonds209 with 

low non-specific binding. 

  The synthesis of three TFD compounds was planned for attachment to the 3' 

position on the coumarin ring (Fig 2.2, red "O") of novobiocin. This was based 

on our group's previous research that discovered that glycosylation of the 3'-

OH of novobiocin significantly enhances its anticancer activity while 

diminishing its antibacterial activity76, indicating that the added sugars may be 

involved in the binding mechanism. So, the probes were designed for 

attachment at the 4’ position to mimic a glycosyl moiety.  
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Figure 2.2 Structures of PAL reagents: ortho-, meta- and para- TFD were designed for 
synthesis and attachment to the 3'-position of novobiocin 

  Previous SAR studies demonstrated that functionalization of the 3’ position 

on the coumarin core can be beneficial for Hsp90 CTD inhibition. 4TNCA and 

7TNCA are other examples of successful functionalization of the 3’ position, 

which improved Hsp90 CTD inhibition74,76,77. With TFD-NB probes, TFD 

groups demonstrate a similar spatial arrangement to glucose (in Glc-NB) and 

4-toluenesulfonyl groups (in 4TNCA), which means the 3’ hydroxyl group can 

be deemed as a suitable point for the attachment of TFD groups. Modifications 

of NB in probes (14, 15) are very unlikely to shift Hsp90 CTD specificity of the 

lead compound.  

 

 

 The synthesis of a diazirine-based photoreactive group (PG) 

  The first objective of the synthesis section was to develop a route to the 

diarizine-containing groups and then link them to the novobiocin core. The first 

synthesis attempt toward PGs was comprised of eight steps (route a) (Figure 
2.3) where certain steps required very stringent reaction conditions, such as 

anhydrous conditions or high temperatures and pressures.  

  Route a starts with a borane tetrahydrofuran catalysed reduction of 3-

(methoxylcarbony) benzoic acid, followed by protection of the hydroxyl group 
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in 4 with tert-butyldimethylsilyl chloride (TBS-Cl) to yield 5. Introduction of the 

–C3F7 group by a Grignard reaction to obtain 6 is followed by condensation of 

the ketone group with hydroxylamine, then treatment with 4-toluenesulfonyl 

chloride to yield a sulfonate ester, 7. Conversion to the diazidine is achieved 

with liquid ammonia. Subsequent oxidation to a diazirine group employing 

iodine is followed by de-protection of the hydroxyl group and conversion to the 

bromide. 

 

Figure 2.3 Original synthesis route for PGs: route a (note the grey percentages are theoretical 

values) 

 

  Both para- and meta-diazirines were designed to be synthesized utilising this 

reaction route. For the synthesis of the corresponding ortho-compound, a 

methyl 2-hydroxylmethylbenzoate was necessary to pursue route a. However, 

during the reduction of the methyl hydrogen phthalate using borane 

tetrahydrofuran complex solution, we observed intramolecular cyclisation to 

the lactone. Hence, this route appeared to be unsuitable for the synthesis of 

the ortho-TFD compound (Figure 2.4).  
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Figure 2.4 The intra-cyclisation of ortho-TFD 

 

  Additionally, because of technical limitations (lack of equipment for high 

pressure/temperature reactions) and the discovery of a better route, this route 

was abandoned after the synthesis of compounds 7 and 3 in the synthesis of 

meta- and para-target compounds, respectively. Moreover, in route a, the 

benzyl bromide (later to be used to link the TFD compounds with NB) was 

introduced by conversion of the benzyl alcohol employing a bromination 

reaction that requires additional protection and de-protection steps for the 

hydroxyl group during the synthesis. However, the bromine can alternatively 

be introduced by bromination of an alkane, which is more convenient. 

Therefore, a new route (Figure 2.5) was adopted from this point on.  



74 

 

  In this route, a new starting compound (2,2,2-trifluoro-1-(m-tolyl)ethanone) 

was used. Worth noting is that this compound contains a -CF3 group in place 

of the –C3F7. The former chain is relatively shorter, which may be preferable 

considering that the structural difference it introduces to the parent compound 

is relatively smaller than that of –C3F7. However, the previous route provides 

flexibility in terms of introducing different strong electron-withdrawing groups, 

such as –C3F7, to stabilize the diazirine motif. Therefore, the previous route is 

still valuable for the synthesis of various TFD labels. Changing the starting 

material from carboxylic acids to a methyl-substituted phenyl compound can 

also avoid intramolecular cyclisation during the synthesis of ortho-substituted 

analogues.  

 

 

Figure 2.5 Revised synthesis route of diazirine compound: route b 

 

  The new reaction route (route b) begun with 2,2,2-trifluoro-1-(p-

tolyl)ethanone (compound b0, Fig. 2.5) and an oxime was synthesized by 

condensation of the ketone group with hydroxylamine, just as in route a. The 

observation of a peak at 8.65 ppm (1H, s, -OH) in the 1H-NMR indicated the 

formation of product 9. Compared to imines (C=N), oximes are more stable 

based on resonance from the adjacent heteroatom through the C=N bond. The 

replacement of the hydroxyl group was achieved using 4-toluenesulfonyl 
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chloride in the presence of a weak base, such as pyridine, and resulted in a 

sulfonate ester (compound 10). In turn, this reaction produced a mixture of 

geometric isomers, which were observed and confirmed in the 1H-NMR 

spectrum: peaks at 2.37 ppm (s*, 3 H, H1) are two singlets referring to cis and 

trans isomer forms, and the same at 2.27 ppm (s*, 3 H, H7’) (Figure 2.6).  

 

   

Figure 2.6 1H-NMR evidence of sulfonate ester isomers formation in 10: H7’ (s*, 3 H, 2.37 
ppm) and H1 (s*, 3 H, 2.37 ppm) both have two singlets referring to cis and trans isomer forms  

  Toluene sulfonate is a weak conjugate base and stabilized by resonance, 

which makes it a robust leaving group; thus, the sulfonate ester (compound 

10) can effectively participate in reactions, such as SN2 substitution or 

elimination. In the following step, the treatment of the tosyl oxime with 

ammonia produces the diaziridine (NH-NH, compound 11). In most cases, 

liquid ammonia was utilised to construct diaziridines, but it has been reported 

to have issues with low yields (42%) after purification and requires long 

reaction times (20 h)210. To further convert NH-NH into the N=N double bond 

by oxidation, it also requires preparation of fresh oxidant (for example, Ag2O) 

and post-treatment after oxidation - both are time-consuming and yield-

diminishing.  
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  In the recent literature125, the formation of diaziridine was reported to be 

achieved by a one-pot reaction using: 1) liquid NH3 at 80 °C without any 

additive; or 2) liquid NH3 with lithium amide at room temperature. Both were 

carried out under high pressure in a steel pressure tube. When the pressure 

and temperature are optimal, it is believed that the ammonia can undergo self-

ionization and release NH2
- to deprotonate diaziridine. While with lithium amide 

acting as the catalyst, more NH2
- ions are found in the solution, the Li+ ions will 

also remove the remaining hydrogen, hence converts tosyl oxime into diazirine 

in one-pot123. This method is less time-consuming (4 hours), but the extreme 

conditions are accompanied by a significantly higher level of risk because of 

the high temperatures and pressures, etc., hence in this project, the two-step 

route was adopted (Figure 2.7). 

 

 

Figure 2.7 Two routes to convert the tosyl oxime to the diazirine 

  At room temperature, we experimented with the reaction between tosyl 

oximes with lithium amide in a glass pressure flask (supplied by Ace Glass, 

pressure rated to 60 psig at 120 °C; experimental pressure was not 

determined). The reaction resulted in only diaziridines as the NMR showed the 

NH-NH group to be present in a 1:1 ratio with the methyl group (reflected by 

ratios of protons to be 2:3), indicating that no N=N product was formed. This 

was also supported by the LC-MS data that depicted the formation of 

diaziridine (ESI+ 204) in addition to other by-products, and no mass signals of 

diazirine were detected. In another experiment, we mixed oximes with liquid 
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ammonia in the glass pressure flask without adding any solvent or other 

additives at room temperature, and a relatively clean reaction to synthesize 

diaziridine (NH-NH, 11) resulted. The whole reaction was complete after 4 h 

of vigorous stirring, and 80% of the oxime was converted to the diazidine with 

NMR data inferring formation of the NH-NH group at 2.80 ppm (d, J = 2.8 Hz, 

-NH), 2.26 (d, J = 2.8 Hz, -NH). This is a milder approach, and it is the first 

step of the two-step conversion of the tosyl oxime to the diazirine. The 

mechanism underlying the conversion of tosyl oximes into diaziridines is not 

clear, but there is a possible mechanism portrayed in Figure 2.8. Initially, tosyl 

oxime is attacked by an NH3 molecule to form the intermediate gem-diamine. 

With further removal of the tosyl group and hydrogen, the diaziridine is formed.  

 

 

Figure 2.8 Proposed mechanism of the conversion from tosyl oxime to the diaziridine 

 

  The dehydrogenation of an NH−NH bond to an N=N bond can be achieved 

by a number of methods, including oxidation using chromium-based reagents, 

such as the Jones oxidation, oxidation by iodine and trimethylamine211, 

oxidation by silver oxide212, oxidation by oxalyl chloride or even 

electrochemical oxidation on a platinum-titanium anode125. Here we adopted 

iodine and trimethylamine. The transformation of the diaziridine to diazirine 

could be observed by NMR, IR and MS. In the diaziridine, the two N-H 

hydrogens have chemical shifts of 2.8 ppm and 2.26 ppm, and through IR, the 

NH-NH group was shown to have absorptions around 3300-3500 cm-1. Upon 

the formation of N=N, signals of NH-NH in both NMR and IR disappeared.  
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  The final bromination converted the methyl group into a bromo-methyl group 

using NBS (N-bromosuccinimide) and AIBN (azobisisobutyronitrile) in CCl4 

(an effective solvent for this type of reaction)212.  

  There, in conclusion, both meta- and para-TFD can be obtained via route b. 

As to the ortho-TFD, owing to its spatial conformation, unwanted intra-

molecular quenching for ortho-substituted carbenes in photochemical 

activation was reported213, hence the synthesis of this compound was aborted. 

As a result, we only selected (meta- and paramethoxyphenyl) diazirines for 

subsequent reactions with the novobiocin salt. 
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 The synthesis of trifluoromethyl diazirine-novobiocin 
probes  

From phase transfer catalysed (PTC) to Williamson ether synthesis 

  The objective of the chemical synthesis in this project was to attach the TFD 

compounds synthesized to the novobiocin ring at the 3' position to produce 

TFD-NB probes. Initially, the reaction was carried out using a PTC reaction214 

(Figure 2.9) to exploit the fact that novobiocin is more soluble in water, while 

the TFD compounds tend to dissolve better in organic solvents, such as 

dichloromethane (DCM). Benzyl trimethyl ammonium chloride (BTMAC) was 

used as the catalyst. Many by-products were observed, making separation and 

purification very challenging.  

  

 

Figure 2.9 The Williamson ether synthesis of para-TFD-NB in DMF and the mechanism 
underlying the PTC reaction of novobiocin and 4-[3-(Trifluoromethyl)-3H-diazirin-3-yl]benzyl 
bromide in water/DCM  
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  Hence, a solvent that can solvate both compounds was sought: 

dimethylformamide (DMF) can dissolve both novobiocin salt and TFD 

compounds, making a homogenous reaction possible, though the removal of 

solvent at the end of reaction requires extra attention as the product is 

relatively sensitive to heat and light. Additionally, the presence of DMF can 

facilitate reactions that follow polar mechanisms, such as SN2 reactions in this 

case.  

NMR assignment of para-TFD-NB (compound 14) 

Assignment of H-NMR:  

  The NMR assignment of para-TFD-NB (compound 14) was a result of 

combinatorial use of several NMR experiments, including 1H-NMR and 

homonuclear correlation spectroscopy (COSY). To facilitate NMR analysis 

and presentation for all TFD-NB compounds, the four major components in 

these probes are labelled in different colours - the benzamide group in blue, 

coumarin core in pink, noviose moiety in green and TFD group in red.  

 The 1H-NMR spectrum itself is very informative, but the COSY spectrum can 

guide the full assignment of similar hydrogens. For example, H2 is the only 

aromatic hydrogen that is not coupled to other hydrogens, hence giving a 

singlet peak at a higher chemical shift at 7.55 ppm (1 H, s), while other 

aromatic hydrogen signals appear to be complex multiplets and these protons 

show coupling from neighbouring protons. In the aromatic hydrogen region, 

the most apparent cross-peaks in the spectrum are between H6’’’/7’’’ (6.81 

ppm / 6.96 ppm) and H3’’’/4’’’ (6.96 ppm / 6.81 ppm), H6 (7.51 ppm, d, J = 8.4 

Hz) and H5 (6.96 ppm, d, J = 8.9 Hz), and H4’ (7.50 ppm, d, J = 7.4 Hz) and 

H5’ (6.88 ppm, d, J = 8.4 Hz) as can be seen in Error! Reference source not 
ound. b. labelling yield.  
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Figure 2.10 Assignment of 1H-NMR and COSY spectra for 14. a: 1H-NMR spectrum; b: COSY spectrum and assignment of aromatic Hs; c: COSY spectrum 

and assignment  
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  For the protons in the noviose group, H3’’ (5.15 ppm) correlates with both H4’’ 

(3.46 ppm, d, J = 10.8 Hz) and H2’’ (4.12 ppm, s); while H1’’ (5.41 ppm, s) is 

the most de-shielded proton, and it only couples with H2’’, indicating that the 

sugar is in an α-configuration. H4’’ (3.46 ppm, d, J = 10.8 Hz) only exhibits a 

correlation with H3’’.   

  In the benzamide group, the H8 (5.20 ppm, t, J = 7.4Hz) signal is a multiplet 

and correlates with H7 (3.21 ppm) while a much weaker two-bond correlation 

appears between H9 and H11/10 (1.60 ppm) (Error! Reference source not 
found. c). The full assignment of the para-TFD-NB 1H-NMR can be seen in 

Error! Reference source not found. a.  

 

Assignment of C-NMR: 

 

Assignment of C-NMR: 

  A number of techniques were used for assignment of 13C-NMR, including 

Dept-135, heteronuclear multiple quantum coherence (HMQC) and 

heteronuclear multiple bond correlation (HMBC).  

  Dept-135 carbon NMR yields spectra that feature positive -CH and -CH3 

signals and negative CH2 signals. Further, there are two CH2 groups in 

compound 14: C1’’’ at 43.90 ppm and C7 at 29.33 ppm (Error! Reference 
source not found. inset).  

  Upon the full assignment of the proton spectrum, HMQC can be applied to   Upon the full assignment of the proton spectrum, HMQC can be applied to 

determine the carbon-to-hydrogen connectivity in order to assist assignment 

of the carbon spectrum215. As the HMQC spectrum correlates chemical shifts 

of heteronuclei (in most cases, 13C and 15N) to protons by direct heteronuclear 

coupling, only directly linked protons and carbons possess coupling signals, 

which makes the assignment straightforward. For example, H2 correlates with 

a signal at 129.06 ppm, which can then be assigned to C2. The full HMQC 

spectrum is illustrated in Error! Reference source not found., and utilizing 

his technique, carbons that cannot be assigned are labelled in light grey on 

the structure of compound 14 (Figure 2.11). 
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Figure 2.11 HMQC and Dept-135 NMR spectra of 14: all carbons that are directly linked to hydrogens are labelled, while in the Dept135 spectrum, C1’’’and 

C7 can be easily identified  
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Figure 2.12 HMBC NMR spectrum of para-TFD-NB: the coupling between C1’’’ and H5’, coupling between H1’’’ and C2’, 3’’’, 7’’’, 5’’’, 3’ and 1’ are highlighted 
in the box.  
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  Though HMQC proves to be very powerful in revealing direct coupling 

between hydrogens and carbons, the full assignment of the carbon spectrum 

still requires input from HMBC experiments. HMBC can reveal long-range 

hetero-nuclear correlations, which can yield signals for nuclei separated by 

more than one bond216.  

  Hence, HMBC can be referred to for direct support to establish which position 

is functionalized with TFD in the final product. Specifically, the use of HMBC 

in this context was intended to seek evidence of the linkage sites between 

TFD-based PG groups (H1''') and novobiocin salt (C3'). As can be seen in 

Error! Reference source not found., 1H NMR of H1’’’ (3.48 ppm) couples to 

C1’ (191.00 ppm), C3’ (169.46 ppm), C5’’’ (134.90 ppm), C3’’’/C7’’’ (131.94 

ppm) and C2’ (69.34 ppm) in the 13C NMR. The H1''' coupling to C3' is direct 

proof that the TFD group is linked to the 3' position of novobiocin. In addition, 

coupling between C1’’’ (43.90 ppm) and H5’ (6.88 ppm) is indirect proof. 

  The HMBC spectrum can also be used for assignment of carbons that are   The HMBC spectrum can also be used for assignment of carbons that are 

not directly linked to hydrogens. For instance, the peak at 169.70 ppm is at a 

higher chemical shift, and in the HMQC spectrum, no hydrogen can be found 

to directly link to this carbon. On the other hand, the peak at 169.70 ppm 

correlates to hydrogens 3 and 7, indicating it is C1; C5 at 160.6 ppm can be 

seen coupling with H7, H6 and H8; the signal at 82.55 ppm couples with H3’’, 

H2’’, H8’’, H6’’ and H7’’, demonstrating it derives from carbon 4’’. The C8’’’ and 

C9’’’ signals in the 13C-NMR were observed as multiplets based on coupling 

with the  three adjacent 19F atoms77, and as a result, both signals are spread 

out and easily hidden by the baseline. The assignment of these two peaks 

were aided by the 13C spectrum of the starting material, and its carbon 

spectrum can be seen in Figure 2.13, wherein both carbons coupled to the -

CF3 group are observed.  
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Figure 2.13 13C-NMR spectrum of starting material for the synthesis of para-substituted TFD 
analogues  

 

NMR assignment of meta-TFD-NB-1 (compound 15) 

  In the experiment to synthesize meta-TFD-NB using the Williamson reaction 

in DMF, we observed three peaks (retention time (RT): 4.27, 4.37 and 4.53 

min) in the LC chromatogram and they all demonstrated m/z values of 811.4 

(Figure 2.14) in the LC-MS experiment. As their mass spectra shared similar 

features and it is quite difficult to distinguish between potential regioisomers 

using simple MS experiments (though further MS/MS experiments can provide 

information over the linkage position), as mentioned before, NMR is a more 

direct way to address this need. Efforts were invested in 

separation/identification of the two major compounds (15, RT = 4.37 min; 16 

RT = 4.53 min) by reverse phase (RP) chromatography. 
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Figure 2.14 The LC-MS spectrum of the meta-TFD-NB reaction. The LC spectrum shows 
three peaks with the RT4.37 and RT4.53 exhibiting larger peak areas, and the MS spectrum 
shows the MS values of these two major peaks 

  The 1H-NMR of meta-TFD-NB-1(compound 15) featured similarities to that of 

para-TFD-Nov (compound 14), thereby suggesting similarities in terms of their 

structures. In both the 1H-NMR spectra, linker H1’’’ signals have almost 

identical chemical shift values and both are quadruplets (Error! Reference 
ource not found.). The major difference lies in the TFD structures (one is 

meta- and the other is para-), which can be distinguished in the COSY 

spectrum (Error! Reference source not found., a): H2 (7.65 ppm) and 

3’’’(5.10 ppm) are both singlets while H2 is more de-shielded and hence 

appears in the higher chemical shift region; H6 (7.68 ppm) couples with H5 

(6.87 ppm), H4’ (7.51 ppm) correlates to H5’ (6.94 ppm); Both H5’’’(6.93 ppm) 

and H7’’’ (7.23 ppm) couple with H6’’’(7.15 ppm), while H5’’’/H7’’’ are both 

doublet signals. H7’’’ should couple with H5’’’ and C1’’’, which is also observed 

in the HMBC spectrum, supporting the aforementioned assignment. The 

complete assignment of the 1H-NMR and HMQC can be seen in Error! 
eference source not found. b. labelling yield.
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Figure 2.15 1H-NMR spectrum of meta-TFD-NB-1 (15) 
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Figure 2.16 Assignment of HMQC NMR spectrum of 15 
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Figure 2.17 HMBC NMR spectrum of meta-TFD-NB-1: C1’’’ couples with hydrogens in NH-, H6’’’ and H4’ while H1’’’ couples with C3’’’, C5’’’, C3’ and C1’ 
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  para-TFD-NB (14) can be used as reference for assignment of the meta-TFD-

NB-1 (15) spectrum - the 13C-NMR spectra of these two compounds exhibited 

great similarities except for slight differences in signals from 120 ppm to 136 

ppm. The complete assignment of the 13C spectrum is presented in the 

experimental session. As for the assignment of the HMBC spectrum of 

compound 15 (Error! Reference source not found.), several lines of spectral 

vidence confirm the linkage between the meta-TFD group and novobiocin at 

the 3’ position:  

1) There are three proton signals observed in the HMBC spectrum of 15 

but not that of compound 14, and all three H signals are not coupled 

with any carbons in the HSQC spectrum, indicating they are protons 

from either the –OH or –NH groups. In the HMBC spectrum, the proton 

signal in the higher chemical shift region (10.18 ppm) couples with C3 

and C4, demonstrating it localizes to the benzamide ring, while the 9.77 

ppm signal couples with C1’’’ and C2’, proving it to be the 2’ –NH. This 

also provides evidence that the linkage site is the 3’ –O within the 

coumarin core. While the 5.62 ppm signal shows coupling with C3’’ and 

C5’’, so too is the –OH group in the noviose group (Error! Reference 
source not found.);  

2) When examining the C1’’’ in the TFD group, it is evident that it 2) When examining the C1’’’ in the TFD group, it is evident that it 

correlates to H6’’’ and H3’’’, providing no useful information about the 

regioselectivity of the reaction. However, it also couples with the proton 

in the 2’–NH group, demonstrating that the functionalization occurred 

on the 3’-O (Error! Reference source not found.); and 

3) On the other hand, H1’’’ is coupled to C3’’’, C5’’’, C3’ and C1’ (Error! 3) On the other hand, H1’’’ is coupled to C3’’’, C5’’’, C3’ and C1’ (Error! 
Reference source not found.), especially the coupling between H1''' 

to C3' providing direct support for the structure of meta-TFD-NB-1 (15).  
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NMR assignment of meta-TFD-NB-2 (compound 16) 

  As for the meta-TFD-NB-2 (16), a similar workflow was adhered to for the 

total assignment. The meta-TFD group was linked to novobiocin on 1’-O on 

the coumarin ring, though the p-hydroxyl group of the benzamide moiety may 

be expected to be more reactive, with compelling evidence from the NMR 

spectra supporting the proposed structure, thereby appearing to be consistent 

with reports in the literature77. It is notable that in the 1H-NMR (Error! 
Reference source not found. a), hydrogen signals observed also include the 

–OH groups at the 3’ and 2’’ positions, and the –NH group at the 1position - 

these hydrogens are demonstrated to not be linked to any carbon within the 

HMQC spectrum (Error! Reference source not found. b). 
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Figure 2.18 Assignment of 
1
H-NMR (a) and HMQC (b) spectra of 16 - the protons that are not linked to carbons are observed (two green regions): 
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Figure 2.19 HMBC NMR spectrometric evidence of meta-TFD-NB-2 - the –OH group (higher region) couples with C5, C3 and C1, indicating it is the 4-OH, 
while the other –OH (lower region) couples with C3’’’, demonstrating it is on the noviose group; C1’’’ couples with both H3’’’ and H7’’’; H1’’’ couples with C2’’’, 
C6’’’, C4’’ and, most importantly, C1’ 
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Several aspects are taken into consideration in determining the structure of 

meta-TFD-NB-2 (16):  

1) In comparison, both meta-TFD-NB-1 (15) and 16 have hydrogens from 

two –OH groups and one –NH at similar chemical shifts, indicating that 

linkage did not exist at the benzamide –OH group or at the –NH of the 

amide bond, and that the –OH group of the sugar moiety is not modified. 

In particular, the presence of the 4-OH, which is a possible glycosylation 

position, indicated clearly that the reaction did not happen at this site. 

