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Dissertation Abstract

Title: Identification of TIMP2 as the first secretory co-chaperone of eHSP90

Author: Alexander J. Baker-Williams

Sponsor: Dr. Dimitra Bourboulia, PhD. 

Heat Shock Protein- 90 (HSP90) is an essential molecular chaperone. HSP90 relies on 

its intrinsic ATPase activity as well as interactions with co-chaperone proteins to chaperone its 

clients. HSP90 is also an extracellular protein, performing both a signaling and chaperoning role. 

Extracellular client, matrix metalloproteinase-2 (MMP2) relies on HSP90 for its stability. MMP2 

mediates extracellular matrix remodeling through its gelatinolytic activity. MMP2 activity is also 

tightly regulated by its endogenous inhibitor, the Tissue Inhibitor of Metalloproteinase-2 (TIMP2). 

At present how HSP90 performs its chaperoning role in the extracellular matrix is uncertain. 

In this thesis, I describe that TIMP2 acts as the first bona fide extracellular co-chaperone 

of eHSP90, and show that TIMP2 is a stress inducible protein. I describe how TIMP2 directly 

interacts with HSP90, and how TIMP2 decelerates the HSP90 ATPase cycle. TIMP2 also 

sensitizes HSP90 to both ATP and N-terminal pharmaceuticals. Overall, TIMP2 acts as both a 

scaffold and a disruptor of the client/chaperone relationship between MMP2 and HSP90, 

performing both a HSP90 co-chaperone and MMP2 inhibitor role, non-mutually exclusively. 

The activatory co-chaperone AHA1 competes with TIMP2 for HSP90 binding. TIMP2 and 

AHA1 are able to form two independent ternary complexes with MMP2 and HSP90; as a result, 

the TIMP2 complex is MMP2 proteolytically inactive and the AHA1, active. This competition is 

further described in vivo where it can be inhibited by both αAHA1 antibodies and TIMP2 AHA1 antibodies and TIMP2 

exogenous protein treatments, whilst induced following AHA1 protein and αAHA1 antibodies and TIMP2 TIMP2 antibody 

treatments. 

Finally, the role of phos-Y-TIMP2 was examined in relation to its interaction with HSP90. 

To address this, a novel methodology to purify hTIMP2  from E.Coli without previously necessary 

refolding strategies in a scale-able manner suitable for therapeutic TIMP2 treatments, was 

developed. Wild type recombinant human TIMP2 and phospho-mutants Y90E, Y90F, and TE 

(Y62E, Y90E, Y165E) were purified, were inhibitory towards MMP2, and modulated TIMP2 

interaction with HSP90. 

Taken together, I demonstrate how extracellular HSP90 is regulated by co-chaperones to 

facilitate the chaperoning of pro-invasive client, MMP2. It further shows ways in which we can 

manipulate this system to promote an inactive MMP2 protease, a key strategy in cancer 

therapeutics. 
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Chapter 1: Introduction 

Alexander J. Baker-Williams1,2,3 

1  Department of Urology, SUNY Upstate Medical University, Syracuse, NY 13210

2 Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University,  

Syracuse, NY 13210

3  Upstate Cancer Center, SUNY Upstate Medical University, Syracuse, NY 13210

This chapter serves as a general introduction to the topics that will be discussed throughout this 

dissertation. 
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1.1 - Introduction to the Extracellular Matrix

The anchoring of cells to the mesh-like framework which surrounds them provides the 

architectural support necessary for the cell-cell interactions to form in tissues. The ‘extracellular 

matrix’, the collective name for the proteins, polysaccharides, and ligands which compose this 

system, is essential in supporting the growth, development, and homeostasis of cells, and overall 

supporting the 3D architecture and function of tissues. The ECM is not just a solid support, but a 

fluid system, regulated by the tissue specific expression of remodeling factors such as proteases, 

chaperones, and growth factors, as well as cell surface receptors. In normal physiology, the ECM 

is able to respond to stress and injury by regulating cell adhesion and supporting cell proliferation,

motility, and migration. However, the pathological dysregulation of cell adhesion has been shown 

to be an essential component in the migration of cancers. A depiction of the ECM and its 

components is highlighted in Figure 1.1. 

1.2 - Structural Components of the Extracellular Matrix

The structural components of the extracellular matrix can be organized into two 

distinctive categories: proteoglycans and fibrous proteins (Alberts et al., 2002). 

1.2.1 - Proteoglycans

Proteoglycans are formed through the covalent linking of proteins to the class of 

polysaccharides, glyosaminoglycans (GAGS). The GAGS are composed of an alternating 

sequence of a hexosamine (D-glucosamine (GlcN) or D-galactosamine (GalN)) and either a 

galactose unit or hexuronic acid (D-glucuronic acid (GlcA) or L-iduronic acid (IdoA)) forming an 

unbranching (linear) structure (Kjellén & Lindahl, 1991). Differences in the number of GAGS 

chains, length, and position and arrangement of sulfate residues gives specificity to the overall 

structure of the complete proteoglycan (Lindahl et al., 2015). 

For the majority of proteoglycans, the core protein is covalently attached to the GAGS 

through a serine residue within the core protein. 
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Figure 1.1 – Schematic Depiction of the Extracellular Matrix

The schematic represents a model of the extracellular cellular matrix (ECM) and how the 

components it contains interact to create a dynamic homeostatically controlled environmt, 

including: integrins, proteoglycans, collagens, fibronectin, and MMPs. The image was creatd 

using biorender.com. 
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Further interactions between the generally negatively charged GAGS and the protein occur via 

non-covalent interactions such as hydrogen bonds, electrostatic interactions, and hydrophobic 

interactions (Walimbe & Panitch, 2020). Following synthesis of the core protein by the cell, it then 

undergoes a series of modifications during its journey through the secretory pathway of the cell. 

Indeed, the first stage of the GAG synthesis, xylosylation, is performed in the pre-Golgi-

compartment. The initial linkage of xylose sugar to the serine residue of the core protein then 

triggers the extension of the polysaccharide through multiple glycosyltransferases into an initial 

tetrasaccharide and then the completed proteoglycan during its remaining journey through the 

Golgi-apparatus(Prydz & Dalen, 2002). The final proteoglycan is classified into four distinct sub 

groups by which they localize: intracellular secretory granules, cell surface (either transmembrane

or GPI-anchored), pericellular/ basement membrane, and extracellular (Walimbe & Panitch, 

2020). 

The functions of each of the proteoglycans is inextricably linked to its cellular localization,

with each of the four distinct categories of proteoglycans playing different roles in the extracellular

matrix and indeed inside the cell (Walimbe & Panitch, 2020). 

The roles of intracellular secretory granule proteoglycan, serglycin, has been 

documented to include the processing of intracellular storage granules, regulating secetory 

granule homeostasis, and acting as a CD44 ligand (Chu et al., 2016; Kolset & Pejler, 2011) . The 

latter of which has been shown to promote the migration of non-small cell lung cancer (Guo et al.,

2020). 

Cell surface proteoglycans consist of either transmembrane or GPI-anchored 

proteoglycans and contain predominantly heparin sulfate side chains (Iozzo & Schaefer, 2015). 

Notable examples include: Syndecans, which promotes matrix adhesion and growth factor 

receptor signaling (Szatmári & Dobra, 2013); glypicans, which are critical in development and are 

regulators of  signaling pathways including Wnt (Filmus & Selleck, 2001); and Betagylcan, also 

known as the Transforming growth factor - β (TGF-β) receptor which facilitates cytokine TGF-β 

signalling (Eickelberg et al., 2002). Dysregulation of cell-surface receptors is highly prevalent in 
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diseases, especially cancer. Indeed, syndecan-1 dysregulation is pervasive in prostate cancer 

(Edwards, 2012), betaglycan has been shown to promote tumor invasiveness (Colak & Dijke, 

2017), and  glypican 3 is highly expressed in liver cancer (N. Li et al., 2018).  

Pericellular/ basement membrane proteoglycans are a family of four predominantly 

heparin-sulfate proteoglycans which closely associate with the surface of cells through integrin 

anchoring, however, can also play roles within the basement membrane (Iozzo & Schaefer, 

2015). The first member, perlecan, is a modular multi-domain proteoglycan and basement 

membrane component. The expression of perlecan is an important component of embryonic 

development, and provides roles in cell adhesion, growth factor binding, and apoptosis (Farach-

Carson & Carson, 2007). Perlecan binds with numerous fibrous proteins of the ECM including: 

type V collagen, elastin, laminin, and fibrillin-1 (Farach-Carson et al., 2014). The second member,

Agrin, is classically recognized as the factor which initiates acetylcholine receptor clustering 

during the development of the neuromuscular junction through interactions with fibrous laminins 

(Denzer et al., 1997; Ferns et al., 1996). However, this proteoglycan has been shown to further 

shown to regulate the organization of the cytoskeleton, and formation of immunological synapse 

(Bezakova & Ruegg, 2003). The final two members of the family are occupied by collagens XVIII 

and XV, both of which contain stuructural homology to both collagens and proteoglycans (Iozzo & 

Schaefer, 2015). Known as non-fibrilar collagens, both of these proteoglycans occupy and 

modulate the basement membrane of the ECM. Collagen XV is a critical component of the 

skeletal muscular system, with knock-out defects causing cardiac defects and skeletal myopathy 

(Eklund et al., 2001).  Collagen XVIII, is a critical component within the several organs including 

in the correct formation of the eye (Lakshmanachetty & Koster, 2016). However, its role in anti-

angiogenesis is most well documented. Indeed, the cleavage of a C-terminal fragement of the 

protein known as endostatin, prevents angiogenesis, migration and restricts endothelial 

proliferation (Seppinen & Pihlajaniemi, 2011). Changes and dysregulation of the proteoglycans of 

the basement membrane and pericellular space are important factors in cancer. Indeed, the 

expression of perlecan has been shown to negatively correlate with poor survival in triple 
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negative breast cancer  (Kalscheuer et al., 2019). The expression of agrins in cancer has been 

shown to regulate tumor angiogenesis (S. Chakraborty et al., 2020). The loss of collagen XV is an

important marker for tumor invasion, its loss is associated with the breakdown in maintenance of 

basement membrane integrity (Clementz & Harris, 2013), and loss of collagen XVIII expression is

a key mediator of tumor progression in hepatocellular carcinoma (Musso et al., 2001). 

Extracellular proteoglycans compose the largest and most diverse class of 

proteoglycans, but are further sub-divided into three subcategory: lecticans, small leucine-rich 

proteoglycans (SLRPs), and testicans (Iozzo & Schaefer, 2015). Lecticans are comprised of four 

key members, aggrecan, brevican, neurocan, and versican, and are characterized by containing 

both a lectin domain and hyaluronan-binding in the core protein (Yamaguchi, 2000). Each of the 

four lectican members play a unique role within the ECM, however, as a group they are known to 

regulate multiple components of the neuronal system: including, neurite outgrowth, dendrtic spine

shape, and neuro-plasticity ((Howell & Gottschall, 2012)). Indeed, invasion of lecticans into a site 

of ischemic-injury in the brain has been shown to ‘wall off’ the injured tissue from healthy tissue, 

the cleavage of lecticans with matrix metalloproteinases (MMPs) results in promoting neuro-

plasticity in these tissues (Leonardo & Pennypacker, 2009).  The second family of extracellular 

proteoglycans are the SLRPs, comprised of a group of 18 members, these form the largest set of 

proteoglycans sub-groups. Indeed, with number comes diversity and the members of the SLRP 

family are involved in numerous biological processes, from the regulation of ECM structure to 

signal transduction (Iozzo & Schaefer, 2015; Schaefer & Iozzo, 2008). Indeed, even in cancer the 

SLRPs can be seen to play contrasting roles, the SLRP lumican has been shown to be expressed

in cancer adjacent tissues and drive pathological tumor grading (Naito, 2005). However, decorin, 

another SLRP, has been shown to function as a pan-tyrosine kinase inhibitor which reduces 

tumor growth (Appunni et al., 2019). The final member of the extracellular family, are the testican 

proteoglycans. A set of three proteins, testicans are structurally related to extracellular calcium 

binding family SPARC. They have been shown to be primarily localized to the brain, however, 

have been shown to convey a number of roles within the body - these include the inhibition of 
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MT1-MMP by testican-1 in cartilage tissues and in the brain by testican-2, causing downstream 

disruption in the activation of pro-MMP2 (Hausser et al., 2004; Nakada et al., 2003). Testican 1 

has also been shown to play an important role in the resistance of HER-2-positive gastric cancer 

to Lapatinib (Tyrosine kinase inhibitor) (H.-P. Kim et al., 2014). 

1.2.2 - Fibrous Proteins

Although proteoglycans play a definitive role in regulating the ECM and facilitating cell 

adhesion, it the the fibrous proteins which form the vast and grand architecture of the ECM. Like 

each of the other components of the ECM, they are secreted from the surrounding cells and form 

interactions in the extracellular space which self regulate the cells local environment. There are 

five main fibrous proteins: collagens, fibronectin, tenascins, elastin, and laminin (Jenkins & Little, 

2019). 

Of all the fibrous proteins that make up the extracellular matrix, the most abundantly 

found is collagen. Over 20 known forms of collagen have been identified, although not all are 

fibrous forming, the majority of the collagen found in the ECM ~90% is formed from collagens 

type I, II, and III (Lodish et al., 2000). Characterized by its Gly-Xaa-Yaa triple residue repeat, 

which forms the distinctive collagen triple helix, fibrous collagens are found in tissues such as 

tendons and skin (Vakonakis & Campbell, 2007). The size and structure of each collagen allows 

for the different specific requirements of individual tissues, the stiff and rigid type I collagen being 

found abundantly in tendons, the smaller diameter collagen type II found in highly compressed 

tissues, and the thinner and elastic type III found in abundance at sites of wound healing (Buckley

et al., 2013).  Indeed, disruption of the specific triple helical domains of collagen, particularly type 

I has been shown to contribute to the formation of cytoskeletal disorders such as osteogenesis 

imperfecta (Pace et al., 2001). 

In addition to the large fibrillar anchoring created by collagens I, II, and III, the non-fibrillar

collagen type IV plays an important role in the creation of the cells basement membrane, 
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specifically the basal lamina. The basal lamina is the endothelial (or epithelial) support system, 

working together to facilitate the passage of molecules into tissues from the blood stream (Arends

& Lieleg, 2016). Six different type IV collagen chains can be found within the ECM. Each of the 

chains can combine heterogeneously into a triple helical structure, however, the imperfections 

(structural kinks) found within each helix of type IV collagen prevent them from forming rigid 

structures, and further act as cellular interaction sites (Khoshnoodi et al., 2008). Type IV collagen 

forms two types of multimerization: a tetramerization to other collagen IV types through its N-

terminus and a dimerization through its C terminal (non-collagenous domain) (Abreu-Velez & 

Howard, 2012). What results is a random and disordered structure. In addition, the collagen IV 

structures further interact with proteoglycans and other fibrous proteins such as laminins, and 

perlecans (Mak & Mei, 2017). The interactions of proteins with type IV collagen is regulated 

through post-translational modifications, including 3-hydroxyproline modification (Montgomery et 

al., 2018). The expression of type IV collagen and its overall remodeling is critically important in 

wound repair and embryogenesis (Abreu-Velez & Howard, 2012; Rohani & Parks, 2015). Other 

collagens are present within the ECM and play important roles in matrix structure, and response 

to cellular shear stress (Vakonakis & Campbell, 2007).  

The glycoprotein fibronectin also plays an important role in the formation of the 

extracellular matrix. The constitutive fibronectin dimer contain repeating domains within the 

protein known as fibronectin I, II, and III domains, is dimerized at the protein C-termini, and 

makes up the majority of the soluble protein concentration in the extracellular space (Singh et al., 

2010). The fibronectin protein is comprised of 12 type I domains, two type II domains, and 15-17 

type III domains, which due to mRNA splicing of the type III domains results in a number of  

different isoforms of fibronectin (Maurer et al., 2015). The arrangement of each of the fibronectin 

domains results in the ability of fibronectin to form linkages to both cell surface receptor integrin, 

as well as ECM matrix proteins and proteoglycans (Singh et al., 2010). Indeed, the formation of 

the fibronectin fibrils is initiated following cell surface interactions with integrin αAHA1 antibodies and TIMP2 5β1, this results in
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a multi-step elongation of fibronectin fibrils (Pankov et al., 2000). Fibronectin plays further roles in

cell adhesion, migration, proliferation, and differentiation (Parisi et al., 2020). 

The third main family of fibrous proteins, are laminins - cross shaped heterotrimeric 

glyco-proteins which occupy the basement membrane of the ECM. Composed of three classes of

subunits: 5 αAHA1 antibodies and TIMP2 -subunits, 3 β-subunits, and 3 γ-subunits, 16 individual laminins have been identified

to date and are shown to have tissue specific expression (Hohenester, 2019). Laminins are 

critical components of the basement membrane, indeed, polymerization of laminin via the three 

pronations to other laminin molecules is the initial scaffold by which the basement membrane is 

formed (Morrissey & Sherwood, 2015). Laminins associate with receptors on the cell surface, 

including integrins, sulfatides, and αAHA1 antibodies and TIMP2 -dystroglycan, to anchor the polymerized network of laminins.

Interspersed with perlecan and agrin proteoglycans, the laminin network associates with type IV 

collagen to create the fully formed basement membrane (Hohenester & Yurchenco, 2013). 

Laminin dysfunction has been shown to regulate disorders such as Pierson Syndrome and 

congenital muscular dystrophy (Yurchenco & Patton, 2009). 

Elastin, named for its primary role as the elastic components of vertebrate tissues, is the 

fourth category of fibrous proteins within the ECM. The precursor molecule of elastin, 

tropoelastin, is secreted to the extracellular space where its post-translational modification results

in the extensive lysine cross-linking facilitated by lysyl-oxidase to form elastin fibers (Vrhovski & 

Weiss, 1998). The highly charged and hydrophobic content of tropoelastin allows for extensive 

intra- and inter-molecular interactions with elastin fibers, which govern not only elastin structure 

but its functional role in tissues (Yeo et al., 2017). Elastin provides the elastic framework 

necessary to support the tissue functionality of the lungs, skin, connective tissues, and vascular 

system (Tarakanova et al., 2018). Outside its elastic role in tissues, elastin performs a signaling 

role through g-protein coupled receptors to regulate actin organization,  smooth muscle 

proliferation, and migration (Patel et al., 2006). Due to its critical role in elastic tissues, its 

unsurprising that its dysregulation leads to such elastinopathies as arterial stenosis and 

hypertension (Cocciolone et al., 2018). However, elastin expression has been shown to correlate 
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with the progression of colorectal cancer. Indeed, its increased expression has been shown to 

trigger proliferation and wound healing in epithelial cells and may even induce epithelial 

mesenchymal transition (Jinzhi Li et al., 2020). 

The final fibrous protein family are the tenascins, a family of four glycoproteins named C, 

R, X, and W, which are abundantly found throughout the ECM. Tenascins each have heptad 

repeating EGF-like domains and fibronectin type III domains, and a fibronectin like glubular 

domain at its C-terminus (Hsia & Schwarzbauer, 2005). The most studied of all tenascins is 

tenascin C, like other ECM proteins it is highly expressed duding embryogenesis, wound healing, 

and inflammation (Gremlich et al., 2020). Tenascin C has been shown to form large sized homo-

hexamers, which interact with integrins and syndecans to perform its effects of cell adhesion, 

motility, and ECM organization (Imanaka-Yoshida & Aoki, 2014). Although tenascin C has been 

shown to be abundant in embryonic tissue, its expression is only found induced in adult tissues 

during the cellular stress of shear mechano-stress, inflammation, and in cancerous tissues 

(Imanaka-Yoshida & Aoki, 2014). Interestingly, tenascin C plays a further role in the prevention of 

HIV-1, binding to the HIV-1 envelope v3 loop and preventing epithelial binding (Mangan et al., 

2019). Other tenascin family members have been shown to regulate elastic fiber and collagen 

fibril organization (tenascin X) (Petersen & Douglas, 2013), neurological signaling through GABA 

receptor (tenascin R) (J.-C. Xu et al., 2014), and osteogenesis (tenascin W) (Tucker & Degen, 

2019). 

1.3 - Matrix Metalloproteinases

The extracellular matrix (ECM) is not a static system. Aside from the rigid structures 

provided by the fibrous proteins and proteoglycans of the ECM, the cell secretes chaperones, 

growth factors, proteases, and other proteins. These ECM supporting proteins are the conductors

of the ECM orchestra, regulating extracellular homeostasis and providing the necessary adaption 

to physiological stress. 
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The large and structurally conserved family of metallo-endopeptidases, the matrix 

metalloproteinases (MMPs), are over achievers in the regulation of ECM architecture. The family 

of 23 human expressed MMPs has been shown to widely and diversely regulate the majority of 

proteoglycans and fibrous proteins within the ECM, both through direct and downstream 

interactions. Indeed, the constant rearrangement and dynamism that’s provided through MMP 

activity is how tissues are able to survive injury, growth, and development.

The expression of MMPs is tissue specific. Generally, MMPs have a low level of 

constitutive expression in tissues, however, these genes have the ability to be induced or 

repressed in response to multiple stimuli such as growth factors, cytokines, and glucocorticoids 

(Fanjul-Fernández et al., 2010). The promoter elements of MMPs contain several cis-elements 

which respond to a number of trans-activators, indeed, several MMPs share cis-elements which 

lead to the co-regulation of several MMPs at once (Yan & Boyd, 2007). This in turn means that 

MMP expression is fine tuned not only tissue specifically, but primed to respond to the 

environment. 

1.3.1 - MMP biochemistry – Structure, Secretion, and Activity

Matrix Metalloproteinases are Zn2+ and Ca2+ dependent endopeptidases found within the 

same proteolytic family as adamalysins (ADAMs), serralysins, and astrasins. MMPs can be 

further sub-divided into classes based on their substrate specificity and localization: 

collagenases, gelatinases, stromelysins, matrilysins, membrane-type, and unclassifiable 

(Jabłońska-Trypuć et al., 2016). 
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Type MMP Member

Collagenases MMP1, 8, 13, 18

Gelatinases MMP2, 9

Matrilysins MMP7, 26

Membrane Type (MT) MMP14, 15,  16, 17, 24,25 

Stromelysins MMP3, 10, 11

Unclassifiable MMP12*, 19, 20, 21, 23A, 23B,
27, 28

Table 1 – Table of MMP Categories

Categorization of MMPs into the five MMP subcategories: Collagenases, Gelatinases, 

Membrane-Type (MT), Matrilysins, Stromelysins, and Unclassifiable. Adapted from (Gobin et al., 

2019). *MMP12 has been uniquely characterized as a Metalloelastase. 
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Each MMP contain certain domains which have a high degree of homology: a signal 

peptide, to promote entry into the conventional secretory pathway; a pro-domain, which must be 

removed to activate the protein; a catalytic core, which binds and cleaves substrate; and a 

hemopexin like-domain, which regulates substrate and inhibitor binding (Ra & Parks, 2007). 

Some classes of MMPs also contain further structural elements, including a proline-rich linker 

between the catalytic core and hemopexin-domain, and a C-terminal transmembrane domain 

(Jabłońska-Trypuć et al., 2016). 

The signal peptide of MMPs is the gateway to the extracellular space. Of variable length, 

signal peptides are usually comprised of a four component short peptide: a slightly charged short 

length (n-region), a hydrophobic αAHA1 antibodies and TIMP2 -helical region (h-region), a polar and uncharged region (c-

region), and a cleavage site with neutral residues occupying sites -3 and -1 prior to the cleavage 

motif (Käll et al., 2004). Following protein synthesis, signal peptide containing proteins bind to the 

Sec61 translocon of the endoplasmic reticulum (ER) where they are trafficked through the now 

open Sec61 channel and modified by signal peptidase – i.e. the signal peptide is removed (Lang 

et al., 2017). Subsequent trafficking through the ER-Golgi pathway is performed, proteins enter 

the ER lumen and are subsequently folded through interactions with chaperones and other 

members of the protein folding machinery including protein disulfide isomerase (PDI) (Ngiam et 

al., 2000; Viotti, 2016). Once folded, the protein is translocated into the coat-protein complex 

(COP) II- coated vesicles. These vesicles fuse with the golgi-apparatus, where the proteins are 

subsequently packaged and transported to the extracellular space (Jackson, 2009). 