As can be seen from the HMBC spectrum of 16 (Error! Reference 

source not found.), the proton in the -OH group (chemical shift = 10 

ppm) is coupled with C5, C3 and C1, indicating this group localizes on 

the benzamide chain (the 4 -OH), while the other –OH group at 5.63 

ppm is coupled with C3’’, reflecting that it is on the sugar moiety (2’’ -

OH). However, the -OH at the 3
’
 position cannot be observed in the 

spectrum, indicating that this hydroxyl group may have been changed; 

2) In the 
1
H-NMR spectrum of 16, the TFD H1’’’ (5.45 ppm, s, 2H) signal 2) In the 

1
H-NMR spectrum of 16, the TFD H1’’’ (5.45 ppm, s, 2H) signal 

is observed at a relatively higher chemical shift region compared to the 

H1’’’ in compound 15 (3.47-3.38 ppm, m, 2H), indicating a stronger de-

shielding effect from adjacent functional groups and significant 

structural differences between compounds 16 and 15; and   

3) The HMBC spectrum for compound 16 exhibits the correlation between 

C1’’’ and H3’’’/H7’’’ as well as coupling between H1’’’ and 

C2’’’/C6’’’/C4’’’/C1’. In particular, the coupling between H1''' and C1' 

indicates that the reaction happens at the carbonyl (in its enol form, 

which will be explained subsequently) within the coumarin ring at the 

2’-position.  
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  As mentioned earlier, this reaction has been observed before.
77

 It is believed 

that under certain conditions, the coumarin ring can be converted into a 

flavone
217

 regioisomer, which can then react with TFD compounds by a similar 

SN2 mechanism (Figure 2.20). 

 

 

Figure 2.20 Proposed reaction mechanism between novobiocin salt and meta-TFD to form 

compound 16 

  Thus, in conclusion, in reactions to produce TFD-NB probes, a homogenous 

method facilitated using DMF as the reaction solvent was adopted. Owing to 

the nature of the Williamson reaction and the complex chemical properties of 

the novobiocin salt itself, substitution occurred at the 3
’ 
and 1’ positions in the 

coumarin ring. Advanced two-dimensional (2D)-NMR analysis assisted 

characterisation of the desired compounds. In the reaction between para-TFD 

and novobiocin salt, side products were also observed but not collected for 

further characterisation. 
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 UV activation of the para-TFD-NB (compound 14) 

  The fundamental aim of designing and synthesizing these new probe 

conjugates was to specifically label proteins at target binding sites in Hsp90. 

The protein labelling experiments were conducted in an aqueous environment, 

hence the first step in the characterisation of compound 14 was to carry out a 

quantitative solubility determination in water. Other issues which are equally 

important to address are establishing the wavelength and irradiation times 

required to activate the probes. The UV absorption spectrum of compound 14 

in ACN shows that absorbance maxima occur at wavelengths of approximately 

340 nm and 265 nm (Figure 2.21 a).  

 

 

Figure 2.21 UV spectroscopy-based solubility determination of 14 - a) the full-scan spectrum 

of UV absorption of compound 14 in ACN; b) the absorbance curve of compound 14 in ACN, 

where the lower concentration region (0 to 100 ng/mL) was magnified 
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  The absorption wavelength of 365 nm was employed to perform the 

concentration determination (no more wavelength values were used owing to 

limitations of the UV torch). Compound 14 is soluble in acetonitrile, hence a 

standard curve (Figure 2.21 b) was elicited by measuring the UV absorbance 

of solutions of 14 at different concentrations starting from 1 ng/mL. In the low 

concentration range (0 to 100 ng/mL), UV absorbance was correlated to the 

concentration of 14. A saturated para-TFD-NB (14) solution in water, as well 

as dilutions, were then made and the UV absorbance values were measured 

under the same conditions, which then yielded water solubility at roughly 4.0 

to 9.7 µg/mL (equivalent to 4.93 to 11.96 nM/mL). Poor solubility would 

undermine the labelling effectiveness greatly, hence ACN was added to the 

solution to assist solvation of the probes.  
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Activation condition test 

 In the activation of diazirine compounds, choosing a suitable activation time 

is important
105

 in order to ensure maximum generation of carbene products 

and minimize the formation of unwanted by-products. To determine an 

appropriate irradiation time, compound 14 was activated in 50% water/ACN at 

365 nm for 0, 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 105, 120, 150 and 180 s, 

and then the samples were submitted for LC-MS analysis. 

 

Figure 2.22 Photo-induced decomposition of 14 with different activation times. Blue: 

proportion of compound m/z 811; green: proportion of compound m/z 801, which was 

identified as the hydrolysed product; red: calculated by the abundance of hydrolysed 

product divided by that of m/z 811.   

  The percentage peak area values for the LC of each sample were plotted in 

Figure 2.22, showing the amount of starting material (blue line) reduced 

rapidly over ~10 s. The major photolysis product at m/z 801 (it was later 

assigned to be the hydrolysed product - red line) abundance elevates quickly 

within 30 s of irradiation, and as the irradiation time was lengthened, photo-

degradation continued but at a slower rate. The relative abundance of the 

hydrolysed product (which was calculated by the abundance of hydrolysed 

product divided by that of m/z 811) levelled off approximately after 30 s of 

irradiation. Hence, we concluded that photo-activation took place rapidly within 

30 s at a wavelength of 365 nm and this was used in the later protein labelling 

assays.  
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UV activation of compound 14  

  As discussed in the Introduction (Chapter 1.2), UV activation of diazirines can 

release the active carbene for further reactions. As the PAL probes require 

ACN as a co-solvent, UV activation studies of the probes in an ACN/water 

environment are useful for understanding their photolytic properties. 

Compound 14 (1 mg/mL) was dissolved in 50% ACN and then activated for 30 

s at 365 nm; the product mixture was then submitted for analysis using a triple-

quadrupole MS/MS.  

  As can be seen from the full MS-scan spectrum in Figure 2.23, several 

products formed in the activation appeared both in positive and negative ion 

mode MS: 811(ESI
+
)/809(ESI

-
), 801(ESI

+
)/799(ESI

-
), 823(ESI

+
)/821(ESI

-
), 

842(ESI
+
)/840(ESI

-
), 768(ESI

+
)/766(ESI

-
) and 758(ESI

+
)/756(ESI

-
). The peaks 

were selected and studied using MS/MS experiments to review their structures 

at a fragmentation voltage of 135 V and collision energy of 20 eV except when 

specified otherwise. The identification of these products is discussed in the 

following. 

  Compound 14 has a molecular mass of 810.27 g/mol. It is known that 

photolysis of TFD groups will generate both the desired carbene form. The 

carbene has the potential to undergo further reactions
218

 and form compounds 

with masses of 14 b, d, e and f together with linear diazo-isomers (which 

features an identical mass value with 14). The diazo-isomers are considered 

non-ideal for PAL-based protein labelling or other assays of this type
219

. 

Irradiation at a wavelength close to 350 nm is optimal for generating the 

carbene but may also generate diazo-isomers (the experimental activation 

wavelength was 365 nm); the diazo-isomer can be slowly decomposed at a 

shorter wavelength at 302 nm
220

, which was not used in the context of this 

experiment.   
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Figure 2.23 Full-scan MS of reaction products resulted from UV activation at 365 nm 

(compound 14) in positive and negative modes 

  As can be seen, compound 14 and its diazo-isomer, 14a, have similar 

structures (Figure 2.24) and hence similar chromatographic behaviours, 

making them indistinguishable under simple LC-MS conditions. Yet, the 

products can be assigned using characteristics of their UV spectra or 
19

F-NMR 

resonances. Herein, LC-MS was utilised to monitor the formation of products 

from reactions between the carbene and water or ACN, including hydrolysis 

(14b), addition of ACN (14f) and addition of ACN and water (14e). Loss of the 

carbamate on the noviose group was observed in 14a and 14b, resulting in 

14c and 14d, respectively (Figure 2.24).  
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Figure 2.24 Photo-activation of compound 14 in 50% water/ACN at 365 nm 
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Photo-induced reactions  

  There are two possible explanations for peaks at 811(ESI+)/809(ESI-): 

compound 14 itself, or the diazo-isomer, 14a, or a mixture of both.  As diazirine 

is highly reactive under UV activation at approximately 350 nm220, here we 

presumed 811(ESI+)/809(ESI-) corresponded to the diazo-isomer, 14a. In 

addition, as discussed in the Introduction (Chapter 1), the activation of the 

diazirine could result in two types of carbene - the singlet and triplet forms. The 

singlet form (in which all elections are paired) has electrophilic and nucleophilic 

properties, and that explains why it can react rapidly with nucleophiles, such 

as water, to form a ylide intermediate followed by proton transfer, which results 

in a secondary alcohol product. When activated at 365 nm, the hydrolysis 

reaction with water would commence in the aforementioned manner (Figure 
2.25), resulting in the product 14b, which has a mass of 800.28 observed as 

801(ESI+)/799(ESI-) (Figure 2.25, 14 to 14b).  

 

Figure 2.25 Mechanism of three major reactions in the activation of 14 - hydrolysis 
reaction (from 14 to 14b); addition of ACN (14 to 14f); addition of water and ACN (14 to 
14e) 
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  Given the abundance of ACN within the solution, a reaction between 14 and 

ACN was also observed, resulting in a product of mass at ESI+823.10 (14f) 
(Figure 2.25, 14 to 14f). There are two possible ways for this reaction to occur. 

Firstly, when the carbene generated under UV irradiation is in its singlet state, 

ACN addition results in a carbene-nitrile ylide intermediate that may then 

cyclize to form the corresponding diazirine product. Secondly, the triplet form 

of the carbene has radical-like characteristics which tend to favour a linear 

geometry and can react in a stepwise manner with ACN in a radical addition 

process.  

  Apart from the aforementioned major reactions, another compound at m/z 

ESI+842.10 was observed from the UV activation reaction (Figure 2.25, 14 to 

14e). One possible explanation is that this compound was formed from the 

reaction between a carbene, ACN and water from a double/sequential addition 

process221.  

  Many fragment ions in the MS/MS experiment of 14a (ESI-809.00) were 

observed, and so here we only focused on the following daughter ions: 

1) The fragment ion, ESI-766.40, corresponds to loss of a methane group 

from the sugar moiety; 

2) The daughter ion of ESI-738.25 was derived from loss of the carbamate 

group and N2, indicating that MS2 fragmentation can induce the breakage 

of these bond types. This is termed as decarbamate (DC) phenomenon 

observed in MS; 

3)  Loss of sugar was also detected, resulting in a daughter ion of ESI-592.10. 

  Seeing that the TFD-NB probes are relatively large molecules, when 

conjugated onto a peptide, they can potentially influence subsequent peptide 

fragmentations and undergo their own fragmentation processes under MS 

conditions, which would make the identification of modified peptides more 

complicated. Hence, collecting fragmentation information at this stage can be 

used to assist mapping of the labelled peptides in the future.  
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Figure 2.26 MS/MS fragmentation of 14a in negative mode 
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The loss of carbamate  

  In MS full-scan mode (Figure 2.23), another important precursor, 

768.100(ESI+), was also observed. These two ions were further investigated 

in MS/MS mode given that they were found in the fragmentation of compound 

14a 811(ESI+) as discussed in Figure 2.26, and more importantly, in the 

subsequent protein labelling experiments. We carried out the analysis of 

768.100(ESI+) by referring to the fragmentation of 811(ESI+).  

 

  

Figure 2.27 The loss of carbamate of compound 14 observed: the MS/MS shows that 
structural differences between compound 14a 811.100(ESI+) and 14c 768.100(ESI+) lies in 
the noviose moieties, which were caused by loss of the carbamate group.  
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  As can be seen, the daughter ion, 594, was observed in both the 14a 
(811.100(ESI+)) and 14c (768.100(ESI+)) MS/MS experiments amongst other 

fragments. The 594 mass corresponds to the loss of the noviose group in 14a 
(Figure 2.27; the substructure in light blue). The same fragment was observed 

in the 768.100(ESI+) ion, indicating that 14a and 14c bear the same 

substructure (labelled blue in Figure 2.27) and their structural differences 

emanate from the noviose group. The mass difference between compound 
14a 811(ESI+) and compound 14c 768 (ESI+) is 43, corresponding to the mass 

of a carbamate group of 43 Da, hence the loss of this group would convert 14a 

into compound 14c. This observation demonstrates that, upon the photo-

activation of compound 14 in 50% ACN/water, the loss of the carbamate group 

(mass value -43) can occur. Similar observations termed as DC in MS were 

also observed previously.   

  The loss of the carbamate group was also observed when comparing the 

hydrolysed derivative, 14b 801 (ESI+), with 14d 758 (ESI+) as fragments of 

identical m/z value at 584 were seen, demonstrating 14b and 14d also vary 

just in terms of their noviose moieties (Figure 2.28).  As discussed previously, 

the DC phenomenon was also observed in the MS/MS mode fragmentation of 

compound 14a 811(ESI+). Hence, the reason for the loss of the carbamate 

group can possibly be accredited to UV irradiation or MS treatment.  
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Figure 2.28 The decarbamate phenomenon - the MS/MS demonstrates that the structural 
difference between compounds 14b 801.000(ESI+) and 14d 758.000(ESI+) lies in the noviose 
moieties, which was caused by loss of the carbamate group  

  Overall, for UV activation in ACN/water of compound 14 as well as other 

probes, the reaction can be complex and give rise to multiple products: the 

hydrolysis of the diazirine group; the conversion of diazirine to a diazo form; 

the loss of the carbamate group; the addition of both ACN and hydroxyl 

groups; and potentially other reactions. Understanding the level of complexity 

at this stage will guide analysis when the probes are photolysed in the 

presence of proteins in a relatively more complicated environment. What is 

equally important is that the MS2 fragmentation data we obtained with the 

isolated probe compounds will be incorporated into later tandem mass 

analysis to identify labelled peptides.   
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 Hsp90 native gel binding assay (nGBA) 

  The effectiveness of affinity labels relies on their ability to structurally 

resemble and behave similarly to the substrate scaffold that it is built upon. 

The modification introduced by the use of TFD groups imposes changes to the 

ligand’s physiochemical properties and potentially its biological behaviour. 

Thus, there is a question as to whether probes bind to the same Hsp90-binding 

pocket as novobiocin. Therefore, a benzyl-novobiocin derivative, 17 (Figure 
2.29 a), was also synthesized using the Williamson reaction prior to the 

synthesis of the TFD-novo compounds. Compound 17 was employed in the 

nGBA222 of human Hsp90 to investigate whether the addition of the benzyl 

substituent at the 4’ position of novobiocin altered its ability to inhibit the 

dimerization of Hsp90, reflecting its inhibitory effect on the CTD novobiocin-

binding site. 

  The Hsp90-binding assay (Figure 2.29 b) was originally designed to assess 

whether an Hsp90 inhibitor acts as a CTD or NTD inhibitor as well as to 

quantitatively determine the CTD-binding efficiency76. The intensity of the 

band at ~90 kDa reflects the Hsp90 monomer concentration. In the presence 

of a C-terminal inhibitor, which binds to the CTD, Hsp90 dimerization will be 

interrupted and there is a change in the Hsp90 monomer: dimer ratio observed 

in the native gel. As can be seen from the intensity of the 90 kDa bands 

increasing significantly in the presence of increasing concentrations of 

compound 17, 17 could disrupt Hsp90 dimerization within the CTD region in a 

concentration-dependent manner (lane 1-5: vehicle control (10% DMSO), 70 

µM, 700 µM, 7 and 70 mM of compound 17) (Figure 2.29 c).  
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Figure 2.29 Hsp90 nGBA of compound 17: a) structure of benzyl-novo; b) nGBA mechanism; 
c) native page of Hsp90 with compound 17 of increasing concentrations (lane 1-5: vehicle 
control (10% DMSO), 70 µM, 700 µM, 7 and 70 mM) 

  In addition, MALDI-TOF-based competitive labelling experiments were used 

to further validate the selectivity of the binding event that will be presented in 

Chapter 2.3. Both methods demonstrate that the NB derivatives should bind 

to the Hsp90 CTD in the same way as NB. 
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2.3 PAL labelling of Hsp90 proteins  

 Labelling of full-length human Hsp90 

  PAL probes (compounds 14 and 15) obtained in Chapter 2.2 were used to 

label Hsp90 proteins. Different concentrations/ratios of Hsp90 proteins and 

probes were mixed and incubated at 37 °C overnight to reach an equilibrium. 

This was followed by UV irradiation at 365 nm for 30 s to initiate the labelling 

process. The labelling reaction conditions with respect to the buffer system, 

buffer concentration and pH value had already been optimized in previously 

reported PAL experiments223 for Hsp90 CTD proteins. MALDI-TOF was 

applied to characterise the whole protein to determine if protein labelling had 

taken place successfully.  

  After incubation of the PAL probes with Hsp90 protein, followed by irradiation, 

the MALDI-TOF data did not provide any evidence of adduct formation with 

the protein (Figure 2.30). Even at concentrations of up to 1100 µM of the TFD-

novo probes, with a protein/probe ratio 1:500, labelling of full-length Hsp90 by 

these two TFD probes were not detected with MS. Higher concentrations of 

14 are difficult to achieve based on solubility limitations. 

  Secondly, it is also possible that some labelling of Hsp90 occurred but the 

resulting adduct did not ionize under the MALDI-TOF ionization conditions. 

The theoretical m/z of this adduct is 87740 (M+, the molecular weight of Hsp90 

+ 782.27 Da), and the mass of full-length Hsp90 is 86958.27 Da (Figure 2.30). 

The PAL-labelled protein (centroid mass = 87740.54 Da) peak could be very 

difficult to resolve with our current conditions for the MALDI-MS experiments. 

However, these two peaks could be resolved by a higher resolution MS. For 

instance, recently, chemical modification of a 150 KDa protein by a 743.45 Da 

ligand has been resolved under MALDI-MS conditions224.  

  Additionally, the ineffectiveness of probes with respect to full-length Hsp90 

may be attributable to the very low affinity of novobiocin for Hsp90 (IC50 ~700 

µM). It is also possible that the addition of another highly hydrophobic group 

(TFD group) to novobiocin may influence Hsp90-binding affinity. Further 
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optimization of reaction conditions and improvements to probe design may 

facilitate labelling of the full-length protein. 

  However, previous work carried out by Blagg demonstrated that an azide-

modified novobiocin probe was ineffective in labelling full-length Hsp90172, but 

capable of attachment to a Hsp90-CTD construct, which is consistent with our 

findings here.  

 

 
Figure 2.30 MALDI-TOF MS spectrum of human Hsp90 of 14 after the PAL assay (protein: 
compound 14 = 1:500) 

  A series of Hsp90 concentrations (0.01 to 1 mg/ml) were processed using the 

same incubation and activation times in order to determine whether the 

potential PAL modification of Hsp90 could be resolved better at different 

protein concentrations. However, no significant improvement was achieved in 

terms of how well the Hsp90 peak was resolved. As the Hsp90 concentration 

increases (Table 2.1, column 2), the centroid mass values (column 3) rise 

slightly as a result of both lower/upper bounds shifting to a higher m/z region. 

The peak range values (column 9) remain at the same level, though peak 

heights (column 6) and area values (column 8) are elevated significantly. This 

indicates that the photochemical modification, even if it occurred, would be 

difficult to observe under these conditions at the level of the whole Hsp90 

protein.   
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Table 2.1 MALDI-TOF spectra information of full-length Hsp90 at different 

concentrations* 

 

*as the concentration of Hsp90 increases (column 2), the peak range values (column 9) did 
not decrease - an observation that was very much not desired.   

 

  Nonetheless, the aforementioned samples were digested with trypsin and 

then tandem mass analysis was carried out. No peptide modification was 

identified in the resulting mass spectra. 

  As an alternative strategy, human Hsp90 CTD (AA508-732) was constructed. 

In addition, the yeast Hsp90 CTD (as mentioned in the introduction, the direct 

homologue of Hsp90 is yeast Hsp82. However, to avoid confusion, "yeast 

Hsp90" is used in this context) (AA 542-709) was also made use of in place of 

the full-length protein (construct was a gift from Professor Bolon)225. The His6-

tagged proteins were purified by a Ni-affinity column followed by size exclusion 

chromatography (HiPrepSepharcryl HR column: S-300R). 

  Using the shorter protein constructs, the potential modification of ~782 Da 

will be represented in a larger proportion of the total mass observed in the 

MALDI spectrum, and this should have assisted identification of the adducts.  
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 Labelling yeast Hsp90 CTD by TFD-NB compounds  

MALDI-TOF MS enables the ionization of macromolecules, such as proteins, 

and often yields a singly charged ion, which reflects the mass value of the 

analyte directly. Both α-cyano-4-hydroxycinnamic acid (CHCA) and sinapinic 

acid (SA) can be used as the matrix. According to Gatlin and co-workers226, 

for MALDI protein characterisation in the range of 3-20 KDa with linear mode 

on a steel plate, SA is a better matrix compared to CHCA as it demonstrates 

higher signal-to-noise ratio (SNR), reduced noise and higher resolution. In this 

project, SA was used for the Hsp90 CTD analysis and CHCA was employed 

as the matrix for the peptide analysis.  

 

 

Figure 2.31 MALDI-TOF of labelled yeast Hsp90 CTD by compound 14 

 

  Figure 2.31 depicts the successful modification of yeast Hsp90 CTD by 

compound 14 at a 100:1 (mol/mol) ratio. A new peak was observed indicating 

approximately a 6% PAL modification of the yeast Hsp90 CTD at an m/z value 

of 20872.58 Da (ratio was calculated based on peak area values). Additionally, 
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it demonstrates a mass/charge difference of 738.38 compared to the 

unlabelled protein (20134.20 Da) (Fig 2.31). When the ratio between the TFD-

NB probe and protein rose to 300:1 or 500:1, no significant rise in the amount 

of modified protein was observed (data not shown). The mass difference 

introduced is consistent with that expected from an adduct with compound 14 

(mass difference of 739) following loss of N2 and the carbamate group (MS 

analysis in Chapter 2.2.4). 

 

Yeast Hsp90 CTD with meta-TFD-NB (compound 15) 

  The labelling of yeast Hsp90 CTD using meta-TFD-NB (compound 15) was 

carried out following the same protocol as that for para-TFD-NB (14). In the 

presence of 15 (protein/probe ratio - 1:300) after photo-activation, a new 

protein peak (m/z = 20874.09) was seen, reflecting effective PAL labelling 

(Figure 2.32). The yield of the labelled peak (20874.09 Da) was lower (3%) 

according to comparison of the peak area values. The unmodified protein 

appeared with m/z value of 20134.93 Da, and the labelled yeast Hsp90 CTD 

was observed with m/z value of 20874.09 Da, and the mass difference 

introduced by labelling is 739.16, which is consistent with that of para-TFD-NB 

(14) labelling.  

 

Figure 2.32 MALDI-TOF spectrum of labelled yeast Hsp90 CTD by compound 15 
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 Confirmation of binding of PAL probes in the Hsp90 active 
center 

Competitive binding experiments172  

  The additional PAL group (TFD in this project) that was attached to 

novobiocin may influence NB’s physiochemical properties and consequently 

its binding behaviour towards the Hsp90 protein. Competitive binding 

experiments were carried out to ensure that binding did take place within the 

active centre instead of a random position within Hsp90.  

  The previous experiments of human Hsp90 with a nGBA assay of compound 

17 in Chapter 2.2.5 indirectly demonstrated interruption of Hsp90 dimerization 

at the CTD as it has been reported that NB and other CTD inhibitors also 

feature similar behaviours with this assay222. Compound 14 has a similar 

structure to that of compound 17, hence it can be used indirectly to provide 

evidence that the PAL probe (14) might also bind to the human Hsp90 CTD in 

a similar manner to novobiocin.  

  A straightforward approach, however, is to compare the PAL probes’ labelling 

efficiency in the presence or absence of novobiocin analogues. Based on the 

presumption that the PAL probes bind to the same binding site as NB, they 

should compete for that binding site and if NB demonstrates stronger affinity 

than the PAL probes, the labelling yield of the yeast Hsp90 CTD should 

decrease. The competitor molecules employed in this study were novobiocin 

and Glc-NB (which was provided by another group member). Yeast Hsp90 

CTD was incubated alone (A), with Glc-NB (ratio - 1:100) in experiment B, with 

both Glc-NB and compound 14 (Glc-NB compound 14 = 1:1; protein/probe = 

1/100) in experiment C and with compound 14 (protein/probe = 1/100) in 

experiment D. The MALDI MS results (Figure 2.33) indicated that the para-

TFD-NB probe (14) and its precursors (novobiocin/Glc-NB) bind to Hsp90 CTD 

competitively - compound 14 could only bind to and label Hsp90 in the 

absence of either novobiocin or Glc-NB. 
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Figure 2.33 MALDI results for yeast Hsp90 CTD competitive labelling study. In the presence 
of (A): vehicle 1% ACN/water; (B): Glc-NB; (C): Glc-NB with para-TFD-NB (14) (1:1); (D): para-
TFD-NB (compound 14) alone. 

 

PAL labelling of Melittin with compound 14 

  Melittin is a peptide consisting of 26 amino acids with a molecular weight of 

2848.33 g/mol. The labelling of mellitin with compound 14 was conducted to 

investigate non-specific labelling. Mellitin was irradiated in the presence of 14 
under the same conditions (para-TFD-NB (14): melittin ratio = 100:1, 300:1 

and 500:1). As can be seen in Figure 2.34 a, melittin has a relatively simple 

three dimensional (3D) structure with two helixes linked by a loop. At the 

aforementioned ratios, no labelling was observed because only a well-

resolved melittin peak was detected. This experiment demonstrated at what 

conditions PAL binds to proteins randomly. 
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Figure 2.34 Melittin labelling by compound 14. a) 3D structure of melittin (PDB code: 1BH1) 
and MALDI-TOF spectrum of an activated mixture of melittin and probe (14) (ratio - 1:300) 
exhibiting no modification; b) MALDI-TOF spectrum of mixture of melittin and probe (14) (ratio 
- 1:3500) showing modification after photo-activation. 

  However, in the presence of much higher concentrations of compound 14 
(para-TFD-Novo - melittin ratio = 3500:1), a peak at 3656.12 Da was observed, 

thereby suggesting a modification of a mass of 802.63 Da (Figure 2.34 b), 
which could be potentially linked to the hydrolysed product, 14b (MW = 801) 

discussed in Chapter 2.2.4. Though the resolution was not satisfactory, one 

explanation for this peak could be that compound 14 reacted with water and 

melittin under photolytic conditions (especially when considering the high 

abundance of both water and melittin, and the underlying mechanism might 

be such that the carbene form of 14, melittin and water underwent a 

double/sequential addition process221). This result showed that although no 

well-defined binding site is present, non-specific labelling can occur at very 

high concentrations of the TFD-NB probe, and as a result, in the PAL assays 

of Hsp90 proteins, the probe/protein ratios were kept below 500:1 to minimise 

unwanted labelling outside of the CTD-binding site. 
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Taken together, these experiments demonstrate that:  

1) Yeast Hsp90 CTD was reproducibly labelled by TFD-NB labels (14, 15) 

and the mass difference introduced was 739 Da. Further labelling 

experiments showed that these TFD-NB probes compete with their 

precursors in terms of binding towards Hsp90, and also that these 

probes demonstrated selectivity towards Hsp90 at ratios from 1:100 to 

1:500 protein:probe;  

2) The mass difference introduced can be linked to the loss of carbamate 

and N2 groups during the activation process, which has been addressed 

in Chapter 2.2.4. During the PAL process, the TFD-NB probes 

(compounds 14 and 15; m/z = 811 Da) underwent induced loss 

(mechanism unknown) of the carbamate group (-43 Da) prior to, during 

or after further loss of a molecule of N2 (-28 Da), which then generates 

the reactive carbene species for crosslinking to the Hsp90 CTD, 

resulting in a mass increase of 739 Da in the labelled protein; and  

3) The labelling event happened at a ratio of around 1:100 to 1:500 

between yeast Hsp90 CTD and the probes. Higher ratios are likely to 

result in non-specific binding. 

  To further analyse the binding between Hsp90 CTD and the probes, we 

adopted the bottom-up approach in the characterisation. Upon the 

confirmation of labelling effectiveness by MALDI-TOF experiments, the 

mixtures were subjected to proteolysis by trypsin in solution, and followed by 

different MS and MS/MS analysis. In general, there are two major stages of 

analysis: 1) to identify the labelled region; and 2) to localise the labelled amino 

acid by peptide mapping. 
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2.4 Identification of the labelled region in yeast Hsp90 CTD by MS 

  In Chapter 1, two major approaches in proteomics studies were discussed, 

namely bottom-up and top-down analysis, both extensively used in 

characterisation of chemically modified proteins. In this project, we adopted 

the bottom-up approach, and upon the confirmation of labelling effectiveness 

by MALDI-TOF experiments in Chapter 2.3, the PAL probe (compound 14)-

treated yeast Hsp90 mixtures were subjected to proteolysis by trypsin in 

solution, and several MS and MS/MS experiments were carried out. In general, 

there are two major stages of analysis found in this project: 1) identifying the 

labelled peptides; and 2) peptide sequencing and identification of the labelled 

amino acid. At the first stage, MS was used to identify differences at the 

peptide level without explicit MS/MS experiments. The general workflow 

employed can be seen in Figure 2.35. 

  

Figure 2.35 MS workflow for identification of PAL-modified peptides. Samples were analysed 
by two types of MS after digestion and analysed by R-based analysis or manual assignment, 
respectively  

  Making use of two types of mass spectrometers (MALDI-TOF and ESI-Q-

TOF), we acquired data on tryptic digestion products derived from both non-

labelled (control) and labelled yeast Hsp90 CTD protein154,157. In this context, 

we aimed to approximate the labelled region and identify labelled peptides 
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(rather than the exact binding residue), hence having only considered the 

global mass values of peptides in both manual Q-TOF MS analysis and R 

algorithm-aided MALDI results analysis.  

 

In silico digestion  

  All the theoretically possible peptides that can be generated from yeast 

Hsp90 CTD by trypsin digestion, with one missed cleavage, were listed in 

Table 2.2 (generated by http://prospector.ucsf.edu/prospector/mshome.htm; 

all singly charged).  

 

Table 2.2 MS Digest products of yeast Hsp90 CTD: in silico digestion  

 m/z(mi) m/z(av) Modifications Start End MC* Sequence 

1 557.3657 557.715  84 88 0 (K)SPIIK(E) 

2 558.3358 558.662  60 64 0 (K)AQALR(D) 

3 694.4134 694.8541  30 35 0 (K)VVVSYK(L) 

4 804.4825 804.9676  103 109 1 (K)TVKDLTK(L) 

5 821.4403 821.9543  77 83 0 (K)TFEISPK(S) 

6 879.4458 879.9912  11 17 0 (K)EYEPLTK(A) 

7 918.4163 918.9412  94 102 0 (R)VDEGGAQDK(T) 

8 927.5873 928.1669  84 91 1 (K)SPIIKELK(K) 

9 930.5553 931.1954  57 64 1 (R)IMKAQALR(D) 

10 939.5622 940.1373 1Oxidation 36 44 0 (K)LLDAPAAIR(T) 

11 946.5502 947.1948  57 64 1 (R)IMKAQALR(D) 

12 949.5353 950.1295  76 83 1 (K)KTFEISPK(S) 

13 969.4663 970.0501  1 7 0 (-)HHHHHHK(E) 

14 1030.542 1031.1576  21 29 0 (K)EILGDQVEK(V) 

15 1074.517 1075.1298  93 102 1 (K)RVDEGGAQDK(T) 

16 1191.662 1192.4062  11 20 1 (K)EYEPLTKALK(E) 

17 1209.476 1210.3319 1Oxidation 65 75 0 (R)DSSMSSYMSSK(K) 

18 1225.471 1226.3313 2Oxidation 65 75 0 (R)DSSMSSYMSSK(K) 
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19 1241.466 1242.3307  65 75 0 (R)DSSMSSYMSSK(K) 

20 1246.627 1247.3555  94 105 1 (R)VDEGGAQDKTVK(D) 

21 1249.667 1250.4431  8 17 1 (K)EIKEYEPLTK(A) 

22 1337.571 1338.5071  65 76 1 (R)DSSMSSYMSSKK(T) 

23 1339.688 1340.5019  1 10 1 (-)HHHHHHKEIK(E) 

24 1342.758 1343.5726 1Oxidation 18 29 1 (K)ALKEILGDQVEK(V) 

25 1353.566 1354.5065  65 76 1 (R)DSSMSSYMSSKK(T) 

26 1359.788 1360.6466 2Oxidation 77 88 1 (K)TFEISPKSPIIK(E) 

27 1369.561 1370.5058  65 76 1 (R)DSSMSSYMSSKK(T) 

28 1383.611 1384.5222 1Oxidation 45 56 0 (R)TGQFGWSANMER(I) 

29 1399.606 1400.5216  45 56 0 (R)TGQFGWSANMER(I) 

30 1614.958 1615.9686  30 44 1 (K)VVVSYKLLDAPAAIR(T) 

31 1705.937 1706.9889  21 35 1 (K)EILGDQVEKVVVSYK(L) 

32 1748.794 1749.9712  60 75 1 (K)AQALRDSSMSSYMSSK(K) 

33 1755.831 1757.0556 1Oxidation 45 59 1 (R)TGQFGWSANMERIMK(A) 

34 1764.789 1765.9705 1Oxidation 60 75 1 (K)AQALRDSSMSSYMSSK(K) 

35 1771.825 1773.055 2Oxidation 45 59 1 (R)TGQFGWSANMERIMK(A) 

36 1780.784 1781.9699 2Oxidation 60 75 1 (K)AQALRDSSMSSYMSSK(K) 

37 1787.82 1789.0544  45 59 1 (R)TGQFGWSANMERIMK(A) 

38 2304.155 2305.6367 1Oxidation 36 56 1 (K)LLDAPAAIRTGQFGWSANMER(I) 

39 2320.15 2321.6361  36 56 1 (K)LLDAPAAIRTGQFGWSANMER(I) 

40 2518.271 2519.8284  110 132 0 (K)LLYETALLTSGFSLDEPTSFASR(I) 

41 2901.499 2903.282  110 135 1 (K)LLYETALLTSGFSLDEPTSFASRINR(L) 

42 2975.525 2977.3589  106 132 1 (K)DLTKLLYETALLTSGFSLDEPTSFASR(I) 
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 ESI Q-TOF MS analysis for modified peptide region 

  As discussed previously, ESI Q-TOF MS has been used for characterisation 

of PAL proteins157. In our case, mass values of peptides were obtained without 

further MS/MS fragmentation employing ESI Q-TOF MS. In the control group 

(yeast Hsp90 CTD alone digested by trypsin), signals tended to cluster in the 

relatively low m/z region (< 1000 Da), while for the labelled sample (mixture of 

yeast Hsp90 CTD/compound 14; ratio = 1:100, digested by trypsin in solution), 

several peaks appeared in the higher m/z region (> 1000 Da, Figure 2.36), 

which potentially were associated with PAL labelling of the target protein.  

 

 

Figure 2.36 MS spectra of yeast Hsp90 CTD sample and control. a) tryptic digestion products 
of yeast Hsp90 CTD control with a signal magnified showing it presented in a and not in b; b) 
MS spectrum of the tryptic digestion products of PAL-processed yeast Hsp90 CTD (treated 
by compound 14). Differences relating to peptide 580-(R)TGQFGWSANMER(I)-591 were 
highlighted in yellow. 
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  Several peptides can be assigned in the control group (Figure 2.36 a), such 

as peptides LLDAPAAIR and TGQFGWSANMER. For example a doubly 

charged ion of 690.84 Da, which was absent in the experiment group (PAL 

labelled), could potentially be identified as peptide 580-

(R)TGQFGWSANMER(I)-591 (theoretical mass value: 1384) with a threshold 

of +/- 2 Da. This suggested that the labelling process significantly influenced 

the abundance of this peptide in the labelled group. The single charged peak 

of 1384 was found in the control but not the experimental group.  

  However, more peptides can be assigned in the control sample; while only 

one peptide was detected and assigned in the PAL-labelled protein digestion 

sample apart from AA 580-591. This could potentially demonstrate that ESI 

ionization was suppressed by the presence of the PAL probes and its 

activation derivatives. 

Another point to mention is that certain peptides demonstrate relatively similar 

mass values, for instance, peptides (R)DSSMSSYMSSKK(T) and 

(-)HHHHHHKEIK(E) (highlighted in Table 2.2), hence assignment of these 

types of peptides based on comparison between global peptide mass values 

need to be further validated by tandem mass-based peptide mapping.  

 

 MALDI-TOF MS analysis 

  As covered in the Introduction, compared to ESI, MALDI is more tolerant of 

higher salt concentrations in samples. Its use in studies involving chemically 

modified peptides has been widespread89. Here, MALDI-TOF was utilised for 

MS characterisation of PAL-labelled proteins. By comparing the peptide 

products in the control and samples under MALDI-TOF MS, we expected to 

observe differences in the abundance of certain peptides that were related to 

the labelling process227. Before analysis by MALDI-TOF MS, yeast Hsp90 CTD 

alone or labelled protein were treated with trypsin in solution and this was 

followed by clean-up using Zip-Tips (C8), which were eluted by 50% 

ACN/water.  
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Figure 2.37 Assignment of MALDI-TOF spectra of yeast Hsp90 CTD and PAL processed yeast Hsp90 CTD: a) the tryptic digestion products of PAL processed 
yeast Hsp90 CTD. b) tryptic digestion products of yeast Hsp90 CTD only.  
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The observation of incomplete digestion 

   It can be observed (Figure 2.37) that: 1) for tryptic products of PAL-

processed yeast Hsp90 CTD (Figure 2.37 a), more peaks were observed in 

the higher m/z region (1000 to 4500) when compared to tryptic products of 

yeast Hsp90 CTD (Figure 2.37 b), where peptides were all observed under 

m/z 1000, for example, ions such as m/z 1047 and 1384, as well as other 

peaks in b can potentially be linked to peptides and labelled peptides as they 

were not present in the control; and 2) more doubly charged ions were 

observed in b when compared to a. 

  As can be seen in Table 2.2,  after the in silico digestion of yeast Hsp90 CTD 

alone, the largest peptide with one missed cleavage site is 

(K)DLTKLLYETALLTSGFSLDEPTSFASR(I), with a mass of 2975.5 Da. 

However, in the MALDI-TOF spectrum of trypsin-digested products of TFD-

NB-treated yeast Hsp90 CTD, we observed several peptides with larger m/z 

values (for instance, a peptide with a mass of 3863 Da in Figure 2.37). The 

existence of these peaks may be linked to incomplete tryptic digestion or PAL 

labelling of certain peptides. It has been reported that substrate (novobiocin 

and chlorobiocin) binding to Hsp90 CTD can protect its CTD from tryptic 

digestion228. Para-TFD-NB (14) covalent modification at the Hsp90 CTD 

should also be able to influence enzymatic digestion. In Blagg’s study172, a 

protease (trypsin)-resistant region in the Hsp90 CTD region was identified, 

demonstrating that both non-covalent and covalent binding of NB analogues 

to the Hsp90 CTD region would influence the proteolysis process. Hence, we 

assumed that amino acids near the labelling site became more resistant to 

trypsin digestion after covalent PAL modification.
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R based analysis  

The MALDI-TOF MS spectrum sample and control demonstrated significant 

differences especially at higher mass regions (Figure 2.37). 

As the primary objective was to identify potential labelled peptides by MALDI-

TOF, R programming (R Studio version 0.99.896) was used to perform a 

search for modified peptides. This was achieved via a comparison between 

the experimental group and database (Table 2.2) executed by code in the   
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Table 2.3.  

 

Figure 2.38 Schematic description of the search algorithm: All data in set 0 (left) was 

processed by the addition of a value (p) to give set 1 (middle), and then set 1 was compared 

with the labelled mixture data set (right-top), where if two values from set 1and set 2 match, 

an output (right-bottom) value will would be provided. 

 

  A graphic description of the algorithm can be seen in Figure 2.38. This 

algorithm is a comparison between the experimental group and database 

(described in the following). The database data set 0 was obtained from Table 

2.2. which was the theoretical trypsin-digested fragments of yeast Hsp90CTD 

with one missing cleavage; set 1 was constructed from set 0 by adding the 

potential modification mass; set 2 was obtained by directly extracting all raw 

peaks from the MALDI-TOF experimental data followed by multiplying charge 

values by the centroid mass, which represents mass/charge values. For 

example, peak A (centroid mass = 563.4; charge = 2; hence, mass value = 

1126.8). By matching these values between set 1 and set 2 (to determine if 

data between these two sets fell within the +/- 0.1 Da threshold), it enabled us 

to identify matches which may represent labelled peptides. The code for this 

algorithm is located in   
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Table 2.3, which was first tested with small-scale data using a known-answer-

test. In the test run, a modification of 739 Da was embedded into a small data 

set, which was searched against the database. This modification was picked 

up by the algorithm correctly. Then, our experimental data derived from the 

experimental sample was analysed according to this algorithm.  

  Within a threshold of 0.1 Da, the comparison resulted in a list of potential 

labelled peptides (Table 2.4). It should be underscored that peptide 

(K)LLDAPAAIRTGQFGWSANMER(I) was discovered via PeptideShaker 

analysis using tandem mass-based peptide mapping.  

  Employing MALDI-TOF for analysing chemically modified products has been 

long reported and proves to be very effective229, and the R-based search 

algorithm facilitated our data processing. As a matter of fact, R-based search 

algorithms have been described for screening for possible chemically labelled 

peptides230-232. However, herein, only the global mass values of peptides were 

considered, and in many cases, one mathematical value can be accredited to 

several peptide sequences. Without further fragmentation in tandem mass-

based peptide mapping, the search results cannot be validated. 
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Table 2.3 Code: R search algorithm for comparing experiment data with a database  

 

Data7 =read.csv("data7.csv") 

Threshold_search<- function(threshold, DB, experiment, 
Sequences) { 

l1 <-length(DB) 

l2 <-length(experiment) 

indexDB<- NULL 

massDB<- NULL 

indexExp<- NULL 

massExp<- NULL 

dbSequence<- NULL 

for(x in 1:l1) { 

for(y in 1:l2) { 

if (DB[x] >= (experiment[y] - threshold) && DB[x] <= 
(experiment[y] + threshold)) { 

 

indexDB<-c(indexDB, x) 

indexExp<-c(indexExp, y) 

massDB<-c(massDB, DB[x]) 

massExp<-c(massExp, experiment[y]) 

dbSequence<-c(dbSequence, as.character(Sequences[x])) 

} 

} 

} 

final <-
data.frame(indexDB,indexExp,massDB,massExp,dbSequence) 

return(final) 

} 

output10 <-Threshold_search(0.1, t(Data7$MassAV), 
t(Data6$MASS), t(Data7$Sequence)) 

View(output10) 
 

 
  



132 

 

Table 2.4 Database search out-put using R 

indexDB massDB massExp dbSequence 

477 1285.37 2024.6284 (K)RVDEGGAQDK(T) 

560 1351.5636 2090.8935 (K)EIKEYEPLTK(A) 

561 1351.5666 2090.8935 (K)EIKEYEPLTK(A) 

562 1351.561 2090.8935 (K)KTFEISPK(S) 

563 1351.6417 2090.8935 (R)IMKAQALR(D) 

640 1408.5115 2147.7036 (R)DSSMSSYMSSK(K) 

676 1440.4689 2179.7401 (K)DFELEETDEEK(A) 

2053 2094.3904 2833.6202 (K)EILGDQVEKVVVSYK(L) 

2655 2347.6743 3086.9785 (K)LLDAPAAIRTGQFGWSANMER(I) 

2656 2347.6991 3086.9785 (K)EYEPLTKALKEILGDQVEK(V) 

2657 2347.7021 3086.9785 (K)EYEPLTKALKEILGDQVEK(V) 

2660 2347.8101 3086.9785 (K)ALKEILGDQVEKVVVSYK(L) 

3168 2519.8284 3259.1571 (K)LLYETALLTSGFSLDEPTSFASR(I) 

3803 2768.2462 3507.5698 (K)EILGDQVEKVVVSYKLLDAPAAIR(T) 

3895 2816.3204 3555.6228 (K)EILGDQVEKVVVSYKLLDAPAAIR(T) 

 

  Preliminary analysis employing MALDI-TOF MS and ESI Q-TOF MS 

indicated the possible modification of one particular region (AA 580-591). 

However, without explicit MS/MS data, no reliable conclusions could be drawn 

from these two MS experiments. A more comprehensive tool that involved 

MS/MS analysis would be required for confident analysis.  
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2.5 MS/MS based peptide mapping to localize labelled amino acid 

  Upon the confirmation of successful labelling by MALDI TOF, in which a 

modification of 739 Da was observed comparing the yeast Hsp90 samples 

(PAL-treated and non-PAL-treated). These two sets of samples were 

subjected to trypsin digestion, and the resulting mixtures were desalted with 

ZipTip C18 columns and eluted with ACN/water (for labelling products of 

compound 14, 60% ACN and 90% ACN sequentially; and for labelling products 

of compound 15, 60% ACN). These samples were analysed by orbitrap MS 

coupled with UPLC. Mascot and PeptideShaker were utilised for peptide 

mapping and identification of labelled peptides.  

 Mascot search 

  For the data analysis of tandem mass results, Mascot has been regarded as 

the benchmark tool233, and its application has been demonstrated in several 

PAL based chemical proteomics studies234-236.   

  Here by using Mascot, we focused in particular on peptide recovery and 

composition derived from both non-labelled and labelled yeast Hsp90 CTD 

samples, which was performed with an MS/MS Ions Search. By searching 

MS/MS data using the Mascot search tool188,  a report that contained a list of 

hits (featuring one or several significant peptide matches) was given. All 

search parameters can be seen in Figure 2.39.  
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Figure 2.39 Mascot MS/MS Ion Search result of non-PAL treated yeast Hsp90 CTD, with four sections highlighted and annotated in green. 
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  For the MS/MS Ion Search of yeast Hsp90 CTD control (Figure 2.39), in total 

37 matches were identified, which means experimental spectral information of 

37 precursors in the survey scan (MS1) and their subsequent fragment ions in 

MS/MS can be matched with theoretical spectral information generated in the 

database (Uniprot SwissProt, version 20131208). 

  There were two peptides assigned (Figure 2.39) with four duplicates 

(K.LLDAPAAIR.T (query 613) and K.LLYETALLTSGFSLDEPTSFASR.I 

(query 1555)). These two peptides are relatively rich in hydrophobic amino 

acids, rendering them potentially more favourable for ESI ionization
237

and 

abundance-based selection for subsequent tandem mass analysis. In addition, 

peptide R.TGQFGWSANMER.I (query 1114 and 1135) was a hydrophobic 

peptide, and has two duplicates. The observation and MS/MS identification of 

these peptides by Mascot were also consistent with observations in previous 

ESI Q-TOF MS in chapter 2.4.1. Less hydrophobic peptides can also be 

assigned confidently, for instance, in the case of R.DSSMSSYMSSK.K (query 

935).  

  However, when comparing the samples with control, a significant decrease 

in output features noted (Figure 2.39). The number of peptides identified by 

Mascot MS/MS Ion Search decreased (from 37 in the control to a: 21; b: 18), 

and the trend was also seen with the prediction score (from 428 in the control 

to a: 147; b: 115), emPAI (from 0.37 in the control to a: 0.17 ; b: 0.13) (emPAI 

is a relative quantification of identified proteins in the mixture). Additionally, it 

was also noticed that peptide R.TGQFGWSANMER.I (query 1114, Figure 
2.39), and peptide K.LLYETALLTSGFSLDEPTSFASR.I (query 1555, Figure 
2.39) were not identified in either of the labelled protein groups (a and b). 

These differences may relate to the PAL labelling, suggesting that the target 

protein could be labelled at these regions. 

  When comparing condition a (Figure 2.40; protein:probe = 1:100) and 

condition b (protein:probe = 1:300), we noticed that the search output features 

were generally similar with comparable scores (a: 147 and b: 115; scores 

reflect how confident predications are, and the higher, the better), number of 

matches (a: 21 and b: 18), sequences identified (a: 10 and b: 8) and emPAI 
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(a: 0.17 and b: 0.13). Within these two groups, no significant differences could 

be found and assigned to the increased concentration of the PAL probe. This 

was also consistent with our previous MALDI-TOF studies at the level of the 

intact protein in Chapter 2.3, where we demonstrated that changes in 

protein/probe ratios (in the range of 1:100 to 1:500) did not necessarily lead to 

significant changes in the labelling yield. 