The MMP family are secreted as zymogens, ie they are secreted inactive and containing 

a precursor pro-peptide domain which prevents active site-substrate interaction. Limited 

proteolytic removal of the pro-peptide results in an activation of the enzyme (Neurath & Walsh, 

1976). The pro-domain of MMPs are roughly 80aa’s in length, and contain 3 αAHA1 antibodies and TIMP2 -helixes folded 

around a cysteine residue. This cysteine residue within the consensus sequence PRCGXPD co-

ordinates with 3-histidines in the catalytic core of MMPs to create the characteristic cysteine 

switch (Murphy & Nagase, 2008). Overall the three helices of pro-domain form an inverted 
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pyramid like plug, preventing the active site from binding substrate (Laronha & Caldeira, 2020). 

The cleavage of the MMP pro-domain is mediated in the extracellular space by serine proteases, 

membrane-type MMPs, or soluble activated MMPs. Further, non-extracellularly activated MMPs 

are activated in the trans-golgi netwrok via a furin cleavage motif, RXK-RR (Cieplak & Strongin, 

2017). 

Once shed of its pro-peptide domain, the highly structurally conserved MMP active site is 

free to bind and cleave its target substrate. The MMP catalytic core consists of a 5-stranded β-

sheet, three αAHA1 antibodies and TIMP2 -helixes, and an unstructured loop region (Figure 1.2A). At the center of MMPs are 

two Zn2+ ions, a structural metal ion and a catalytic metal ion, stabilized by a total of three Ca2+ 

ions (Nagase et al., 2006). The loop formed between sheets III and IV of the beta-sheet, known 

as the S-loop, forms the surface for the structural Zn2+ to bind to the three His and one Asp 

residues conserved, whereas the catalytic Zn2+ ion is housed in the subsequent αAHA1 antibodies and TIMP2 -helix-turn 

region with the zinc-binding consensus sequence, HEXXHXXGXXH (Tallant et al., 2010) (Figure 

1.2B). The catalytic site of MMPs is formed by the Ω-loop between the second and third αAHA1 antibodies and TIMP2 -helix. 

The catalytic zinc at the bottom of the crevice binds to the carbonyl group of the peptide bond of 

the substrate, displacing the water molecule attached to the Zn2+ ion. The peptide bond hydrolysis

is facilitated by proximal Glu which displaces a proton from the water molecule and facilitates the 

nucleophilic attack of the carbonyl group (Visse & Nagase, 2003). Substrate recognition has been

shown to be coordinated by a number of hydrophobic pockets which surround the Zn2+  ion 

(Rangasamy et al., 2019). Particularly the depth of the S1’ pocket has been shown to govern not 

only substrate binding, but has been considered a serious target for selective MMP synthetic 

inhibitors (Gimeno et al., 2020). 

At the C-terminus of MMPs are two distinct structures, a hemopexin-like domain and a 

proline rich region which separates the hemopexin-like domain from the catalytic core. Although, 

the proline rich linker region isn’t found within all MMPs, in most of the family it enables vital 

flexibility to perform substrate cleavage (Laronha & Caldeira, 2020). 
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Figure 1.2 – Schematic of MMP2 Structure

A) Crystal structure of pro-MMP2. The Pro-domain is colored in red, the catalytic core is colored 

in blue, and the hemopexin domain is colored in green. This structure was obtained from the 

protein data bank, 1GXD (Morgunova et al., 2002a). 

B) Close up view of the critical Zn2+ and Ca2+ ions within the MMP2 catalytic domain. The 

Structural Zn2+ ion is depicted in gray and localizes to its coordinating residues in orange, the 

catalytic Zn2+ is depicted in gray and localizes to its coordinating residues in purple, and the 

catalytic Ca2+ ion is depicted in green and localizes to its coordinating residues in light blue. This 

structure was obtained from the protein data bank, 1GXD (Morgunova et al., 2002a). 
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Analysis of the hinge region in MT-MMPs show that the hinge region is responsible for the 

autolytic processing of the enzyme (Osenkowski et al., 2005). The hemopexin-like domain of 

MMPs is formed of four individual β-sheet structures called propellers which are bound by 

disulfide bonds between blades I and IV (Dufour et al., 2008). This domain has been shown to be 

essential in the recognition of substrates and the binding of endogenous inhibitors of MMPs, 

tissue inhibitors of metalloproteinases (TIMPs) (Murphy & Nagase, 2008). 

1.3.2 - MMP2 regulates cancer invasion and metastasis 

MMP’s role in the extracellular space is primarily cleavage and remodeling of the 

extracellular matrix. The increased expression of MMPs has been implicated in Alzheimer's 

disease, arthritis, amyotrophic lateral sclerosis, heart disease, and cancer (Brkic et al., 2015; 

Tokito & Jougasaki, 2016). Indeed, the role of MMPs in cancer is well documented, specifically 

the role of gelatinase, MMP2. 

The two gelatinases, MMP2 and MMP9, are responsible for the processing of a number 

of shared substrates including gelatin, elastin, and collagens IV and V. However, MMP2 also has 

a number of other substrates with which it associates and cleaves including fibronectin, tenascin, 

and laminin-5 (Bauvois, 2012). Structurally, gelatinases uniquely contain three repeated type-II 

fibronectin domains which are able to associate with gelatin, collagen, and laminin, and facilitate 

their processing (Laronha & Caldeira, 2020). As discussed previously, MMPs are inducible 

proteins, which under normal physiological conditions are expressed in low levels throughout 

tissues. However, in numerous cancers including: colorectal (Said et al., 2014), bladder (Fouad et

al., 2019), non-small cell lung cancer (NSCLC) (Passlick et al., 2000), prostate (XIE et al., 2016), 

breast (H. Li et al., 2017), retinoblastoma (Webb et al., 2017), and astrocytoma (Yu et al., 2017), 

the increased expression of MMP2 has been linked to poor prognosis and survival. 

 Following the formation of the initial tumors by uncontrolled rapidly dividing cells, cancers

are initially localized to a single primary site and are enclosed within an intact basement 
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membrane. However, in aggressively multiplying tissues the tumor breaks down the tumor 

capsule and spreads outside the confines of the primary tumor site. Indeed, further invasion into 

the circulatory systems facilitates cancer cell escape and colonization in a new location within the 

body – metastasis (Lodish et al., 2000). The ubiquity of processes that govern the steps between 

the primary tumor being localized and metastasis, however, are not quite so simply described. 

Indeed, numerous processes must occur to breakdown and remodel the extracellular space in 

response to cell signaling, as well and the uncontrolled response of extracellular remodeling 

factors to facilitate these processes. The role of MMP2 as a poor prognostic marker in cancer is 

uniquely linked to its role remodeling the extracellular space, promoting cell migration, invasion, 

and angiogenesis (Fouad et al., 2019; H. Li et al., 2017; Passlick et al., 2000; Said et al., 2014; 

Webb et al., 2017; XIE et al., 2016; Yu et al., 2017). 

 The breakdown of the basal lamina is an essential step in the process of tumor invasion. 

The mass of rapidly dividing tumor cells must punch through the basal lamina to access the 

circulatory system and promote cell colonization at secondary tumor sites. As we previously 

discussed, the basal lamina is formed from a combination of gelatinase substrates, including 

collagen IV, and laminins. Indeed, the increase in degradation of collagen IV through MMP2 and 

MMP9 was shown to promote tumor progression of colorectal tumors (Zeng et al., 1999), and the 

breakdown of laminin-5-γ2 by MMP2 was shown to promote vasculogenesis and tumor 

progression (Seftor et al., 2001).

A number of pathways have been shown to modulate the expression of MMP2, into the 

extracellular space. Indeed, the interactions between MMP2 and fibronectin induces a 

downstream decrease in promoter methylation, and increases transient MMP2 expression 

(Pereira et al., 2014). IL-8 in turn has been shown to promote MMP2 and MMP9 expression 

through induction of the p38 MAPK – NF-κB pathway and VEGF B pathway and VEGF (Adya et al., 2008; Chan et al., 

2017).  Further, CD44 was shown to be a regulator of MMP2 expression through Smo G protein-

coupled receptor (L. Wang et al., 2014). 
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As such the regulation of MMP2 in the extracellular space has been thought of as an 

attractive extracellular target of metastasis, however despite decades of research no clinically 

significant pharmaceuticals have been elucidated (Fields, 2019). Indeed, looking more deeply at 

how the MMP2 protein is regulated within the cell may hold the key to regulating its activity in 

cancer. 

1.4 - Tissue Inhibitors of Metalloproteinases (TIMPs)

We have previously described the role MMPs play in the extracellular space, however, 

these highly prolific proteases require temproal and spatical control. To control the regulation of 

MMP activity, the cells secretes an endogenous inhibitor family, tissue inhibitors of 

metalloproteinases (TIMPs) which between its four structurally conserved members are able to 

inhibit the entire MMP family, as well as other metzincin proteases including ADAMs (Remillard et 

al., 2014). TIMPs have also been further shown to perform MMP independent signaling roles in 

the extracellular space, as well as regulating tumor proliferation, angiogenesis, and metastasis 

(Seo et al., 2003a, 2008b). 

1.4.1 - TIMP structure and Biochemistry

Structurally, TIMPs are ~21-29kDa proteins comprised of two distinct terminal domains:  

an N terminal domain, and a C-terminal domain. The N-terminal domain of TIMPs form a 

tetrahedral structure similar to that of both MMP substrate and the MMP pro-domain (Visse & 

Nagase, 2003). The N-terminal domain of TIMPs is formed from a conserved 5 stranded beta 

barrel which contains flanking αAHA1 antibodies and TIMP2 -helices, one preceding and two succeeding. The C-terminal 

domain consists of 2 parallel beta strands connected by a loop, and separated by a fourth αAHA1 antibodies and TIMP2 -helix.

Each of the domains contain 3 disulfide bonds, coordinating a total of 12 cysteine residues found 

within TIMPs (Brew & Nagase, 2010). The structural architecture and pairing creating from these 

disulfide bonds is an essential component in the overall function of TIMPs (Williamson, 2010). 
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TIMPs are secreted through the same ER-Golgi secretion pathway as MMPs. Each TIMP

contains a signal peptide, which is cleaved by a signalpeptidase during its translocation to the 

ER-lumen. The folding of TIMP disulfide bonds are then performed in the ER, facilitated by 

foldases, chaperones, and  protein disulfide isomerase (PDI). And the protein is secreted as 

described for MMPs (Ngiam et al., 2000; Viotti, 2016). 

The position and coordination of disulfide bonds is conserved between TIMPs. In the 

TIMP2 N-terminus, the disulfide bonds are not formed in a manner proximal to their position in the

amino-acid sequence or in a consecutive manner, i.e. the protein does not form disulfide bonds 

between cysteines based on the closest partner within the sequence. The cysteines that occupy 

space in the region after the signal peptide cleavage location Cys27 and Cys29 (here referred to as 

+1 and +3 ) bond to cysteines within the N-terminal beta-sheet structure of TIMP2  at residues 

+72 (Cys98) and +101 (Cys127) respectively anchoring the β-structure into a compact position. The 

third disulfide of the N-terminus is formed between residue +13 (Cys39) and +126 (Cys152) which 

not only provides a compact structural linkage but also the domain boundary of the TIMP2 N-

terminus. C-terminal cysteine formation is, however, formed of a combination of consecutive and 

non-consecutive disulfide bonds. The three C-terminal disulfide bonds are formed between 

residues +128 (Cys154)  and +175 (Cys201), + 133 (Cys159) and +138 (Cys164), and +146 (Cys172) 

and +167 (Cys193) (Tuuttila et al., 1998) (Figure 1.3A and 1.3B). The complexity of disulfide 

formation has been shown to be directly linked to the practicality of isolating proteins from 

eukaryotes, without extensive folding machinery. Indeed, proteins with similar disulfide patterning 

such as Tissue plasminogen activator (tPA) are not able to be isolated from ecoli (Berkmen, 

2012). Likewise, TIMP2 has not been shown to be purifyable from ecoli without extensive 

refolding strategies (Williamson, 2010; Wingfield et al., 1999). 
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Figure 1.3 – Schematic of TIMP2 Disulfide Arrangement

A) Crystal structure of TIMP2. The N-terminal domain is colored dark blue, and the C-terminal 

domain is colored light blue. Each of the cysteine residues is highlighted in red with the 

corresponding side-chains forming disulfide bonds. This structure was obtained from the protein 

data bank, 1BR9 (Tuuttila et al., 1998). 

B) Schematic depiction of how each of the disulfide bonds associates in each terminus. In the N-

terminus, the first disulfide in green formed between Cys+1 and Cys+72, the second in orange is 

formed between Cys+3 and Cys+101, and the third in blue is formed between Cys+13 and 

Cys+126. In the C-terminus, the first disulfide in pink is formed between Cys+128 and Cys+175, 

the second in black is formed between Cys+133 and Cys+138, and the third in purple is formed 

between Cys+146 and Cys+167. 
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1.4.2 - TIMP inhibition and interaction with MMPs

TIMP association with MMP is byproduct of two distinct interactions: the N-terminal TIMP 

interaction with the active site of MMPs (which is thought to be the primary binding action), and 

the C-terminal interaction of TIMPs with the hemopexin-like domain of MMPs. The N-terminus of 

TIMP2 forms a tetrahedral like wedge, similar to that of the pro-domain of MMPs and the shape 

ideally suited for fitting into the active site ‘pocket’.  Further, the highly hydrophobic pockets which

surround the zinc ion, most prominently the S1’ region denote substrate specificity. 

The initial residues of the TIMP2 cleaved protein, particularly the +1 Cysteine residue, fit 

directly into the active site and occupy it. The Cysteine residue displaces the water molecule to 

bind to the catalytic Zn2+ ion and subsequent interactions with the surrounding pockets, determine

binding in a family member dependent manner (Bode et al., 1999). A number of TIMP:MMP 

catalytic interactions have been determined. In TIMP1:MMP3 interaction, the first four residues of 

cleaved TIMP1 (Cys-Thr-Cys-Val) bind into the active site cleft. +1 Cys directly binds to the Zn+2 

ions, and separate αAHA1 antibodies and TIMP2 -amino-group hydrogen bonding to the carbonyl-group of Ser68 and carboxyl-

group of Glu202 of MMP3. The +2 Thr residue occupies the S1’ pocket of MMP3 through 

hydrophobic interactions with the methyl- side chain. The following residues form further contacts 

with MMP3 (Gomis-R¨th et al., 1997) . Similarly,with the TIMP2:MT1-MMP structure, the first five 

residues of cleaved TIMP2 (Cys-Ser-Cys-Ser-Pro) form similar contacts within the MT1-MMP 

pocket. Similarly, the +1 Cys residue binds to the Zn2+ ion and forms subsequent hydrogen bonds 

through carbonyl Ala70 and Glu240 carboxyl-group oxygen. The +2 Ser interacts with the deep S1’ 

pocket of MT1-MMP, presumably through the Oγ (gamma oxygen) of the serine and the second 

carboxyl oxygen of Glu240 (Fernandez-Catalan et al., 1998). Its been further shown that the 

addition of any N-terminal modifications that precede the +1 Cys residue, occludes the interaction

between the +1 Cys and the catalytic Zn2+ ion. Indeed, the addition of a preceding alanine residue

(ala-TIMP2) was shown to preclude TIMP2 directed inhibition of MMP2. This was restored 

following proteolytic cleavage of the Ala-residue by aminopeptidase I (Wingfield et al., 1999). 
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Its been further shown that TIMPs can interact with MMP through their C-termini, also 

called non-inhibitory binding. Structurally solved C-terminal complex between pro-MMP2 and 

TIMP2 shows that this interaction is formed between the GH loop of TIMP2 +132-135 after the 

cleavage motif and the fourth propeller of the pro-MMP2 hemopexin-like domain, further the 

unstructured C-terminal tail of TIMP2 inserts between the third and fourth propeller of pro-MMP2 

(Morgunova et al., 2002b). 

Structurally, TIMP2 has been shown to be modified by Y-phosphorylation. The 

phosphorylation of TIMP2 by the Tyr-kinase Src was shown to modify three Tyr-residues, Y62, 

Y90, Y165. Functionally, the phosphorylation of Tyr90 led to an increase in the affinity between 

TIMP2 and active-MMP2 five-fold (~1000pM to ~200pM Ki), and in vivo governed the interaction 

and activation of pro-MMP2 (Sánchez-Pozo et al., 2018). 

1.4.3 - TIMP2 and MMP2 activation 

Although TIMPs are the endogenous inhibitors of MMPs, they ironically also play a role in

the activation of MMPs. In the activation of the pro-invasive MMP2, the endogenous inhibitor 

TIMP2 acts as a scaffold and facilitator. Indeed, TIMP2 acts in concert with MT1-MMP (MMP14) 

to promote the activation of pro-MMP2. 

Although, numerous models were suggested to explain MMP2 activation, it is accepted 

that the surface bound MT1-MMP acts as the interaction surface for this interaction. Indeed, MT1-

MMP is able to bind via its catalytic site to the N-terminus of TIMP2, inhibiting the active site of 

MT1-MMP. This event recruits the pro-MMP2 to the membrane of cell through C-terminal TIMP2-

pro-MMP2 interaction as described previously. A proximal MT1-MMP is recruited to cleave the 

pro-MMP2 bound to the adjacent MMP2:MT1-MMP:TIMP2 complex. MT1-MMP is able to partially

remove the pro-domain of MMP2. The result is an intermediary pro-form of MMP2 which is 

subsequently activated through interactions with other MMPs, including already activated MMP2 

(Butler et al., 1998; Strongin et al., 1993). Fully activated and unsupported MMP2 is further self-
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regulated by autolysis (Okada et al., 1990). A fine tuning of the TIMP2 levels is essential in this 

system, with increased TIMP2 resulting in inhibition of pro-MMP2 activation presumably through 

MT1-MMP occupancy, and too little resulting in low level recruitment to the MT1-MMP on the 

surface (Sánchez-Pozo et al., 2018).This process is described in Figure 1.4A. 
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Figure 1.4 – Schematic of MMP2 Processing and Activation

A) Schematic of in vivo MMP2 activation by MT1-MMP. 1) TIMP2 N-Terminus binds to MT1-MMP 

via its to its catalytic domain. 2) TIMP2 draws MMP2 to the TIMP2:MT1-MMP complex via C-

terminal TIMP2 interaction with pro-MMP2 HPX domain. 3) A proximal MT1-MMP partially cleaves

the pro-domain of MMP2 (in complex with TIMP2:MT1-MMP) leading to an intermediary complex.

4) The release of intermediary MMP2 leads to association with fully active MMPs and the full 

activation of MMP2. 
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1.4.4 - TIMP2’s role in Cancer

Outside the cell, TIMP2 performs two distinctly different functional roles: regulation of 

MMP activity and MMP independent signaling. We have previously described the roles which 

MMPs fill within the extracellular space, and indeed the roles MMP2 plays in the progression of 

tumor cell invasion, migration, and metastasis. TIMP2, the endogenous MMP2 inhibitor plays a 

regulatory role in the activation and inhibition of MMP2, as well as further regulation of other MMP

family activity (Stetler-Stevenson, 2008). Its been further shown that the disproportional 

expression of MMP2 and TIMP2 drives the pro-oncogenic activity of MMP2 in both breast and 

lung cancer (Peeney et al., 2019). Recently, it was further shown that the Y-phosphorylation state 

of TIMP2 influences the ability of MMP2 to interact with TIMP2, and therefore the activity and 

expression of Src tyrosine kinase has implications on MMP2 activity and such its pro-tumorigenic 

roles (Sánchez-Pozo et al., 2018). Indeed, the emerging field of extracellular protein post-

translational modification may help to further understand the discrepancies that exist between the

expression level and activities of these proteins extracellularly. 

 Outside its role as direct inhibitor of MMP activity, TIMP2 has been shown to fill a 

signaling role in a number of pathways in the extracellular space – further being shown to 

regulate migration, invasion, and angiogenesis of cancer cells. TIMP2 MMP inhibition 

independent effects are predominantly regulated by its ability to bind to surface receptors and 

stimulate downstream processes, including IGF-R1, and αAHA1 antibodies and TIMP2 3β1 integrin. TIMP2 binding to αAHA1 antibodies and TIMP2 3β1 

integrin in close proximity to MT1-MMP, has been shown to result in the dissociation of SHP-1 

phosphotase from the β1 subunit, in turn this leads to suppression of receptor tyrosine kinases 

(RTK) as well as the induction P27Kip1 (S. H. Kim et al., 2012; Seo et al., 2003b, 2006a). The 

expression of  P27Kip1 has been shown to regulate the expression of VEGF which promotes 

angiogenesis, and arrest the cell cycle as a CDK inhibitor (Gonçalves et al., 2015).

Further, αAHA1 antibodies and TIMP2 3β1 has been shown to regulate fibroblast growth factor receptor (FGFR-1) and 

epithelial growth factor receptor (EGFR) activation in an SHP-1 dependent manner (Hoegy et al., 
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2001; Seo et al., 2008a). Insulin-like growth factor receptor (IGF-1R), has been shown to bind to 

the C-terminal domain of TIMP2, which inhibited the downstream tumor growth and angiogenic 

effects of IGF1R (Fernandez et al., 2010). Its been further shown through use of MMP ineffective 

Ala-TIMP2 that its expression in A549 lung carcinoma led to a decrease in the expression of 

phospho-FAK and phospho-AKT levels which has been shown to regulate tumor cell growth and 

apoptosis (Bourboulia et al., 2011). Further, it was also shown that E-cadherin was upregulated 

following Ala-TIMP2 treatment, promoting cell adhesion through the E-cadherin/beta-catenin 

complex which promotes cell-cell adhesion (Bourboulia et al., 2013). 

1.5 - Heat Shock Protein-90 (HSP90)

Heat shock protein-90 (HSP90) is a ubiquitously expressed and essential molecular 

chaperone in humans; found to be evolutionarily conserved from bacterium (HtpG), to yeast 

(Hsc82), to higher eukaryotes (HSP90), and regulates the maturation, stability, activation, and 

folding of over 200 proteins within the cell - known collectively as its clients (Schopf et al., 2017). 

Both human and yeast (Hsc82) HSP90 have been shown to have two genetically encoded 

isoforms: HSP90αAHA1 antibodies and TIMP2 , which is stress inducible; and HSP90β, which is constitutively expressed (Jing

Li et al., 2012a). 

HSP90 is known to have two homologs which are compartment specific: GRP94, which is

localized to the endoplasmic reticulum (ER); and TRAP1, which is localized to the mitochondria. 

HSP90 has further been shown to localize to the extracellular space (Jing Li et al., 2012b). 

The clients of HSP90 are numerous and also diverse in their function. These clients can 

be grouped as: kinase clients, such as pAKT, c-Abl, EGFR, and IGFR-1; non kinase clients, 

including: transcription factors, such as HSF-1, steroid receptors (AR, GR, ERαAHA1 antibodies and TIMP2  & Erβ), and p53 

(Downloads | Picard Lab, n.d.); and extracellular clients, such as MMP2 and fibronectin (Cheng et

al., 2008; X. Song et al., 2010). 
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1.5.1 - HSP90 Structure and ATPase Activity 

HSP90 is a constitutive homo-dimer which is comprised of three distinct domains: an N-

terminal domain, which contains its ATPase region; a M- (middle) domain, linked to the N-

terminus by a flexible charged linker; and a C-terminal domain, which is the location of homo-

dimerization and a MEEVD TPR-protein binding motif (Schopf et al., 2017). 