 

 

 

 Figure 2.40 Mascot MS/MS Ion Search results of PAL-treated yeast Hsp90 CTD samples - 

a) protein:probe = 1:100; b) protein:probe = 1:300 
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 Identification of PAL-labelled amino acid using 
PeptideShaker 

   As outlined in the Introduction, PeptideShaker allows for highly reliable and 

sensitive identification of peptides and proteins
238

. In this project, 

PeptideShaker was utilized primarily to localise the PAL modification on the 

peptides via interpretation of MS/MS data acquired through the bottom-up 

approach (compounds 14 and 15).  

  The raw MS/MS data were converted into an mgf file employing mzConvert 

and then analyzed with SearchGui and PeptideShaker201
. Based on the 

MALDI results, the modification mass difference is 739.2604 (C39H42NO10F3, 

which will be referred to as PAL739 in the following discussion), and this is set 

in SearchGui as a custom modification under its PTM setting (as seen in 

Chapter 4.10.2). After performing searches against multiple databases, 

including X!Tandem, MyriMatch, Ms Amanda, MS-GF+, OMSSA, Comet, Tide 

and Andromeda, several potential modifications were identified by the 

software. A user-defined modification, PAL739 (C39H42NO10F3), was created 

in PeptideShaker. 

  For this user-defined modification, PAL739 (C39H42NO10F3), the label itself 

also bears MS/MS fragmentation patterns as discussed in Chapter 2.2.4. 

Subsequently, for a PAL739-modified peptide, its fragmentation spectrum 

could potentially contain fragment ions derived from the PAL739 modification, 

the peptide sequence and PAL739-modified sequences. Therefore, it is of 

great importance for the modification to be regarded as a ‘chemical structure’ 

that may undergo further fragmentation, not a ‘constant number’ in the 

underlying search algorithm. However, one single PeptideShaker search does 

not account for the fragments derived from the novel PAL probes, which may 

lead to misassignments caused by ignoring this fragment ion spectral 

information
148

. Jennings and colleagues reported a workflow to facilitate 

analysis of chemically modified peptides but requiring a more complicated 

experimental design
239

. Here in this context, fragmentation data from para-

TFD-NB (14) in Chapter 2.2.4 were utilised in several independent 
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PeptideShaker search runs and later manual interpretation in order to 

circumvent the aforementioned limitation to some degree.  

para-TFD-NB (14) labelling of yeast Hsp90 at W585 

  Upon the completion of the PAL739 search of MS/MS data from the PAL-

labelled mixture (compound 14 and yeast Hsp90 CTD), a modified peptide, 

AA580-NH2-TGQFGW<PAL739>SANMER-COOH, was identified by 

PeptideShaker. For the identification of the protein, 64 spectrum matches were 

identified, and from theses matches, 12 spectrum matches were regarded with 

100% confidence and the remainder 98%.    

  Theoretically, the fragmentation of AA580-592, and possibly y, b and a series 

of ions, can be seen in Table 2.5. In the unmodified peptide, NH2-

TGQFGWSANMER-COOH, identified in the search, there were 63 spectrum 

matches. Amongst those matches, one precursor ion was singly charged, 59 

doubly charged and three triply charged. The singly charged peptide featured 

an m/z value of 1383.62, and in its daughter ions, the mass errors were 

clustered at less than 0.5 Da. The doubly charged parent ion demonstrated a 

total mass error of 3.26, but in the fragmentations, with each daughter ion, the 

mass error was also minor. All y2 to y9 ions were detected (as can be seen in 

Figure 2.41), providing very strong evidence for assignment for peptide 

sequencing. For the remaining three triply charged peptides, with a reporter 

ion with a m/z value at 462.21, compelling evidence was also provided. . 
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Table 2.5 Theoretical fragmentation of peptide AA580-NH2-TGQFGWSANMER-COOH. If the W585 is labelled by PAL739, fragment ions in red would 
demonstrate mass shifts of +739.26.  

N-
terminal	 		 		 		 		 		 		 		 		 		 		 		 		
a-NH3	 ---	 ---	 242.1135	 389.1819	 446.2034	 632.2827	 719.3148	 790.3519	 904.3948	 1035.4353	 1164.4779	 ---	
a-H2O	 ---	 113.0709	 241.1295	 388.1979	 445.2194	 631.2987	 718.3307	 789.3678	 903.4108	 1034.4513	 1163.4939	 ---	

a	 ---	 131.0815	 259.1401	 406.2085	 463.23	 649.3093	 736.3413	 807.3784	 921.4213	 1052.4618	 1181.5044	 ---	
b-NH3	 ---	 ---	 270.1084	 417.1769	 474.1983	 660.2776	 747.3097	 818.3468	 932.3897	 1063.4302	 1192.4728	 ---	
b-H2O	 ---	 141.0659	 269.1244	 416.1928	 473.2143	 659.2936	 746.3257	 817.3628	 931.4057	 1062.4462	 1191.4888	 ---	
b	 ---	 159.0764	 287.135	 434.2034	 491.2249	 677.3042	 764.3362	 835.3733	 949.4163	 1080.4567	 1209.4993	 ---	
		 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	

-  T G Q F G W S A N M E R 
		 12	 11	 10	 9	 8	 7	 6	 5	 4	 3	 2	 1	
C-

terminal	 		 		 		 		 		 		 		 		 		 		 		 		
y	 ---	 1282.5633	 1225.5419	 1097.4833	 950.4149	 893.3934	 707.3141	 620.2821	 549.245	 435.202	 304.1615	 175.119	

y-NH3	 ---	 1265.5368	 1208.5153	 1080.4567	 933.3883	 876.3669	 690.2876	 603.2555	 532.2184	 418.1755	 287.135	 158.0924	
y-H2O	 ---	 1264.5528	 1207.5313	 1079.4727	 932.4043	 875.3828	 689.3035	 602.2715	 531.2344	 417.1915	 286.151	 ---	
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Figure 2.41 Tandem mass spectrum and assignment of unlabelled peptide (580) NH2-

TGQFGWSANMER-COOH 

  When this peptide is labelled at W585, a number of fragment ions (Table 2.5, 

highlighted in red) would demonstrate a mass deviation of (+739.26) 

compared to the non-modified peptide. In MS/MS, these fragment ions may 

undergo loss of H2O, NH3 or both, and may carry different charges, resulting 

in a more complicated peptide fragment ion map. 

  In terms of the modified peptide, NH2-TGQFGWSANMER-COOH was 

identified by the search process, and the modification was predicted to be at 

W585. This peptide, when labelled, had a mass value of 2121.89 Da, and as 

the precursor was triply charged, an m/z value of 708.31 was observed at a 

retention time of 3104.40 s with UPLC. Fragment ions in the MS/MS scan after 

HCD fragmentation were observed and assigned as shown in the Figure 2.42 

in what follows. Generally, in the search, up to seven y ions and two b ions 

were assigned, including the potential fragments with the PAL739 label 

attached, demonstrating a high score (460) and confidence level (100%).  
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Figure 2.42 The tandem mass spectrum and assignment of labelled peptide (580), NH2-
TGQFGW<PAL739>SANMER-COOH.  

  For the y ion series, PeptideShaker identified five y ions (y2 to y6) with most 

y ions demonstrating a high level of accuracy (mass error < 0.05 ppm). Further 

manual analysis identified a new set of y ions (y4 (M), y5 (M) and y6 (M)), * 

labelled in green in Fig. 2.42, and these ions originated from the neutral loss 

of CH3SH (methionine)240. The discovery of the aforementioned y series of 

ions ceased at y6, supporting the labelling on tryptophan 585 (W585).  

  Additionally, two other ions (labelled ** in purple) at 918.42 and 982.42, which 

shifted approximately 0.5 Da from y9'++ (918.88) and y10'++ (982.91), were 

observed. The difference in mass values between these two ions (127.08) 

indicated a breakage of a doubly charged glutamine residue (Q, 128 Da). 

Hence, these two ions could be assigned to y9'++ and y10'++ if error tolerance 

increased to 0.5 Da. 

  Alternatively, in previous observations made by another group member, 

electron-rich compounds, such as glycosyl-kaempferol (MW: 448) frequently 

produced fragment ion 284 instead of 285 in product ion mode (data not 

shown), which had been reported as hydrogen radical removal239,241. It is 
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possible that the PAL739 label (electron rich and containing a similar 

substructure to glycosyl-kaempferol) underwent hydrogen radical removal 

(resulting in a mass shift of 1, and m/z shift of 0.5 when doubly charged). As a 

result, those two ions (918.42 and 982.42) can be confidently assigned as y9'++ 

and y10'++.  

  The observation of all of the aforementioned y ions as well as two b ions, 

inclusive of the PAL739-labelled ions (y9, y10) or not, supported the prediction 

of the peptide sequence and localisation of the PAL739 modification at W585.  

  Apart from the NH2-TGQFGW<PAL>SANMER-COOH, another longer 

peptide, AA570--NH2-KLLDAPAAIRTGQFGW<Pal>SANMER-COOH, was 

also identified (Fig 2.43). Eluted at a retention time of 4722.18 s, and triply 

charged (m/z value = 1058.19), this modified peptide is supported by an array 

of y ions and various b ions. Though this peptide includes one missed-

cleavage site at R579, which was probably based on the steric hindrance 

introduced by para-TFD-NB (14), this peptide can also be regarded as 

evidence of labelling.  

 

Figure 2.43 The tandem mass spectrum and assignment of labelled peptide, AA570--NH2-
KLLDAPAAIRTGQFGW<PAL>SANMER-COOH 

  y2, y5, y6 and y7 were also assigned, located on both sides of W585 with the 

y6 ion featuring a PAL tag on it. A series of b5, b6, b8, b10 and b13 ions (all 

doubly charged) were detected, terminating on the right-hand side of W585 
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(labelled) at Q582. Both series served as robust evidence for the existence of 

the parent peptide. 

  The PAL739-modified peptide could potentially contain further fragments 

from the PAL739 modification, which was also considered. Therefore, it is of 

great importance for the modification to be regarded as a ‘chemical structure’ 

that may undergo further fragmentation, not a ‘constant number’ in the 

underlying search algorithm. However, one single PeptideShaker search does 

not account for the fragments derived from the novel PAL probes, which may 

lead to misassignments caused by ignoring this fragment ion spectral 

information148. Jennings and co-workers outlined a workflow to facilitate 

analysis of chemically modified peptides, albeit requiring a more complicated 

experimental design239. Here, in the present context, fragmentation data from 

para-TFD-NB (14) in Chapter 2.2.4 were utilized in several independent 

PeptideShaker search runs and, later, manual interpretation in order to 

circumvent this limitation to some degree. 

  When the fragmentation of the PAL739 modification itself is taken into 

consideration, the fragmentation of the labelled peptide becomes more 

complicated. Hence, based on the previous investigation of the MS/MS pattern 

of PAL probes in Chapter 2.1, fragment ions of PAL739 (C39H42NO10F3) that 

would most frequently occur include the loss of –CH3 in the noviose group, 

and the loss of the noviose moiety, hence the resulting two substructures were 

searched in order to find more potential labelled peptides. However, no such 

modifications were identified.  
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Analysis of meta-TFD-NB (15) labelling of yHsp90 CTD 

  The labelling of yeast Hsp90 with meta-TFD-NB (15) was conducted 

following the same protocol as that for para-TFD-NB (14). Experimental and 

control groups were the cleaned and eluted (using Zip-Tips with 60% 

ACN/water). Fewer matches were found for each peptide identified. In the 

search results (Table 2.6), we determined a list of unmodified peptides. 

However, within the range of the yeast Hsp90 CTD (AA508 -732), the search 

did not predict any PAL739-labelled peptides or other potential PAL-related 

modifications. This may be because the labelling yield was low.  

  As described earlier, in the para-TFD-NB (14) labelling search, the results 

were validated; while for meta-TFD-NB (15), the PeptideShaker search did not 

provide any potential modification predications. However, considering labelling 

may have been successful, potential modifications might be found if the 

fragmentation of 15 were taken into consideration. However, as mentioned 

earlier, no modification was identified with any degree of confidence in PAL724 

(loss of methyl group on the noviose moiety) or PAL566 (loss of noviose group).  

  To conclude, we have successfully established a workflow for MS-based 

analysis of protein labelling, in which PeptideShaker was used for peptide 

sequencing and to localise the labelled amino acids. para-TFD-NB (14) can 

label yeast CTD at the amino acid-W585, and this was supported by evidence 

from tandem-mass analysis; this information will be further exploited. The 

labelling site for meta-TFD-NB (15) cannot be confidently identified by this tool, 

potentially based on a low labelling yield.  
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Table 2.6 Peptideshaker search result of yeast Hsp90 CTD-Probe (19) complex  

Sequence Modified Sequence Variable 
Modifications 

#Validated 
PSMs #PSMs Confidence 

[%] 

SGFSLDEPTSFASR NH2-SGFSLDEPTSFASR-COOH  8 9 100 

ALLTSGFSLDEPTSFASR NH2-ALLTSGFSLDEPTSFASR-COOH  1 1 100 

EILGDQVEK NH2-EILGDQVEK-COOH  36 36 100 

EILGDQVEKVVVSYK NH2-EILGDQVEKVVVSYK-COOH  2 2 100 

EYEPLTKALKEILGDQVEK NH2-EYEPLTKALKEILGDQVEK-COOH  1 2 100 

AAPVEEVPADTEMEEVD NH2-AAPVEEVPADTEMEEVD-COOH  1 1 100 

LYETALLTSGFSLDEPTSFASR NH2-LYETALLTSGFSLDEPTSFASR-COOH  2 4 100 

LLYETALLTS NH2-LLYETALLTS-COOH  1 1 100 

LLYETALLTSGF NH2-LLYETALLTSGF-COOH  15 18 100 

VVVSYKLLDAPAAIR NH2-VVVSYKLLDAPAAIR-COOH  2 4 100 

SLDEPTSFASR NH2-SLDEPTSFASR-COOH  3 4 100 

ALKEILGDQVEKVVVSYKLLDAPAAIR NH2-ALKEILGDQVEKVVVSYKLLDAPAAIR-COOH  2 3 100 

EILGDQVEK pyro-EILGDQVEK-COOH 
Pyrolidone 
from E (1) 2 3 100 

KLLYETALLTSGFSLDEPTSFASR NH2-KLLYETALLTSGFSLDEPTSFASR-COOH  3 3 100 

TALLTSGFSLDEPTSFASR NH2-TALLTSGFSLDEPTSFASR-COOH  1 1 100 

ETALLTSGFSLDEPTSFASR NH2-ETALLTSGFSLDEPTSFASR-COOH  1 1 100 

DLTKLLYETALLTSGFSLDEPTSFASR NH2-DLTKLLYETALLTSGFSLDEPTSFASR-COOH  6 6 100 

ALKEILGDQVEKVVVSYK NH2-ALKEILGDQVEKVVVSYK-COOH  1 1 100 

LISLGLNIDEDEETE NH2-LISLGLNIDEDEETE-COOH  1 3 100 

EIKEYEPLTK pyro-EIKEYEPLTK-COOH 
Pyrolidone 
from E (1) 2 4 100 

LLYETALLTSGFSLDEPTSFASR NH2-LLYETALLTSGFSLDEPTSFASR-COOH  52 57 100 

EILGDQVEKV NH2-EILGDQVEKV-COOH  1 1 100 

LLYETALLTSGFSLDEPT NH2-LLYETALLTSGFSLDEPT-COOH  33 39 100 

LLYETALLTSGFSLDEPTSFA NH2-LLYETALLTSGFSLDEPTSFA-COOH  1 3 100 
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LLYETALLTSG NH2-LLYETALLTSG-COOH  1 1 100 

LLYETALL NH2-LLYETALL-COOH  1 1 100 

TSGFSLDEPTSFASR NH2-TSGFSLDEPTSFASR-COOH  8 9 100 

ALKEILGDQVE NH2-ALKEILGDQVE-COOH  1 1 100 

KLLDAPAAIR NH2-KLLDAPAAIR-COOH  1 1 100 

LLYETALLTSGFSLDEPTSFASRINR NH2-LLYETALLTSGFSLDEPTSFASRINR-COOH  1 1 100 

YETALLTSGFSLDEPTSFASR NH2-YETALLTSGFSLDEPTSFASR-COOH  1 1 100 

LDEPTSFASR NH2-LDEPTSFASR-COOH  1 1 100 

LLTSGFSLDEPTSFASR NH2-LLTSGFSLDEPTSFASR-COOH  3 5 100 

LLDAPAAIR NH2-LLDAPAAIR-COOH  38 39 100 

LLYETALLTSGFSLDEPTSF NH2-LLYETALLTSGFSLDEPTSF-COOH  24 43 100 

KTFEISPK NH2-KTFEISPK-COOH  1 1 100 

EILGDQVEKVVVSYKLLDAPAAIR NH2-EILGDQVEKVVVSYKLLDAPAAIR-COOH  3 3 100 

EIKEYEPLTK NH2-EIKEYEPLTK-COOH  29 36 100 

ALKEILGDQVEK NH2-ALKEILGDQVEK-COOH  26 28 100 

LLYETALLT NH2-LLYETALLT-COOH  1 1 100 

KEILGDQVEK NH2-KEILGDQVEK-COOH  2 2 100 

TFEISPKSPIIK NH2-TFEISPKSPIIK-COOH  2 2 100 

TVKDLTKLLYETALLTSGFSLDEPTSFASR 
NH2-TVKDLTKLLYETALLTSGFSLDEPTSFASR-
COOH  3 4 100 

FSLDEPTSFASR NH2-FSLDEPTSFASR-COOH  1 1 100 

ETALLTSGFSLDEPTSFASR pyro-ETALLTSGFSLDEPTSFASR-COOH 
Pyrolidone 
from E (1) 2 2 100 

LTSGFSLDEPTSFASR NH2-LTSGFSLDEPTSFASR-COOH  1 2 100 

LLYETALLTSGFSLDEPTS NH2-LLYETALLTSGFSLDEPTS-COOH  11 18 100 
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2.6  Visualisation of Hsp90 binding sites 

 A yeast Hsp90 model 

  To correlate with the binding site identified by MS analysis, and 

considering no complete human Hsp90 CTD structure had been made 

available, a yeast model was used. Several yeast Hsp90 crystal structures, 

including 2CGE and 2CG9
13

, contain near-complete CTD regions; hence, 

they can be employed for visualisation of the binding area and further 

computational docking. Discoveries made here can potentially be used to 

deepen our understanding of the Hsp90 CTD-binding site and subsequently 

guide the synthesis of new CTD inhibitor analogues.  

Sequence alignment   

 Sequences of yeast Hsp90 and human Hsp90 were aligned against each 

other to determine if the PAL-modified region was conserved between 

these two sequences. The alignment was carried out utilising a 

compositional matrix-adjustment method, which has been reported to be 

optimal for comparing sequences with arbitrary and potentially differing 

compositions. Overall, these two sequences demonstrated a high level of 

similarity, which was also consistent with the fact that Hsp90 has been 

regarded as highly conserved between human isoforms and the sequences 

of other organisms throughout evolution
242

. As can be seen in Figure 2.44, 

the sub-sequence G584 to D621 (inclusive of W585) is present in both 

organisms, indicating that the yeast model can be informative for projection 

and understanding of the human Hsp90 CTD NB-binding pocket.   
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Figure 2.44 Protein sequence alignment of human Hsp90 and yeast Hsp90, with W585 

highlighted by the red box while the adjacent conserved sequence is marked in yellow 
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Structural alignment   

 Another important reason for choosing a yeast model was that W585 is 

located in a region that is missing from the human Hsp90 crystal structure 

(3Q6N). Meanwhile, for yeast crystal structures, both 2CGE and 2CG9 

feature near-complete CTD regions. Structural alignment of 3Q6N and 

2CGE (Figure 2.45) demonstrated that: 1) two structures share similar 

tertiary structures overall, which is consistent with previous sequence 

alignment; and 2) however, in terms of the W585 residue, in 3Q6N (human), 

it is followed by a missing region (612-RIMKAQALRD NSTMGYMAA-631), 

which, to some degree, may have influenced orientation of W585. With this 

important region missing, 3Q6N was not used in subsequent computational 

analysis.  

 

  

Figure 2.45 3D structural comparison and superimposition of 3Q6N (cyan) and 2CGE 

(pink) with the potential binding groove/region (where W585 locates) enlarged. W585 is 

presented in 2CGE (labelled in pink) and in 3Q6N (labelled in cyan) 
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  Between the two yeast structures, for 2CG9, it seemed that the overall 

model quality was poor because the whole structure demonstrated high B 

factors, ranging from 70 to 150
13

 , while comparatively, 2CGE (B factors < 

100) was more suitable for further docking in this respect. B factors 

associated with the crystal structures give an indication of the uncertainty 

in the position of atoms within the protein, with larger values correlating to 

greater flexibility (which is not desirable for our purpose)
243

. We inspected 

both crystal structures by colouring the protein according to B factor in 

UCSF ChimeraX (Figure 2.46), which revealed the regions with high 

flexibility - both CTD regions demonstrated a high degree of flexibility 

(regions highlighted by green squares). B factors should normally fall 

between 15 to 30, and any values higher than 30 Å
2 
(sq. Å) are considered 

to be associated with flexible residues
244,245

.  

 

Figure 2.46 The two crystal structures of yeast Hsp90 with CTD regions denoted with 

green squares  

2cge:

Method: X-RAY	DIFFRACTION
Resolution: 3.0	Å
R-Value	Free: 0.288
R-Value	Work: 0.257

2cg9:

Method: X-RAY	DIFFRACTION

Resolution: 3.1	Å

R-Value	Free: 0.353

R-Value	Work: 0.312



152 

 

 

  It has been reported that yeast Hsp90 functions as a homodimer, and to 

take this aspect into consideration, a dimer model was built based on yeast 

Hsp90 (2CGE), and chains not involved in dimerization were removed. This 

was achieved by docking the protein to itself to create a dimer using the 

Dimer Mode section of the Protein-Protein Docking Panel. The resulting 

dimer structure was then compared with the sub-dimer structure in the 

readily available human hexamer Hsp90 structure (3Q6N). The constructed 

yeast Hsp90 dimer and human Hsp90 dimer demonstrated strong 

similarities (global RMSD = 1.1 Å) except for the missing residues in the 

human Hsp90 structure.   

 

Binding pocket search  

  In the attempt to find potential ligand-binding pockets using ICM fPockets 

in the yeast dimer model, a list of binding sites was identified and each was 

scored accordingly (Table 2.7). The binding pocket that included the W585 

residue was selected for further evaluation. This region is located on the 

opposite face of the protein relative to the dimerization interface, suggesting 

that if novobiocin analogues do bind to this site, their documented disruption 

of Hsp90 dimerisation
246

 may be based on an allosteric effect (Figure 2.47). 

This also suggested that a dimer is not necessary for this process.  
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Figure 2.47 Description of ICM fPockets results. a) two largest pockets - pocket 0 and 

pocket 1 /1’ - are labelled and W585 is also shown. b) a detailed description of pocket 1 - 

front view. c) back view of binding pocket 1 and residue compositions  

  A further detailed study of this binding pocket (Figure 2.47 b and c) shows 

that, in this pocket, there are five lysine residues (K) (positively charged; 

labelled in cyan), three glutamic acids (E) and one aspartic acid (D) (all 

negatively charged; labelled in black), one asparagine (N), one threonine 

(T) and one glutamine (Q) (polar residues; labelled in purple). These 12 

residues can either be hydrogen bond donors or acceptors, and the 

presence of these polar residues may partially explain why Glc-NB, a more 

hydrophilic compound, demonstrates a higher binding affinity for the Hsp90 

CTD-binding site. There are also hydrophobic groups located around this 

pocket, including tryptophan (W), tyrosine (Y) and phenylalanine (F), and 

they are also very important in maintaining contacts with ligands and could 

provide hydrophobic interactions to functional groups in novobiocin 

analogues.  
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Table 2.7 ICM iPockets search result 

i Volume Area Hydrophobicity Buriedness DLID Radius Nonsphericity 

0 1563.506175 1268.737579 0.663457 0.826467 1.492296 7.20007 1.947549 

1 496.414314 472.218363 0.5 0.700237 

-

0.223131 4.911924 1.557506 

1’ 466.396424 447.60577 0.491206 0.694724 

-

0.310867 4.810851 1.539012 

2 253.547478 261.387809 0.619826 0.852941 0.154493 3.926359 1.34926 

3 248.715656 306.913044 0.511029 0.672794 

-

0.816459 3.901257 1.604709 

4 243.543021 297.454328 0.457038 0.673675 

-

0.951066 3.874022 1.577198 

5 224.121007 263.951838 0.546137 0.780043 

-

0.391079 3.768175 1.479288 

6 207.015122 229.513711 0.505 0.6825 

-

0.927396 3.669759 1.3562 

7 196.905968 211.580307 0.622016 0.779841 

-

0.315211 3.609025 1.292664 

8 194.588365 210.91777 0.447644 0.657068 

-

1.203501 3.594809 1.298828 

9 189.343576 220.637615 0.453608 0.650773 

-

1.234937 3.562217 1.383658 

10 185.448301 200.647992 0.405817 0.638504 -1.40711 3.53762 1.275859 
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 Docking para-TFD-NB (14) to yeast Hsp90 model  

  Unlike typical docking practices carried out to guide experimental design, 

in order to reveal binding sites, in this project our docking of the novobiocin 

derivative (compound 14) into the yeast Hsp90 dimer was guided by the 

following observations: 

1) MS-based analysis revealed information relating to the binding 

between the TFD-NB probe and yeast Hsp90 CTD, hence the 

docking was guided by experimental data and scope of calculation; 

evaluation was relatively narrow; and 

2) Blagg
172

 reported a CTD-binding site elucidated by protein labelling 

using an azido probe peptide, 538-AEREKEIK-545. The modelling 

work was performed with a homology model of human alpha Hsp90 

(with DNA gyrase as a template) and the ligand conformation 

(novobiocin) was also extracted from a known DNA gyrase crystal 

structure. 

  Molsoft ICM Pro Docking ( ) has been proven to be a relatively accurate 

tool in a number of independent assessments and excelled in several 

accurate docking case studies when compared to other docking 

programmes
247,248

. Compound 14 was docked into the binding site 

identified by ICM fPockets, and the top 10 scored conformations (Table 2.8) 

were examined. Amongst these conformations, one aligned well with our 

MS-based experimental results (Table 2.8, number 4, highlighted in 

yellow). Although conformation 4 was not the highest-scoring conformation, 

it possesses a relatively low overall binding score (-8.605) (for all ICM 

scores, the lower the value, the better the prediction). 
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Table 2.8 Para-TFD-NB/yeast Hsp90 docking result (top 10 conformations) 

 
Number Score Hbond Hphob VwInt Eintl Dsolv mfScore 

1 

-11.19 

-5.181 -10.05 -15.9 15.89 26.61 -55.7 

2 -10.58 -4.102 -10.05 -32.02 28.61 29.79 -94.63 

3 -8.747 -8.087 -9.998 -36.75 18.21 26.8 -94.22 

4 -8.605 -6.716 -9.882 -43.14 21.31 21.13 -135.1 

5 -8.111 -6.94 -9.805 -39.13 17.56 27.44 -124.3 

6 -5.86 -6.555 -9.773 -39.8 23.11 27.04 -124.6 

7 -4.666 -8.869 -9.732 -35.41 26.53 30.81 -83.92 

8 -4.092 -1.145 -9.641 -40.01 20.15 29.32 -139.5 

9 -3.211 -2.918 -9.385 -41.57 28.95 37.48 -146.9 

10 -0.8898 -7.236 -9.317 -36.9 27.01 35.9 -59.56 

*Hbond: Hydrogen Bond energy (the lower the better); Hphob: the hydrophobic energy in 

exposing a surface to water (the lower the better); VwInt: the van der Waals interaction 

energy (the lower the better); Eintl: internal conformation energy of the ligand (the lower 

the better); Dsolv: the desolvation of exposed h-bond donors and acceptors (the lower the 

better); mfScore: potential of mean force score. 
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 As can be seen in Figure 2.48, major functional groups in para-TFD-NB 

(14) fit into the binding pocket: the sugar group sits in a groove in the protein 

surface as does the diazirine group, while the benzamide group protrudes 

from the pocket. More specifically, interactions shown include:  

1) Hydrogen bonding (HB) interactions between the noviose sugar 2’’ 

hydroxyl of para-TFD-NB and N470 with bond length of 2.45 Å;  

2) HB interaction between K514 and amide bond (the linker between 

the coumarin core and benzamide group) with bond length of 1.65 

Å;  

3) HB interaction between the 4’
 
oxygen (which links the courmarin core 

to the diazirine group) and F583 with bond length of 1.8 Å.  

4) Most importantly, this conformation places the W585 residue in close 

proximity to the diazirine group. The distance between the N=N 

double bond and the tryptophan is 2.62 Å which is consistent with 

subsequent formation of a covalent linkage, supported by our MS 

search results.  

 

 

Figure 2.48 The binding site of yeast Hsp90 and para-TFD-NB: a) HB interaction 

manifested by compound 14 in the binding site; b) 3D presentation of how three functional 

groups sit in the binding site.  
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 Novobiocin binding in the proposed pocket 

  As described earlier, the novobiocin conformation can be extracted from 

available DNA Gyrase apo models
249

, hence novobiocin can be both rigidly 

and flexibly docked into the pocket in two separate runs, and the flexible 

docking demonstrated higher scores and will be discussed in detail. In 

flexible docking, the interactions manifested between novobiocin and yeast 

Hsp90 yeast are depicted in Figure 2.49. In this proposed pocket, 

novobiocin interacts with several residues and interactions include:  

1) HB interactions between E507 and 5’
 
–OH on the benzamide 

group, N470 and 11’’
 
carbamate carbonyl on the noviose 

moiety, E529 and carbamate NH2 on the noviose moiety (and 

all hydrogen bond acceptors can be seen blue shading in the 

Figure 2.49, b);  

2) the whole benzamide group sits in a hydrophobic region 

(green shaded areas) composed of W585, G584, T511, T525, 

V522, Q582 and F583.  

3) also, the methyl group on the coumarin core in this pocket 

interacts with hydrophobic residues (including L521, D527 

and K519). However, the thick line (Figure 2.50) indicates an 

accessible surface which could be better occupied by 

lengthening this hydrophobic chain, which has been reported 

as 8
th
 methoxy substitution increased activity

70,73,250
;  

4) there are many grey parabolas on the north side of 4
’
 hydroxyl 

group on the coumarin core, indicating large areas of 

accessible surface, which can also be seen in three 

dimensions (Figure 2.50, a, the bold yellow arrow). This 

region, if occupied (for example via suitable modifications to 
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the novobiocin structure), can potentially increase the 

inhibition effect. 

 

 

Figure 2.49 The binding site of yeast Hsp90 and novobiocin: a) the binding between 

novobiocin and yeast Hsp90 CTD region. The red shape represents the whole pocket while 

the yellow arrow points to the unoccupied cavity; b) a detailed interaction map between 

novobiocin and yeast Hsp90 CTD region.  
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  As mentioned before, the very first objective of our labelling efforts was to 

examine the role of the 4’ sugar group in Hsp90 inhibition caused by Glc-

NB. Hence, Glc-NB was docked into the same pocket. The docking studies 

suggest that functional groups in Glc-NB interact with residues in this 

pocket (Figure 2.50), and these interactions anchor the ligand in the pocket. 

Important HB interactions include:  

1) HB interaction between the 4’
 
noviose hydroxyl of novobiocin and 

E507 of yeast Hsp90;  

2) HB interaction between oxygen in 4- ester bond (that links the 

second
 
noviose group to the novobiocin core) and F583 (which was 

also observed in para-TFD-NB (14) docking); 

3) HB interaction between CO in the 1- amide bond (that links 

benzamide ring to novobiocin core) and G584;  

4) HB interaction between 4’’
 
carbamate on the noviose moiety and 

F528.  

 

Figure 2.50 The binding site of yeast Hsp90 and Glc-NB 
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  Apart from these hydrogen bonds, other hydrogen bond acceptors in this 

pocket can also be seen including Q582, V522, T511, W585, K519 and 

L521, which may provide additional interaction opportunities for new 

ligands. 

  We have demonstrated that both NB and Glc-NB can be docked into this 

proposed binding site with satisfactory docking scores.  As a matter of fact, 

interactions manifested between the NB ligands and the proposed binding 

site agreed with our PAL MS result and have been consistent with 

observations reported in literature.  

  Most recently, W585 (the labelled amino acid we identified) in yeast Hsp90 

has been proven to be essential in client remodelling. W585T, being the 

strongest mutation, also stabilizes yeast Hsp90 in an open 

conformation, even with non-hydrolyzable ATP present in the 

solution. The binding site we identified in this study is also consistent with 

what was reported in a study of the highly conserved tyrosine 627 in human 

Hsp90α. The phosphorylation of Y627 led to reduced client interaction and 

Aha1 binding, which was due to a long-range conformational change. The 

conformational change involves a CTD/MD interface region, which was 

suggested to be a client protein binding site. Although Y627 is not 

phosphorylated in yeast, the yeast Hsp90-Y606E phosphomimetic 

mutation, which is equivalent to mutation Y627E in human Hsp90, 

has been reported to demonstrate similar effects on growth, Hsp90 

conformation and client activity. Both W585 and Y606 are crucial in 

the binding site we have identified,  

  On the other hand, the 11’ methyl group on the coumarin core has been 

proved to be essential in previous structure activity studies for both Hsp90 

and DNA gyrase inhibition
19,251

, which is in line with our model. Additionally, 

the 4’-hydroxy substituent of the coumarin core has been reported
252

 to 

form hydrogen bonds with Ser657, Arg591, and Glu477 (model PDB 2CG9) 
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in a molecular model, again evidencing its HB interaction with F583 (which 

is close to these residues) in our model.  

 Neckers and his co-workers narrowed down the binding site to residues 

542–732 in human Hsp90 alpha
253

. Also, in yeast Hsp90, by altering A576 

to T when associated with R579K mutation, its client protein activation 

activity was reduced. Also introduction of the mutation A577I led to 

elevation in terms of  ATPase activity, client protein activation and homo-

dimerization, while in the mutant A577N, above mentioned three features 

were found to be reduced 
254

. Additionally, when A587, which is very close 

to W585,  was altered to T,  Hsp90 client protein activation activity was 

reported to be reduced
255

. K537 was reported to form HB with the CO in the 

noviose carbamate, which is also in our binding pocket
172

. A T525I mutation 

was also reported to reduce client protein activation activity
256

. These 

above-mentioned amino acids can be found in our binding site in the yeast 

model, providing support for our model. 

 

 Summary  

  To conclude, although there have been previous attempts to identify the 

CTD novobiocin binding site using pure computational predictions, mainly 

based on models developed by using homology modelling aided by 

molecular dynamics simulations and pocket-finder-based algorithms, the 

results generated have not been beneficial since they neither agreed with 

each other nor were they consistent with the available biochemical data. 

However, in this context, using affinity labelling followed by accurate 

tandem mass analysis and molecular docking, we have provided strong 

evidence of this binding site and its composition, as well as highlighting 

some of the interactions between ligands and protein that may explain 

previously reported Hsp90 CTD inhibition data. 
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  In general, by using pocket-finder-based docking calculations, we 

managed to narrow down the scope of the search for Hsp90 CTD NB 

binding site.  Guided by the MS based results, we identified a predicted 

conformation in which the probe aligns in the binding site. It has become 

evident that Hsp90 CTD novobiocin inhibition is a complex phenomenon. 

With some very convincing evidence, our experimental labelling results (MS 

based), guided computational modelling, and the proposed binding site also 

agree with other readily available literature information. However, in order 

to further prove this model and the binding sites, high resolution 

crystallographic or protein NMR information of Hsp90 CTD binding is key 

to gaining more insights and more evidence, while at the current stage, in 

the absence of such information, de novo SBDD based on our existing 

findings can be used to exploit and further validate this binding pocket.   
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Chapter 3 Conclusions and Future work 

3.1 Conclusions 

  As discussed in the introduction chapter, Hsp90 CTD ligands have been 

regarded as potential alternative anticancer agents to their more 

extensively studied NTD counterparts. Further rational modification and 

improvement has been challenging due to the absence of high-resolution 

crystal structures of the Hsp90 CTD and the lack of information regarding 

the CTD ligand binding site. In the absence of such data, there are several 

indirect ways to gain insight into the CTD inhibition mechanism. The 

approach we adopted to map the novobiocin binding site on the Hsp90 CTD 

utilised photo-affinity labeling reagents, in which synthetic photoactive 

novobiocin analogues were photo-activated, then covalently bound to 

amino acids adjacent to the binding pocket.  

  The synthesis of diazirine probes started from commercially available 

starting materials (route b, chapter 2.1) that avoided the difficulties 

associated with using low temperatures and high pressures to obtain target 

compounds in the route a. Several final compounds with structural 

variations to the positioning of the photo-affinity label were prepared to 

explore the ligand binding site experimentally. The reactions of these 

probes (TFD-NB, 14, 15) upon photo-activation in water/ACN and their 

possible fragmentation pattern have been studied using a triple quadrupole 

LC-MS/MS method. 

  The reaction of the final probes (TFD-NB) with the Hsp90 CTD was 

analyzed initially using MALDI-TOF MS and mass differences imposed by 

modification were determined from the mass differences. The site of 

interaction was identified further by bottom-up mass spectrometry after 

trypsin digestion. The MASCOT and PeptideShaker MS database search 

tools (both are well-established in the field of MS based proteomics), 

together with manual assignment were used to define the exact 
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modification site. The tryptophan residue (W585) was identified as the 

modification site with the para-TFD-NB (compound 14) ligand. The results 

demonstrate that this process is a robust approach, although the diazirine-

based novobiocins have poor aqueous solubility and may undergo adduct 

during MS/MS analysis. 

  The experimental MS results can also be correlated to ICM-Pro based 

molecular modelling calculations. The proposed binding site consists of 

several potential hydrogen bond donors/acceptors including 5 lysines and 

3 glutamic acid residues.  
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3.2 Future work 

  As discussed previously, TFD-NB compounds demonstrate unsatisfactory 

aqueous solubility, which is one of the limitations of the PAL probe design. 

For future Glc-NB based PAL probes towards Hsp90 CTD labelling, 

aqueous solubility should be considered along with other aspects of the 

probe design, especially in the investigations to further reveal the CTD 

binding site of the sugar moiety in Glc-NB since glucose is very hydrophilic 

and a PGs should be chosen to resemble this. Nonetheless, the current 

results clearly demonstrated the robustness and reliability of this method 

and that it could be expanded in the following future directions: 

1. To continue the study of binding using meta-TFD-NB (15). The same 

bottom up approach can be pursued in order to find the labelling site 

of this probe. Our current result demonstrated successful labelling at 

low yield, and in the future, ratios and experiment conditions can be 

further optimised to increase the labelling yield;  

2. To study the binding of noviose to Hsp90 CTD. A Glc-Nov based 

PAL label with smaller diazirine groups (for example alkyl diazirine) 

attached onto the noviose moiety will be synthesized. Investigations 

will be carried out in parallel to meta-TDF in order to study the role 

of sugar moiety in Hsp90 CTD binding.  

3. To discover the 3-dimethylallyl-4-hydroxylbenzoyl moiety (DMAHB) 

binding SAR via modification the position using para or meta-TFD. 

A new PAL probe using N3 at the different position of the DMAHB 

could be synthesized if necessary.  

4. To link more flexible diazirines to novobiocin. An example could be 

using the commercially available succinimidyl-diazirine on 

novobiocin analogues. This series of compounds could have 

variable chain lengths so to explore the role of linker length in the 

photoaffinity labelling studies.  
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5. The information obtained from above could be used as a guide in the 

synthesis of new anticancer drugs. The topology of the proposed 

binding site can be used for further de NB drug design.  

6. To develop a more systematic database search algorithm to 

incorporate all possible modifications with fragmentation patterns of 

both chemical probes and peptides taken into account.  

  The use of this workflow can also be extended to characterizing other 

protein-conjugated ligands including antibody-drug conjugates, which 

represents a vastly promising yet highly complicated technology. 
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Chapter 4 Experimental 

4.1 Materials and general methods 

  Chemical reagents: sodium sulphate, silver trifluoromethane sulfonate, 4-

(trifluoroacetyl)toluene (97%), 3'-methyl-2,2,2-trifluoroacetophenone, 

methyl 4-(hydroxymethyl) benzoate, 3-(methoxycarbonyl) benzoic acid, 

borane tetrahydrofuran complex solution (1M in THF), imidazole, tert-

butyldimethylsilyl chloride (TBSCI), isopropyl magnesium chloride solution 

in THF, perfluropropyliodide, hydroxylamine hydrochloride, 2,2,2-trifluoro-

1-(p-tolyl)ethanone, triethylamine (Et3N), p-toluenesulfonyl chloride (p-

TsCl), azobisisobutyronitrile (AIBN), N-bromosuccinimide (NBS), 

novobiocin sodium salt, formic acid were purchased from Sigma-Aldrich or 

Calbiochem and used without further processing; 3-(4-(bromomethyl) 

phenyl)-3-(trifluoromethyl)-3H-diazirine was purchased from Tokyo 

Chemical Industry Co., Ltd (TCI). Liquid NH3 (cylinder) was supplied by 

British Oxygen Company (BOC), the ammonia gas was then liquefied by 

cooling prior to use. Solvents (tetrahydrofuran (THF), pyridine, ether, 

dichloromethane (DCM), acetone, carbon tetrachloride (CCl4), 

dimethylformamide (DMF)) for synthesis were anhydrous grade and 

purchased from Sigma-Aldrich (UK), and other solvents (petroleum ether 

(PE), hexane, ethyl acetate (EA), methanol, acetone, water) were reagent 

grade (Sigma-Aldrich). The MALDI matrices sinapic acid and CHCA were 

obtained from Sigma-Aldrich (UK).   

  Chemistry reactions were monitored by thin-layer chromatography (TLC) 

and liquid chromatography-mass spectrometry (LC-MS). TLC was 

performed on aluminium-backed sheets with silica gel (60 F254, Merck 

chemicals), with detection by UV radiation (254 nm) and/or staining with 

phosphomolybdic acid (6.25 g phosphomolybdic acid hydrate, 2.5 g cerium 

(IV) sulphate hydrate, 15 mL sulphuric acid and 250 mL water) followed by 

heating. LC-MS analyses were performed on a Shimadzu LCMS-2020 
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instrument: MS (ESI) interface voltage -3.5 kV, interface current 0.1µA, DL 

temperature 25 °C, DL voltage 25C, Qarray RF voltage 10.1 V, detector 

voltage 2.25 kV, oven temperature 40 °C LC was performed on gradient 

condition: 90% solvent A, 10% solvent B to 5% solvent A, 95% solvent B in 

8 mins, and then remained for 2 mins, from 95% to 10% solvent B in 2 mins. 

Eluents used were solvent A (H2O with 0.1% formic acid) and solvent B 

(MeCN with 0.1% formic acid). 

  Flash chromatography was carried out on silica gel (60 Å, 35~70 micron), 

purchased from Fisher Scientific. Preparative reverse phase 

chromatography was performed using a BiotageIsolera™ Prime (column 

type: Biotage SNAP Ultra C18 120g; flow rate: 1 mL/min; 1-5 mins: 30% 

MeCN/Water v/v, 5 to 25 mins from 30% to 50% MeCN/Water, 25 to 35 

mins 50% to 70% MeCN/Water). The photo-activation of PAL compounds 

was carried out under the Labino Torch Light UVG3 (1 LED, 365 nm, >20 

000 μW/cm
2
, spotlight, supplied by Advanced NDT Limited).  

  For molecular biology experiments: acrylamide, ammonium persulfate 

(APS), glycerol, bromophenol blue, sodium dodecyl sulphate (SDS), 

tetramethylethylenediamine (TEMED), Luria-Bertani (LB) media, agar, 

chloramphenicol, ampicillin, Tris, magnesium chloride, and MS solvents 

(water and acetonitrile), Commassie Blue G, bovine serum albumin (BSA) 

were from Sigma Aldrich, United Kingdom; thiourea, ampholytes solution 

and ammonium bicarbonate were obtained from Fluka (UK). The water 

used in all labelling experiments was ultra-pure water supplied by Sigma 

Aldrich. Recombinant human Hsp90 alpha protein (ab80369) was 

purchased from Abcam UK. 

  Mini-PROTEAN® Tetra Cell systems for SDS electrophoresis was 

purchased from Bio-Rad. The cell shaker was from Thermo Fisher Scientific. 

The autoclave, cell incubator, and sonicator were supplied by Wolflabs. The 

ultracentrifuge was obtained from Beckman.ESI Q-TOF was carried outon 

a Micromass Q-TOF Premier Tandem Mass Spectrometer coupled to 
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CapLC. The 6400 series triple quadrupole LC/MS was from Agilent. The 

activation of protein labelling process was carried out under Labino Torch 

Light UVG3, with the torch placed 5-10 centimeters above the sample. 

MALDI-TOF was carried out using an Applied Biosystems Voyager-DE 

Pro.For tandem mass experiment, the ThermoOrbitrap UPLC Mass 

spectrometric conditions were: spray voltage of 2.1 kV; capillary 

temperature of 320 °C. The Q ExactiveOrbitrap was operated in data-

dependent mode. Survey full scan MS spectra were acquired in the orbitrap 

(m/z 350−1500) with a resolution of 70,000 using an AGC target at 3×10
6
) 

unless specified otherwise.  

Spectroscopic methods 

  Nuclear Magnetic Resonance characterization was completed using 

BruckerAvance Spectrometer operating at a
1
H frequency of 400 MHz or 

500 MHz in MeOD4, CDCl3, or DMSO-d6deuterated solvents. Data was 

analyzed using Topspin version 1.3 and Mestrenova version 12.2.0. 

Chemical shifts (δ) are given in ppm downfield from TMS and were 

calibrated to the residue proton peak of the deuterated solvent. Signals are 

reported as the following: singlet (s), doublet (d), doublet of doublets (dd), 

triplet (t), double triplet (dt), quadruplet (q) and multiplet (m). Coupling 

constants J are measured in Hz. Homonuclear correlation spectroscopy 

(COSY), heteronuclear single quantum correlation (HSQC), heteronuclear 

multiple bond correlation (HMBC), distortionless enhancement by 

polarization transfer (DEPT) 135 experiments were carried out when 

necessary to aid assignment.  

  Mass spectra for small molecules were obtained from Waters Q-TOF 

Global Ultima (high resolution) using electrospray ionisation (ESI). Infrared 

spectroscopy (IR) was carried out on PerkinElmer Frontier MIR + SP10 

STD, and samples were analyzed directly using ATR.  
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4.2  Preparation of the photo reactive groups 

*Note, numbering of atoms in compounds in 4.2 and 4.3 is for NMR interpretations only. 

Synthesis of methyl 4-(((tert-butyldimethylsilyl)oxy)methyl)benzoate 1257:  

 

In a pre-dried flask, methyl 4-(hydroxymethyl) benzoate (2 g, 0.012 mol) 

was mixed with imidazole (1.02 g, 0.015 mol) and tert-butyldimethylsilyl 

chloride (TBSCI, 2.26 g, 0.015 mol) under N2. DCM (10 mL) was added to 

dissolve the solids and the mixture was stirring at room temperature 

overnight. The reaction was then stopped by adding deionized water (5 mL). 

The organic layer was separated and the water layer was further extracted 

using EA (5 mL) three times. The combined organic layers were then dried 

over sodium sulphate and the solvents were removed under vacuum. The 

crude product was purified by flash chromatography (PE: EA 10:1, Rf = 0.6), 

to give compound 1 as colourless syrup (3.1g, yield 92%). 