It has been shown that HSP90 interacts with its clients predominantly through patches of 

hydrophobic residues scattered throughout the protein, this results in clients binding to both the 

N- and M- domains of HSP90 (Radli & Rüdiger, 2018). The mechanics of ATP binding and 

hydrolysis is a critical component in the regulation of client chaperoning, indeed, the binding and 

hydrolysis of ATP regulates the formation of three distinct conformations of HSP90: an open 

(unbound) conformation,  a closed (ATP-bound) conformation, and a twisted (hydrolysis/ADP 

bound) conformation (Krukenberg et al., 2011). Individual clients have binding preferences for the

HSP90 conformations, HSP90 client Tau prefers the open conformation, whereas GR and Cdk4 

prefer the closed conformation (Radli & Rüdiger, 2018). The open and closed conformations can 

be formed in an ATP independent manner, however, without the cycling of these conformations 

HSP90 client chaperoning is not achievable (Hoter et al., 2018). The rate of hydrolysis varies 

among species, indeed, Hsc82 has been shown to hydrolyze ATP with a kcat of 0.4 ATP/min, 

bacterial HtpG has a kcat of 0.47 ATP/min, and human HSP90 has a kcat of 0.089ATP/min 

(McLaughlin et al., 2002; B Panaretou et al., 1998). This cycle of ATPase activity is regulated by 

more than just ATP levels, the binding of co-chaparone proteins and post-translational 

modifications have been shown to fine tune this process. 
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Figure 1.5 – Schematic of HSP90 ATPase Activity

A) Schematic depiction of how HSP90 binds and hydrolyzes ATP. The HSP90 ‘Apo’ (Open) state 

of HSP90 recruits ATP to bind by its N-terminus. Subsequently, HSP90 undergoes two 

conformational closing stages, an initial N-terminal dimerization (Closed I) and then a M-domain 

twisting (Closed II). ATP is then hydrolyzed, releases ADP and inorganic phosphate, and re-

adopts its ‘Apo’ (open) state. 
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Prior to HSP90 binding to ATP - it adopts an open V-shaped conformation, with the ATP 

binding pocket of HSP90 in the proteins N-terminus unoccupied. This is the ‘apo’ state of HSP90. 

Binding of ATP to the N-terminal pocket of HSP90 triggers a closing of a short conserved motif in 

the HSP90 N-terminus called the ‘ATP-Lid’. Subsequently, HSP90 forms a number of 

intermediary conformations which result in N-terminal dimerization, the first closed state of 

HSP90. Further middle domain interactions drive a further conformational change which twists 

the HSP90 protomers into the second closed conformation (Biebl & Buchner, 2019). The correct 

cycling of these changes results in the hydrolysis of ATP and release of ADP and an inorganic 

phosphate ion.  ADP release triggers the loss in N-terminal dimerization and the HSP90 protein 

re-adopts the initial open conformation (Schopf et al., 2017) (Figure 1.5A).

The binding of ATP to the N-terminal pocket has been shown to be dependent on both a 

water molecule and Mg2+ ion between two conserved Arg/Glu pairs, R32 and E33, and R380 and

E381, respectively in yeast Hsc82 (Mader et al., 2020). Point mutations at key residues in human 

HSP90 as shown in (Prodromou et al., 1997), E47A  (E33 in Hsc82) and D93N (D79 in Hsc82), 

have been shown to prevent hydrolysis of ATP and binding of ATP respectively which form an 

constitutively open and closed HSP90 protein in the presence of ATP (Obermann et al., 1998). 

Recent molecular dynamic (MD) simulations have elucidated a proposed model for molecule co-

ordination during ATP binding and hydrolysis. Indeed, proton transfer between a water molecule 

and the ATP γ-phosphate co-ordinates it to the Glu33 residue and kick starts the hydrolysis of the 

β/γ- phosphate bond by the formed OH- ion through nucleophilic attack (Mader et al., 2020). 

1.5.2 - Co-chaperones of HSP90

To regulate its chaperoning function HSP90 interacts with another class of proteins, its 

co-chaperones. Co-chaperones are proteins which interact with HSP90, do not require the activity

of HSP90 for their own activity, and modulate some form of HSP90 activity (Caplan, 2003). Over 

a dozen co-chaperones have been identified and characterized, and many of these are 
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evolutionarily conserved in yeast as well as human HSP90 machinery. Indeed, a vast majority of 

these co-chaperones utilize the MEEVD motif for TPR binding at the HSP90 C-terminus to 

perform HSP90 interactions, these include p23, HOP, PP5, and CYP40 (Zuehlke & Johnson, 

2010). However, others bind to the N and M- domains of HSP90. Co-chaperones have been 

shown to act as scaffolds for client proteins to interact with the chaperone, as is seen with CDC37

co-chaperoning of CDK4 to HSP90 where the co-chaperone stabilizes this interaction (Verba et 

al., 2016); as well as regulating the ATPase activity, as is seen by FNIP1 and TSC1 which 

decelerate the ATPase cycle and AHA1 which accelerates the ATPase cycle (Dunn et al., 2015; 

Woodford et al., 2016, 2017). Within this thesis we focus in part on activity of the accelerating co-

chaperone, AHA1.  

AHA1 is a stress inducible co-chaperone of HSP90 which is responsible for accelerating 

its ATPase cycle. Conserved in yeast (Hch1), AHA1 is able to induce an increase in the kcat of ATP

towards HSP90 up to 12-fold (yeast). Indeed, the binding of the N-terminus of AHA1 is able to 

modulate ~30% ATPase increase seen by the WT protein, with the C-terminus unable to 

modulate activity (Mayer et al., 2002; Barry Panaretou et al., 2002). It was initially determined that

AHA1 interacts with the middle domain of HSP90 (Lotz et al., 2003), however, this did not explain 

why the ATPase activity was modulated. Indeed, it was later shown that although the N-terminus 

of AHA1 bound to the middle domain of HSP90, it bound asymmetrically with its C-terminus to the

adjacent HSP90 protomer via its N-terminus. AHA1 modulates HSP90 ATPase activity through its

C-terminus interacting with the HSP90 N-terminus, specifically the ATPase (Retzlaff et al., 2010). 

Its been recently further concluded that the C-terminus of AHA1 can adopt multiple conformations

which support the intermediary conformational rearrangements of the N-terminal ATP pocket to 

facilitate the ATP binding and hydrolysis (Oroz et al., n.d.). 

The AHA1 co-chaperoning of HSP90 has been shown to be regulated through post-

translational modifications. Indeed, Tyr-phosphorylation of the Y223 residue on AHA1 by the 

tyrosine kinase c-Abl has been shown to regulate the both AHA1 binding and ATPase regulation. 

A phospho-tyrosine mimetic, Y223E, was shown to increase ATPase activity of HSP90 ~8 fold, 
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whereas, the phospho-null Y223F showed  only a ~1.5 fold increase in activity. Inhibition of c-Abl 

was further shown to increase cancer cell sensitivity to HSP90 pharmacological inhibition, 

deduced to be through AHA1 binding (Dunn et al., 2015). 

As a protein, HSP90 is highly modified. Indeed, HSP90 has been reported to be 

serine/threonine phosphorylated, tyrosine phosphorylated, acetylated, methylated, 

thiocarbamylated, S-nitrosylated, SUMOylated, ubiquitinated, nitrated, and O-GlcNAcylated 

(Backe et al., 2020). It has also been suggested that the HSP90 is proteolytically modified (X. 

Wang et al., 2009).  AHA1 binding to HSP90 has been shown to be modulated by both 

SUMOylation and phosphorylation of the HSP90 protein. HSP90 SUMOylation asymmetrically, 

i.e. when only one protomer of HSP90 is SUMOylated, is evolutionarily conserved at residue 

K191 (human) and K178 (yeast). This SUMOylation has been shown to initiate the recruitment of 

the AHA1 protein, despite the requirement of ATP binding to initiate SUMOylation (Mollapour et 

al., 2014). It was further shown that HSP90 Y-phosphorylation at residue Y313 was shown to 

promote the interaction between HSP90 and AHA1, predominantly through AHA1 C-terminal 

domain (W. Xu et al., 2019). 

Its been further shown that competition exists between activatory and inhibitory co-

chaperones. Indeed, the activatory co-chaperone AHA1 competes for both HSP90 binding and 

ATPase rate modification with the negative ATPase co-chaperone, FNIP1 and TSC1, regulating 

the binding of HSP90 client proteins (Woodford et al., 2016, 2017). 

1.5.3 - The secretion and role of extracellular HSP90

Although the study of HSP90 has focused on its role as an intracellular regulator of 

proteostasis, it has been found to also localize to the extracellular space. Indeed, both isoforms of

HSP90, αAHA1 antibodies and TIMP2  and β, have been found extracellularly, where they have been shown to perform both a 

chaperoning and signaling role (W. Li et al., 2012a). 
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The regulation of HSP90 secretion is a highly prevalent topic in eHSP90 research, 

however, it is generally accepted that the secretion of eHSP90 is governed through the 

extracellular vesicles – exosomes (W. Li et al., 2012b). Although a definitive mechanism of 

secretion has not been elucidated, studies have shown that eHSP90 secretion is achieved 

through intracellular post-translational modification of the protein and through reaction to stress 

induced stimuli. Indeed, the phosphorylation of Thr-90 by the kinase PKA has been shown to be 

essential in the trafficking of HSP90 (X. Wang et al., 2009). However, this phosphorylation has 

been quizzically shown to perturb client interactions through diminished ATP cycling (X. Wang et 

al., 2012). Further, it was inferred that the MEEVD TPR binding motif at HSP90 C-terminus and 

interaction with PP5 could be a rate limiting step in HSP90 secretion (X. Wang et al., 2009). The 

secretion of HSP90αAHA1 antibodies and TIMP2  has been shown to be inducible through stress, specifically hypoxia and 

heat shock. Indeed, it has been shown that through a HIF-1αAHA1 antibodies and TIMP2  dependent pathway, HSP90αAHA1 antibodies and TIMP2  is 

secreted from cells following hypoxia (W. Li et al., 2007). Its been further reported that heat shock

induction causes an increase in HSP90αAHA1 antibodies and TIMP2  levels (Clayton et al., 2005), this has recently been 

thought to be dependent of stressome release and dependent on co-chaperone CDC37 (Eguchi 

et al., 2020). 

Similarly to its intracellular role, it has been shown that extracellular HSP90 interacts with 

and chaperones client proteins in the extracellular space. Indeed, two dedicated extracellular 

clients of HSP90 have been identified. The first bona fide client reported for eHSP90 was the 

protease MMP2. Indeed, it was shown that the longevity of MMP2 in the extracellular space was 

dependent upon the binding to HSP90 (X. Song et al., 2010). Further experiments inhibiting with 

ATPase inhibitors of HSP90 and HSP90 specific antibodies disrupted binding between MMP2 

and HSP90 and resulted in both MMP2 degradation and a loss of MMP2 function (Eustace et al., 

2004; X. Song et al., 2010). This relationship was further shown to be prevalent in the regulation 

of MMP2 dependent cancer invasiveness, where HSP90 increases the availability of MMP2 and 

in turn proteolytic cleavage of matrix components increased (X. Song et al., 2010). Recent 

studies have further identified fibronectin as a client of HSP90. It has been elucidated that the 
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pro-invasive matrix component fibronectin levels are dependent upon HSP90 chaperoning 

(Armstrong et al., 2018). Further, it has been shown that fibronectin directly binds to HSP90 via its

N-terminal heparin binding region via its middle domain (A. Chakraborty et al., 2020). 

Outside of its chaperoning role, it has been documented that eHSP90 can perform a 

signaling role through receptor interaction which is independent of its ATPase function. Indeed, it 

has been shown that HSP90 can interact with and modulate the function of lipoprotein receptor, 

LRP1. LPR1 was shown to regulate the stimulation of wound healing through interaction with 

HSP90, and inhibition of LRP1 with antibodies and LRP1 knockdown removed this effect (Cheng 

et al., 2008). Further, it was later shown that LRP1 activates downstream AKT signaling through 

the cytoplamsic tail of LRP-1 (Tsen et al., 2013). The benefits of HSP90αAHA1 antibodies and TIMP2  signaling through LRP-1

prompted the discovery of a 115-aa HSP90 fragment which is responsible for promoting wound 

healing, dubbed F-5 (Cheng et al., 2011). This F-5 fragment which neither homodimerizes or has 

ATPase activity has shown significant ability to promote wound healing and has entered clinical 

trials as a therapeutic for diabetic wound healing (Bhatia et al., 2016). 

Understanding how HSP90 can perform its ATPase dependent chaperoning role in the 

extracellular space without sufficient ATP concentrations is an ongoing and unexplained 

quandary.  Intracellularly, Hsp90 inhibitors target the N-terminal ATPase pocket and competitively 

regulate the binding of ATP. This in turn disrupts the ATPase powered chaperone cycle which 

Hsp90 relies upon to chaperone its clients (Roe et al., 1999). It has been shown in numerous 

studies that these same inhibitors, including those modified to be membrane impermeable are 

able to inhibit MMP-2 activity, and indeed the cell invasiveness of numerous tumors, including: 

melanoma and prostate (Eustace et al., 2004; Hance et al., 2012; Tsutsumi et al., 2008). This 

infers that eHsp90 relies on eATP activity for its function. However, this has been disputed in 

studies (W. Li et al., 2012a) in which the expression of Hsp90 mutants which lack the ability to 

bind and hydrolyze ATP have no impaired extracellular function. Further, it is important to 

recognize the mounting evidence the extracellular ATP release is both homeostatically controlled 

and higher than originally anticipated. Indeed, it has been shown that in pathologies such as 
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cancer, and in response to cellular stress, extracellular concentrations of ATP can increase 1000-

fold, to μM levels.  M levels.  (Mimoto et al., 2020). Following the induction of ATP by stress or in disease, 

eHsp90 could hydrolyze the increased extracellular ATP to amplify its ability to chaperone its 

clients. This could explain why eHsp90 chaperoning of its client is greatly increased in diseases 

such as cancer 

34



1.6 - Objectives of this Thesis

Tissue inhibitor of metalloproteinase 2 (TIMP2) is an essential component of the extracellular 

milieu regulating pro-invasive and angiogenic pathways. The main aim of this thesis is to 

investigate the relationship between TIMP2 and the extracellular chaperone eHSP90α. 

Chapter 2 is focused on establishing the role of TIMP2 as the first bona fide extracellular co-

chaperone of eHSP90αAHA1 antibodies and TIMP2 , and identifying the effect of this relationship on the eHSP90αAHA1 antibodies and TIMP2  client, 

MMP2. The objectives are to:

• Identify whether TIMP2 acts as a client of HSP90αAHA1 antibodies and TIMP2  or a co-chaperone.

• Explore whether TIMP2 is an inducible gene.

• Determine whether TIMP2 is able to modulate the ATPase activity of eHSP90αAHA1 antibodies and TIMP2  similarly 

to other HSP90 co-chaperones and whether TIMP2 binding influences ATP and HSP90αAHA1 antibodies and TIMP2  

inhibitor, ganetespib, binding to the N-terminal ATP pocket of HSP90αAHA1 antibodies and TIMP2 .

• Examine how HSP90, MMP2, and TIMP2, interact in both the MMP2 pro- (72kDa) and 

active (62 kDa) forms. 

• Identify how the relationship between HSP90, MMP2, and TIMP2 modulates the MMP2 

proteolytic activity of MMP2. 

Chapter 3 examines the relationship between the HSP90αAHA1 antibodies and TIMP2  co-chaperones AHA1 and TIMP2 in 

respect to HSP90 client binding. The chapter further explores this relationship in relation to MMP2

proteolytic and gelatinolytic activity. The objectives are to:

• Identify whether AHA1 can be localized to the extracellular space and whether AHA1 can 

disrupt the TIMP2:HSP90αAHA1 antibodies and TIMP2  complex. 

• Determine how AHA1 interferes with the HSP90αAHA1 antibodies and TIMP2 :TIMP2:MMP2 complex.

• Determine the in vitro AHA1:TIMP2 relationship in regards to client MMP2 activity.
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• Explore whether AHA1 and TIMP2 can compete in vivo  for HSP90:MMP2 binding and 

explore the in vivo effects on gelatinolytic activity.

Chapter 4 explores novel insights into the purification of the TIMP2 protein in bacteria for large 

scale production. In turn this protein is used to examine the effect of TIMP2 Y-phosphorylation on 

the binding of HSP90αAHA1 antibodies and TIMP2  to TIMP2. The objectives are to:

• Identify a novel approach to purify TIMP2 in bacterium without the need for disulfide 

refolding – using a combination of the pet-SUMO vector and Origami DE3 cells. 

• Explore whether the purification process can be used to yield folded and pure TIMP2 Y-

phospho mutants Y62E, Y90E, and Y165E, as well as a triple Y→ E mutant protein (TE). 

• Explore whether TIMP2 binds better to HSP90αAHA1 antibodies and TIMP2  as a Y-phospho or non-phospho mutant 

protein. 
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2.1 - Abstract

The essential molecular chaperone, heat shock protein-90 (Hsp90) is responsible for the 

regulation, maturation, and stability of client proteins both intracellularly and extracellularly. 

Intracellularly, Hsp90 utilizes its innate ability to hydrolyze ATP in the regulation of client 

chaperoning. Hsp90 has also been shown intracellularly to rely on interactions with co-chaperone

proteins, to fine tune its own function and further regulate client binding and activity. 

Extracellularly, HSP90 is known to chaperone matrix remodeling protease, MMP2. MMP2 itself is 

regulated by both its chaperone, eHSP90, which prevents MMP2 autolysis and promotes 

increased MMP2 activity, and by its endogenous inhibitor, TIMP2, which is directly responsible for

inhibiting the active site of the protease as well as facilitating its zymogen activation. At present, 

how HSP90 performs its chaperoning role outside the cell remains elusive. Here we report, that 

the first bona fide extracellular co-chaperone, tissue inhibitor of metalloproteinase 2 (TIMP-2), 

interacts directly with eHsp90, both in vitro and in vivo, regulating eHsp90 ATPase activity. We 

determine that TIMP-2 binding to Hsp90 increases the affinity of Hsp90 towards ATP and HSP90 

inhibitor biotinylated-ganetespib. We determine that TIMP2 is a stress inducible protein, which is 

induced significantly following HSF1 transcriptional activation. TIMP2 acts a both a disruptor and 

scaffold of the HSP90 client/chaperone relationship with MMP2 in a loading dependent manner, 

forming either an MMP2:TIMP2 complex and MMP2:TIMP2:HSP90 ternary complex. HSP90 

does not disrupt the TIMP2 inhibition of MMP2 proteolysis, as the HSP90:TIMP2:MMP2 ternary 

complex is inhibitory. Our findings indicate that TIMP2 acts as a true co-chaperone of HSP90 

outside of the cell. It facilitates client chaperoning, modulates HSP90 ATPase function, and 

promotes ATP and drug binding to HSP90. 
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2.2 - Introduction

Intracellular proteostasis is a cellular homeostatic process which is governed by an array 

of molecular chaperones and post-translational modifiers. The essential and evolutionary 

conserved molecular chaperone, heat shock protein-90 (HSP90), orchestrates the folding, 

maturation, activity, and stability of hundreds of intracellular proteins in eukaryotes - its clients 

(Schopf et al., 2017). HSP90 is a homo-dimeric protein complex which conducts protein 

chaperoning through chemically modulated conformational changes occurring through the 

hydrolysis of ATP.  The chaperoning activity of HSP90 is intrinsically linked to its ability to 

successfully bind and hydrolyze ATP into the derivative ADP and inorganic phosphate (Pi) (Pearl, 

2016). 

HSP90 is further regulated by post-translational modifications and interactions with non-

client proteins called co-chaperones. HSP90 is highly modified post-translationally. Indeed, it has 

been reported that the protein undergoes phosphorylation at tyrosine, threonine, and serine 

residues, acetylation, sumoylation, s-nitrosylation, oxidation, and ubiqitination (Sager et al., 

2018). A number of these post-translational modifications have been shown to modulate both the 

binding and hydrolysis of ATP, and interactions with its client and co-chaperoning proteins (Backe 

et al., 2020). 

In eukaryotes, the HSP90 conformational cycle is facilitated through binding to a number 

of non-client proteins, co-chaperones. These proteins regulate some manner of HSP90 co-

chaperoning and bind directly to HSP90, but do not require HSP90 in any way for its innate 

maturation, folding, or stability (Sahasrabudhe et al., 2017). Co-chaperones have been shown to 

facilitate client binding, but also directly modulate HSP90 functions, such as its rate of ATP 

hydrolysis. A number of HSP90 co-chaperones have been identified intracellularly, including the 

activating co-chaperone AHA1, which increases the turnover of ATP by HSP90, and HOP/Sti1 

which has been shown to inhibit ATPase activity (Jing Li et al., 2012a). The chaperoning activity 

of HSP90 is required for maintaining normal cellular function and homeostasis. However, in 
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pathological conditions the chaperoning of clients by HSP90 has been shown to regulate the 

maturation of disease. In cancer particularly, HSP90 activity is thought to regulate: angiogenesis, 

metabolism, and immune evasion (Azoitei et al., 2014; Mycielska et al., 2014; K.-H. Song et al., 

2020). Due to the effect HSP90 has in cancer, finding a way to target HSP90 has been thought of

as a high potential therapeutic target. The majority of the developed HSP90 inhibitors target the 

ATPase binding pocket in the HSP90 N-terminus, competing for the binding to ATP as stalling the 

necessary ATP hydrolysis which drives the conformational changes required to perform its 

function (Sanchez et al., 2020). 

Although HSP90 has been shown to regulate intracellular proteostasis, it is also secreted 

to the extracellular space (eHSP90) and regulates already characterized eHSP90 client, matrix 

metalloproteinase-2 (MMP2) (X. Song et al., 2010). 

MMP2 is the secreted extracellular protease which is responsible for the degradation and

processing of type iv collagen, and as such the remodeling of the extracellular matrix which 

anchors cells to each other (Bauvois, 2012). MMP2 has been shown to be a critical component of

the pro-invasive machinery of tumor cells, it is both upregulated and hyperactive in the tumor 

microenvironment of invasive cells (Fouad et al., 2019; Passlick et al., 2000; Said et al., 2014). 

MMP2 is secreted to the extracellular space via the ER/Golgi conventional secretory pathway as 

an inactive zymogen, following the cleavage of a signal peptide. The zymogen pro-MMP2 is 

subsequently activated following interaction with further MMPs and itself (Strongin et al., 1993). 

The active MMP2 is then further regulated through a series of autolytic cleavages of the C-

terminus of the protein, which culminate in protein inactivation. Interaction of MMP2 with eHSP90 

has been shown to increase the stability of MMP2, preventing it from being autolytically cleaved 

(X. Song et al., 2010). This chaperoning produces a enlarged pool of MMP2 extracellularly and as

such has been linked to the promotion of tumor cell migration and invasion. 

Although MMP2 activity has been shown to be regulated by its autolytic cleavage, and 

subsequently by eHSP90 chaperoning, it is further regulated by a family of endogenous inhibitors 
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– tissue inhibitors of metalloproteinases (TIMPs). TIMPs have been shown to strongly inhibit all 

members of the MMP family, however, MMP2 is predominantly inhibited by TIMP2 (Remillard et 

al., 2014). TIMP2 binds directly to the catalytic core of MMP2 through its N-terminus and 

competitively inhibits the protease (Wingfield et al., 1999). TIMP2 is further involved in the 

maturation of MMP2 from zymogen to active protease, through interaction with the surface bound

MT1-MMP (MMP14) protease (Butler et al., 1998). 