1
H-NMR (CDCl3, 400 MHz) δ=7.91 (2H, d, J = 8.4 Hz, H2, H6), 7.27 (2H, d, 

J = 8.5 Hz, H3, H5), 4.68 (2H, s, H1’’), 3.80 (3H, s, H2’’’), 0.84 (9H, s, H5’’, 

H6’’, H7’’), 0.00 (6H, s, H3’’,H4’’);
 
ESI

+
-MS: m/z 281.43 (M+H

+
). 
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Synthesis of 1-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-

2,2,3,3,4,4,4-heptafluorobutan-1-one 2257:  

 

  Isopropyl magnesium chloride solution in THF (5.5 mL, 0.011 mol) and dry 

ether (12 mL) were added to a sealed round-bottomed flask under an argon 

atmosphere at -78°C. Perfluropropyl iodide (1.44 mL, 0.010 mol) was then 

added drop-wise while stirring vigorously. After 45 min, compound 1 (1.4 g, 

0.005 mol) was added drop-wise and left stirring at -78°C for another 1 hour 

then gradually warmed to 0°C. Then the mixture was stirred at 0°C for 1 

hour and at room temperature for a further 10 min. NH4Cl (saturated 

solution, 5 mL) was added, followed by EA (20 mL). The mixture was 

separated and the organic layer was collected. The aqueous layer was 

further extracted with EA (20 mL) three times. The combined organic layers 

were then dried over sodium sulphate and the solvents were removed 

under vacuum. Compound 2 was purified by flash chromatography 

(Hexane:EA 95:5, Rf =0.5) as a colorless oil (0.84 g, yield 40%). 

1
H-NMR (CDCl3, 400 MHz) δ = 7.92 (2H, d, J = 8.3 Hz, H2, H6), 7.36 (2H, 

d, J = 8.6 Hz, H3, H5), 4.70 (2H, s, H1’’), 0.84 (9H, s, H5’’, H6’’, H7’’), 0.00 

(6H, s, H3’’,H4’’); ESI
+
-MS: m/z 419.43 (M+H

+
). 
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Synthesis of 1-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-

2,2,3,3,4,4,4-heptafluorobutan-1-one O-tosyl oxime 3 (E & Z)
257:  

 

  The compound 2 (800 mg, 1.91 mmol) and hydroxylamine hydrochloride 

(200 mg, 2.88 mmol) were added to a round-bottomed flask, followed by 

ethanol (1.25 mL) and pyridine (2.5 mL). The mixture was heated to 84°C 

for 4 hours. Water was added to the mixture and extracted with DCM for 

three times. The combined organic layers were dried using sodium sulphate 

overnight and the solvents were removed under vacuum to give light yellow 

oil. Pyridine (2.5 mL) and toluene sulfonyl chloride (286 mg, 1.50 mmol) 

were then added to dissolve the crude oxime residue at room temperature, 

and then the mixture was heated at 84°Cfor 16 h. The reaction mixture was 

concentrated under vacuum then suspended in saturated NaCl and 

extracted with DCM (10 mL x 3). The combined organic layers were then 

dried using sodium sulphate and the solvents were removed under vacuum. 

The purification by flash chromatography (Hexane: EA = 95:5, Rf = 0.2) 

yielded compound 3 as a light yellow oil (332 mg, yield 30%). 

1
H NMR (CDCl3, 400MHz) δ=7.74 (2H, d, J = 8.4Hz, H8, H12), 7.30 (2H, d, 

J = 8.6 Hz, H9, H11), 7.25 (2H, d, J = 8.6 Hz, H2, H6), 7.13 (2H, d, J = 8.2 

Hz, H3, H5),  4.78(2H, s, H1’’), 2.47 (3H, s, H13), 0.99 (9H, s, H5’’, H6’’, 

H7’’), 0.14 (6H, s, H3’’, H4’’); ESI
+
-MS: m/z = 588.63 (M+H

+
). 
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Synthesis of methyl 3-(hydroxymethyl) benzoate 4258:  

 

  3-(Methoxycarbonyl) benzoic acid (1.8 g, 10 mmol) was dissolved in 

anhydrous tetrahydrofuran under N2 at 0°C and stirred for 15 minutes. Then 

borane tetrahydrofuran complex solution (1M in THF, 20 mL) was added 

drop-wise using a syringe over 20 mins. The mixture was then left stirring 

at room temperature for 4 h. Thereafter, 50% aqueous acetic acid (20 mL) 

was added slowly to the system to quench the reaction. The solvent was 

then reduced and the resulting solution was diluted with brine and extracted 

by EA (5 mL x 3). The combined organic layers were then washed with 10% 

aqueous Na2CO3 and NaCl solution (5 mL x 3) and dried using sodium 

sulphate overnight. The solvent was removed under vacuum. Purification 

was carried out by flash column chromatography (hexane: EA = 1:1, Rf = 

0.5) to give compound as a colorless oil 4 (1.6 g, yield 96%). 

1
H NMR (CDCl3, 400 MHz) δ = 8.06-8.12 (1H, m, H3), 7.97 (1H, d, J = 7.2 

Hz, H5), 7.52 (1H, d, J = 7.2 Hz, H7), 7.41 (1H, t, J = 7.8 Hz, H6), 5.12 (2H, 

s, H1), 3.89 (3H, s, H9), 1.94 (1H, br, -OH); ESI
+
-MS: m/z 167.17 (M+H

+
). 
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Synthesis of methyl 3-(((tert-butyldimethylsilyl)oxy)methyl)benzoate 5259:  

 

  In a pre-dried flask, N2 was charged three times and compound 4 (2 g, 

0.012 mol) was added followed by imidazole (1.02 g, 0.015 mol) and TBSCI 

(2.26 g, 0.015 mol). DCM (10 mL) was added to dissolve the solids and the 

mixture was left to stir overnight. The solution was then suspended by 

adding deionized water (5 mL), the organic layer was separated and the 

water layer was further extracted by EA (5 mL) three times. The combined 

organic layers were then dried using sodium sulphate and the solvents were 

removed under vacuum. The purification was achieved by flash 

chromatography (PE: EA =10:1, Rf = 0.6), and compound 5 was isolated 

as a colourless oil (1.08 g, yield %). 

1
H NMR (CDCl3, 400MHz) δ = 7.89-7.92 (1H, m, H3), 7.75-7.81 (1H, m, H6), 

7.27 (2H, d, J=8.5 Hz, H5/7), 4.68 (2H, s, H1), 3.8 (3H, s, H9), 0.84 (9H, s, 

H13, H14, H15), 0.00 (6H, s, H10, H11); ESI
+
-MS: m/z 281.15 (M+H

+
). 
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Synthesis of 1-(3-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-

2,2,3,3,4,4,4-heptafluorobutan-1-one 6:  

 

Isopropylmagnesium chloride solution (5.5 mL, 0.011 mol, in THF) and of 

dry ether (12 mL) were added to a sealed flask under an argon atmosphere 

at -78°C. Perfluropropyliodide (1.44 mL, 0.010 mol) was then added drop-

wise over15mins while stirring vigorously. After 45 mins, compound 5(1.4g, 

0.005 mol) was added drop-wise over15mins, and then stirred at -78°C for 

1 hour and then warmed to 0°C. Then the mixture was stirred at0°C for 1 

hour and then left for a further 10min at room temperature. Saturated NH4Cl 

(5mL) was added and then EA (20mL). The mixture was separated and the 

organic layer was collected. The aqueous layer was further extracted with 

EA three times. The combined organic layers were dried using sodium 

sulphate and the solvents removed under vacuum. The purification was 

done by flash chromatography (hexane: EA = 95:5, Rf = 0.5), and the 

compound 6 was yielded as a colourless oil (0.84 g, yield 40%). 

1
H NMR (CDCl3, 400MHz) δ = 7.85-7.93 (1H, m, H3), 7.72-7.82 (1H, m, H6), 

7.23 (2H, d, J = 8.4 Hz, H5, H7), 4.68 (2H, s, H1), 0.84 (9H, s, H13, H14, 

H15), 0.03 (6H, s, H10, H11); ESI
+
-MS: m/z 419.12 (M+H

+
). 
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Synthesis of 1-(3-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)-

2,2,3,3,4,4,4-heptafluorobutan-1-one O-tosyl oxime 7(E & Z):  

 

 

Compound 6 (800 mg, 1.91 mmol) and hydroxylamine hydrochloride (200 

mg, 2.88 mmol) were added to a round-bottomed flask, followed by ethanol 

(1.25 mL) and pyridine (2.5 mL). The mixture was heated at 84 °C for 4 h. 

Water was added to the mixture, which was then extracted with DCM (10 

mL) three times. The combined organic layers were dried using sodium 

sulphate overnight and the solvents were removed under vacuum to give 

light yellow oil. Pyridine (2.5 mL) and toluensulfonyl chloride (286 mg, 1.50 

mmol) were added to dissolve the crude oxime residue at room temperature, 

and the mixture was heated at 84°C for 16h. The reaction mixture was then 

concentrated under vacuum, suspended in saturated NaCl and extracted 

with DCM. The combined organic layers were then dried using sodium 

sulphate and the solvents were removed under vacuum. Purification by 

flash chromatography (hexane: EA = 95:5, RF = 0.2) yielded compound 7 

as a light yellow oil (332 mg, yield 29%).  

1
H NMR (CDCl3, 400MHz) δ=7.48 (2H, d, J = 8.4 Hz, H2’, H6’), 7.30 (2H, d, 

J = 8.6Hz, H5, H7), 7.26 (2H, d, J = 8.6 Hz, H3’, H5’), 7.14 (2H, m, H3, H6), 
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4.65 (2H, s, H1), 2.36 (3H, s, H7’), 0.83 (9H, s, H13, H14, H15), 0.00 (6H, 

s, H16, H17); ESI
+
-MS: m/z 588.63(M+H

+
). 

 

Synthesis of 3H-Isobenzofuran-1-one 8:  

 

  Methyl hydrogen phthalate (1.8 g, 10 mmol) was dissolved in THF under 

N2 at 0°C and stirred for 15 minutes. Then borane tetrahydrofuran complex 

solution (1M in THF, 20mL) was added drop-wise using a syringe over 20 

mins. The mixture was left to stir at room temperature for 4h. Thereafter, 

50% aqueous acetic acid (20 mL) was added slowly to the system to 

quench the reaction. The solvent was then reduced in volume under 

vacuum, diluted with brine and extracted by EA (5 mL) three times. The 

combined organic layers were washed with10% aqueous Na2CO3 and NaCl 

solution (5 mL) three times each and then dried using sodium sulphate 

overnight. The solvent was removed and further purification was carried out 

by flash chromatography (hexane: EA= 5: 1, Rf = 0.7). The solvent was 

removed under vacuum to give a colourless oil, compound 8 (1.28 g, yield 

95%). 

1
H NMR (CDCl3, 400MHz) δ = 7.96 (1H, d, J = 8.1 Hz, H3), 7.71 (1H, t, J = 

7.6 Hz, H5), 7.61 (1H, d, J = 7.6 Hz, H4), 7.53 (1H, t, J = 4.1 Hz, H6), 5.35 

(2H,s, H8); 
13

C NMR (CDCl3,  100MHz) δ (ppm) 171.04 (C1), 146.51 (C2), 

133.98 (C7), 129.03 (C3), 125.80 (C4, C5), 122.07 (C6), 69.62 (C8); ESI
+
-

MS: m/z 135.02(M+H
+
).  

O

O

1
2

3
4

5
6
7 8

Chemical Formula: C8H6O2
Exact Mass: 134.04
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Synthesis of 2,2,2-trifluoro-1-(p-tolyl)ethanone oxime 9:  

 

 

  2,2,2-Trifluoro-1-(p-tolyl)ethanone (2.26 g, 12.00 mmol) was dissolved in 

pyridine (25 mL) and hydroxylamine hydrochloride (1.00 g, 14.40 mmol) 

was added. The solution was vigorously stirred at 75 °C for 4h. The pyridine 

was then removed under vacuum. Ethyl acetate (100 mL) was added to 

dissolve the residue, and the organic layer was washed with HCl solution 

(1M, 10 mL x 3), H2O (10 mL x 3) and brine (10 mL), then dried overMgSO4, 

followed by purification using flash column chromatography (hexane: EA= 

1: 1, Rf= 0.33) then the solution was concentrated to give a colourless liquid 

(2.12 g, yield 87 %, E (50%) &Z (50%)isomers). 

1
H NMR (CDCl3, 500MHz): δ= 8.63-8.67 (1 H, m, -OH), 7.75-7.82 (1H, m, 

H3), 7.27–7.34 (3H, m, H5, H6, H7), 2.43 (0.75H, s, H1), 2.41 (0.75H, s, 

H1), 1.95 (0.75H, s, H1), 1.94 (0.75H, s, H1); 
13

C NMR (CDCl3, 166 MHz) 

δ (ppm) 146.69 (C8, q, 
1JC,F= 32.11Hz), 138.26 and 138.09 (C2), 130.92 

and 130.52 (C4), 129.01 and 129.09 (C7), 128.38 and 128.24 (C3), 125.70 

and 125.52 (C6), 124.17 (C5), 119.89 (C9, q, 
2JC,F= 281.2 Hz), 21.45 and 

21.35 (C1); ESI
+
- MS: m/z 204.06(M+H

+
). 
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Synthesis of 2,2,2-trifluoro-1-(p-tolyl)ethanone O-tosyl oxime 10 (E & Z): 

 

2,2,2-Trifluoro-1-(p-tolyl)ethanone oxime (9, 2.00 g, 9.89 mmol) was 

dissolved in acetone (50 mL) at 0 °C, followed by triethylamine (4.20mL, 

29.50 mmol). Then p-toluenesulfonyl chloride (2.25g, 11.90 mmol) was 

added to the system. The mixture was stirred at room temperature 

overnight. The acetone was then removed by evaporation and the crude 

compound was purified using flash column chromatography (EA: hexane= 

1:5, Rf= 0.6) to afford a white solid (3.35 g, yield 95%, E (69.4%) & Z 

(30.6%)isomers, determined from HNMR?). 

1
H NMR (CDCl3, 500MHz): δ = 7.74-7.79 (2H, m, H2’/6’),7.36-7.41 (2H, m, 

H3’/5’), 7.23-7.43 (2H, m, H3/5), 7.02-7.14 (2H, m, H6/7), 2.38 (2.08H, s, 

H7’), 2.36 (0.92H, s, H7’), 2.29 (2.08H, s, H1), 2.27 (0.92H, s, H1); 
13

C NMR 

(CDCl3, 166 MHz) δ (ppm) = 154.3 (q, 
2JC,F = 32.3 Hz, C8),148.08 and 

147.98 (C1’), 140.40 and 140.25 (C2), 133.81 (C4), 133.52 (C4’), 131.19 

(C3’, C5’), 130.22 (C7), 130.21 (C3), 126.37 (C2’, C6’), 125.94 (C5, C6), 

119.56 (q, 
1JC,F = 32.3 Hz, C9), 21.71 and 21.69 (C1), 21.33 and 21.25 (C7’); 

ESI
+
 MS: m/z 358.35 (M+H

+
). 
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Synthesis of 3-(p-tolyl)-3-(trifluoromethyl)diaziridine 11: 

 

Liquid NH3 (20 mL) was added to 2,2,2-trifluoro-1-(p-tolyl)ethanone-O-tosyl 

oxime (10 ?, 1.02 g, 2.9 mmol) at -80°C, and then the mixture was gradually 

warmed to room temperature and left to stir for 16 hours. Then the system 

was cooled to -80°C, Et2O (20mL) was carefully added to the reaction 

mixture. After gradual evaporation of the NH3, the mixture was diluted with 

additional Et2O (20mL) and water (20mL). The organic layer was collected 

and washed with brine and then dried over MgSO4. The solvent was 

carefully removed and the crude product was purified by silica-gel column 

chromatography (EA/hexane = 1:10, Rf = 0.4) to afford 11 as a colourless 

liquid (0.520 g, yield 87%).  

1
H-NMR (CDCl3, 500MHz) δ=7.44 (1H, s, H3), 7.43 (1H, d, J = 7.20 Hz, H5), 

7.32 (1H, t, J = 7.5 Hz, H6), 7.27 (1H, d, J = 7.26 Hz, H7), 2.80 (1H, d, J = 

2.8 Hz, -NH), 2.40 (3 H, s, H1), 2.26 (1H, d, J = 2.8 Hz, -NH); 
13

C NMR 

(CDCl3, 166 MHz) δ (ppm) 138.60 (C4), 131.70 (C2), 130.87 (C3), 128.67 

(C6), 128.61 (C7), 125.19 (C5), 123.50 (C9, q, 
1JC,F= 28.82Hz), 58.07 (C8, 

q, 
2JC,F = 26.8 Hz), 21.11(C1); ESI

+
-MS: m/z  203.03 (M+H

+
). 
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Synthesis of 3-(p-tolyl)-3-(trifluoromethyl)-3H-diazirine 12: 

 

Diaziridine11 (0.143 g, 0.71mmol) was dissolved in DCM (5 mL) and 

triethylamine (0.29 mL), and cooled to 0 °C. Iodine (0.199 g, 0.78 mmol) 

was added dropwise. The reaction mixture was stirred for 1 h and then 

washed with NaOH (1M, 5mL), H2O, and brine. The organic layer was dried 

with MgSO4, filtered and concentrated. The residue was subjected to silica-

gel column chromatography (CHCl3: EA?= 19:1, Rf= 0.8) to afford the 

compound 12 as colorless oil (0.114 g, yield 80%). 

1
H-NMR (CDCl3, 500MHz) δ= 7.23 (1H, t, J = 6.68Hz), 7.22 (1H, d, J = 7.6 

Hz, H5), 7.12 (1H, d, J = 7.13Hz, H7), 7.04 (1H, s, J = 7.02Hz, H6), 2.40 

(3H, s, H1);
13

C NMR (CDCl3, 166 MHz) δ 138.76 (C4), 130.43 (C2), 129.56 

(C3), 128.73 (C6), 126.41 (C5, C7), 125.40 (C9, q, 
1JC,F= 274.5 Hz), 28.58 

(C8, q, 
2JC,F= 28.8Hz), 21.39 (C1 ); ESI

+
- MS: m/z 202.06 (M+2H)

+
. 
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Synthesis of 3-(4-(bromomethyl)phenyl)-3-(trifluoromethyl)-3H-diazirine 13:  

 

  3-(p-Tolyl)-3-(trifluoromethyl)-3H-diazirine compound (12, 1.2 g, 5.1 mmol) 

was dissolved in anhydrous CCl4 (25mL), followed by N-bromosuccinimide 

(NBS) (1.08 g, 6.12 mmol) and azobisisobutyronitrile (AIBN) (120 mg, 0.73 

mmol). The mixture was refluxed for 4 hours at 85°C, and then cooled to 

room temperature. Hexane (50 mL) was added to the mixture and the 

precipitate was removed by filtration. The filtrate was collected and the 

solvent was removed under vacuum. The crude compound was purified by 

flash column (hexane, Rf = 0.75) to give a colourless liquid (1.33 g, yield 

80%). 

1
H-NMR (CDCl3, 500MHz) δ= 7.44(1H, s, H3), 7.41 (1H,d, J = 7.6 Hz, H5), 

7.32 (1H, t, J = 7.6 Hz, H6), 7.27 (1H, d, J = 7.6 Hz, H7), 4.82 (2H, s, H1);
13

C 

NMR (CDCl3, 166 MHz) δ = 139.63 (C4), 133.33 (C2), 131.64 (C3), 130.13 

(C5, C7), 126.72 (C6), 125.58 (C9, q, 
1JC,F= 274.7 Hz), 58.99 (C8, q, 

2JC,F 

= 18.60Hz), 32.75 (C1); ESI
+
 MS: m/z 279.08(M+H

+
). 
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4.3 Synthesis of Novobiocin derivatives 

Synthesis of N-(7-(((2R,3R,4S)-4-(aminomethoxy)-3-hydroxy-5-methoxy-

6,6-dimethyltetrahydro-2H-pyran-2-yl)oxy)-8-methyl-4-((4-(3-methyl-3H-

diazirin-3-yl)benzyl)oxy)-2-oxo-2H-chromen-3-yl)-4-hydroxy-3-(3-

methylbut-2-en-1-yl)benzamide 14: 
 

 

The phase transfer system: Novobiocin salt (500 mg, 0.617 mmol) was 

reacted with 3-(4-(bromomethyl)phenyl)-3-(trifluoromethyl)-3H-diazirine 

(140 mg, 0.500 mmol) using the general phase transfer procedurein DCM 

(10 mL) and water (10 mL) catalyzed by benzyl trimethyl ammonium 

chloride (BTMAC) (137.50 mg, 0,740 mmol) overnight in darkness. The 

reaction was monitored by TLC and LC-MS; no target compound was 

identified.  

Homogeneous reaction in DMF: In a pre-dried flask, N2 was charged three 

times. Novobiocin salt (240 mg, 0.380 mmol) and 3-(4-

(bromomethyl)phenyl)-3-(trifluoromethyl)-3H-diazirine (88 mg, 0.316 mmol) 

were dissolved in 5mL of DMF. And the mixture was protected from light by 

foil and stirred vigorously at room temperature for 16h. The solvent was 

removed under vacuum. The purification was achieved by flash 

chromatography (EA, Rf = 0.5), then reverse-phase chromatography was 

performed using a Biotage Isolera™ Prime (column type: Biotage SNAP 
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Ultra C18 120g; flow rate: 1 mL/min; 0 to 5 mins: 30% ACN/Water V/V, 5 to 

25 mins from 30% to 50% ACN/Water, 25 to 35 mins 50% to 70% 

ACN/Water), then fractions of target compound (retention time: 25 to 27 

mins) were collected. The volatile solvents were removed under vacuum, 

and the aqueous residue was freeze-dried overnight to yield para-TFD-NB 

(14) as pale yellow solid (120 mg, 47%). 

[α]20D: −130.5°, 1 mg/mL, (ACN);
1
H NMR (400 MHz, MeOD4): δ = 7.55 (1 

H, s, H2), 6.69 (1 H, d, J = 8.9 Hz, H5), 7.51 (1 H, d, J = 8.4 Hz, H6), 3.21 

(2 H, m, H7), 5.20 (1 H, t, J = 7.4 Hz, H8), 1.60 (6H, s, H10, H11), 7.50 (1 

H, d, J = 7.4 Hz, H4′), 6.88 (1 H, d, J = 8.4 Hz, H5′), 1.81 (3 H, s, H10′), 5.41 

(1 H, s, H1′′), 4.12 (1 H, s, H2′′), 5.15 (1 H, d, J = 10.8 Hz, H3′′), 3.46 (1 H, 

d, J = 10.8 Hz, H4′′), 1.18 (3 H, s, H6′′), 0.93 (3 H, s, H7′′); 3.42 (3 H, s, H8′′); 

3.33 (2 H, d, J = 11.8, 36.9 Hz, H1′′′), 6.96 (2 H, d, J = 7.9 Hz, H3′′′, H7′′′), 

6.81 (2 H, d, J = 7.9 Hz, H4′′′, H6′′′);
13

C NMR (166 MHz, MeOD4)δ 

=169.70(C12), 123.89 (C1), 130.91(C2), 129.71(C3), 160.6 (C4), 

115.43(C5), 128.51 (C6), 29.33 (C7), 123.40 (C8), 133.50 (C9), 26.10 

(C10), 17.93 (C11), 191.50 (C1′), 69.34(C2′), 170.30(C3′), 126.60(C4′), 

111.25(C5′), 162.50(C6′), 115.33(C7′), 154.10(C8′), 116.21(C9′), 

8.30(C10′), 100.07(C1′′), 71.01(C2′′), 72.96 (C3′′), 82.55 (C4′′), 80.34 (C5′′), 

29.34 (C6′′), 22.92(C7′′), 62.08 (C8′′), 159.17(C9′′), 43.90 (C1′′′), 127.34 

(C2′′′), 131.94 (C3′′′), 129.72 (C4′′′), 135.31(C5′′′), 127.34(C6′′′), 131.94 

(C7′′′), 29.10(C8′′′), 123.20(C9′′′); ESI
+
811 [M + H]

+
, HRMS: 811.2767, 

calculated for C40H41F3N4O11: 811.2621. 
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Synthesis of (4S,5R,6R)-5-hydroxy-6-((3-(4-hydroxy-3-(3-methylbut-2-en-

1-yl)benzamido)-8-methyl-4-((3-(3-methyl-3H-diazirin-3-yl)benzyl)oxy)-2-

oxo-2H-chromen-7-yl)oxy)-3-methoxy-2,2-dimethyltetrahydro-2H-pyran-4-

yl carbamate (15) and (3R,4S,5R,6R)-5-hydroxy-6-((3-(4-hydroxy-3-(3-

methylbut-2-en-1-yl)benzamido)-8-methyl-4-oxo-2-((3-(3-(trifluoromethyl)-

3H-diazirin-3-yl)benzyl)oxy)-4H-chromen-7-yl)oxy)-3-methoxy-2,2-

dimethyltetrahydro-2H-pyran-4-yl carbamate (16) 

 

 

In a pre-dried flask, N2 was charged three times. novobiocin salt (240mg, 

0.380mmol) and 3-(4-(bromomethyl)phenyl)-3-(trifluoromethyl)-3H-

diazirine (compound 13, 88 mg, 0.316 mmol) were dissolved in DMF (5 mL). 

The mixture was protected from light and stirred vigorously at room 

temperature for 16 h. The solvent was removed under vacuum. The 

purification was achievedby flash chromatography (EA, Rf = 0.5), then 

reverse phase chromatography was performed on BiotageIsolera™ Prime 

using the same protocol as for 14, then fractions of two compounds 

(retention time 24-26 mins (15); 26-28 mins (16)) were collected. The 

volatile solvents were removed under vacuum, and the aqueous residue 

was freeze-dried overnight to yield compound meta-TFD-NB-1(15) as a 
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white solid (100 mg, yield 32.5%) and compound meta-TFD-NB-2 (16) as 

a pale yellow solid (125 mg, yield 41%).  

meta-TFD-NB-1 (15):
1
H NMR (500 MHz, DMSO) δ= 10.18 (1H , s, 5-OH), 

9.77 (1H, s, 3'-NH), 7.68 (1H, dd, J = 8.4, 2.3 Hz, H6), 7.65 (1H, d, J = 2.2 

Hz, H2), 7.51 (1H, d, J = 8.8 Hz, H4’), 7.23 (1H, t, J = 7.8 Hz, H6’’’), 7.15 

(1H, dt, J = 7.8 Hz, 1.3 Hz, H5’’’), 6.93 (2H, dd, J = 8.6, 2.6 Hz, H5’, H7’’’), 

6.87 (1H, d, J = 8.5 Hz, H5), 6.82 (1H, s, H3’’’), 5.62 (1H, d, J = 5.2 Hz, 2’’-

OH), 5.52 (1H, d, J = 2.2 Hz, H1’’), 5.32 – 5.25 (1H, m, H8), 5.10 (1H, dd, J 

= 10.2, 3.1 Hz, H3’’), 4.04 (1H, dq, J = 5.5, 2.8 Hz, H2’’), 3.49 (3H, s, H8’’), 

3.43 (1H, d, J=1.2Hz, H4’’),  3.42 (2H, dd, J = 11.8, 36.9 Hz, H1’’’), 3.26 

(2H, d, J = 7.4 Hz, H7), 1.90 (3H, s, H10’), 1.69 (6H, dd, J = 6.2, 1.3 Hz, 

H10, H11), 1.27 (3H, s, H6’’), 0.91 (3H, s, H7’’);
13

C NMR (166 MHz, DMSO) 

δ=189.55 (C1’), 168.16 (C3’), 166.56 (C12), 159.92 (C6′), 158.77 (C4), 

156.23 (C9′′), 151.80 (8′), 133.04 (C9), 131.78 (C5’’’),131.68 (C3), 129.67 

(C2), 128.93 (C6’’’), 127.50 (C6), 127.40 (C4’’’), 127.29 (C3’’’), 127.19 

(C2’’’), 125.56 (C5’), 124.81 (C4’), 120.52 (C9’’’), 122.25 (C1), 122.03 (C8), 

114.28 (C5), 113.58 (C7’), 112.85 (C9’), 109.93 (C7’’’), 97.94 (C1’’), 80.58 

(C4’’), 78.13 (C5’’), 70.14 (C3’’), 68.63 (C2’’), 67.51 (C2’), 61.10 (C8’’), 

42.46 (C1’’’), 28.51 (C6’’), 27.77 (C7), 27.46 (C8’’’), 25.53 (C10), 

22.07(C7’’), 17.64 (C11), 7.73 (C10’); ESI
+
811 [M + H]

+
, HRMS: 833.2598, 

calculated for C40H41F3N4NaO11: 833.2621.  
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meta-TFD-NB-2 (16): 

 

 

 

1
H NMR (500 MHz, DMSO-d6) δ = 10.10 (1H,s, 4-OH), 9.53 (1H, s, 2'-NH), 

7.70 (2H, d, J = 7.6 Hz, H2, H6), 7.62 (1H, d, J = 8.9 Hz, H4’), 7.60 – 7.55 

(1H, m, H7’’’), 7.51 (1H, t, J = 8.1 Hz, H6’’’), 7.27 (2H, d, J = 6.7 Hz, H3’’’, 

H5’), 7.17 (1H, d, J = 9.1 Hz, H5’’’), 6.88 (1H, d, J = 8.2 Hz, H5), 5.63 (1H, 

d, J = 8.2 Hz, 2’’-OH), 5.55 (1H, d, J = 2.4 Hz, H1’’), 5.45 (2H, s, H1’’’), 5.35 

– 5.28 (1H, m, H8), 5.16 (1H, dd, J = 9.8, 3.1 Hz, H3’’), 4.09 (1H, dt, J = 5.4, 

2.9 Hz, H2’’), 3.50 (1H, d, J = 3.0 Hz, H4’’), 3.48 (3H, s, H8’’), 3.28 (2H, d, 

J = 7.3 Hz, H7), 2.24 (3H, s, H10’), 1.69 (6H, d, J = 1.3 Hz, H11, H10), 1.26 

(3H, s, H6’’), 1.04 (3H, s, H7’’);
13

C NMR (166 MHz, DMSO-d6) δ166.46 

(C3’), 160.91 (C1’), 160.42 (C12), 158.45 (C6’), 157.01 (C4), 156.24 (C9’’), 

150.01 (C8’), 137.49 (C9), 131.48 (C3), 129.74 (C7’’’), 129.69 (C6’’’), 

129.54 (C2), 127.80(C6), 127.40(C3’’’), 126.41(C4’’’), 125.60(C2’’’), 123.88 

(C5’), 122.41 (C8), 121.81 (C4’), 120.70 (C1), 114.28 (C5), 112.92 (C7’), 

110.70 (C5’’’), 110.30 (C9’), 106.08 (C9’’’), 98.31 (C1’’), 80.65 (C4’’), 78.06 

(C5’’), 73.02 (C1’’’), 70.26 (C3’’), 68.64 (C2’’), 60.96 (C8’’), 59.74 (C2’), 

28.35 (C7), 28.00 (C6’’), 27.96 (C8’’’), 25.50 (C10), 22.62 (C7’’), 17.63 

(C11), 8.25 (C10’). ESI
+
811[M+H]

+
, HRMS: 833.2582, calculated for 

C40H41F3N4NaO11: 833.2621. 
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Synthesis of N-(7-(((2R,3R,4S)-4-(aminomethoxy)-3-hydroxy-5-methoxy-

6,6-dimethyltetrahydro-2H-pyran-2-yl)oxy)-4-(benzyloxy)-8-methyl-2-oxo-

2H-chromen-3-yl)-4-hydroxy-3-(3-methylbut-2-en-1-yl) benzamide17: 
 

 

In a pre-dried flask, N2 was charged three times. novobiocin salt (200 mg, 

0.315 mmol) and benzyl bromide (60 mg, 0.350 mmol) were dissolved in 

DMF (5 mL). And the mixture was protected from light and stirred vigorously 

at room temperature for 16h. The solvent wasremoved under vacuum. The 

purification was done by flash chromatography (EA, RF = 0.5) to yield 

compound Benzyl-NB (17) as a pale yellow solid (200 mg, yield 90.4%).  

1
H NMR (500 MHz, MeOD) δ= 7.49 - 7.52 (2H, m, H2, H5’’’), 7.33 (1H, d, 

J= 7.02 Hz, H6), 7.10 (1H, d, J= 7.1 Hz, H4’), 6.97 (2H, m, H4’’’, H6’’’), 6.89 

(1H, d, J= 5.3 Hz, H5’), 6.81(2H, d, J = 5.3 Hz, H3’’’, H7’’’ ), 6.69 (1H, d, J 

= 7.1 Hz, H5), 5.42 (1H, d, J = 2.2 Hz, H1’’), 5.22 (1H, tt, J = 6.5, 1.1 Hz, 

H8), 5.17 (1H, dd, J = 9.3, 3.3 Hz, H3’’), 4.76 (1H, t, J = 2.5 Hz, H2’’), 3.92-

3.98 (1H, m, H4’’), 3.57 (3H, s, H8’’), 3.53 – 3.41 (2H, m, H1’’’), 3.35 (2H, 

d, J = 6.7 Hz, H7), 1.78 (3H, s, H10’), 1.61 (6H, d, J = 4.0 Hz, H10, H11), 

1.07 (3H, s, H6’’), 0.98 (3H, s, H7’’);
13

C NMR (166 MHz, MeOD) δ (ppm) 
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168.24(C1’), 166.26(C3’), 162.46 (C12), 156.60 (C6’), 153.66 (C4), 148.23 

(C9’’), 132.16 (C8’), 131.91 (C9), 130.87 (C3), 128.47 (C2), 127.56 (C6), 

127.33 (C2’’’), 126.69 (C4’, C5’), 123.36 (C8, C1), 115.40 (C7’, C5), 

111.18(C9’), 100.01(C7’’’, C3’’’, C4’’’, C6’’’, C5’’’), 82.51(C1’’), 72.94 (C4’’), 

70.95 (C5’’), 62.32 (C3’’), 62.08 (C2’’), 48.96 (C2’), 48.84 (C8’’), 29.29 

(C1’’’), 26.00 (C6’’), 22.87(C8), 20.88(C10), 17.91 (C7’’), 14.49 (C11), 8.29 

(C10’); ESI
+
703 [M + H]

+
, HRMS: 725.2682, calculated for C38H42N2NaO11: 

725.2686. 

 

4.4 Activation condition study of compound 14 

Water solubility determination 

Compound 14 (4 mg) was dissolved in acetonitrile (1 mL) and 6 diluted 

solutions using ACN were prepared: 1 ng/mL, 10 ng/mL, 100 ng/mL, 1 

μg/mL, 10 μg/mL and 1 mg/mL. Then a full UV scan of 14 in acetonitrile (1 

mg/mL) was carried out from 200 nm to 1000 nm. The absorbance values 

at wavelength 300 nm were read for above made 6 samples. 14 (2 mg) was 

added to water (1 mL), and sonicated for 1min three times followed by 15 

min of centrifugation at 14000rpm at room temperature. The solution was 

filtered using 33 μm filtration apparatus by a syringe. The absorbance of 

the solution at a wavelength 300 nm was measured, and twofold, fivefold 

and tenfold dilutions were made and UV readings were recorded at 300 nm.  

Activation conditions study 

Compound 14 (2 mg) was dissolved in 50% acetonitrile/water (1 mL), and 

activated using a UV torch at 355 nm. At 0, 5, 10, 15, 20, 25, 30, 45, 60, 75, 

90, 105, 120, 150 and 180 seconds, samples of the solution (10 µL) were 

removed. The samples were diluted in MeOH (1 mL) and then submitted 

for LCMS analysis using the Shimadzu LCMS-2020, (method described in 

section 4.1).  
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Triple Quadrupole LC-MS study of activation of compound (14) 

Compound 14 (2 mg) was dissolved in 50% acetonitrile/water (2 mL) and 

activated using a UV torch at 355 nm for 30 seconds. Then the mixture was 

analyzed by Triple Quadrupole LC-MS. The column used was Kinetex 5 µ 

C18 100 Å New Column, 50 × 4.6 mm. The general liquid chromatography 

(LC) conditions are: Solvents from 0-1 min, A: B = 80:20 to A:B = 50:50; 

from 1– 3 min, A:B = 50:50; 3 – 5 min, from A:B = 50:50 to A:B = 0:100; 5 

– 8 min, from A:B = 0:100 to A:B = 80:20. Eluents used were: A) water (with 

0.1% formic acid added); B) ACN. The flow rate was set at 0.5 mL/min at 

ambient temperature. The sample volume injected was 10 µL with run time 

of 8 min. 

 The full scan mode of quadrupole MS analyser was used first to monitor a 

mass range of 100 to 2000 MW in both negative and positive ion modes 

(Scan Time 500, Fragmentor 135 eV and cell accelerator voltage 10 eV). 

The source parameters were set to a gas temperature of 300 °C and gas 

flow of 5 L/min, a nebulizer pressure of 45 psi, a sheath gas temperature of 

250 °C at a flow of 11 L/min, the capillary at 3500 V positive or 3500 V 

negative, and the nozzle voltage at 500 V positive or500 V negative. 

  Product ion mode was also used. The precursor ion was selected and this 

ion passes through the collision cell, where it is further fragmented at a set 

collision energy value (10 eV). Fragment ions in the range 100–1000 Da 

were detected in both positive and negative mode of the analyser (Scan 

Time 500, Fragmentor 135 eV and cell accelerator voltage 7 eV). For 

ESI
+
842.1, different collision energy levels (50eV, 30eV, 20eV, 10eV, 5eV) 

were experimented under the product ion mode.  
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4.5 Preparation of Hsp90 proteins 

 Preparation of Hsp90 proteins 

Four Hsp90 constructs were used: plasmid for Human Hsp90 full length 

was gifted by Prof Houry from University of Toronto, yeast Hsp90 CTD 

(AA542-709) plasmid was provided by Prof Bolon from University of 

Massachusetts Medical School, and human Hsp90 CTD (AA540-709) 

plasmid was constructed by Thermo Fisher Scientific, USA. Human Hsp90, 

yeast Hsp90 CTD, human Hsp90 CTD proteins were obtained via the 

protocols described below. All plasmids were expressed in Escherichia coli. 

And recombinant human Hsp90 alpha protein (ab80369) was purchased 

from Abcam, UK. 

 

Human full length (Anti-ampicillin), ab80369 sequence: 

MPEETQTQDQ PMEEEEVETF AFQAEIAQLM SLIINTFYSN KEIFLRELIS  

NSSDALDKIR YESLTDPSKL DSGKELHINL IPNKQDRTLT IVDTGIGMTK  

ADLINNLGTI AKSGTKAFME ALQAGADISM IGQFGVGFYS AYLVAEKVTV  

ITKHNDDEQY AWESSAGGSF TVRTDTGEPM GRGTKVILHL KEDQTEYLEE  

RRIKEIVKKH SQFIGYPITL FVEKERDKEV SDDEAEEKED KEEEKEKEEK  

ESEDKPEIED VGSDEEEEKK DGDKKKKKKI KEKYIDQEEL NKTKPIWTRN 

  PDDITNEEYG EFYKSLTNDW EDHLAVKHFS VEGQLEFRAL LFVPRRAPFD  

LFENRKKKNN IKLYVRRVFI MDNCEELIPE YLNFIRGVVD SEDLPLNISR  

EMLQQSKILK VIRKNLVKKC LELFTELAED KENYKKFYEQ FSKNIKLGIH  

EDSQNRKKLS ELLRYYTSAS GDEMVSLKDY CTRMKENQKH IYYITGETKD  

QVANSAFVER LRKHGLEVIY MIEPIDEYCV QQLKEFEGKT LVSVTKEGLE  

LPEDEEEKKK QEEKKTKFEN  LCKIMKDILE KKVEKVVVSN RLVTSPCCIV  

TSTYGWTANM ERIMKAQALR DNSTMGYMAA KKHLEINPDH SIIETLRQKA  

EADKNDKSVK DLVILLYETA LLSSGFSLED PQTHANRIYR MIKLGLGIDE 

DDPTADDTSA AVTEEMPPLE GDDDTSRMEE VD (HHHHHH)  
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Yeast Hsp90 CTD (Anti-chloramphenicol) sequence:  

HHHHHH KEIKEYEPL TKALKEILGD QVEKVVVSYK LLDAPAAIRT 

GQFGWSANME RIMKAQALRD SSMSSYMSSK KTFEISPKSP IIKELKKRVD 

EGGAQDKTVK DLTKLLYETA LLTSGFSLDE PTSFASRINR LISLGLNIDE 

DEETETAPEA STAAPVEEVP ADTEMEEVD   

 

Human Hsp90 CTD (Anti-ampicillin) sequence:   

HHHHHH ERLRKHGLEV IYMIEPIDEY CVQQLKEFEG KTLVSVTKEG 

LELPEDEEEK KKQEEKKTKF ENLCKIMKDI LEKKVEKVVV SNRLVTSPCC 

IVTSTYGWTA NMERIMKAQA LRDNSTMGYM AAKKHLEINP DHSIIETLRQ 

KAEADKNDKS VKDLVILLYE TALLSSGFSL EDPQTHANRI YRMIKLGLGI 

DEDDPTADDT SAAVTEEMPP LEGDDDTSRM EEVD  

 

Plasmid transformation 

The XL1-Blue competent cells (200 μL) were placed on ice. For each 

sample reaction to be transformed, an aliquot (20 µL) of the competent cells 

was transferred to a pre-chilled 1.5 mL microtube and then plasmids (5 µL) 

were added, and the reaction mixtures were put on the ice for 30 minutes. 

Then a heat pulse at 42°C was applied to the transformation reactions for 

45 seconds. The mixtures were placed on ice for another 5 minutes. SOC 

medium (0.5% yeast Extract, 2% tryptone, 10 Mm NaCl, 2.5 mM KCl, 10 

Mm MgCl2, 10 mM MgSO4, 20 Mm glucose) (950 µL) was then added to 

each tube, and mixtures were placed on a shaker of 120 rpm at37°C for 

one hour. Finally, each mixture (40 µL) was spread onto anti-ampicillin or 

anti-chloramphenicol agar plates and incubated overnight at37°C overnight. 

The next day, desired colonies were selected, isolated and transferred into 

LB medium (25 mL), followed by incubation overnight at 37°C on a shaker 

at160 rpm. The next day, the overnight cultures (500 µL) were added to 50% 
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glycerol (500 µL) in a 1.5 mL microtube and the mixtures were gently mixed 

and then stored at -80°C. 

Growth and storage of Hsp90 E coli cells 

  For human Hsp90 and human Hsp90 CTD plasmids: Colonies stored in 

glycerol were removed from the -80°C freezer and inoculated into LB media 

(25 mL) with ampicillin (50 μg/mL) as the seed culture and grown overnight 

in a shaker of 160 rpm at 37°C. Next day, the seed culture was transferred 

into LB broth (1 L) with ampicillin (50 μg/mL) in a shaker of 160 rpm at 37°C 

until the O.D600 reached between 0.4 and 0.6. The temperature was 

lowered to 30°C for 4 hours. Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(0.1 M, 1 mL) was added to a final concentration of 0.1 mM to induce protein 

expression and incubated in a shaker of 160 rpm at 30°C overnight. 

For yeast Hsp90 CTD plasmid: The same growth and storage procedures 

were applied to the yeast Hsp90 CTD E. coli cells, except that 

chloramphenicol (50 μg/mL) was used as the antibiotic.  

Cell harvest and cell lysates preparation 

Cells were harvested by centrifugation at 9000 rpm (4 °C for 30 minutes). 

The pellet was collected and then re-suspended in 20 mMTris buffer (20 

mL, pH 7.8). Then, pellets were sonicated for 30s for 3 times at30s intervals 

and centrifuged at 12000 rpm, (4 °C for 1 hour). The proteins werepurified 

using either Ni Affinity columns (for human Hsp90, yeast Hsp90 CTD) 

orsize exclusion chromatography (for yeast Hsp90 CTD).  
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 Purification of proteins 

Nickel Affinity chromatography 

*This protocol was used to purify human Hsp90 and yeast Hsp90 CTD. 

Crude cell lysates (15 mL, 20 mM Tris) were processed by centrifugation 

and filtration through a syringe filter (22 nm). AGE HisTrap™ High 

Performance column (1 mL) was washed using 5 column volumes (CV) of 

washing buffer (50 mM phosphate, 300 mM NaCl, 40 mM imidazole, pH 

7.0). Then the mixture (10 mL) was applied to the column at a flow rate of 

0.3 mL/min. Another 5 CV of washing buffer were used to remove non-

specific binding components. Thereafter, 5 CV of elution buffer (50 mM 

phosphate, 300 mM NaCl, 500 mM imidazole, pH 7.0) were used to elute 

the column and fractions were collected. For storage, the column was 

washed with 10 CV of 20% ethanol. 

Improved Nickel Affinity chromatography: 

For the purification of yeast Hsp90 CTD, crude cell lysates (15 mL, 20 mM 

Tris, 10 mM imidazole) were processed by centrifugation and filtration 

through a syringe filter (22 nm). AGE HisTrap™ High Performance column 

(1 mL) was used following the procedure described above.  
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Figure 4.1 Purification of yeast Hsp90 CTD. Left: SDS gel for normal affinity column with 

fraction 0-cell lysate; fraction a- after loading;fraction b- washing off by binding buffer; 

fraction c- washing off by elution buffer. And the highlighted area is where the target protein 

is. Right: SDS gel of improved affinity column with lane 1-marker, the remaining lanes 

contained the purified protein fractions.  

 

Size Exclusion Chromatography: 

This protocol was used to purify yeast Hsp90 CTD: 

  Sephacryl 300-16/60 (GE healthcare, 120 mL) was used to separate the 

proteins. The column was mounted to the Bio-Rad NGC system. The 

column was equilibrated with water at 0.5 mL/min for 2 CV. Another 2 CV 

of buffer (0.05 M sodium phosphate, 0.15 M NaCl, pH7) at a 1 mL/min were 

applied. To achieve optimal resolution, the flow rate was then reduced to 

0.5 ml/min; 1.2 mL of protein sample isolated from affinity column procedure 

above was then injected into the column very slowly. The column was 

eluted with 2 CV at flow rate 0.25 mL/min. All eluents were collected using 

the fraction collector and analysed using SDS-PAGE (10%) as below. The 

system was then washed with water, 20% ethanol for 3 CV each until the 

baseline monitored at A280was stable. 
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Figure 4.2 SEC purification of yeast Hsp90 CTD: three fractions (fraction 1, 2 and 3) in 

SEC chromatography were collected and then concentrated for SDS page.  

 

 Electrophoresis assays 

SDS-PAGE 

  Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

was used to examine the purity of protein samples.  

  Sample preparation: Samples (5 uL each, approximately 9 ug) were mixed 

with loading buffer (5 uL) and denatured in the loading buffer (2x SDS 

loading buffer: 62.5 mM Tris-HCl pH 6.8, 0.01 % bromophenol blue, 25 % 

SDS, 25 % glycerol) and DTT (1 M, 2 µL). Complete denaturation of protein 

samples was achieved by heating at 95°C for 10 min prior to loading onto 

the system. 

Gel preparation: The short plate was placed in front of the spacer plate and 

put in the casting frame (Bio-Rad Mini-PROTEAN®). The casting frame 

was inserted in the casting stand and locked. Separating gel (10%) and 

stacking gel (6%) solutions were prepared by the following recipe in Table 
4.1. APS and TEMED were added in the last step. Separating gel solution 

(6 mL) was applied between the glass plates (and the rest of the gap was 
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filled by water carefully) and 20-30 mins was allowed for complete gelation. 

Then, the excess water was removed and the stacking gel solution was 

poured over the separating gel, and the comb was immediately placed. A 

further 20-30 mins was allowed for the gel to set, and then the comb was 

removed. 

 

Table 4.1 Composition of a 10% SDS-polyacrylamide gel 

Components of the gel 10% Separating Gel 6% Stacking Gel 

Distilled H2O 3.8 mL 2.9 mL 

40% Acrylamide 2 mL 0.75 mL 

1.5 M Tris pH 8.8 2 mL 1.25 mL 

10% SDS 80 µL 50 µL 

10% APS 80 µL 50 µL 

TEMED 8 µL 5 µL 

Total volume 8mL 5mL 

 

  Gel running: Each sample was loaded into the specific well of the prepared 

gel. Electrophoresis was performed at 40V for 20 minutes until the front line 

reaches the separating gel. The voltage was then increased to 150V until 

the visible band reached the bottom of the gel 

Gel staining: Gels were stained with Instant Blue for one hour thenrinsed 

with distilled water for one hour. 