MMP2 is therefore modulated by interactions with both TIMP2 and eHSP90. However, 

the dynamics of the TIMP2, MMP2, and HSP90 proteins remain uncertain. It is also unknown how

HSP90 is regulated in the extracellular space, whether similarly to intracellularly it interacts with 

both ATP and co-chaperones. 

In this chapter, we demonstrate that the endogenous inhibitor of MMPs the tissue 

inhibitor of metalloproteinase 2 (TIMP2) binds directly to eHSP90. Furthermore, we characterize 

this interaction as the first bona fide extracellular co-chaperone of eHSP90. TIMP2 decelerates 

the ATPase activity of HSP90 in vitro, and consequently perturbs the chaperone cycle. 

Furthermore, we show that eHSP90 has the ability to bind to ATP in vivo, this affinity is enhanced 

in the presence of TIMP2 almost 5 fold. In here, we describe that the co-chaperone TIMP2 

performs two roles in relation to MMP2, it both scaffolds eHSP90 to MMP-2 and disrupts the 

eHSP90:MMP2 complex – in both cases, MMP2 activity is attenuated. 
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2.3 - Results

2.3.1 - TIMP2 is induced following intracellular HSP90 inhibition

The clients of HSP90 require HSP90 to regulate their maturation, activation, and stability. 

When HSP90 activity is disrupted, the levels of the client protein diminish. To test whether TIMP2 

requires HSP90 for its protein chaperoning, HEK293 cells were treated with second generation 

pharmacological inhibitor Ganetespib. As seen in (Fig 2.1A) treatment with 1μM levels.  M of ganetespib for

an increasing amount of time (8-24hours) produces a complete loss in the protein expression of 

known HSP90 client pAKT (S473), the non-phosphorylated AKT which is not a client of the 

HSP90 chaperone machinery remains unaltered. If the levels of TIMP2 were also diminished it 

would strongly indicate that it is a client of HSP90. However, contrastingly, the levels of TIMP2 

become elevated in both the intracellular extracts and extracellular conditioned media. Even 

though it is strongly inferred, therefore, that the relationship of TIMP2 and HSP90 is not one of a 

client and chaperone, we have established that some relationship does exist between TIMP2 and

HSP90 (Fig 2.1A). 
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Figure 2.1: TIMP2 expression is enhanced by HSP90 inhibition

A)  HEK293 cells were treated with 1 µM GB for indicated time period. Cell extracts or 

conditioned media (CM) were immunoblotted. Fold change was determined following blot 

analysis with Imagej

B - E) HEK293 cells treated with 1 µM ganetespib (GB) or 1μM levels.  M Biotinylated-ganetespib (Bio-GB) 

for 8 hours and 24 hours. Gene expression measured by real time RT-qPCR over housekeeping 

gene GAPDH. Error bars represent the SEM of three independent experiments. Significance was 

determined by a simple t-test (*P<0.05, n=3 independent experiments). 
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2.3.2 - TIMP2 is stressed induced through Heat shock factor 1 (HSF1)

Above we described how the inhibition of intracellular HSP90  led to an increase in 

TIMP2 expression. It has been previously described how HSP90 regulates proteins of the heat 

shock response. Indeed, inhibition of HSP90 leads to an increase in stress inducible proteins and 

mimics the heat shock response. To confirm that we had activated this same pathway, we 

measured the levels of HSP70 mRNA in our ganetespib treated cells. A clear induction of HSP70,

over 10 fold, is induced by ganetespib (Figs 2.1D & 2.1E). To confirm whether the TIMP2 mRNA 

was induced in a similar manner, we heat shocked cells at 42oC and analyzed the corresponding 

change in protein expression in both intracellular cell lysates and extracellular conditioned media 

(Fig 2.2A). Indeed, similarly to the treatment with ganetespib, we see an increase in the levels of 

both intracellular and extracellular TIMP2. 

Heat shock factor 1 (HSF1) is a transcription factor rapidly activated upon cell stress and 

required for stress-induced heat shock response (A. Budzynski & Sistonen, 2017; Vihervaara & 

Sistonen, 2014). To determine the role of HSF1 on TIMP2 response to proteotoxic stress, wild 

type hsf1+/+ and hsf1-/- murine embryonic fibroblasts (MEF) were untreated (C), heat-shocked (HS)

or treated with protein-damaging agents: CdSO4 (Cd) or celastrol (A. Budzynski & Sistonen, 

2017). mRNA levels of TIMP2 and HSP70 (HSP1A/B) were quantified by qRT-PCR (Figs 2.2B & 

2.2C). TIMP2 mRNA was markedly induced, 2-fold, in stressed hsf1+/+ MEF, whereas hsf1-/- MEF 

displayed 40% lower induction indicating that TIMP2 is an HSF1 target gene (Figs 2.2B). 

Analysis of existing Chip-seq data on hsf1+/+ and hsf1-/- MEF, published by Mahat and co-

workers (Mahat et al., 2016), revealed two stress-inducible HSF1 binding sites upstream of the 

TIMP2 gene (Fig 2.2C). The precise run-on and sequencing (PRO-seq) data showed a strong 

transcriptional induction of TIMP2 in heat-shocked hsf1+/+ MEF, but the induction was less 

prominent in hsf1-/- MEF (Fig 2.2D). Taken together these results conclude that TIMP2 is a stress 

inducible gene, which can be enhanced by HSF1. 
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Figure 2.2: TIMP2 is a stress inducible Gene

A) HEK293 cells were heat shocked at 42oC and serum starved for 24 hours. Cell extracts and 

conditioned media (CM) were prepared and analyzed by immunoblotting with indicated antibodies
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(see Key Resources Table). GAPDH in extracts was used as a loading control for extracts and 

coomassie stain is shown as CM loading control. Fold change was determined following blot 

analysis with Imagej. 

B) ChIP-seq profile of HSF1 showing read density in the upstream region of TIMP2 gene in hsf1+/

+ (WT) and hsf1-/- MEF grown in control conditions (NHS) or exposed to heat shock for 60 min at 

42°C (60'HS). Two different HSF1 antibodies were used for ChIP-seq: custom-made antibody 

(Ab1) and antibody from Cell Signalling #4356 (Ab2). The data were obtained from (Mahat et al., 

2016). 

C) PRO-seq profile showing the transcriptional intensity of TIMP2 gene in hsf1+/+ (WT) and hsf1-/- 

MEF grown in control conditions (NHS) or exposed to heat shock for 60 min at 42°C (60'HS). The

data were obtained from (Mahat et al., 2016).

D) hsf1+/+ and hsf1-/- MEF were treated as in Figure 1E. The mRNA levels of HSPA1A/B 

(Hsp70) were analyzed as in Figure 1E. (**, P<0.05; ***P<0.001; ns, non-significant).

E) hsf1+/+ and hsf1-/- MEFs were exposed to 1 hour heat stress at 42°C (HS), 60 µM CdSO4 for 3 h

(Cd), 4 µM celastrol for 2 hours or treated with vehicle (DMSO; C). The mRNA levels of TIMP2 

were quantified with qRT-PCR, normalized against RNA18S5 and hsf1+/+ control was set to 1. The

data are presented as mean values from four independent experiments. Error bars represent the 

SEM. (*, P<0.05; **, P<0.01, n=4 independent experiments). 

CONTRIBUTIONS

* B-E) were contributed by the Sistonen Lab (University of Turku, Finland)
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2.3.3 - TIMP2 binds through its N terminus to the middle domain of HSP90α

We have identified that TIMP2 is a stress inducible protein. Indeed, we have shown that 

the expression of TIMP2 is aided in part by the transcription factor HSF1 (See Above). The 

implication that TIMP2 is a heat shock induced protein prompted us to examine whether any 

further interaction or relationship existed between HSP90αAHA1 antibodies and TIMP2  and TIMP2. We first examined 

whether TIMP2 and HSP90 can bind in vitro. Recombinant HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) as first bound to

Ni-NTA agarose and then incubated with indicated amounts of recombinant TIMP2 (Fig 2.3A). 

The addition of 10ng of TIMP2 recombinant protein led to a marginal complex formation with this 

being much more prominent in the presence of 50ng TIMP2 as shown by Ni-NTA co-pulldown. To 

determine whether this interaction was unique to TIMP2 or whether HSP90αAHA1 antibodies and TIMP2  bound ubiquitously 

to the TIMP family, we incubated recombinant HSP90αAHA1 antibodies and TIMP2 -His6 bound to Ni-NTA agarose in the 

presence of increasing amounts (0-200ng) of recombinant TIMP1, TIMP3, & TIMP4 with TIMP2 

used as experimental positive control (Fig 2.3B). In agreement with Fig 2.3A, TIMP2 was co-

pulldown following the addition of 10ng TIMP2 in the presence of HSP90, whereas TIMP1, 

TIMP3, and TIMP4 were only present in the co-pulldown following incubation of 200ng of 

recombinant protein with HSP90αAHA1 antibodies and TIMP2 -His6 (Fig 2.3B). These data indicate that TIMP2 interacts 

uniquely among TIMPs with HSP90αAHA1 antibodies and TIMP2 . A coomassie of each of the TIMPs is provided as a protein 

quantification control (Fig 2.3B). 

As we have established that TIMP2 interacts directly with HSP90αAHA1 antibodies and TIMP2  in vitro, we next 

wanted to establish the broad structural dynamics which underpin protein interaction. As 

discussed (Chapter 1.5), HSP90αAHA1 antibodies and TIMP2  is a homodimer containing 3 unique protein domains, the N-

terminal (N) [1-284], Middle (M) [285-619], and C-terminal domains (C) [620-732] (Schopf et al., 

2017). To determine how TIMP2 interacts with each of these structural domains, they were 

individually transiently transected in pcDNA 3.1-FLAG plasmid into HEK293 cells with WT protein 

control. Each of these were subsequently FLAG-immunoprecipitated from the serum starved 

conditioned media (CM) of the cells (Fig 2.4A). TIMP2 co-IP was analyzed by immunoblot to 
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determine domain interaction. Our, in vivo, data suggest that TIMP2 either interacts uniquely with 

the middle domain of HSP90αAHA1 antibodies and TIMP2 , or that TIMP2 interaction with the middle domain is critical in the 

overall protein surface interaction with HSP90. To determine the reciprocal relationship between 

HSP90αAHA1 antibodies and TIMP2  and the domains of TIMP2, we co-expressed pcDNA 3.3-His6 TIMP-2 N-terminal (N) [1-

127], and C-terminal (C) [127-194] domains and HSP90αAHA1 antibodies and TIMP2 -HA pcDNA 3.1 into HEK293 cells (Fig 

2.4B). Cells were serum starved and the collected conditioned media was Ni-NTA pulldown for 

TIMP2-His6. Co-pulldown of HSP90αAHA1 antibodies and TIMP2 -HA was analyzed by immunoblot. Our data indicate that 

HSP90αAHA1 antibodies and TIMP2  interacts directly with the N-terminus of the TIMP2 protein, in vivo. 

Take together our results demonstrate that TIMP2 interacts directly with HSP90αAHA1 antibodies and TIMP2 , an 

interaction that seems to be unique to TIMP2 among the TIMP family, in vitro. Subsequent in vivo 

data suggest that the interaction of HSP90αAHA1 antibodies and TIMP2  and TIMP2 is governed through interactions between

the HSP90αAHA1 antibodies and TIMP2  middle domain, and TIMP2 N-terminus. 
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Figure 2.3: TIMP2 binds to Hsp90α in vitro

A) Recombinant HSP90αAHA1 antibodies and TIMP2 -His6 (or no protein control) was bound to Ni-NTA agarose followed by 

the addition of 50 ng recombinant human TIMP2. Pulldown and co-pulldown proteins were 

detected by immunoblotting with indicated antibodies. 

B) Increasing amounts (ng) of recombinant proteins TIMP1, TIMP2, TIMP3 and TIMP4 were 

incubated with HSP90αAHA1 antibodies and TIMP2 -His6-bound to Ni-NTA agarose beads. HSP90αAHA1 antibodies and TIMP2  was pulled down and 

interaction with each TIMP was determined by co-immunoprecipitation and immunoblotting. 

TIMPs were detected using indicated antibodies. C, control HSP90αAHA1 antibodies and TIMP2  without TIMP. Coomassie 

brilliant blue was performed to confirm purity and equal loaded indicated protein levels (bottom, 

coomassie gel image).
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2.3.4 - TIMP2 co-chaperone modulates HSP90 ATPase function. 

We have already concluded that TIMP2 is not a client of HSP90αAHA1 antibodies and TIMP2 , despite its direct 

interaction with the chaperone. HSP90αAHA1 antibodies and TIMP2  is known to further interact with a group of proteins which

modulates its chaperoning activity. To further understand the relationship between HSP90αAHA1 antibodies and TIMP2  and 

TIMP2, we wanted to see if TIMP2 effected some aspect of HSP90 function. A known function of 

a number of co-chaperones is their ability to alter the intrinsic and critical ATPase activity of 

HSP90αAHA1 antibodies and TIMP2 . 

To determine the ATPase activity of HSP90 in the presence of TIMP2, we first established

the assay critical for measuring the activity. The PiPer Phosphate Assay Kit (ThermoFisher), was 

conducted as described in the manufacturers instructions. We first performed an assay control 

(Fig 2.5A), to determine the effectiveness of measuring the release of inorganic phosphate 

through inorganic phosphate titration.  Once we established that the assay was able to effectively 

measure inorganic phosphate, we next measured the level of inorganic phosphate release from 

1mM ATP in the presence of 1μM levels.  g recombinant HSP90αAHA1 antibodies and TIMP2 -His6 (Fig 2.5B). After establishing the 

baseline level of HSP90αAHA1 antibodies and TIMP2  ATPase activity, we measured the activity of recombinant HSP90αAHA1 antibodies and TIMP2  

(1μM levels.  g) in the presence of 10ng of recombinant TIMP-2 and TIMP-1 (negative control) (Fig 2.5B). 

The data demonstrate that a significant inhibition of ATPase activity, ~70%, is witnessed in 

HSP90αAHA1 antibodies and TIMP2  activity in the presence of TIMP2. 

Our data have suggested that in vitro recombinant TIMP2 is able to inhibit, or decelerate 

the rate of ATP hydrolysis by HSP90αAHA1 antibodies and TIMP2 . We next wanted to determine whether human HSP90 

(hHSP90) purified from the extracellular conditioned media and intracellular cell extracts would be

able to inhibit this ATPase activity. To obtain the necessary hHSP90αAHA1 antibodies and TIMP2 , 20 culture plates of 

HEK293 cells were transiently transfected with pcDNA 3.1 HSP90αAHA1 antibodies and TIMP2 -FLAG and serum starved. 

Following collection, HSP90αAHA1 antibodies and TIMP2 -FLAG was extracted from conditioned media and extracts using 

FLAG-agarose immuno-purification and gel filtration chromatography. 
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Figure 2.4: TIMP2 N-terminus interacts with Hsp90α middle domain

A) Full-length, amino- (N-), middle- (M-), and carboxy- (C-) domains of HSP90αAHA1 antibodies and TIMP2  were transiently 

expressed and IP from HEK293 CM. Extracellular eHSP90 was detected by immunoblotting using

anti-FLAG antibody and co-IP with anti-TIMP2 antibodies. Coomassie stain of samples is shown 

as a loading control. 

B) The WT, C-domain, and N-domain of TIMP2-His6 and the wild type (WT) HSP90αAHA1 antibodies and TIMP2 -HA were 

transiently co-expressed in HEK293 cells. TIMP2 was isolated with Ni-NTA agarose beads from 

the conditioned media (CM). Immunoblotting was used to detect TIMP2-His6 and co-pulled down 

eHSP90αAHA1 antibodies and TIMP2 -HA. Coomassie stain of samples is shown as a loading control. 

CONTRIBUTIONS

* A) was contributed by Stephanie Cortes, B) was contributed by Fiza Hashmi
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The purified protein was analyzed for purity through coomassie stain (Fig 2.5C). To determine the

viability of each of the intracellular and extracellular hHSP90αAHA1 antibodies and TIMP2  purifications we incubated the 

protein with HSP90αAHA1 antibodies and TIMP2  pharmaceutical inhibitor, ganetespib. Ganetespib has been shown to inhibit 

the N-terminal ATPase pocket on HSP90αAHA1 antibodies and TIMP2  – competing with ATP for site-localization. Indeed, 

following incubation of 1μM levels.  g hHSP90αAHA1 antibodies and TIMP2  with 10μM levels.  M ganetespib for 1 hour on ice, the ATPase activity 

was measured using the described PiPer phosphate assay (Fig 2.5D). Each of the HSP90αAHA1 antibodies and TIMP2  

proteins were inhibited as previously described (Dunn et al., 2015), confirming purified protein 

viability. To next determine if the hHSP90αAHA1 antibodies and TIMP2  proteins from the intracellular and extracellular 

purifications were indeed inhibited by TIMP2, as seen in recombinant HSP90αAHA1 antibodies and TIMP2 , we again 

incubated 1μM levels.  g hHSP90 with 1ng (0.4nM), or 10ng (4.4nM) TIMP2 for 1 hour on ice before 

measuring the ATPase activity of the samples with the PiPer phosphate assay (Fig 2.5E, 2.5F). 

Our data from the hHSP90αAHA1 antibodies and TIMP2  purified samples were in agreement with recombinant HSP90αAHA1 antibodies and TIMP2  data 

(Fig 2.5B), TIMP2 inhibited the ATPase activity of HSP90αAHA1 antibodies and TIMP2 . There was no distinguishing 

difference in the ability of TIMP2 to inhibit hHSp90αAHA1 antibodies and TIMP2 -FLAG from either intracellular extracts or 

extracellular conditioned media. 

In summary our data demonstrate that TIMP2 can bind and interact with HSP90αAHA1 antibodies and TIMP2  and 

inhibits the ATPase activity of HSP90αAHA1 antibodies and TIMP2 . This activity of TIMP2 is similar to that seen in other 

HSP90αAHA1 antibodies and TIMP2  co-chaperones, including: TSC1, FNIP1, and CDC37. It has been established that for a 

protein to be designated as a HSP90αAHA1 antibodies and TIMP2  co-chaperone it must: not be a client of HSP90; bind 

directly to HSP90; and be responsible for modulating the functional role of its chaperoning ability. 

As TIMP2 is not a client, binds directly to HSP90αAHA1 antibodies and TIMP2 , and modulates its ATPase activity, it is 

reasonable to conclude that TIMP2 is a co-chaperone and, indeed, is the first identified 

extracellular co-chaperone. 
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Figure 2.5: TIMP2 modulates HSP90 ATPase function

A) Inorganic phosphate (Pi) standard curve with linear fit line was created from serial dilutions (0 

to 100 µM), as per manufacturers protocol. Graph is representative of three independent 

experiments.
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B) ATPase activity of recombinant HSP90-His6 was measured in the presence of 10ng (4.4 nM) of

TIMP2 or TIMP1. Activity is shown as a % of HSP90-His6 in the absence of TIMP. Error bars 

represent SEM of at least 2 independent experiments. Statistical significance was ascertained 

through a students t-test (ns, not significant, **p<0.01, n=2 or 3). 

C) HSP90αAHA1 antibodies and TIMP2 -FLAG was purified from HEK293 cell extracts and conditioned media (CM). 

Immunoprecipitated proteins were quantified and analyzed for purity by Coomaissie brilliant blue 

staining. Representative from at least two independent purifications.

D) HEK293 cell extracts and CM-purified HSP90αAHA1 antibodies and TIMP2 -FLAG ATPase activity was examined in the 

presence and absence of ganetespib (1μM levels.  M). Pi released per min from HSP90 ATP hydrolysis is 

shown as a percentage of untreated control. Representative of three independent experiments. 

E)  HSP90αAHA1 antibodies and TIMP2  was purified from HEK293 cell extracts and CM. ATPase activity was measured in 

the absence and presence of different amounts of TIMP2 (nM). Activity is shown as normalized 

percentage relative to the untreated HSP90 (absence of TIMP2) for both extracts and CM. Error 

bars indicate SEM from three independent experiments. (**, P<0.01, *, P<0.05, n=3 independent 

experiments). 

F) Molarity of the proteins in the ATPase assay (Figure 2.5E), ratio to HSP90αAHA1 antibodies and TIMP2 , and total quantity 

of TIMP2 protein added (ng). 

CONTRIBUTIONS

* The ATPase experiments within this figure were produced with the technical assistance of Mark 

Woodford
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2.3.5 - TIMP2 increases ATP binding to HSP90 

HSP90αAHA1 antibodies and TIMP2  is an ATPase dependent chaperone. We have previously described how the 

TIMP2 co-chaperone is able to decelerate the rate of ATP hydrolysis, in vitro. To further determine

how this ATPase is decelerated, we tested whether the addition of TIMP2 to the chaperone 

disrupted the binding of ATP to HSP90αAHA1 antibodies and TIMP2 . To examine this, in vitro, we performed ITC experiments 

on recombinant HSP90αAHA1 antibodies and TIMP2  and TIMP2. Recombinant HSP90αAHA1 antibodies and TIMP2 -His6 was incubated with and without 

hTIMP2-His6 overnight at 4oC whilst desalting 1:1000 into reaction buffer to remove residual ATP 

from the protein samples. The energy of binding between HSP90αAHA1 antibodies and TIMP2  and ATP was measured 

through 1mM microinjections between HSP90αAHA1 antibodies and TIMP2  alone and in complex with hTIMP2 (Fig 2.6A, 

2.6B, & 2.6C). Our data demonstrate that HSP90αAHA1 antibodies and TIMP2  binding affinity is increased ~5 fold following 

incubation with TIMP2, from the ascribed 270μM levels.  M to 65μM levels.  M. TIMP2 did not bind to ATP directly 

(Data not shown). This data suggests that TIMP2 does not directly compete for binding to the 

ATPase pocket of HSP90αAHA1 antibodies and TIMP2  N-terminus, but indirectly regulates the conformational cycle of 

HSP90αAHA1 antibodies and TIMP2  ATPase hydrolysis. 

To determine whether HSP90αAHA1 antibodies and TIMP2  ATP binding affinity is modulated by binding TIMP2, in 

vivo, we utilized our TIMP2 -/- mouse embryonic fibroblast (MEF) cell lines. Cultured MEF TIMP2 

-/- cells were serum starved and exogenously treated with 50ng/ml TIMP2 recombinant protein or 

TIMP1 recombinant protein control. Collected conditioned media was incubated to ATP 

conjugated agarose and subsequently pulldown (Fig 2.6D). Our data demonstrate that a ~4.3 fold

increase in extracellular HSP90 is pulldown when TIMP2 is exogenously re added to conditioned 

media. However, this result is not seen in the TIMP1 control. This indicates that TIMP2 may be 

facilitating the binding of HSP90αAHA1 antibodies and TIMP2  to ATP, in vivo. 
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Figure 2.6: TIMP2 increases ATP binding to HSP90
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A) ITC analysis of HSP90-His6:TIMP2-His6 binding to titrated ATP. Corrected heat rate (µJ/s) and

Enthalphy/Fit (kJ/mol) are presented at the top and bottom respectively. 

B) ITC analysis of HSP90-His6 binding to titrated ATP. Corrected heat rate (µJ/s) and Enthalpy/Fit

(kJ/mol) are presented at the top and bottom respectively.

C) Dissociation constant Kd is shown in the table for the HSP90-His6:TIMP2-His6 complex and 

HSP90-His6 alone. Errors represent the SEM of two independent experiments.

D) Indicated amounts of recombinant TIMP2 and TIMP1 were added to TIMP2-/- MEF cell CM for 

24 hours. ATP-beads were incubated with CM and immunoblotted for eHSP90 ATP-pulldown. Co-

pulldown of TIMP2 and TIMP1 was determined. Fold change was determined following 

densitometry with ImageJ. Coomassie stain of samples is shown as a loading control. 
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2.3.6 - TIMP2 increases binding to HSP90α pharmacological inhibitor Ganetespib 

Current HSP90 pharmacological inhibitors predominantly target the HSP90αAHA1 antibodies and TIMP2  N-terminal 

ATPase pocket. These inhibitors compete with ATP for site localization. As we have determined 

that the affinity for HSP90αAHA1 antibodies and TIMP2  ATP binding is increased ~5 fold through TIMP2 binding, it is possible 

that N-terminal inhibitor binding could also be modulated by this interaction. To examine whether 

TIMP2 can modulate the binding of HSP90αAHA1 antibodies and TIMP2  to Ganetespib, in vitro, we incubated biotinylated 

ganetespib (Bio-GB) with streptavidin agarose resin in increasing amounts (0-100nM) with 100ng 

of recombinant HSP90αAHA1 antibodies and TIMP2 -His6. The experiment was conducted with and without HSP90αAHA1 antibodies and TIMP2 -His6 pre-

incubation with recombinant TIMP2 (Fig 2.7A). Our co-pulldown data demonstrate TIMP2 may 

sensitize HSP90αAHA1 antibodies and TIMP2  to pharmacological N-terminal inhibitors. 

As we have determined that, in vitro, HSP90αAHA1 antibodies and TIMP2  binds more readily to Bio-GB in the 

presence of TIMP2, we next determined whether this effect can be seen in vivo. Utilizing our 

mouse embyronic fibroblast (MEF) TIMP2 -/- cells, we serum starved and treated with increasing 

amounts of TIMP2 recombinant protein (0-500ng/ml). Following collection, conditioned media and

extracts were incubated with Bio-GB and streptavidin pulldown to measure the pulldown of 

HSP90αAHA1 antibodies and TIMP2  (Fig 2.7B). Our data demonstrate that in conditioned media only, HSP90αAHA1 antibodies and TIMP2  binds to Bio-

GB more readily in the presence of TIMP2. Other works have demonstrated that cellular 

sensitivity to ganetespib is facilitated with other intracellular co-chaperones, specifically TSC1 

(Woodford et al., 2019), it is possible that TIMP2 may perform a similar extracellular role and 

sensitize N-terminal inhibitors to extracellular HSP90αAHA1 antibodies and TIMP2 . 
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Figure 2.7: TIMP2 increases binding to HSP90α pharmacological inhibitor, Ganestespib

A) Recombinant HSP90αAHA1 antibodies and TIMP2 -His6 (100 ng) was incubated with recombinant TIMP2 (10 ng), followed 

by the addition of increasing amounts of Bio-GB (1, 10 and 100 ng). HSP90-bound to the drug 

was subsequently pulldown with streptavidin agarose and TIMP2 was detected following co-

pulldown and immunoblotting. 

B) TIMP2-/- MEF cells were serum starved for 24 hours with or without different amounts of added 

recombinant TIMP2 (50 ng/ml and 500 ng/ml). Cell extracts and CM were collected and 

immunoblotted for intracellular (extracts) and extracellular (CM) HSP90, followed by incubation 

with 100nM of Bio-GB and addition to streptavidin agarose for pulldown experiment.
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2.3.7 - TIMP2 co-chaperone acts as a scaffold to facilitate MMP2:HSP90 binding

We have so far established that the co-chaperone TIMP2 is responsible for the 

modulation of HSP90αAHA1 antibodies and TIMP2  ATPase activity, and the increased affinity of HSP90αAHA1 antibodies and TIMP2  towards ATP and its 

N-terminal inhibitors. We have not yet established how TIMP2 facilitates HSP90αAHA1 antibodies and TIMP2  client binding 

directly. Outside of its co-chaperoning role, TIMP2, has been shown to be responsible for both the

activation and inhibition of HSP90αAHA1 antibodies and TIMP2  extracellular client MMP2. As TIMP2 interacts with both 

MMP2 and HSP90αAHA1 antibodies and TIMP2 , it is necessary to decipher how these protein interact in the presence of 

each other and what is the respective role each plays on the client MMP2. To untangle this web of

interaction, we first performed in vitro pulldown experiments on recombinant HSP90αAHA1 antibodies and TIMP2 -His6, 

MMP2, and TIMP2. We first wanted to determine how the addition of TIMP2 to a preformed 

HSP90αAHA1 antibodies and TIMP2 -His6-MMP2 would effect the interaction between client and chaperone. As described in 

Fig 2.8A, we first incubated Ni-NTA beads with HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) before washing unbound 

protein and incubating with MMP2 (50ng) . Following an additional wash, TIMP2 was incubated in

increasing amounts (0-50ng) before being immunoblotted. Our data show that the addition of 

TIMP2 to an active MMP2:Hsp90αAHA1 antibodies and TIMP2  complex (Fig 2.8B) results in a loss of client binding as seen 

by a reduction of MMP2 co-pulldown, and and increase in HSP90αAHA1 antibodies and TIMP2  TIMP2 interaction, as seen in 

the increasing co-pulldown of TIMP2. By collecting the supernatant from the final incubation step 

of the reaction, we were able to confirm the presence of both MMP2 and TIMP2 showing that 

MMP2 was indeed dissociated, and not lost as a product of degradation or the wash step (Fig 

2.8B). To determine whether this change in client:chaperone interaction was solely as a result of 

TIMP2 directly interacting with the active site of MMP2, we performed the experiment again using

inactive pro-MMP2 - which has a TIMP2 inaccessible active site (Fig 2.8C). Our data show that 

TIMP2 is still able to dissociate HSP90αAHA1 antibodies and TIMP2  from MMP2 even though MMP2 has an inaccessible 

active site.  We again confirm through the supernatant of the final incubation step, that TIMP2 and

MMP2 are readily found. Taken together, our data suggest that TIMP2 acts as a disruptor of the 

MMP2:HSP90αAHA1 antibodies and TIMP2  complex. This disruption can be performed independently of TIMP2 inhibition of 
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MMP2 active site, and could be as a result of both TIMP2:MMP2 secondary interactions and 

TIMP2:HSP90αAHA1 antibodies and TIMP2  interactions. 

To further address the dynamics of the MMP2, TIMP2, and HSP90αAHA1 antibodies and TIMP2  relationship, we next 

determined how the TIMP-2:HSP90αAHA1 antibodies and TIMP2  complex would react to the addition of MMP2. Again we 

performed in vitro sequential pulldown experiments with recombinant proteins on Ni-NTA agarose

(Fig 2.9A) - HSP90αAHA1 antibodies and TIMP2  (100ng) was first bound to Ni-NTA beads, followed by TIMP2 (50ng), and 

increasing amounts of MMP2 (0-50ng), with washes in between each step (Fig 2.9B & 2.9C). Our

data show that no loss in TIMP2 co-pulldown is witnessed with the increased co-pulldown of both 

active and pro-MMP2. Both pro- and active MMP2 can be witnessed in the co-pulldown with the 

addition of 25ng of recombinant protein. This indicates that a ternary complex is formed following 

the addition of both active and pro-MMP2. These data contrast with control experiments of in vitro

Ni-NTA pulldown of recombinant HSP90αAHA1 antibodies and TIMP2 -His6 and MMP2 in complex. Our data show that 100ng 

of active and 250ng of pro-MMP2 are required in the presence of 100ng HSP90αAHA1 antibodies and TIMP2 -His6 to form a 

complex on Ni-NTA agarose (Fig 2.9D & 2.9E). Taken together these data suggest that TIMP2 

acts as a scaffold protein, facilitating the binding of MMP2 to HSP90αAHA1 antibodies and TIMP2 . 

The data from Fig 2.9 contrast with our previous data in Fig 2.8, which suggested that 

TIMP2 addition disrupts any complex between HSP90αAHA1 antibodies and TIMP2  and MMP2. Seemingly, the order of 

interaction is important in determining whether TIMP2 acts as a disruptor or scaffold. In a 

preformed HSP90αAHA1 antibodies and TIMP2 :MMP2 complex it acts as a disruptor, and acts as a scaffold for MMP2 when 

bound to HSP90αAHA1 antibodies and TIMP2  as a co-chaperone. 
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Figure 2.8: TIMP2 disrupts MMP2 from HSP90α

A) Schematic of experimental methodology. Hsp90αAHA1 antibodies and TIMP2 , MMP2, and TIMP2, were sequentially 

added to Ni-NTA agarose beads, washed, and immunoblotted as described. 

B and C) Ni-NTA bound HSP90αAHA1 antibodies and TIMP2 -His6 was incubated first (1) with Active MMP2 (100ng) or pro-

MMP2 (250ng), followed by (2) by increasing amounts of TIMP2 (0-50ng). Hsp90αAHA1 antibodies and TIMP2  was 

subsequently pulldown and immunoblotted for TIMP2 and MMP2 co-pulldown. MMP2 was IP 

from the supernatant derived from the above complexes and TIMP2 was co-IP (supernatant, 

bottom blot). 
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Figure 2.9: TIMP2 acts as a scaffold for HSP90α:MMP2 interaction 

A) Schematic of experimental methodology. Hsp90αAHA1 antibodies and TIMP2 , MMP2, and TIMP2, were sequentially 

added to Ni-NTA agarose beads, washed, and immunoblotted as described. 

B and C) Ni-NTA bound HSP90αAHA1 antibodies and TIMP2 -His6 was incubated first (1) with TIMP2 (25ng) followed 

subsequently (2) by incubation with increasing amounts of active MMP2 (0-50ng) or proMMP2 (0-
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50ng).  Hsp90αAHA1 antibodies and TIMP2  was subsequently pulldown and immunoblotted for TIMP2 and MMP2 co-

pulldown. 

D and E) Recombinant HSP90αAHA1 antibodies and TIMP2 -His6 (or no protein control) was bound to Ni-NTA agarose 

followed by the addition of active MMP2 (0-100ng) or proMMP2 (0-250ng). Pulldown of Hsp90αAHA1 antibodies and TIMP2 -

His6 and MMP2 co-pulldown proteins were detected by immunoblotting with indicated antibodies. 
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2.3.8 - The HSP90α:TIMP2:MMP2 ternary complex is inhibitory

We have so far determined that TIMP2s role as a co-chaperone is to regulate the ATPase

cycle of HSP90αAHA1 antibodies and TIMP2 , assist in the affinity of HSP90αAHA1 antibodies and TIMP2  towards ATP, and act as a disruptor/scaffold 

toward HSP90αAHA1 antibodies and TIMP2  client MMP2. However, the client:co-chaperone:chaperone dynamic relationship 

that we have unfurled is yet to be determined in relation to client activity. MMP2 is responsible for 

the degradation of basement membrane collagen type iv, and gelatin. This activity has been 

shown to be critical in the development of the metastatic niche that cancer cells require to 

migrate. Indeed, modulating the level of activity MMP2 has towards its substrate is an important 

pathway in preventing cancer from spreading. It has been previously determined that MMP2 is 

stabilized by MMP2 in vivo and results in prolonged MMP2 activity which promotes a pro-

metastatic environment for cancer cells. TIMP2 is the endogenous inhibitor of MMP2. We 

therefore wanted to determine how HSP90αAHA1 antibodies and TIMP2  client chaperoning modulated MMP2 activity in the 

presence of TIMP2. 

We first determined whether HSP90αAHA1 antibodies and TIMP2  itself enhanced the activity of MMP2. To measure 

the activity of MMP2 in the presence of HSP90αAHA1 antibodies and TIMP2  we performed enzymatic kinetics on the active 

MMP2 recombinant protein in the presence of florescent labeled MMP2 substrate. Recombinant 

MMP2 was incubated for 1 hour with increasing amounts of recombinant HSP90αAHA1 antibodies and TIMP2 -His6 at 4oC. 

The resultant samples were measured for substrate activity as a measure of fluorescence over 

time. These data were fit to the Michaelis-Menton model of enzyme kinetics (Fig 2.10A). Our data

show that no significant difference of MMP2 substrate cleavage is found in the presence of 

HSP90αAHA1 antibodies and TIMP2 -His6.

As we have determined that TIMP2 acts as both a facilitator and a disruptor of the 

MMP2:HSP90αAHA1 antibodies and TIMP2  complex, we wanted to examine whether in the presence of HSP90αAHA1 antibodies and TIMP2 , TIMP2 in 

vitro inhibition of MMP2 activity was modulated. We initially measured the activity of MMP2 in the 

presence of titrated TIMP2 using our fluorometric enzyme assay (Fig 2.10B). We see a rate of 

inhibition which is in line with previous findings for IC50 of ~1nM ((Sánchez-Pozo et al., 2018)). 
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We next measured whether TIMP2 addition to MMP2:HSP90αAHA1 antibodies and TIMP2  complex caused a shift in the rate 

of inhibition (Fig 2.10B). Indeed, our data indicate that no shift in the rate of inhibition was 

witnessed in the presence of HSP90αAHA1 antibodies and TIMP2 . 

Our previous data have determined that a specific sequence of events govern whether 

TIMP2 acts as a disruptor or a facilitator of the HSP90αAHA1 antibodies and TIMP2 :MMP2 complex (Fig 2.7 & 2.8). These 

data showed that MMP2 added to a pre-incubation of HSP90αAHA1 antibodies and TIMP2  and TIMP2 led to the formation of 

a ternary TIMP2:MMP2:HSP90αAHA1 antibodies and TIMP2  complex, whereas TIMP2 addition to a preformed 

MMP2:HSP90αAHA1 antibodies and TIMP2  complex led to a disruption of MMP2 from HSP90αAHA1 antibodies and TIMP2  and TIMP2:MMP2 complex 

formation. Our results from Fig 2.10B are congruent with TIMP2 acting as a disruptor of the 

MMP2:HSP90αAHA1 antibodies and TIMP2  complex, we therefore wanted to determine whether formation of the ternary 

complex is also inhibitory or whether TIMP2 in this capacity acts just as a facilitator of 

MMP2:HSP90αAHA1 antibodies and TIMP2  binding - resulting in an active complex. To examine this, we incubated three 

separate recombination protein samples: MMP2 alone, MMP2 and HSP90αAHA1 antibodies and TIMP2 , and HSP90αAHA1 antibodies and TIMP2  and 

TIMP2 for 1 hour. We then added TIMP2 to the MMP2:HSP90αAHA1 antibodies and TIMP2  complex, and MMP2 to 

HSP90αAHA1 antibodies and TIMP2 :TIMP2 complex. Finally, we measured the respective activity of each of the complexes 

using our fluorometric activity assays (Fig 2.10C). Our data show that in each scenario of TIMP2 

addition, TIMP2 acts as an inhibitor of MMP2. From this we can draw the conclusion that the 

TIMP2:MMP2:HSP90αAHA1 antibodies and TIMP2  is inhibitory. 
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Figure 2.10: MMP2 activity is inhibited by TIMP2 in the presence of HSP90α

A) MMP2 was pre-incubated with increasing concentrations of recombinant HSP90αAHA1 antibodies and TIMP2  (0-0.56nM). 

The rate of an MMP2 activity was derived as the rate of substrate hydrolysis over time. Varying 

concentrations of a fluorescent MMP2 peptide substrate were used and values showing the rate 

of hydrolysis were fit to the Michaelis-Menten model. Graph is representative of (n=3) 

independent experiments. 

B) Varying concentrations of recombinant TIMP2 (0-10 nM) were added to MMP2 alone or to the 

MMP2:HSP90αAHA1 antibodies and TIMP2  complex. The rate of MMP2 substrate hydrolysis is shown as percentage 

compared to untreated control. Graph is representative of (n=3) independent experiments. 

C) Active MMP2 was incubated with HSP90 with and without TIMP2 pre-incubation for 1 hour. 

The rate of MMP2 substrate hydrolysis is shown as percentage compared to control MMP2 alone.

Error bars represent the SEM. Graph is representative of (n=2) independent experiments. 
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2.4 - Discussion 

Within the cell, HSP90 maintains intracellular protein homeostasis through the support of 

co-chaperone proteins. By definition, co-chaperones are accessory proteins that facilitate 

functional flexibility and specificity within the HSP90 chaperone machinery (Jing Li et al., 2012a). 

As of yet, the regulation of extracellular HSP90 has been a mystery. Here we have identified 

TIMP2 as the first bona fide extracellular HSP90 (eHSP90) co-chaperone. The discovery of this 

co-chaperone opens up a whole new dynamic in understanding eHSP90 activity. As of yet, 

eHSP90 has been understood to have limited chaperoning role. Even then, a consensus on how 

HSP90 could operate a chaperoning machinery in the extracellular space has been far from 

achieved. 

We initially demonstrated that TIMP2 is a stress-inducible protein. Treatment of cells with 

ganetespib (GB), a HSP90 inhibitor, leads to pseudo-activation of the heat shock stress 

response. In both heat shock induced and GB treated cells, we observed a significant increase in 

TIMP2 mRNA and protein expression. We further show through data mining analysis of hsf1 WT 

and -/- MEF cell Chip-seq, that two stress inducible HSF1 binding sites exist upstream of TIMP2. 

We finally measure TIMP2 mRNA in MEF hsf1 WT and -/- cells following treatment with various 

inducers of stress. Taken together our data conclude that TIMP2 is a stress inducible protein 

which is enhanced by HSF1 promoter binding. In diseases such as cancer, the stress response is

hijacked, it has already been shown that eHSP70 and eHSP90 are increased as a result. The 

pro-metastatic client of eHSP90, MMP2, is also known to be hyperactive in the extracellular 

space. This poses a conundrum, however, as if both the chaperone and the inhibitor of MMP2 are

up-regulated by stress induction then logically the activity of MMP2 should be maintained, not 

more hyperactive. Determining how these protein interact in relation to each other is paramount 

to understanding and potentially modulating these pro-metastatic pathways. 

Our findings led us to question what relationship might exist between, TIMP2 and HSP90.

It has been demonstrated that HSP90 interacts with two types of protein, clients (which depend 

on HSP90 for their function) and co-chaperones (which HSP90 depend upon for its own function).
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We therefore questioned whether TIMP2 was regulating HSP90 or vice versa. The metric by 

which clients of HSP90 have been identified is that the inhibition of HSP90 leads to a degradation

of the client. When we inhibited HSP90 using pharmacological inhibitor ganetespib (GB), we 

found an increase in TIMP2 protein levels, not a decrease. This led us to doubt that HSP90 was 

indeed a client. 

We further concluded through in vitro and in vivo interaction experiments that the middle 

domain of HSP90αAHA1 antibodies and TIMP2  interacts with the amino terminus of TIMP2. This led to postulate whether 

TIMP2 was a co-chaperone. We had already confirmed two of the three prerequisites of co-

chaperones, that TIMP2 binds directly to HSP90 and does not depend on it for its function. To 

confirm TIMP2 as a co-chaperone we needed to determine if TIMP2 modulated some aspect of 

HSP90 chaperone function. One aspect by which HSP90 co-chaperones have been shown to 

modulate its functions are by accelerating and decelerating the ATPase cycle of HSP90, a critical 

component of its function. Indeed, our data show that TIMP2 decelerates the ATPase activity of 

HSP90. This activity is similar to a number of intracellular co-chaperones, including TSC1, and 

FNIP1 (Woodford et al., 2016, 2017). However, this activity is a quandary as HSP90 has been 

thought to work in the extracellular space as an ATP independent molecule. 

We have shown that the amino-domain of TIMP2 interacts with the middle-domain of 

HSP90 and inhibits its ATPase activity, although the exact molecular mechanism of this process 

remains to be determined. As ATP binding to HSP90 occurs at a pocket in the amino terminus of 

HSP90, it is highly unlikely that TIMP2 inhibits the HSP90 ATPase as a result of direct pocket 

inhibition. This role of TIMP2 needs further exploration through either molecular dynamic 

modeling or through structural analysis of HSP90 to elucidate further. In theory TIMP2 binding to 

the HSP90 middle domain could perturb interactions between Arg400 in the middle domain and 

the N-terminal ATPase pocket, which is a critical component in the formation of the closed HSP90

conformation and subsequent ATPase hydrolysis (Cunningham et al., 2012), but this would need 

to be investigated further. 
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 The presence of extracellular ATP is a contentious and misunderstood topic in the 

extracellular field. Various authors have concluded not only the presence, but activity of ATP 

dependent molecules in the extracellular space (Bordoli et al., 2014; Kurashima et al., 2015). 

These proteins are predominantly surface bound/membrane proteins which confer activity in the 

immune system. However, these papers support the idea that ATP dependent proteins can be 

active the extracellular space (Allard et al., 2017). Furthermore, it has been shown that ATP 

release is not only controlled through various channels and vesicles, but also is stress inducible 

(Carta et al., 2015). Indeed, in numerous disorders including cancer, ATP has been shown to be 

present in the extracellular space of cells are up to 1000-fold higher than normal tissues (Qian et 

al., 2016). It is therefore prevalent to address how ATP and HSP90αAHA1 antibodies and TIMP2  could be interacting in the 

extracellular space. Inside the cell, ATPase is critical for function, but extracellularly it is believed 

to be irrelevant. Does TIMP2 presence in the chaperone machinery of HSP90 change these 

thoughts?

To address these thoughts, we wanted to determine the effect TIMP2 has on ATP binding.

Our hypothesis was that TIMP2 would decrease the affinity of ATP towards HSP90, this is due to 

ATPase activity being decreased. However, we determined HSP90 to have a binding affinity of 

~200μM levels.  M which is in line with previous reports of this KD, however, we later showed that TIMP2 

increased this affinity ~5 fold. Further, HSP90 had the ability to bind to ATP in vivo and 

endogenous TIMP2 strengthened this interaction. Interestingly, this effect was also seen in the 

binding of pharmacological inhibitor ganetespib to HSP90 in the presence of TIMP2. These data 

imply two very important points, that TIMP2 could in some way facilitate ATP binding to HSP90 in 

a sparse ATP environment and could sensitive extracellular HSP90 to pharmacological inhibitors. 

The effect of these mechanism is yet to be determined. We can however postulate to how ATP 

affinity is increased. As our experiments were conducted using a pre-formed HSP90:TIMP2 

complex, it is possible that this interaction caused a conformational change which in turn could 

increase the accessibility of ATP to the ATPase pocket or increasing ATP affinity to the ATPase 

pocket through altering the reaction ΔG.  We, however, need to perform rigorous studies into this G.  We, however, need to perform rigorous studies into this 
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area to determine exact mechanism of ATP binding and also the effect of ATP in the extracellular 

chaperone machinery. 

As we concluded that TIMP2 is a co-chaperone of eHSP90, we next wanted to conclude 

the effect of TIMP2 on Hsp90 client MMP2. It had been previously established that MMP2 is 

strongly inhibited by the presence of TIMP2 and that MMP2 activity is maintained in the presence 

of its chaperone, HSP90. Our data supports the model that TIMP2 acts as both a scaffold and a 

disruptor of the MMP2:HSP90 complex, depending on the order of binding events. We show that 

HSP90 does not directly enhance the activity of MMP2, nor does TIMP2 inhibition get altered by 

the presence of HSP90. We finally conclude that the ternary complex, which is formed as a result 

of TIMP2 acting as a scaffold, is inhibitory. 

Within this chapter we have described how HSP90, MMP2, and TIMP2 interplay to 

promote a negative regulation of MMP2 activity. However, in cancer we see a dis-regulated and 

hyper-active MMP2. How this model fits in which a more active MMP2 pathology is yet to be 

determined. It is possible that either post-translational modification or a yet to be determined 

protein interaction is responsible for dis-regulating this proteolytically inhibitory relationship 

between HSP90, TIMP2, and MMP2. More work into this area is both important and necessary in 

understanding the metastatic machinery which surrounds MMP2. 

In conclusion, we have identified the first bona fide extracellular co-chaperone of 

extracellular HSP90. We have described a mechanism by which ATPase could be regulated 

through TIMP2 interaction, supporting both increased ATP binding and decelerated ATPase rate. 