 

  



199 

 

 

 Protein storage and characterization 

Buffer change and protein storage: 

  Salt-containing protein solutions were changed to storage buffer (25 mM 

Tris HCl, pH 7.5, 150 mM KCl, 10% glycerol, and 0.5 mM DTT) using Vivian 

spin (3K MWCO for yeast Hsp90 CTD, and 30K MWCO for human Hsp90) 

at 4000 rpm, 4°C  for 40 minutes. The protein were stored in -80 °C for 

future use.  

Concentration Determination: 

Coomassie reagent was prepared by dissolving Coomassie Blue G (30 mg) 

in absolute ethanol (100 mL), and then phosphoric acid (55 mL) was added. 

Distilled water was added to make the final volume up to 1 L.  

The Bradford protein assay was used to measure the concentration of total 

protein in a sample. Stock bovine serum albumin (BSA) standard protein 

was prepared by dissolving BSA powder (500 mg) in water (5 mL). BSA 

stock was diluted to obtain 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.1, and 0.2 

µg/µL. Bradford reagent (1.5 mL) was added to BSA samples (30 µL) and 

mixed well. The absorbance of each sample was measured at 595 nm and 

recorded. 

 

Figure 4.3 Bradford assay calibration curve 
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To determine concentrations of proteins, the protein sample (10 µL) was 

diluted 10 times by adding water (90 µL) and mixed with the Bradford assay 

reagent (1 mL). Three readings at 595 nm (the blank protein storage buffer 

used as a control group) for each sample were obtained. Concentrations of 

sample were calculated from the equation derived from the calibration curve. 

This standard curve was used for human Hsp90 concentration 

determination, the reading was 0.068, and concentration determined was 

1.7 mg/mL. And for yeast Hsp90 CTD, the concentration determined by this 

method was 1.2 mg/mL. 

 

4.6 Hsp90 Binding assay of compound 17 

Incubation 

  Hsp90 (1 mg/mL, 1.25 uL, Abcam, UK) samples were mixed with stock 

solutions (93.3 µM, 933 µM, 9333 µM, 93 mM, 3.75 uL) of 17 to make 70 

µM, 700 µM, 7 mM and 70 mM solutions. Hsp90 (1.25 µL) was diluted with 

water (3.75 µL) or DMSO (3.75 µL) to make two control samples. These 

samples were incubated at 37°C overnight in darkness. The samples were 

analyzed by using native PAGE.  
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Native PAGE 

  Sample preparation was completed by adding 5 µL of sample to an equal 

volume of loading buffer (2x, 62.5 mM Tris-HCl, pH 6.8, 25% glycerol, 1% 

Bromophenol Blue).  

Table 4.2 Composition of a 10% Native-gel 

Components of the 
gel 10% Separating Gel Stacking Gel 

 

30% Acrylamide 3.4 mL 0.67 mL  

0.375 M Tris-HCl 

pH=8.8 
6.49 µL 4.275 mL 

 

10% ammonium 

persulfate  (APS) 
100 µL 50 µL 

 

TEMED 10 µL 5 µL  

Total volume 10 mL 5 mL  

 

  The assay was carried out following the recipe in the Table 4.2; a 

separating gel was casted in between plates. Water (approximately 2 mL) 

was added to fill the space.  20-30 mins was allowed for complete gelation 

then the water was removed.  A stacking gel (5 mL) was prepared in a 

beaker and pipetted into the gap and a comb was inserted. 20-30 mins was 

allowed to complete the gelation. Samples (10µL) were loaded into each 

well and then the electrophoresiswas carried out at 5 mA in the running 

buffer (25 mM Tris, 192 mM glycine) for around 40 minutes until the protein 

front band reached the bottom of the gel. 

  The staining of the gels was achieved using silver nitrate with a Pierce™ 

Silver Stain Kit (Thermo Fisher Scientific) following manufacturer’s 

guidelines.  
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4.7 Incubation of TFD-NB derivatives (14, 15) with proteins 

 Compound (14 (2 mg) or 15 (2 mg)) was dissolved in 40 µL of acetonitrile, 

and then diluted with water to the final concentration of 1.2 mM in 3.5% 

acetonitrile (stock). Hsp90 (1mg/mL) was diluted to 0.1mg/mL using Tris 

buffer (20 mM, 50 mM NaCl, pH 7.4). A control was made by mixing vehicle 

control (3.5% acetonitrile) with the Hsp90 stock solution. Then Hsp90 stock 

solution was mixed with probe solutions to make 1:1, 1:10, 1:100, 1:300 

and 1:500 (mol/mol) mixtures, 20 mM Tris-HCl (pH 7.4) and 50 mM NaCl 

was added to make all samples to the same final volume (0.2 mL). These 

samples were then incubated at 37°C overnight in the absence of light.  

Similar procedures were repeated for yeast Hsp90 CTD (1.2 mg/mL), BSA 

(1 mg/mL) and Melittin (0.1 mg/mL), and the sample preparation 

procedures can be found in following tables respectively (Table 4.3-4.5). 
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Table 4.3 Preparation of probe- melittin mixtures 

Melittin 1:100 1:300 1:500 1:3500 

Protein stock 

(0.1 mg/ml , 35 µM)/µL 

20 15 10 10 

Probe stock (1200 µM in 

3.5% Acetonitrile) /µL 

60 131 145 

1020 (35% 

Acetonitrile/water) 

20 mMTris-HCl (pH 7.4) and 

50 mMNaCl /µL 

120 54 45 - 

 

Table 4.4 Preparation of probe- yeast Hsp90 CTD mixtures 

 

Table 4.5 Preparation of probe-humanHsp90 mixtures 

 

 

 

 

yeast HSP90 CTD 1:100 1:300 1:500 

Protein stock 

(1.2 mg/mL, 48 µM) /µL 

20 15 10 

Probe stock (1200 μM in 3.5% Acetonitrile) 

/µL 

96 180 200 

20 Mm Tris-HCl (pH 7.4) and 50 mM  NaCl 

/µL 

94 15 0 

Hsp90 1:100 1:300 1:500 

Protein stock 

(1.0 mg/ml , 12 µM) /µL 

10 10 10 

Probe stock (1200 µM in 3.5% 

Acetonitrile) /µL 

10 30 50 

20 mMTris-HCl (pH 7.4) and 50 

mMNaCl /µL 

80 60 40 
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4.8 Mass Spectrometry sample preparation 

After overnight incubation at 37°C in darkness, Hsp90, or yeast 

Hsp90CTDsamples (prepared in 4.7) were taken cooled on ice for 30 mins 

and then irradiated at355 nm using a UV torch for 30 seconds, 3 minutes 

or 30 minutes on ice. The light source was placed 1cm above the sample. 

Aliqouts (10 μL) were removed for whole protein MALDI-TOF experiments 

or put through an in-solution trypsin digestion process or SDS-PAGE for in-

gel trypsin digestion followed by tandem mass experiments. 

 In-solution trypsin digestion 

The PAL activated yeast Hsp90 CTD samples (protein concentration: 114 

μg/mL, 1 mL) were evaporated and re-suspended in 6 M urea, 100 mM Tris 

buffer pH 7.4 (120 μL) to make a final protein concentration of 

approximately 1.0 mg/mL. 

• In a 1.5 mL plastic micro-centrifuge tube, an aliquot of the protein 

(100 μL) was added and then the reducing reagent (200 mM DTT 

and 100 mM Tris, 5 μL) was added followed by mixing of the sample 

by gentle vortex for 1 h.  

• The alkylating reagent (200 mM iodoacetamide, 100 mM Tris, 20 μL) 

was added and left for 1 h at room temperature.  

• The above reducing agent (20 μL) was then added to consume any 

unreacted iodoacetamide at room temperature for 1h followed by 

adding water (775 μL). 

• Trypsin solution (20 µg/ml, 100 μL) was added to the sample and the 

digestion was carried out at 37 °C for overnight. Then the mixture 

was then reduced in volume and was ready for sample clean-up 

process using C18ZipTip. 

  



205 

 

 

 In-gel trypsin digestion 

This general protocol was used for the samplesfromthe yeast Hsp90 CTD 

PAL assay. As shown in Fig. 4.4, samples (1: yeast Hsp90 CTD/compound 

14 =1/500; 2: yeast Hsp90 CTD/compound 14 =1/300; 3: yeast Hsp90 

CTD/compound 14 =1/100; 4: yeast Hsp90 CTD/compound 14 =1/50; 5: 

yeast Hsp90 CTD/compound 14 =1/30, 6: yeast Hsp90 CTD/compound 14 
=1/10, 15 µL, ) were run on an SDS PAGE (10%) and gel was stained by 

following protocols described in session 4.4.  

 

 

Figure 4.4 SDS page of PAL activated yeast Hsp90 CTD. Control (Hsp90 CTD alone); 1: 

yeast Hsp90 CTD/compound 14 =1/500; 2: yeast Hsp90 CTD/compound 14 =1/300; 3: 

yeast Hsp90 CTD/compound 14 =1/100; 4: yeast Hsp90 CTD/compound 14 =1/50; 5: 

yeast Hsp90 CTD/compound 14 =1/30, 6: yeast Hsp90 CTD/compound 14 =1/10 

  Gel bands were cut into 1 mm to 2 mm sized pieces using a sterilized 

scalpel, and put into 1.5 mL plastic micro centrifuge tubes. Washing solution 

(50% methanol (v/v), 5% acetic acid (v/v), 200 µL) was added to cover the 

gel band and samples were incubated overnight at room temperature. The 

solution was carefully removed from the sample using apipette. The 

washing procedure was repeated once. ACN (200 μL) was then added to 

dehydrate the gel pieces for 5 min at room temperature, until the gel pieces 

were dry. The ACN was removed and gel pieces were completely dried at 

room temperature in a vacuum centrifuge for 2 to 3 min. DTT (10 mM, 30 

μL) was added to reduce the protein for 30 mins at room temperature, and 
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the solution was discarded. Iodoacetamide (100 mM, 30 μL) was then 

added to alkylate the protein at room temperature for 30 minutes and then 

the solution was discarded. Acetonitrile (200 μL) was added to dehydrate 

the gel pieces for 5 min at room temperature and the solution was carefully 

removed and discarded. The gel pieces were rehydrated by adding 

ammonium bicarbonate (100 mM, 200 μL) followed by incubation for 10 min 

at room temperature. The solution was removed. Acetonitrile (200μL) was 

added to dehydrate the gel pieces for 5 min at room temperature and then 

discarded. The gel pieces were then dried. The trypsin solution was made 

by adding ice-cold 50mM ammonium bicarbonate (1000 μL) to trypsin (20 

μg), giving a  trypsin concentration of 20 ng/μL. Trypsin solution (20 µg, 

30μL) was added to the dried gel pieces, which were allowed the gel pieces 

to rehydrate on ice for 10 min with occasional vortex mixing. The tubes were 

centrifuged for 30 secs to drive the gel pieces to the bottom and excessive 

trypsin solution was removed. Ammonium bicarbonate (50 mM, 5μL) was 

then added to the gel bands and then the tubes were incubated at 37°C for 

overnight.  

To extract the peptide generated by digestion, ammonium bicarbonate (50 

mM, 30 μL) was added to the digest and incubated for 10mins. The tubes 

were centrifuged for 30 seconds and the supernatant were carefully 

collected and transferred into a 0.5 mL plastic micro centrifuge tube. 

Extraction buffer (50% acetonitrile(v/v), 5% formic acid (v/v), 30 μL) was 

added to the gel pieces, and incubated the sample for 10 min. The above 

process was repeated once and the extracts were combined in the 0.5 mL 

plastic micro centrifuge tube.The extract was reduced in volume to 20 μL 

(by drying then reconstitution in 30% acetronitrile/water (20 μL)) for Mass 

Spec analysis. 
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C18ZipTip peptide sample clean-up 

  All tryptic digestion samples were cleaned up using a C18ZipTip following 

the following protocol unless specified otherwise.  

  Stock ZipTip solutions, a) 100% acetonitrile, b), 40% acetonitrile/0.1% 

TFA, and c) 0.1% TFA in HPLC grade water were made and 1 mL was 

taken into vials for each set of analyses and discarded after completion. 

The microZipTips (µC18) were wetted and equilibrated by aspirating and 

dispensing 2 times with acetonitrile (15 µL), 3 times withb (15 µL) and 4 

times with c(15 µL).The tips were used to bind the sample (20 µL) by cycling 

(aspirate-dispense-aspirate-dispense) 5-10 times, followed by aspirating 

and dispensing 4 times with c (15 µL) to wash sample. Then the tips were 

eluted with 50% or 60% acetonitrile (10 µL) by cycling 4 times before final 

dispense into a 0.5 mL microcentrifuge tube.  
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4.9 MS experiements of Hsp90 proteins 

 MALDI-TOF MS analysis 

  Both Hsp90/probe and yeast Hsp90 CTD/probe mixtures were analysed 

following this protocol. The activated mixtures of yeast Hsp90 CTD/probe 

mixtures (2.5 μL) was mixed with matrix solution (Sinapinic Acid (10 mg/ml 

in 70:30 water/acetonitrile with 0.1% TFA, 2.5 μL), and mixed thoroughly 

(mixture 1), then mixture 1 (1.0 μL) was removed and added tomatrix 

solution (4.0 μL) to obtain mixture 2, then mixture 2 (1.0 μL) was removed 

and added to matrix solution (4.0 μL) to obtain mixture 3. All mixtures (1.0 

μL) were then deposited onto matrix spots separately and dried at room 

temperature.  

  MALDI-TOF acquisition conditions: After the sample spots were dried, the 

plate was loaded onto the machine, and the data were acquired. To 

calibrate the instruments, Calibration Standard II (Bruker) was used. Using 

the analysis of yeast Hsp90 CTD (20 KDa) as an example, the instrument 

settings can be seen in the Table 4.6. Data acquisition and processing is 

controlled by the Applied Biosystems software running on a PC. Output for 

Voyager is in the form of smoothed averaged data.  

  For the MALDI-TOF experiments using trypsin digested products of 

protein and protein/probe mixture, α-cyano-4-hydroxycinnamic acid 

(CHCA,10 mg/mL in 50:50 water/acetonitrile with 0.1% TFA) was used as 

the matrix.  

 
  



209 

 

 

Table 4.6 MALDI-TOF acquisition system conditions of yeast Hsp90 CTD 

Mode of operation: Linear 

 

  

Extraction mode: 

 

Delayed 

 

 

Polarity: 

 

  Positive 

 

Acquisition control: Manual 

 

  

Accelerating voltage: 25000 V 

 

  

Grid voltage: 

 

94% 

 

 

Guide wire 0: 

 

0.30% 

 

 

Extraction delay time: 500 nsec 

 

 

      

Acquisition mass 

range: 10000 -- 45000 Da 

 

Number of laser shots: 100/spectrum 

 

 

Laser intensity: 

 

2677 

 

 

Laser Rep Rate: 

 

20.0 Hz 

 

 

Calibration type: 

 

Default 

 

 

Calibration matrix: CHCA 

 

 

Low mass gate: 

 

5000 Da 

 

Digitizer start time: 60.92 

 

  

Bin size: 

 

 20 nsec 

 

Number of data points: 3401 

 

  

Vertical scale: 

 

50 mV 

 

 

Vertical offset: 

 

-1.50% 

 

 

Input bandwidth: 

 

25 MHz 
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Sample well: 

 

87 

 

 

Plate ID: 

 

 HELEN 

 

Serial number: 

 

6286 

 

 

Instrument name: 

 

Voyager-DE PRO 

Plate type filename: C:\VOYAGER\100 well plate.plt 

Lab name: 

 

 PE Biosystems 

Absolute x-position: 33070.8 

 

  

Absolute y-position: 7012.74 

 

  

Relative x-position: 1003.29 

 

  

Relative y-posititon: 345.243 

 

  

Shots in spectrum: 800 

 

  

Source pressure: 

 

4.02E-07 

 

 

Mirror pressure: 

 

1.69E-07 

 

 

TC2 pressure: 

 

0.001 

 

 

TIS gate width: 

 

7 

 

 

TIS flight length: 682.9 
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 Orbitrap LC-MS/MS Experiment 

  An UltiMate
®
 3000 HPLC series (Dionex, Sunnyvale, CA USA) was used 

for peptide concentration and separation. Samples were trapped on a 

uPrecolumn Cartridge, Acclaim PepMap 100 C18, 5µm, 100A 300 µm i.d. 

x 5mm (Dionex, Sunnyvale, CA USA) and separated in Nano Series™ 

Standard Columns 75 µm i.d. x 15 cm, packed with C18 PepMap100, 3 µm, 

100Å (Dionex, Sunnyvale, CA USA). The gradient used was from 3.2% to 

44% solvent B (0.1% formic acid in acetonitrile) for 30 min. Peptides were 

eluted directly (~ 350 nL min
-1

) via a TriversaNanomatenanospray source 

(Advion Biosciences, NY) into a LTQ Orbitrap Elite ETD mass spectrometer 

(ThermoFisher Scientific, Germany). The data-dependent scanning 

acquisition was controlled by Xcalibur 2.1 software. The mass spectrometer 

alternated between a full FT-MS scan (m/z 380 - 1800) and subsequent 

collision-induced dissociation (CID) MS/MS scans of the 7 most abundant 

ions. Survey scans were acquired in the Orbitrap with a resolution of 120 

000 at m/z 400 and automatic gain control (AGC) 1x10
6
. Precursor ions 

were isolated and subjected to CID in the linear ion trap with AGC 1x10
5
. 

Collision activation for the experiment was performed in the linear trap using 

helium gas at normalized collision energy to precursor m/z of 35% and 

activation Q 0.25. The width of the precursor isolation window was 2 m/z 

and only multiply-charged precursor ions were selected for MS/MS. 

  Above information was provided by Jinyu Li from University of Birmingham 

for meta-TFD-NB labelling experiments.   
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4.10 Tandem MS Data analysis 

 Mascot search 

  This was performed on the web-based Mascot sever, under the MS/MS 

Ions Search section, 

  The first step for MASCOT database searching was generating a peak list 

by using Compass MGF export or Skyline MGF export, and then uploaded 

the peak list (preferably in mgf format) of tandem mass result and 

performed Ions search in the ‘data file’ section. Parameters used (for 

Human HSP90 CTD as an example) were: Databases: NCBIprot and 

Swissprot; Enzyme: trypsin; Variable modification: Oxidation (M); Fixed 

modification:  Carbamidomethyl (C); Peptide tol.: system defaults; 

Instrument was set to Orbitrap; 2 miss cleavages were allowed; an error 

tolerant search was selected (peptide tolerance: 0.3 Da, MS/MS tolerance: 

0.6 Da) (Fig 4.5). 

  On completion of the search, the matches are reported in a protein family 

summary. An exemplary search result is given in Fig 4.6, in which, the top 

hit has been expanded. Each line represents a number of MS/MS spectra. 

As can be seen, each spectrum may be assignable to several proteins, and 

alternative peptide matches and corresponding scores can be seen in a 

pop-up window which can be viewed by clicking the query number. 
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Figure 4.5 MASCOT online search parameters 

 

Figure 4.6 MASCOT online search result: an example  
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 GUI and Peptide-shaker search 

  The tandem mass raw data was first converted to mgf data format using 

Proteowizard MSConvert following the settings in Fig 4.7: the file was 

loaded into the software and an output directory was selected, the output 

format was mgf, the filters used were: threshold peak filter-count 100 most 

intense peaks, the ms level was 2-2, activation was CID, and peak picking 

was true 2-2.  

 

Figure 4.7 ProteowizardMSConvert settings 

 

  PeptideShaker is a search engine-independent platform for interpretation 

of proteomics identification results from multiple search engines, currently 

supporting X!Tandem, MS-GF+, MS Amanda, OMSSA, MyriMatch, Comet, 

Tide, Mascot, Andromedaand mzIdentML.This software can be obtained 

from the Compomics website free of charge. PeptideShaker is based on 

GUI search, which can be accessed in Peptide-shaker panel (Fig 4.8) in 

Start Search or by opening the GUI search program directly. A stepwise 

description of the GUI search can be seen in Fig 4.9.  
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Figure 4.8 Start panel of Peptide shaker: the highlighted area is the function to initiate GUI, 

and in the ‘new project’ search result can be viewed, other functions were not used in the 

context of this project.  

 

Figure 4.9 GUI search in four steps: step 1- load the mgf file of data; Step 2 is where 

search parameters are set, and will need to be further illustrated; step 3- choosing search 

engines; and step 4 , in which result can be visualized.      
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  In the GUI search version 3.2.20, the converted mgf file was loaded to the 

software in step 1. In step 2, the fasta file of the protein (yeast Hsp90) 

sequence was obtained from NCBIProt and edited to the CTD region 

manually, then loaded. For the modification section, fixed modification 

Carbamidomethyl (C) was selected and two variable modifications were 

added: Oxidation (M) and the most important variable customized 

modification, which demonstrates the composition of C39H40F3NO10 (mass 

value of 739.26). For protease digestion, trypsin was used with maximum 

missed cleavage number set to be 2. b and y ions were selected for 

fragment types. The precursor tolerance was set within 0.5 Da threshold 

(Fig 4.10). 

In step 3, databases selected were X!Tandem, MS-GF+ and MS Amanda, 

which are popular databases for tandem mass analysis. The search was 

carried out and an output file was generated, which can be opened in the 

PeptideShaker by creating a new project and projects can be saved for later 

access.  
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Figure 4.10 GUI search settings with four major sections highlighted, including the 

protein sequence, customized modifications, digestion information and tolerance.  
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4.11 MolSoft ICM Pro Docking 

MolSoft ICM Pro (x64) was downloaded from MolSoft websiteand used on 

a desktop PC (Intel(R) Core (TM) i5-4210U CPU). 

Ligand preparation 

  For rigid docking: novobiocin (NB) was obtained from a crystal structure 

of Staph GyraseB 24kDa in complex with the compound (PDB entry: 4URO) 

and saved as an ICM project. This conformation of novobiocin was also 

utilized by Blagg’s group in their study of Hsp90- novobiocin docking.   

 

Figure 4.11 3-D presentation of novobiocin conformation extracted from 4URO 

 

  For flexible docking: NB, para-TFD-NB (14), glucosyl-novobiocin (Glc-NB): 

Chemical structures were drawn using ChemDraw Professional 17.0 

software, and then imported into the ICM workspace. Hydrogen atoms were 

added to the structures, amide bonds were fixed in the trans-orientation and 

bond lengths and angles optimized using the MolMechanics/ICM-

Convert/Chemical and saved for later use. The bond types and formal 

charges of the ligands (NB, Glc-NB, compound 14) were checked carefully 

before the docking analysis. 
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Docking Project Setup 

  Yeast Hsp90 (PDB entry: 2CGE) was read into the ICM Pro panel. A dimer 

was built using the protein-protein docking protocol and both CTD regions 

from two monomers were selected in the epitope selection. To generate the 

receptor maps a grid cell size of 1.0 Å and a max van der Waals value of 1 

were used. The result dimer model was examined and saved as an ICM 

project for later use. The dimer was superimposed on the human Hsp90 

dimer (3Q6N
39

) and the root-mean-square deviation of the atomic positions 

(RMSD)was calculated (no alignment, and only compare visible atoms) in 

the ICM Workspace. To extract the yeast Hsp90 monomer from the 2CGE
13

 

crystal structure, chain A was converted to an ICM object and the other 

chains were deleted. Water molecules were deleted, hydrogens were 

added and His, Pro, Asn, Gln and Cys residues were optimized.  

   icmPocketfinder was used to identify potential ligand binding pockets 

using the default settings. The pocket containing the W585 residue was 

selected in accordance with the PAL-MS results. The residues (70) 

adjacent to the chosen icmPocketfinder binding site were selected to define 

the pocket and the corresponding receptor maps were constructed. Then 

docking with the ligands was carried out using the default settings. The 

docked conformations were ranked and visualized using MolSoft ICM Pro. 

Docking scores, hydrogen bonds, conformations and correlations with the 

PAL-MS analysis result were all considered when analyzing docking results.  
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