We have elucidated how the interplay between TIMP2, MMP2, and HSP90 promotes an inactive 

MMP2 enzyme through TIMP2 disruption of the MMP2:HSP90 complex and scaffolding of MMP2 

to the HSP90:TIMP2 complex (Figure 2.11A). 
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Figure 2.11 – Chapter 2 Final Model

A) TIMP2 as a co-chaperone undertakes three distinct functions: 1) Recruits ATP to HSP90 and 

decelerates HSP90 ATPase, 2) acts as a disruptor of the HSP90:MMP2 complex, 3) recruits 

MMP2 to HSP90 through HSP90:TIMP2 scaffolding. 
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2.5 - Materials and Methods

2.5.1 - Mammalian Cell Culture

Cultured cell lines: human embryonic kidney (HEK293), hsf1+/+ and hsf1-/- murine embryonic 

fibroblasts (MEF) {McMillan, 1998 #1602}, WT MEF, TIMP2-/- ras/myc MEF {Wang, 2000 #1390}, 

were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma–Aldrich) supplemented with 

10% fetal bovine serum (FBS, Sigma–Aldrich). hsf1+/+ and hsf1-/- MEF were cultured in high 

glucose DMEM (Sigma) containing 10% FBS (Biowest), 2mM L-glutamine (Sigma), streptomycin 

(100µg/ml) penicillin (100U/ml) (both from VWR), and supplemented with 1xMEM nonessential 

amino acid solution (Sigma). HEK293 were acquired from (American Type Culture Collection, 

ATCC). The TIMP2-/- ras/myc MEF was a generous gift from Prof. Paul Soloway, Cornell 

University. All cell lines were maintained in a CellQ incubator (Panasonic Healthcare) at 37°C in 

an atmosphere containing 5% CO2.

2.5.2 - Cell Serum Starvation and Protein Extraction

All cells were grown in 10cm3 tissue culture treated plates (CellTreat). Cells were grown to the 

required confluency as described above in 10% FBS supplemented cell media. Cells to be  serum

starved were carefully aspirated of culture media, and washed twice with sterile PBS. 

Unsupplemented cell culture media was then added to the culture plate. Following any further 

treatment of cells, cell conditioned media was then collected on ice without disturbing adhered 

cells. The collected conditioned media was centrifuged in a 4oC refrigerated centrifuge at 1200 

rpm for 10 mins. Conditioned media pellets were then discarded and supernatant concentration 

10x using Amicon  Ultra 3K or 10K centrifugal filters (Millipore) according to the manufacturer’s 

protocol. Cell extracts were collected from the adhered cells on the culture plate. Following, 

collection of conditioned media or following the aspiration of culture media (non-serum starved 

cells) cell plates were placed on ice and washed 2x with ice cold PBS. Cells were then scraped 
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off the plate in the presence of 50-200μM levels.  l of extraction buffer: 20mM Tris 7.4, 100mM NaCl, 1mM 

MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and PhosStop (Roche). Cells were then 

homogenized by sonication and cleared by ultracentrifuged at 15,000 rpm for 10 mins. 

2.5.3 - Immunoblotting

Protein samples from cell extracts, conditioned media, and purified proteins were prepared using 

5x Laemmli buffer and heated for 5 mins at 98oC. Samples were then loaded into  criterion Tris-

HCl precast gels (BioRad) with PageRuler Prestained Protein Ladder as protein size control. 

Samples were then separated by SDS-PAGE at 200V until protein ladder resolved. Samples were

then transferred onto nitro-cellulose membrane via Trans-Blot Turbo (BioRad) semi-dry transfer. 

The transferred membrane was then blocked in a 5% milk solution containing Tris Buffered saline

with 0.1% Tween20 (TBST). Samples were then incubated with antibodies diluted in 5% milk 

solution rocking for 1hr at room temperature or overnight at 4oC. Samples were subsequently 

washed 3 times for a minimum of 5 minutes in TBST. Samples were then incubated with 

corresponding secondary antibodies for 1 hour at room temperature. Nitrocellulose membranes 

were washed with TBST 3 times for a minimum of 5 minutes. The membranes were treated with 

western blotting substrates, either ECL2 (Thermo) or West Femto (Thermo) as described by 

manufacturer. Blots were then visualized via expose to x-ray film. 

2.5.4 - Mammalian Protein Overexpression

All mammalian protein expression was conducted in HEK293 cells. The experiments were 

conducted so that the cells reached confluency for collection. For serum starvation experiments 

cells were transfected at a confluency of ~80%. For non-serum starved experiments cells were 

transfected at ~30-50% depending on the incubation time after transfection. Cultured cells were 

either serum starved (as above), or left to grow in the same supplemented culture medium. 

Plasmids were transfected into cells using Mirus TransiiT-2020, as per manufacturers 
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instructions. Plasmids were used at a concentration of 2μM levels.  g. Cell conditioned media and lysates 

were collected as described above following sufficient incubation time. 

2.5.5 - Drug Treatment of HEK293 cells

HEK293 cells were cultured as described above, in a 10cm3 cell culture dish. Once cells reached 

a confluency of 70% cells they were washed and serum starved as described above. Cells were 

treated with DMSO (negative control) or 1-2μM levels.  M of Ganetespib, an N-terminal pharmacological 

inhibitor of Hsp90. Cells were cultured for an additional 24 hours before collection of both extracts

and cell conditioned media. Extracts and conditioned media were then immunoblotted as 

previously described. 

2.5.6 - Heat shock of HEK293 cells

HEK293 cells were cultured as described (2.5.1 and 2.5.2)  in DMEM supplemented with 10% 

FBS to a confluency of 90%. Cells were subsequently heat shocked at 42˚C in a water bath for 1 

hour. Cells were serum starved as described (2.5.2) with unsupplemented DMEM and incubated 

at 37˚C for 24 hours. CM and cell extracts were collected and analyzed by immunoblotting. 

2.5.7 - RT-PCR 

HEK293 cells were cultured as described above, in a 10cm3 cell culture dish. The cells were 

grown to a confluency of 70% and were subsequently washed and serum starved as described 

above. Following serum starvation, HEK293 cells were treated with either 1µM of HSP90 inhibitor

Ganetespib, 1µM of biotinylated-Ganetespib, or DMSO (negative control). Cells were cultured for 

a further 8 or 24 hours before being collected without lysis. Cells were homogenized through the 

use of QIAshredder as described in the manufacturers protocol. RNA was subsequently extracted

through the use of RNA extraction mini-kit (Qiagen). RNA concentrations were concentrated 
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through NanoQuant plate (TECAN) via fluorescence at 260nM and 280/260 ratio calculated. All 

ratios were ~2.0.  1µg of RNA from each sample was reverse transcribed into cDNA using iScript 

cDNA synthesis kit (BIO-RAD) as described in manufacturers protocol. RT-qPCR analysis was 

performed using nucleic acid stain SYBR-GREEN (BIO-RAD) and specific qPCR oligonucleotide 

primers: GAPDH, TIMP1, TIMP2, TIMP3, TIMP4 and HSP70 control. mRNA expression levels 

were analyzed over GAPDH control. All statistics were described as below.  

2.5.8 - Hsf1, stressors and qRTPCR

For treatments, 0.5x106 hsf1+/+ and hsf1-/- MEF cells were used. Heat shock was conducted in a 

water bath at 42°C for 1 h. CdSO4 (Sigma), dissolved in sterile water, was used at a concentration

of 60 µM for 3 h, while celastrol (Sigma) dissolved in DMSO was used at a concentration of 4 µM 

for 2 h. A control sample was treated with vehicle (DMSO).

RNA was isolated using an RNeasy mini kit (Qiagen) according to the manufacturer’s instructions 

and quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Then, one µg 

of total RNA was reverse transcribed with an iScript kit (Bio-Rad). SensiFAST Probe lo-rox kit and

SensiFAST SYBR lo-ROX kit (Bioline) were used for qRT-PCRs that were performed with 

QuantStudio3 real-time PCR systems (Applied Biosystems). Primers and probes were purchased

from Sigma (see Key Resources Table). mRNA expression levels were analyzed over 18S RNA 

(RNA18S5) control. All reactions were run in triplicate from samples derived from four biological 

replicates.

2.5.9 - Isothermal titration calorimetry

The binding affinities of purified recombinant proteins was conducted through isothermal titration 

calorimetry. Recombinant human purified TIMP2-His6 was pre-incubated at a molar ratio of 1:1 

with HSP90αAHA1 antibodies and TIMP2 -His6 bacterially expressed protein. Proteins were subject to 4oC overnight dialysis in

1L (1:1000) dialysis buffer (20mM Tris 7.4, 100mM NaCl, 5mM MgCl2). Dialysis was conducted 
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with a cut off of ~14kDa to remove residual ATP and ADP from the purification of the proteins. 

Reactions were carried out using Affinity ITC Auto system, TA instruments. Dissociation constant 

KD was calculated using the TA instrument software: Nanoanalyze. ITC was conducted by 

microinjecting 30x1μM levels.  l of 4mM ATP into a  calorimetric cell containing a 10 µM solution of HSP90-

His6 or TIMP2-His6:HSP90-His6 from a 200µl syringe at 25°C. The heat of dilution was obtained 

by injecting the same ATP solution into a calorimetric cell containing either reaction buffer or 

TIMP2-His6 alone. This resultant baseline was subtracted from titration curves before they were fit

using Nanoanalyze, TA Instruments using a single class of site. 

2.5.10 - Purification of HSP90α from Mammalian CM and Extracts

HSP90αAHA1 antibodies and TIMP2 -FLAG was purified by FLAG immunoprecipitation from both the conditioned media and 

extracts of HEK293 cells. Cells were cultured as described above, and transfected with 3μM levels.  g of 

pcDNA 3.1 HSP90αAHA1 antibodies and TIMP2 -FLAG. Cells were further cultured for 24 hours before collection of both 

conditioned media and extracts as described above. HSP90αAHA1 antibodies and TIMP2 -FLAG was immunoblotted with 

FLAG M2 affinity agarose. Pellets were washed 3 times with high salt extraction buffer (20mM 

Tris 7.4, 500mM NaCl, 1mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and 

PhosStop (Roche)). Cells were subsequently incubated at room temperature, shaking at 

2000RPM, with 100μM levels.  g/ml FLAG peptide (DYDDDDK) for 2 hours. Samples were subsequently 

spin concentrated with Amicon 3k concentrators. The sample was finally dialysed into HSP90 

buffer (20mM Tris 7.4, 100mM NaCl, 5mM MgCl2). The purity of the isolated HSP90 proteins was 

examined by Coomassie staining of SDS-PAGE gels using GelCode Blue Safe Protein Stain 

(Thermo Scientific).

2.5.11 - ATPase Assay of human HSP90α

The ATPase activity of HSP90αAHA1 antibodies and TIMP2  was determined as a measure of released inorganic phosphate 

(pi), through the use of the PiPer Phosphate Assay Kit. Experiments were conducted as 
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described by the kit instruction manual. The ATPase activity of 1μM levels.  g of recombinant HSP90αAHA1 antibodies and TIMP2  was 

determined in the presence and absence of TIMP2. TIMP2 and HSP90 ATPase pharmacological 

inhibitor Ganetespib were used as negative and postivie controls respectively. Further, purified 

human intracellular and extracellular HSP90αAHA1 antibodies and TIMP2  from extracts and conditioned media, were 

measured for their respective ATPase activity in the presence and absence of TIMP2 (and 

Ganetespib postive control). Triplicate samples of 1µg HSP90αAHA1 antibodies and TIMP2  and 10µM ganetespib (GB) or 

1ng (0.4nM) or 10ng (4.4nM) TIMP2 or TIMP1 were pre-incubated on ice for 1 hour. Samples 

were loaded into a 96-well plate and freshly prepared 2x PiPer reaction mixture containing 1mM 

ATP was added. 96-well plate was then wrapped in foil and incubated at 37°C. Absorbance at 

565nm was read on a Tecan infinite M200 Pro plate reader after 60 minutes. Standard curve with 

linear fit line was created from 0 to 100µM final concentration reactions. ATP turnover was 

calculated as mmol Pi per mol HSP90αAHA1 antibodies and TIMP2  per minute and relative ATPase activity was calculated 

from those values, with the value of HSP90αAHA1 antibodies and TIMP2  alone representing 100% activity. 

2.5.12 - Ni-NTA Pulldown and Immunoprecipitation

Pulldown and immunoprecipitation experiments were conducted on purified protein, conditioned 

media, and cell extracts. Resins that were used include: Protein G agarose (ThermoFisher), ATP 

agarose (Novus), Anti-FLAG M2 affinity gel (Sigma), Anti-HA Agarose (ThermoFisher), Ni-NTA 

agarose (ThermoFisher), Protein G agarose (ThermoFisher), and Strep agarose (ThermoFisher). 

The resins were initially washed 3 times in fresh extraction buffer (20mM Tris 7.4, 100mM NaCl, 

1mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and PhosStop (Roche)). For 

immunoprecipitation, cell extracts and CM were incubated with anti-FLAG conjugate beads or 

anti-HA conjugate beads for 2 hours at 4˚C or with HSP90αAHA1 antibodies and TIMP2  or TIMP2 antibodies for 1hr at 4˚C 

followed by protein G agarose for 2 hours at 4˚C. Pulldowns were prepared following incubation 

with, Strep agarose, Ni-NTA agarose or ATP conjugated agarose for 2 hours at 4oC. Incubates 

were centrifuged and the supernatant discarded. Pellets were washed 4 times with extraction 
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buffer, with increasing centrifugation speed, 1500-150000rpm. The pellets were then 

subsequently eluted in 5x Laemmli buffer. Samples were then boiled and immunoblotted as 

described above. 

2.5.13 - TIMP2:HSP90 interaction dynamics

To determine the binding interactions between TIMP2 and HSP90 In vitro pulldown and in vivo 

immunoprecipitation and pulldowns were conducted. Recombinant HSP90-His6 (bacterially 

purified) was incubated with Ni-NTA resin for 1 hour and washed with extraction buffer (20mM Tris

7.4, 100mM NaCl, 1mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and PhosStop 

(Roche)). Samples were subsequently incubated with varying amounts of recombinant TIMP2 

protein (0-200ng) and TIMP1, TIMP3, and TIMP4 control. Samples were subsequently eluted and

immunoblotted as described. In vivo, HEK293 cells were cultured as described to a confluency of 

70% and transfected with pcDNA3.1 constructs: HSP90αAHA1 antibodies and TIMP2 -FLAG (WT, N terminus, Middle domain, 

C terminus), or co-transected with TIMP-2-His6 (WT. N terminus, C terminus) and HSP90αAHA1 antibodies and TIMP2 -HA. 

Transfected and co-transfected cells were washed and serum starved and CM collected. 

Transfected and co-transfected cells were subsequently FLAG immunoprecipitated and Ni-NTA 

pulldown respectively. Samples were eluted and immunoblotted as previously described. 

2.5.14 - Biotinylated-drug binding assay

To determine the effect of TIMP2 on HSP90 binding to established pharmacological inhibitors, 

was addressed both in recombinant proteins and in vivo, CM and extracts. Recombinant HSP90αAHA1 antibodies and TIMP2 

(bacterially purified) was incubated with and without recombinant TIMP2 (purified from 

mammalian cells) for 1 hour at 4˚C. The proteins were then incubated for an additional hour with 

increasing amounts (0-100ng) of a biotin conjugated ganetespib (Bio-GB), a HSP90 

pharmacological inhibitor of the HSP90 N-terminus (ATPase pocket), at 4oC. The protein s were 

79



then incubated on streptavidin beads for a final 1 hour at 4oC. The proteins were then pulldown 

and immunoblotted as described above. 

TIMP2-/- MEF cells were cultured as described (Chapter 2.5.2) to a confluency of ~70%, and 

subsequently washed and serum starved (Chapter 2.5.2). Following 24 hours of culture, cells 

were treated for 2 hours with and without TIMP2 (0-500ng). CM and extracts were then collected 

and incubated at 4oC for 1 hour with 100nM Bio-GB further incubated with streptavidin agarose 

beads. The proteins were then pulldown and immunoblotted as described. 

2.5.15 - In vivo TIMP2:eHSP90 ATP pulldown

To determine whether ATP binding in the presence of TIMP2 is modulated in vivo, TIMP2-/- MEF 

were cultured as described (Chapter 2.5.2) to a confluency of ~70%, and subsequently washed 

and serum starved (Chapter 2.5.2). Following 24 hours of culture, cells were treated for 2 hours 

with and without TIMP2 and TIMP1 negative control (50ng/ml). Cells were subsequently 

incubated with ATP-conjugated beads for 1 hour at 4oC. The proteins were then washed with 

extraction buffer (20mM Tris 7.4, 500mM NaCl, 1mM MgCl2, 0.1% NP40, protease inhibitor 

cocktail (Roche) and PhosStop (Roche)), eluted and immunoblotted as described. 

2.5.16 - In vitro interactions of HSP90, MMP2, and TIMP2

The interaction dynamics of TIMP2, MMP2, and HSP90αAHA1 antibodies and TIMP2  were addressed through in vitro 

pulldown of recombinant proteins. HSP90αAHA1 antibodies and TIMP2 -His6 (bacterially expressed) was first incubated with 

Ni-NTA agarose and incubated for 1 hour at 4oC. Samples were washed with extraction buffer 

(20mM Tris 7.4, 100mM NaCl, 1mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and 

PhosStop (Roche)) and subsequently incubated for 1 hour at 4oC with either recombinant MMP2 

(bacterially expressed) both pro- and active isoforms, or TIMP2 (bacterially expressed) protein. 

The samples were washed and finally incubated with the reciprocal protein, before elution and 

immunoblot as previously described. 
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2.5.17 - Enzymatic Activity Assays 

The activity of recombinant MMP2 (bacterially expressed) was determined in the presence of 

both HSP90αAHA1 antibodies and TIMP2  (bacterially expressed) and TIMP2 (bacterially expressed) recombinant protein. 

MMP2 (0.2nM) was incubated with increasing concentrations of HSP90αAHA1 antibodies and TIMP2  (0-0.56nM) or TIMP2 (0-

10nM) recombinant proteins or both (in succession) at 4oC for 1 hour. MMP2 samples were 

diluted to 25ng/ml in TIMP2 reconstitution buffer (50mM Tris 7.4, 150mM NaCl, 5mM CaCl2, 

0.05% Brij-35) for measuring the activity. 

To determine the effect of HSP90αAHA1 antibodies and TIMP2  binding on its client MMP2, the activity of MMP2 in the 

presence and absence of HSP90 incubated at 37oC was measured. MMP2 (0.2nM) was 

incubated with and without HSP90αAHA1 antibodies and TIMP2  (0.28nM) for 1 hour at 4oC. Proteins were subsequently 

incubated at 37oC and time point samples collected at intervals (0-45mins) and immediately 

cooled on ice. MMP2 samples were diluted to 25ng/ml in TIMP2 reconstitution buffer (50mM Tris 

7.4, 150mM NaCl, 5mM CaCl2, 0.05% Brij-35) for measuring the activity. To measure the activity 

of samples, fluorescent peptide (Dabcyl-GPLGMRGK(5FAM)-NH2) was diluted in DMSO to a 

concentration of 10mM. Further dilutions were made to 10µM in fluorescent peptide buffer (50mM

Tris 7.4, 150mM NaCl, 2mM CaCl2, 5µM ZnSO4, 0.1% Brij-35). Fluorescent peptide was 1:1 with 

fluorescent substrate in fluorescent buffer, to 96-well optical bottom plate. The plate was loaded 

into a SpectraMax i3, plate reader (Molecular Devices). Samples were analyzed at an excitation 

and emission wavelength - 485 and 530nm respectively, every 5 minutes for 30-60 min, at room 

temperature. Following linear regression, experiments were either modeled to the Michaelis-

Menten approach or changes seen in the percentage activity of a MMP2 bound complex in 

respect to a sole MMP2 control. 
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2.5.18 - Bioinformatics

ChIP-seq and PRO-seq data (GEO accession number GSE71708) were downloaded from GEO 

database. Reads from ChIP-seq experiment were mapped to the mouse genome mm10 using 

Bowtie 2 with default parameters. Aligned reads were converted to bedgraphs using Samtools 

(sort command) and Bedtools (genomecov command) with default parameters. ChIP-seq peaks 

were visualized by uploading bedgraphs to Integrative Genomics Viewer (IGV), 

http://software.broadinstitute.org/software/igv/. PRO-seq data were visualized by uploading 

existing bigwig files from GEO database to IGV. 

2.5.19 - Quantification and Statistical analysis

All statistics were performed using GraphPad Prism version 7.00 for Windows, GraphPad 

Software, La Jolla California USA, www.graphpad.com. Statistical significance was garnered 

using a simple student’s t-test, multiple comparisons were ascertained using Holm-Sidak 

correction. Significance was denoted as asterisks in each figure: *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001. Error bars indicate the standard error of the mean (SEM). All band 

quantification was performed using ImageJ-2, as described (Rueden et al., 2017). 
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Table 2: Chapter 2 Key Resources and Reagents 

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-rabbit TIMP1 Abcam Cat# AB1827
RRID: AB_302627

Anti-rabbit TIMP2 Cell Signaling Cat #5738s
RID: AB_10694774

Anti-rabbit TIMP3 Cell Signaling Technology Cat# 5673s
RRID: AB_10694530

Anti-rabbit TIMP4 NOVUS Biologicals Cat# AF974
RRID: AB_2205240

Anti-rabbit MMP2 Cell Signaling Technology Cat# 13132S

Anti-mouse MMP2 Millipore Cat# MAB3308
RRID: AB_2235453

Anti-rabbit HSP70 StressMarq Biosciences Cat# SPC-103
RRID:AB_2570584

Anti-rabbit FLAG tag Thermo Scientific Cat# PA1-984B
RRID:AB_347227

Anti-mouse 6x-His epitope tag 
(HIS.H8)

Thermo Scientific Cat# MA1-21315
RRID:AB_557403

Anti-rat HSP90 (16F1) Enzo Life Sciences Cat# ADI-SPA-835
RRID:AB_11181205

Anti-mouse GAPDH (1D4) Enzo Life Sciences Cat# ADI-CSA-335 
RRID:AB_10617247

Anti-rabbit Phospho-Akt S473 (D9E) Cell Signaling Technology Cat# 2289
RRID:AB_2315049

Anti-mouse Akt (2H10) Cell Signaling Technology Cat# 2967
RRID:AB_331160

Anti-rabbit HA-Tag (C29F4) Cell Signaling Technology Cat# 3724
RRID:AB_1549585

Anti-mouse secondary Santa Cruz Biotech Cat# sc-2005 
RRID:AB_631736

Anti-rabbit secondary Santa Cruz Biotech Cat# sc-2004 
RRID:AB_631746

Anti-rat secondary Santa Cruz Biotech Cat# sc-2006 
RRID:AB_1125219
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IgG Mouse R&D Systems Cat# MAB002
RRID: AB_357334

IgG Goat Abcam Cat# AB37373

Anti-Goat TIMP-2 R&D Systems Cat# AF971-TM
RRID: AB_355752

Chemicals, Peptides, and Recombinant Proteins

Ganetespib Madrigal Pharma (formerly 
Synta Pharmaceuticals)

STA-9090 CAS# 888216-
25-9

Ganetespib, Biotinylated Madrigal Pharma (formerly 
Synta Pharmaceuticals)

STA-12-7191

Fluorescent Substrate: Dabcyl-
GPLGMRGK(5FAM)-NH2

BioZyme Inc. Cat# PEPDAB011

MMP-2 (Active) Sigma-Aldrich SRP3118

Pro-MMP-2 Sigma-Aldrich PF023-5UG

TIMP1 R&D Q6FGX5

TIMP2, 21.8kDa, E.coli, active ProSpec ENZ-782

TIMP2, 21.8kDa R&D P16035

TIMP2-His6 NCI, 
Dr W. Stetler-Stevenson

TIMP3 R&D P35625

TIMP4 R&D Q99727

HSP90His6 In House

AMP-PNP Sigma
Cat# 10102547001

Adenosine 5’-triphosphate (ATP) 
disodium salt hydrate

Sigma Cat# FLAAS

Celastrol Sigma Cat# C0869

CdSO4 Sigma Cat# 481882

Critical Commercial Assays

Mirus TransIT-2020 MirusBio Cat# MIR5405

PiPer Phosphate Assay ThermoFisher Scientific Cat# P22061

Anti-FLAG M2 affinity gel Sigma-Aldrich Cat# A2220 

Bradford Assay Bio-Rad Cat# 5000205

Protein G agarose ThermoFisher Scientific Cat# 15-920-010

ATP agarose Novus Biologicals Cat# 510-0002
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Strep agarose ThermoFisher Scientific Cat# 20349

Ni-NTA Agarose ThermoFisher Scientific Cat# 88221

iScript cDNA Synthesis Kit BIO-RAD Cat# 170-8891

iTaq SYBR GREEN BIO-RAD Cat# 172-5121

Purelink RNA mini-kit Ambion Cat# 12183025

SensiFAST SYBR lo-ROX kit Bioline Cat# BIO-94005

RNeasy mini kit Qiagen Cat# 74136

Experimental Models: Mammalian and Murine Cell Lines

HEK293 ATCC

TIMP2 (–/–) MEF Cornell University
Dr. Paul D. Soloway

MMP2 (-/-) MEF University of British Columbia, 
Dr. Christopher Overall

MEF WT Brigham & Womens Hospital, Boston
Dr. David Kwiatkowski

!!br0ken!!Oligonucleotides

Human TIMP1 qRT-PCR Fwd: ACAGACGGCCTTCTGCAATTC
Rev: CCTTTATACATCTTGGTCATCTTGATCTC

Human TIMP2 qRT-PCR Fwd:ACAGGCGTTTTGCAATGCA
Rev:GGGTTGCCATAAATGTCGTTTC

Human TIMP3 qRT-PCR Fwd: TGCTCTCTGTCTCTTTTTTCAGCTT 
Rev: CTACAGTGTGTTGTCTGCTGCTTTT

Human TIMP4 qRT-PCR Fwd: CACCTGCCTCTCAGGAAGGA
Rev: GGCTTGATCTTCAGGACTCTTGA

Human HSP70 qRT-PCR Fwd:AGGCCAACAAGATCACCATC
Rev:TCGTCCTCCGCTTTGTACTT

Human GAPDH qRT-PCR Fwd:GGAAGGTGAAGGTCGGAGTCA
Rev:GCAACAATATCCACTTTACCAGAGTTAA

Mouse TIMP2 qRT-PCR Fwd: CACGCTTAGCATCACCCAGA
Rev: GTCAGCCTTCTTACGGGTCC

Mouse HSPA1A/B 
qRT-PCR

Fwd: AGGTGCTGGACAAGTGCCAG
Rev: AACTCCTCCTTGTCGGCCA
Probe: FAM-CATCTCCTGGCTGGACTCCAACACG-BHQ

Mouse 18sRNA qRT-PCR Fwd: GCAATTATTCCCCATGAACG
Rev: GGGACTTAATCAACGCAAGC
FAM-TTCCCAGTAAGTGCG GGTC-BHQ

Recombinant DNA
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pcDNA3-HSP90αAHA1 antibodies and TIMP2 -HA

pcDNA3-HSP90αAHA1 antibodies and TIMP2 -His6

pcDNA3-HSP90αAHA1 antibodies and TIMP2 -Flag

pcDNA3-C-HSP90-FLAG

pcDNA3-M-HSP90-FLAG

pcDNA3-N-HSP90-FLAG

pcDNA3-TIMP2-His6

pcDNA3-N-TIMP2-His6

pcDNA3-C-TIMP2-His6

SOFTWARE and ALGORITHMS

GraphPad Prism 7.0 Graphpad 
Software

www.graphpad.com

Nanoanalyse TA 
Instruments

http://www.tainstruments.com
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Chapter 3: Regulation of eHSP90/MMP2 activity by extracellular co-chaperones TIMP2 and 

AHA1

Alexander J. Baker-Williams1,2,3, Fiza Hashmi1,2,3, Mark R. Woodford1,2,3, Stephanie Gleicher1,3, 
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Himanen, S. V., Makedon, A. M., Friedman, D., Cortes, S., Namek, S., Stetler-Stevenson, W. G., 
Bratslavsky, G., Bah, A., Mollapour, M., Sistonen, L., & Bourboulia, D. (2019). Co-chaperones 
TIMP2 and AHA1 Competitively Regulate Extracellular HSP90:Client MMP2 Activity and Matrix 
Proteolysis. Cell Reports, 28(7), 1894-1906.e6. https://doi.org/10.1016/j.celrep.2019.07.045”

The work contained within this chapter was produced predominantly by Alexander J. Baker-

Williams, any work contributed by other students or outside institutions is specifically noted and 

highlighted in the figure legend of each figure. 

87



3.1 – Abstract

The extracellular molecular chaperone HSP90 (eHSP90) regulates the stability of client protein

Matrix  Metalloproteinase  2  (MMP2),  an  orchestrator  of  wound  healing  and  tumor  cell

invasiveness. Intracellularly, HSP90 chaperoning is dependent upon a number of co-chaperone

proteins  which  govern  the  intricate  conformational  changes  required  to  perform  its  function,

alongside ATP hydrolysis. At present, the role of co-chaperone interactions in the extracellular

space  remains inconclusive.  Here,  we  report  that  the tissue  inhibitor  of  metalloproteinases-2

(TIMP2)  and  activatory  co-chaperone  AHA1 compete  for  the  Client:Chaperone  scaffolding  of

HSP90:MMP2. We first identify that AHA1 is a secreted protein which binds to HSP90 mutually

exclusive  to  TIMP2:HSP90 binding.  The  co-chaperone  TIMP2  acts  as  a  scaffold  for  HSP90

towards its client MMP2, resulting in the client being placed in a transient inhibitory state within a

client:co-chaperone:chaperone  ternary  complex.  We  further  show  that  the  activatory  co-

chaperone, AHA1, is secreted into the extracellular space. AHA1 is able to not only bind HSP90,

but  forms a similar  client:co-chaperone:chaperone ternary complex with  MMP2;  however,  the

client retains its proteolytic activity. AHA1 and TIMP2 compete for binding to HSP90 and in the

presence of MMP-2 form the two proteolytically different ternary complexes. We further show that

this competition in cancer cell-line, HT1080 fibrosarcoma, is key in the regulation of endogenous

MMP-2 activity, both proteolytic and gelatinolytic. We therefore conclude that the competitive co-

chaperone regulation of MMP-2 by TIMP2 and AHA1 is highly important in the key metastatic

process  of  basal  membrane  degradation.  It  could  be   inferred  that  further  studies  into  this

mechanism could yield potential therapeutics which could target cancers ability to invade from its

primary tumor site. 
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3.2 - Introduction

The pro-metastatic environment which surrounds invasive cells in cancer, is facilitated by 

a number of proteins which have been hijacked from their normal physiological roles. Matrix 

metalloproteinase 2 (MMP2), a member of the 23 protein family of metalloproteinases, has been 

shown comprehensively to promote a pro-invasive environment (Bourboulia & Stetler-Stevenson, 

2010). MMP2 physiologically remodels the extracellular matrix following trauma to promote 

wound healing. However, it has been shown to be both highly abundant and active in the 

extracellular space in cancerous pro-invasive cells (Fouad et al., 2019; Passlick et al., 2000; Said 

et al., 2014; Yu et al., 2017). 

Following its discovery as a pro-invasive protein, MMP2 became a viable target for 

various pharmaceutical companies to develop specific inhibitors with the hopes they had found 

the golden bullet for metastasis of tumors in cancer, the leading cause of cancer related mortality.

However, these companies spent decades trying and failing to develop an effective therapeutic 

which could specifically target MMP2 (Fields, 2019). A number of reasons for these failures have 

been postulated in the years since, including the sequence and structural homogeneity of MMP2 

to the other MMPs. As of 2020, no MMP2 inhibitor is approved for use as a therapeutic in cancer 

and has been essentially shelved by pharmaceutic companies. 

MMP2 is endogenously inhibited in vivo by the family of tissue inhibitors of 

metalloproteinases (TIMPs), specifically TIMP2. However, the interaction between TIMP2 and 

MMP2 is complicated. TIMP2 not only directly inhibits the active site of MMP2, but also facilitates 

its activation. TIMP2 is responsible for bringing the MMP2 zymogen in close proximity to the 

surface bound activating MMP, MT1-MMP, which cleaves the MMP2 pro-peptide that prevents 

MMP2 zymogen activity (Butler et al., 1998; Strongin et al., 1993). The therapeutic benefit of 

TIMP2 as an exogenous treatment is still being identified, but similarly, TIMP2s role in the 

extracellular space goes beyond MMP2 inhibition – it also directly regulates MMP independent 

angiogenesis and integrin signaling (Remillard et al., 2014). 
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New evidence has emerged in the last decade which might explain why MMP2 inhibition 

is more complicated than expected. In 2010, Song et al., discovered that MMP2 associates with 

the molecular chaperone HSP90, a newly found addition to the extracellular milieu (X. Song et al.,

2010). HSP90, intracellularly, is an essential molecular chaperone which regulates protein 

homeostasis – facilitating the folding, activity, maturation, and stability of hundreds of client 

proteins (Schopf et al., 2017). These chaperone interactions are governed by both the ATPase 

activity of HSP90, which governs the conformational changes necessary to support client binding,

and co-chaperone interaction, a subset of non-client interacting proteins which further regulate 

client scaffolding to HSP90 as well as modulating its ATPase cycle (Jing Li et al., 2012a; 

Sahasrabudhe et al., 2017). One such co-chaperone is the activating co-chaperone AHA1, which 

has been shown to accelerate the ATPase activity of HSP90 (Wolmarans et al., 2016). 

The regulation of MMP2 by HSP90, has been challenged by proponents of the traditional 

intracellular method of HSP90 chaperoning. They have specifically targeted that the two essential

requirements for HSP90 to act as a chaperone are not found in the extracellular space, both ATP 

and co-chaperones are missing from the equation. This question has yet to be answered. More 

recently, other clients of eHSP90 have been identified and the eHSP90:MMP2 interaction has 

been further ratified as essential in the regulation of MMP2 pro-invasiveness (A. Chakraborty et 

al., 2020; X. Song et al., 2010, p. 2). To understand how this relationship is regulated may be the 

key to unlocking the mechanism by which we can non-specifically target MMP2 pro-invasive 

activity in cancer. 

In the previous chapter, we have unfurled the complex relationship between inhibitory co-

chaperone, TIMP2, and the HSP90:MMP2 complex. TIMP2 acts as both a disruptor of the 

HSP90:MMP2 complex, dissociating MMP2 from the from HSP90 and directly inhibiting the 

proteolytic activity of MMP2. TIMP2 also acts as a scaffold, facilitating the binding of HSP90 to 

MMP2, again resulting in an inhibitory complex. We further show that dynamics of interaction 

determines the capacity in which TIMP2 acts. Furthermore, we showed that TIMP2 acts as a 

decelerator of the HSP90 ATPase cycle and also facilitated ATP binding to HSP90. 
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In this chapter we will show that the activating co-chaperone AHA1 is secreted from cells.

TIMP2 and AHA1 further compete for the binding to HSP90 and MMP2 promoting a non-active 

and active HSP90:MMP2 complex respectively. We further address whether this relationship is 

relevant in an in vivo scenario, measuring the gelatinolytic activity of fibroblast cells deficient in 

AHA1 and TIMP2, and with respective protein being re-added. We finally show the effect of 

inhibiting these proteins with antibodies in vivo and postulate a mechanism by which AHA1 and 

TIMP2 act as a regulatory switch in cancer to promote invasion and metastasis. 
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3.3 - Results

3.3.1 - AHA1 is secreted and disrupts the TIMP2:HSP90 complex

In Chapter 2 we identified that TIMP2 was both an inhibitory and the first extracellular co-

chaperone of HSP90. We, therefore, wanted to identify if any previously identified HSP90 co-

chaperones can be found within the extracellular space. We, therefore, collected and screened 

conditioned media (CM) from HEK293 cells for co-chaperones: AHA1, PP5, HOP, CDC 37, and 

P23 (Figure 3.1A, Input). From this we identified that extracellular versions of the co-

chaperones: AHA1, PP5, and HOP can be found in conditioned media of HEK293 cells, but both 

p23 and CDC37 could not be isolated. We next wanted to identify whether any extracellular co-

chaperones could displace TIMP2 from HSP90. We endogenously immunoprecipitated (IP) 

TIMP2 from the same CM of HEK293 cells. We subsequently probed immunoblots for co-

immunoprecipitation (co-IP) of HSP90 and its known co-chaperones (Figure 3.1A). We identified 

that eAHA1 could not be co-IP from eHSP90 in the presence of TIMP2. These data suggest that 

TIMP2 and AHA1 cannot bind simultaneously to eHSP90. 

To confirm whether the binding of TIMP2 and AHA1 to HSP90 is a mutually exclusive 

event, we utilized purified proteins of TIMP2, AHA1, and HSP90αAHA1 antibodies and TIMP2 -His6 in an in vitro Ni-NTA 

pulldown assay. The Ni-NTA beads were initially incubated HSP90αAHA1 antibodies and TIMP2 -His6 followed by 50ng AHA1 

and a subsequent titration of TIMP2 (0-50ng) (Figure 3.1B). These data demonstrate that TIMP2 

is able to displace AHA1 from HSP90αAHA1 antibodies and TIMP2  and bind in its place. The reciprocal experiment was then 

conducted, where HSP90αAHA1 antibodies and TIMP2 -His6 bound Ni-NTA beads were subsequently bound to 50ng of TIMP2

and titrated with AHA1 (0-50ng) (Figure 3.1C). These data similarly demonstrate that AHA1 is 

able to displace TIMP2 from its complex with HSP90αAHA1 antibodies and TIMP2 -His6. As TIMP2 and AHA1 are both known 

to bind to the middle domain of HSP90, we next wanted to determine whether TIMP2 and AHA1 

mutual exclusivity is due to direct competition for binding to HSP90 through a shared binding site.
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Figure 3.1: AHA1 is an extracellular protein and disrupts the TIMP2:HSP90 complex

A) HEK293 cell conditioned (CM) media was probed for chaperone HSP90, as well as known 

HSP90 co-chaperones: CDC37, P23, AHA1, PP5, TIMP2, and HOP. TIMP2 was endogenously 

immunoprecipitated from HEK293 cell CM using anti-TIMP2 monoclonal antibody and IgG 

negative control. Co-immunoprecipitation (co-IP) for each of the listed co-chaperones was 

performed. Immunoblot of GAPDH was used as control for the release of extra-cellular proteins 

through cell death and coomassie stain of CM was used as loading control. 

B) HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) recombinant protein was bound to Ni-NTA agarose resin, followed in 

succession by TIMP2 recombinant protein (50ng), and increasing amounts of AHA1 recombinant 
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protein. Pulldown (HSP90αAHA1 antibodies and TIMP2 -His6) and co-Pulldown (TIMP2 and AHA1) levels were determined 

through immunoblot. 

C) HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) recombinant protein was bound to Ni-NTA agarose resin, followed in 

succession by AHA1 recombinant protein (50ng), and increasing amounts of TIMP2 recombinant 

protein. Pulldown (HSP90αAHA1 antibodies and TIMP2 -His6) and co-Pulldown (AHA1 and TIMP2) levels were determined 

through immunoblot. 

D) HEK293 cells were transiently transfected with pcDNA 3.0 HSP90-FLAG WT and V411E 

mutant. After serum starvation both CM and lysates were collected and FLAG 

immunoprecipitated, co-IP for TIMP2 and AHA1 respectively was determined by immunoblot.

CONTRIBUTIONS

*A) was contributed by Mark Woodford
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We, therefore, utilized the HSP90 AHA1 binding compromised mutant V411E. We transiently 

transfected HEK293 cells with pcDNA3.0 empty vector, HSP90-FLAG WT and HSP90-FLAG 

V411E and following serum starvation collected both conditioned media and lysate. We 

subsequently FLAG immunoprecipitated HSP90 from conditioned media and lysate and 

immunoblotted for TIMP2 co-IP and AHA1 co-IP respectively. We found that similarly to AHA1, 

TIMP2 is unable to bind to the V411E indicating a shared binding motif which proteins compete to

binding for. Taken together these data demonstrate that that TIMP2 and AHA1 bind in a mutually 

exclusive manner to HSP90αAHA1 antibodies and TIMP2 , they are also able to displace the reciprocal from complex with 

HSP90αAHA1 antibodies and TIMP2 . 

3.3.2 - AHA1 displaces TIMP2 from the HSP90:TIMP2:MMP2 ternary complex

As we have concluded that co-chaperones TIMP2 and AHA1 compete for binding to the 

chaperone HSP90αAHA1 antibodies and TIMP2 , we wanted to next determine the downstream effect of this competition on 

the HSP90αAHA1 antibodies and TIMP2  client, active MMP2. In Chapter 2, we demonstrated that the ternary complex of 

HSP90, TIMP2, and MMP2, is responsible for scaffolding the client on to the chaperone. We, 

therefore, questioned what effect AHA1 would have on this binding interaction dynamic. To 

address this, we first incubated Ni-NTA beads with 100ng of recombinant HSP90-His6, and 

subsequently TIMP2 (50ng), and active MMP2 (50ng) (Figure 3.2A). Recombinant AHA1 (0-

50ng) was then titrated onto the Ni-NTA beads and then subsequently co-IP for TIMP2, AHA1, 

and MMP2. Our data shows that the addition of AHA1 disrupted the TIMP2 binding to the ternary 

complex (Figure 3.2B Supernatant), but not the MMP2 co-IP (Figure 3.2B). This indicates that 

AHA1 can form a ternary complex of its own, with both MMP2 and HSP90αAHA1 antibodies and TIMP2 . To confirm this, we 

performed the reciprocal experiment, whereas, we titrated TIMP2 onto a preformed 

HSP90αAHA1 antibodies and TIMP2 :AHA1:MMP2 complex. We initially formed a HSP90-His6 (100ng) Ni-NTA complex, and 

subsequently bound both MMP2 and AHA1 (50ng) to form a HSP90:MMP2:AHA1 complex. 

Following this we titrated recombinant TIMP2 (0-50ng) (Figure 3.2C). 
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Figure 3.2: AHA1 displaces TIMP2 from the HSP90:TIMP2:MMP2 ternary complex

A) Schematic depiction of each of the steps involved in the Ni-NTA facilitated formation of the 

HSP90αAHA1 antibodies and TIMP2 -His6:TIMP2:MMP2 complex and its subsequent disruption by AHA1 (Figure 2B).

B)  HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) recombinant protein was bound to Ni-NTA agarose resin, followed in 

succession by TIMP2 (50ng), and then MMP2 (50ng). Subsequently, Ni-NTA resin was incubated 

with increasing amounts of AHA1 (0-50ng). Pulldown (HSP90αAHA1 antibodies and TIMP2 -His6) and co-Pulldown (TIMP2, 

MMP2, and AHA1) levels were determined through immunoblot. 

C) Schematic depiction of each of the steps involved in the Ni-NTA facilitated formation of the 

HSP90αAHA1 antibodies and TIMP2 -His6:AHA1:MMP2 complex and its subsequent disruption by TIMP2 (Figure 2D).

D) HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) recombinant protein was bound to Ni-NTA agarose resin, followed in 

succession by MMP2 (50ng) and AHA1 (50ng). Subsequently, Ni-NTA resin was incubated with 

increasing amounts of TIMP2 (0-50ng). Pulldown (HSP90αAHA1 antibodies and TIMP2 -His6) and co-Pulldown (MMP2, AHA1,

and TIMP2) levels were determined through immunoblot. 
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Our data demonstrate that TIMP2 is able to displace AHA1 from its ternary complex with MMP2 

and HSP90αAHA1 antibodies and TIMP2 . Overall, our data infers that TIMP2 and AHA1 have the potential to compete for 

binding to the MMP2:HSP90αAHA1 antibodies and TIMP2  complex. 

3.3.3 - TIMP2 and AHA1 regulate HSP90α client, MMP2, activity. 

We have identified that the co-chaperones AHA1 and TIMP2 compete for binding in vitro 

to the chaperone HSP90αAHA1 antibodies and TIMP2  and client MMP2. We next wanted to determine what affect the co-

chaperone competition has in vitro on the client, MMP2. Before answering this question, we first 

had to determine if like TIMP2, AHA1 has any non-HSP90 related effect on HSP90 client, MMP2. 

To address this we performed in vitro enzyme assays using the MMP2 specific peptide (Dabcyl-

GPLGMRGK(5FAM)-NH-2) from our previous assays utilized in Chapter 2. We incubated MMP2 

alone and MMP2 in complex with its chaperone HSP90αAHA1 antibodies and TIMP2  with increasing amounts of AHA1 (0-

5nM) (Figure 3.3A) and with both increasing amounts of AHA1 (0-0.56nM) and substrate (0-

14μM levels.  M) fit to the Michaelis-Menton model (Figure 3.3B & 3.3C). Our results demonstrate that 

AHA1 has no significant impact upon MMP2 activity both alone and in complex with HSP90. 

We have previously determined (Chapter 2) that TIMP2 results in an inhibitory MMP2 

when bound in ternary complex with MMP2 and HSP90. As we have shown that AHA1 bound in 

complex to MMP2 and HSP90 elicited no change in enzyme activity, we postulated whether 

dynamic interactions between AHA1 and TIMP2 with the HSP90:MMP2 complex would lead to a 

switching in the level of activity. To address this question we utilized both Ni-NTA pulldown and 

fluorescent MMP2 substrate peptide kinetics in one combined assay (Figure 3.3D). We first 

incubated HSP90αAHA1 antibodies and TIMP2 -His6  (100ng) recombinant protein with Ni-NTA beads, and subsequently 

washed beads and incubated recombinant TIMP2 (50ng) and MMP2 (50ng) respectively. Finally, 

the bead complex was incubated with AHA1 (0-200ng) and plated on a 96-well clear bottom back 

plate. The 200ng AHA1 complex was then re-titrated with TIMP2 (0-10ng) on plate. The slurry 

was then measured for MMP2 activity with fluorescent substrate peptide (Dabcyl-

GPLGMRGK(5FAM)-NH-2) (Figure 3.3D). 
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Our results demonstrate that the inhibitory HSP90αAHA1 antibodies and TIMP2 :MMP2:TIMP2 complex regains activity with 

incubation with increasing amounts of AHA1. The then formed HSP90αAHA1 antibodies and TIMP2 :MMP2:AHA1 complex is 

re-inhibited by the increasing amounts of TIMP2. Taken together these data demonstrate that in 

vitro the ternary HSP90αAHA1 antibodies and TIMP2 :MMP2:TIMP2 and HSP90αAHA1 antibodies and TIMP2 :MMP2:AHA1 complexes are exchangeable 

and, indeed, result in a inactive and active complex respectively. We can, therefore, infer that 

TIMP2 and AHA1 have the potential to fine tune the activity of MMP2. 
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Figure 3.3: TIMP2 and AHA1 regulate HSP90α client, MMP2, activity.

A) Active MMP2 recombinant protein was incubated with and without HSP90αAHA1 antibodies and TIMP2  for 1 hour at 4oC. 

Samples were subsequently incubated with increasing amounts of AHA1 (0-10nM). Fluorometric 

activity determined the percentage activity as a measure of the untreated control. Graph 

represents n=3 independent experiments. 

B & C)  Active MMP2 recombinant protein was incubated with (Figure 3.3B) and without HSP90αAHA1 antibodies and TIMP2 

(Figure 3.3C) for 1 hour at 4oC. Samples were subsequently incubated with increasing amounts 
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of AHA1 (0-0.56nM) and increasing amount of fluorescent (0-14μM levels.  M) substrate . Graphs represent 

n=3 independent experiments. 

D) HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) recombinant protein was bound to Ni-NTA agarose resin, followed in 

succession by TIMP2 (50ng), and then MMP2 (50ng). Subsequently, Ni-NTA resin was incubated 

with increasing amounts of AHA1 (0-200ng). Further addition of increasing amounts of TIMP2 (0-

10ng) was added to the final concentration of AHA1. MMP2 activity was measured as a 

percentage of fluorometric activity of the untreated AHA1 control. Error bars represent the SEM of

at least n=2 independent experiments. Statistical significance was determined between untreated

control (AHA1 0ng) and 200ng AHA1 through students t test. **** P<0.001
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3.3.4 - AHA1 and TIMP2 compete in vivo for HSP90:MMP2 binding

As we have determined that in vitro AHA1 and TIMP2 compete for binding to the 

MMP2:HSP90 complex, we next wanted to determine whether this is translated into in vivo 

systems. To undertake this investigation we utilized mouse fibroblast (MEF and MAF) cells which 

have been selectively knock-out for TIMP2 (MEF), MMP2 (MEF), and AHA1 (MAF) genes. 

We first analyzed, in MEF TIMP2 (-/-) cells, how the re-addition of recombinant TIMP2 

affected the binding of client MMP2 to the chaperone HSP90αAHA1 antibodies and TIMP2  (Figure 3,4A). Indeed, conditioned

media (CM) of TIMP2 MEF (-/-) cells was collected after 24 hours serum starvation of cells. This 

CM was subsequently treated ex-vivo with 0-50ng/ml of recombinant TIMP2 and endogenously 

immunoprecipitated for HSP90αAHA1 antibodies and TIMP2 . Our data demonstrate that small amount of re-addition (5ng/ml) 

led to a negligible removal of MMP2 from its complex with HSP90αAHA1 antibodies and TIMP2  and a TIMP2:HSP90 complex

formation, however, addition of a larger amount of TIMP2 (50ng/ml) led to an abrogation of the 

HSP90αAHA1 antibodies and TIMP2 :MMP2 complex and substantial formation of the HSP90αAHA1 antibodies and TIMP2 :TIMP2 complex.

We next analyzed, in MEF MMP2 (-/-) cells, how the addition of pro-MMP2 (Figure 3.4B) 

and active-MMP2 (Figure 3.4C), affect the interaction between TIMP2 and HSP90αAHA1 antibodies and TIMP2 . As in 

(Figure 3.4A), we collected CM from serum starved cells and ex-vivo treated the CM with 

increasing amounts (0-50ng/ml) of recombinant protein. The resulting conditioned media was 

immunoprecipitated endogenously for HSP90αAHA1 antibodies and TIMP2 . Our results demonstrate that the addition of both 

proMMP2 (Figure 3.4B) and active MMP2 (Figure 3.4C) resulted in the formation of a 

HSP90αAHA1 antibodies and TIMP2 :MMP2 complex. However, the addition of active MMP2 (Figure 3.4C) resulted in an 

increase in TIMP2:HSP90αAHA1 antibodies and TIMP2  complex formation, not seen with proMMP2 addition (Figure 3.4B). 
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Figure 3.4: AHA1 and TIMP2 compete in vivo for HSP90:MMP2 binding

A)  TIMP2 (-/-) MEF cells were treated exogenously with increasing amounts of recombinant 

TIMP2-His6 (0-50ng/ml). Collected CM were immunoprecipitated endogenously for HSP90αAHA1 antibodies and TIMP2 . 

Resultant co-IP of TIMP2 and MMP2 were determined by immunoblot. 

B & C) MMP2 (-/-) MEF cells were treated exogenously with increasing amounts of 72kDa pro-
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MMP2 (Figure 3.4B) and 62kDa active MMP2 (Figure 3.4C) (0-50ng/ml). Collected CM were 

immunoprecipitated endogenously for HSP90αAHA1 antibodies and TIMP2 . Resultant co-IP of TIMP2 and MMP2 were 

determined by immunoblot. 

D) TIMP2 (-/-) MEF cells were treated exogenously with recombinant TIMP2-His6 (0 and 

50ng/ml). Collected CM from treated TIMP2 (-/-), and WT MEF cells were immunoprecipitated 

endogenously for HSP90αAHA1 antibodies and TIMP2 . Resultant co-IP of TIMP2, and AHA1 were determined by 

immunoblot. Fold change data was determined through ImageJ.

E) AHA1 (-/-) MAF cells were treated exogenously with increasing amounts of recombinant AHA1 

(0-50ng/ml). Collected CM were immunoprecipitated endogenously for HSP90αAHA1 antibodies and TIMP2 . Resultant co-IP 

of TIMP2, MMP2 and AHA1 were determined by immunoblot. 

CONTRIBUTIONS

* A-E) This figure was contributed by Fiza Hashmi
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We next utilized WT MEF and TIMP2 (-/-) celll (Figure 3.4D) and AHA1 (-/-) MAF cells 

(Figure 3.4E),  to analyze the relationship between AHA1 and TIMP2 binding to HSP90αAHA1 antibodies and TIMP2  in vivo. 

To determine the affect of TIMP2 on the AHA1:HSP90αAHA1 antibodies and TIMP2  interaction, we collected serum starved 

CM from WT MEF cells and TIMP2 (-/-) MEF cells which were treated exogenously for 2 hours 

with with recombinant TIMP2 (0 or 50ng/ml) and endogenously immunoprecipitated HSP90αAHA1 antibodies and TIMP2 . Our

results show that compared to MEF WT cell CM, TIMP2 (-/-) CM has an overall increase in AHA1 

HSP90αAHA1 antibodies and TIMP2  association (~1.25 fold vs WT), however, following addition of recombinant TIMP2 AHA1

binding to HSP90αAHA1 antibodies and TIMP2  is perturbed (~1.06 fold vs WT). To confirm that a switch-like relationship 

exists between TIMP2 and AHA1 we performed the reciprocal experiments in AHA1 MAF (-/-) 

cells CM. Ex-vivo treatment of conditioned media with AHA1 recombinant protein (0-50ng/ml) 

showed a decrease in the binding of TIMP2 to HSP90 as a result of AHA1 complex formation. 

Unlike in (Figure 3.4A) the loss of MMP2 as a result of 50ng/ml ex-vivo treatment was minimal. 

Taken together our data suggest that TIMP2 and AHA1 compete in vivo for the interaction with 

HSP90αAHA1 antibodies and TIMP2  and its subsequent client, MMP2.  

3.3.5 - TIMP2 and AHA1 form a molecular switch in vivo regulating MMP2 activity

Our data in Figure 4, has shown that AHA1 and TIMP2 compete for HSP90αAHA1 antibodies and TIMP2 :MMP2 

binding in a similar manner to that seen, in vitro. We, therefore, wanted to determine what effect 

this relationship has on the in vivo activity of MMP2. To perform this examination, we utilized a 

fluorescently labeled gelatin (DQ Gelatin, ThermoScientific) and our previously used MEF/MAF 

(-/-) cell lines. We first fine tuned our assay using recombinant purified proteins to create a 

standard activity curve (Figure 3.5A) and to confirm that AHA1 has no activity in our assay 

(Figure 3.5B). 

We next determined the effect of re-adding TIMP2 recombinant protein to TIMP2 -/- MEF 

cell CM gelatinolytic activity (Figure 3.5C). To perform this we again treated TIMP2 MEF (-/-) 

serum starved CM with increasing amounts of recombinant TIMP2 (0-50ng/ml). As TIMP2 -/- CM 
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is known to contain inactive MMP2 (TIMP2 is required in the activation of MMP2 in vivo) we 

chemically-activated the pro-MMP2 in the CM with p-aminophenylmercuric acetate (APMA), 

which chemically disrupts the pro-domain interaction with the catalytic Zn2+ (Hadler Olsen et al., ‐Olsen et al., 

2011). We then measured the gelatinolytic activity of each sample through the use of our DQ-

gelatin fluorescent assay. We further validated our results through measuring the amount of 

TIMP2 and MMP2 protein in each sample through gelatin zymography (Figure 3.5F, right) and 

reverse zymography (Figure 3.5H, right) respectively. Our results demonstrate that, similarly to 

in vitro, the addition of TIMP2 results in the inhibition of gelatinolytic activity in vivo. Taken 

together these results show that TIMP2 disrupts MMP2 from complexes (such as with its client 

HSP90) and inhibits the protease.

We next postulated as to the inhibitory effect of adding MMP2 into MMP2 (-/-) MEF serum

starved CM. To address this point we treated MMP2 (-/-) MEF cells exogenously with active 

recombinant MMP2 protein (0-50ng/ml) (Figure 3.5D). The resultant CM was then measured for 

gelatinolytic activity vs an untreated control and recombinant protein alone. We again validated 

our CM for protein levels through gelatin zymography for MMP2 (Figure 3.5G) and reverse 

zymography for TIMP2 (Figure 3.5I). Our results show that MMP2 activity goes up incrementally 

in the exogenously treated CM, but has an activity greatly reduced by comparison to the 

recombinant control. Taken together these results show that the addition of MMP2 results in 

complex formations with TIMP2, however, as MMP2 addition does result in an increase in 

gelatinolytic activity it is likely that MMP2 also forms active complexes with HSP90 and AHA1. 

Finally, we wanted to determine the effect of reintroducing recombinant AHA1 protein into 

AHA1 (-/-) MAF CM. To address this we treated AHA1 (-/-) MAF cells exogenously with AHA1 

recombinant protein (0-50ng/ml) (Figure 3.5E, left) and measured the resultant CM for 

gelatinolytic activity through our DQ gelatin fluorescence assay. 
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Figure 3.5: TIMP2 and AHA1 form a molecular switch in vivo regulating MMP2 activity

A) Standard curve of DQ gelatin degradation from titrated 62kDa active MMP2 (0-300ng/ml) 

recombinant protein. End point fluorescence was measured. Graph represents n=3 independent 

experiments. 

B) AHA1 and active 62kDa MMP2 (50ng/ml) were measured for gelatinolytic activity through DQ 
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gelatin degradation end point fluorescence. Error bars represent SEM of n=3 independent 

experiments. *** P<0.001

C)  TIMP2 (-/-) MEF cells were treated exogenously with increasing amounts of recombinant 

TIMP2-His6 (0-50ng/ml). Collected CM were examined for gelatinolysis through DQ gelatin 

degradation assay. Error bars represent n=2 independent experiments. * P<0.05

D) MMP2 (-/-) MEF cells were treated exogenously with increasing amounts of 62kDa active 

MMP2 (0-50ng/ml).  Collected CM were examined for gelatinolysis through DQ gelatin 

degradation assay. Error bars represent n=2 independent experiments.  *** P<0.001 ns = not-

significant 

E) AHA1 (-/-) MAF or TIMP2 (-/-) MEF cells were treated exogenously with increasing amounts of

recombinant AHA1 (0-50ng/ml). Collected CM were examined for gelatinolysis through DQ gelatin

degradation assay. Error bars represent n=2 independent experiments. 

F & G) AHA1 MAF (-/-), TIMP2 MEF (-/-), or MMP2 MEF (-/-) cells were treated exogenously with 

increasing amounts of  AHA1, TIMP2, or MMP2 (both 62kDa and 72kDa) recombinant proteins 

respectively. CM was analyzed for MMP2 and MMP9 protein activity levels through gelatin 

zymography. 

H & I) AHA1 MAF (-/-), TIMP2 MEF (-/-), or MMP2 MEF (-/-) cells were treated exogenously with 

increasing amounts of  AHA1, TIMP2, or MMP2 (both 62kDa and 72kDa) recombinant proteins 

respectively. CM was analyzed by reverse zymography to detect TIMP2 inhibitory activity on 

MMP2-mediated gelatin degradation.
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We further performed MMP2 gelatin zymography (Figure 3.5F, left) and TIMP2 reverse 

zymography (Figure 3.5H, left) of our AHA1 (-/-) MAF CM to control for respective protein levels. 

Our results demonstrate that the addition of AHA1 resulted in an increase in activity of the AHA1 

CM. To determine whether the increase seen in AHA1 CM is due to off-target effects, we treated 

TIMP2 (-/-) MEF cells exogenously with recombinant AHA1 protein (Figure 3.5E, right). Our 

results demonstrate that AHA1 does not increase the activity significantly of TIMP2 deficient CM. 

Taken together these results show that the addition of AHA1 into AHA1 deficient cells results in 

perturbation of the HSP90:MMP2:TIMP2 complex, as we further show that AHA1 does not 

directly modulate MMP2 activity. 

Overall results results from Figure 3.5 have demonstrated that in concurrence with our 

interaction data in Figure 3.4, TIMP2 acts as a disruptor of the HSP90:MMP2 complex, MMP2 

interacts with TIMP2 primarily and likely forms alternative complexes, and the addition of AHA1 

causes disruption of the MMP2:HSP90 complex causing an increase in activity. Overall, our data 

strongly suggests that AHA1 and TIMP2 act as molecular switches in vivo to regulate the activity 

of MMP2 gelatinolysis. 

3.3.6 - In vivo treatment with Anti-AHA1 and Anti-TIMP2 antibodies modulate CM gelatinolysis

Our results have highlighted the likelihood that TIMP2 and AHA1 compete in vivo to 

regulate the gelatinolytic activity of MMP2. We, therefore, wanted to determine the effect of 

removing TIMP2 and AHA1, through monoclonal antibody disruption, on gelatinolytic activity in 

both normal and cancerous cells. We treated serum starved MEF WT (normal) and HT1080 

fibrosarcoma (cancerous) cells with TIMP2 (10μM levels.  g/ml) (Figure 3.6A) and AHA1 (20ug/ml)  (Figure

3.6B) monoclonal antibodies, appropriate isotype IgG, or PBS carrier control for 24 hours. CM 

was then collected from cells and measured through our fluorometric DQ-Gelatin 
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Figure 3.6: In vivo treatment with Anti-AHA1 and Anti-TIMP2 antibodies modulate CM 

gelatinolysis

A & B) MEF WT (normal) and HT1080 fibrosarcoma (cancerous) cells were treated with anti-

TIMP2 (10μM levels.  g/ml) (Figure 3.6A) and anti-AHA1 (20μM levels.  g/ml) (Figure 3.6B) antibodies, appropriate 

IgG isotope, or PBS control. Collected CM was measured for gelatinolytic activity through DQ 

gelatin fluorescence. Error bars represent SEM of n=3 independent experiments. Ns = not-

significant, * P<0.05
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assay for gelatinolytic activity. Our results demonstrate that in the presence of TIMP2 antibody the

gelatinolytic activity of both cancerous and normal cells is increased. Furthermore, AHA1 

inhibition through antibody treatment led to a decreasing trend in MEF WT gelatinolytic activity 

and a significant decrease in the cancerous cell gelatinolytic activity. Overall, the data supports 

the hypothesis that TIMP2 and AHA1 together regulate the activity of MMP2 in vivo, and, indeed, 

supports the idea that they act in tandem to regulate the downstream effects of gelatinolytic 

activity such as invasion, migration, and metastasis. 
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3.4 - Discussion 

Remodeling of the mesh-like network of extracellular matrix is a key component in 

maintaining healthy tissues in response to stress, growth, and injury (Bourboulia & Stetler-

Stevenson, 2010). The hijacking of this system is essential in the processes of cell migration, 

invasion, and metastasis. A clear regulator of this process is the activity of MMPs, particularly 

MMP2, which directly degrade the extracellular matrix (Bauvois, 2012). Here we have identified a 

key pathway by which the activity of MMP2 is regulated. The discovery of this pathway opens up 

new and exciting therapeutic targets  for which the activity of MMP2 can be modulated. 

Following the results we identified in Chapter 2, we initially wanted to determine whether 

TIMP2 acts as a sole co-chaperone of eHSP90 or whether other co-chaperones exist in the 

extracellular space. A number of bone fide intracellular HSP90 co-chaperones were identified in 

the extracellular space including: PP5, CDC37, p23, HOP, and AHA1. We wanted, therefore, to 

determine if a relationship existed between any of these co-chaperones and TIMP2. We 

established that TIMP2 binds to HSP90 both in vitro and in vivo mutually exclusive of 

AHA1:HSP90 interaction. Previous work by (Retzlaff et al., 2010) determined that AHA1 bound to 

the middle domain of HSP90αAHA1 antibodies and TIMP2 , making contact with HSP90 at residue V411. This residue, when 

mutated to a glutamic acid disrupted binding. This V411E mutant similarly disrupted the ability of 

TIMP2 to bind to HSP90 as determined by immunoprecipitation. Taken together these results 

show that TIMP2 and AHA1 bind mutually exclusive to HSP90 through direct site competition 

within the middle domain of HSP90. This made us question whether a relationship existed which 

could modulate the client:chaperone relationship of eHSP0 and MMP2. 

We next wanted to determine the effect of this relationship upon the chaperoning of a 

HSP90αAHA1 antibodies and TIMP2  client, MMP2. Our data demonstrates that the addition of AHA1 to the ternary 

TIMP2:MMP2:HSP90αAHA1 antibodies and TIMP2  complex did not abrogate the binding of client and chaperone, indeed, a 

secondary ternary complex was formed: AHA1:HSP90αAHA1 antibodies and TIMP2 :MMP2. Similarly, re-addition of TIMP2 

reformed the original ternary complex. Our previous data in Chapter 2 showed that the 
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interaction between TIMP2 and HSP90αAHA1 antibodies and TIMP2  acted as a scaffold to promote client chaperone 

interaction. From this, we can similarly infer that AHA1 too could facilitate the interaction between 

MMP2 and HSP90αAHA1 antibodies and TIMP2 . Our previous data in Chapter 2 further showed that the ternary interaction 

between TIMP2:HSP90αAHA1 antibodies and TIMP2 :MMP2 results in an proteolytically inactive MMP2; due to TIMP2’s role 

as an endogenous inhibitor as well as its co-chaperoning role of HSP90αAHA1 antibodies and TIMP2 . We, therefore, explored

whether AHA1 would modulate the activity of MMP2. Through the use of our optimized 

fluorescent peptide cleavage assay, we first showed that AHA1 exhibits no direct effect on MMP2 

activity alone or in complex with HSP90αAHA1 antibodies and TIMP2 . We then identified that the addition of AHA1 to the 

inactive TIMP2:MMP2:HSP90αAHA1 antibodies and TIMP2  resulted in a reactivation of the MMP2. However, the re-addition 

of TIMP2 led once again to the formation of the inhibitory ternary complex. These data support an

in vitro model whereby AHA1 and TIMP2 act as a molecular switch, with AHA1 promoting an 

active ternary complex and TIMP2 an inhibitory. Whether this process is physiologically relevant, 

however, needed to still be established. 

To establish whether our in vitro molecular switch was indeed relevant in an in vivo 

setting, we utilized mouse fibroblast knockout cell lines for MMP2, TIMP2, and AHA1. Our data 

demonstrate that the re-addition of recombinant TIMP2 to TIMP2 (-/-) cells disrupts MMP2 from 

the HSP90:MMP2 complex and AHA1 from the AHA1:HSP90:MMP2 ternary complex, the re-

addition of recombinant MMP2 to MMP2 (-/-) cells promotes the formation of the 

TIMP2:MMP2:HSP90αAHA1 antibodies and TIMP2  ternary complex, and the re-addition of recombinant AHA1 to AHA1 (-/-) 

cells disrupts TIMP2 from the TIMP2:MMP2:HSP90αAHA1 antibodies and TIMP2  ternary complex. Interestingly, the addition 

of active MMP2 to MMP2 (-/-) cells further promoted the binding of TIMP2 to HSP90αAHA1 antibodies and TIMP2  whereas 

addition pro-MMP2 did not. In Chapter 2 we have shown that TIMP2 binds via its N-terminus to 

the middle domain of HSP90. This in turn would leave the C-terminus able to bind and scaffold 

MMP2 in the ternary complex – through identified MMP2 C-terminal (PEX) interactions. Why this 

interaction increases with active MMP2 and how it results in an inactive complex remains elusive.

It is plausible that inactivity results from proximal occlusion of the active site from TIMP2 and 

HSP90, however, the increase in binding suggests that the MMP2 active site could recruit further 
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TIMP2 binding. Previously published works have identified further interaction interfaces between 

HSP90 middle domain and the C-terminus of MMP2. A potential 2-step binding could, therefore, 

occur, whereas, TIMP2 recruits MMP2 through C-terminal to Hemopexin domain interaction to 

HSP90 middle domain and then at close proximity protein rearrangements could allow N-terminal 

TIMP2 interaction to MMP2 active site and a MMP2 C-terminal interaction with HSP90αAHA1 antibodies and TIMP2  middle 

domain. 

To determine whether the resultant ternary protein complexes have any physiological 

bearing on the activity levels of MMP2 gelatinolysis we again utilized the mouse fibroblast cells 

lines knocked out for AHA1, TIMP2, and MMP2. The re-addition of recombinant TIMP2 to TIMP2 

(-/-) cells resulted in inhibition of MMP2, as MMP2 is dissociated from HSP90; the re-addition of 

active MMP2 to MMP2 (-/-) cells resulted in inhibition of MMP2 compared to the recombinant 

control, as HSP90:TIMP2 and TIMP2 populations bind to MMP2; and the addition of recombinant 

AHA1 to AHA1 (-/-) cells and TIMP2 (-/-) cells resulted in a selective increase in activity in the 

AHA1 (-/-) cells but not the TIMP2 (-/-) cells, as the AHA1 dissociates TIMP2 from the saturated 

HSP90:TIMP2:MMP2 complexes but cannot do the same in the TIMP2 (-/-) cells. Our results 

support the hypothesis that a ternary complex molecular switch exists and is relevant in vivo. 

Furthermore, it opens up potential therapeutic roles for AHA1 in wound healing. Researchers 

have identified that HSP90αAHA1 antibodies and TIMP2  treatments have the potential to decrease healing time through 

various pathways. However, if AHA1 can increase cell motility irrespective of HSP90 addition, it 

could potentially mitigate any HSP90 treatment off target effects in an MMP2 dependent manner.

To confirm the in vivo relevance of the TIMP2:AHA1 molecular switch, we treated WT 

MEF (normal) and HT1080 fibrosarcoma (cancer) cells with monoclonal antibodies against both 

AHA1 and TIMP2. Our data shows that  antibody treatment against TIMP2 resulted in a ~80% 

increase in CM gelatinolytic activity in MEF WT (normal) cells and ~40% increase in HT1080 

fibrosarcoma (cancer) cells. Reciprocally, antibody treatment against AHA1 resulted in a non 

significant decrease in gelatinolytic activity in MEF WT (normal) cells and a significant ~30% 

decrease in HT1080 (cancer) cells. Our results, taken together, confirm the presence of the 
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TIMP2:AHA1 molecular switch. Indeed, they further highlight the potential therapeutic benefits of 

anti-body derived inhibition of AHA1, in vivo. The gelatinolytic activity of tumor cells is directly 

correlated with their ability to invade and metastasize. The selectivity of AHA1 antibodies to inhibit

only gelatinolysis of cancerous cells further supports this. Interestingly, the TIMP2 antibody is less

effective in cancerous cells than in normal cells. Taken together we could infer that a greater 

portion of AHA1 based ternary complexes is present in cancerous cells. As both TIMP2 and AHA1

are unregulated as a result of cellular stress, it is possible that a separate secondary mechanism 

is responsible for fine-tuning this system. Indeed, both TIMP2 and AHA1 are phosphorylated in 

vivo, AHA1 Y233 phosphorylation by c-Abl kinase results in a significant increase in association 

to HSP90αAHA1 antibodies and TIMP2 , and TIMP2 Y90 phosphorylation by e-Src modulates MMP2:TIMP2 interaction. 

Therefore, control of these phospho-sites or moreover the kinases which phosphorylate these 

sites could be responsible for refined TIMP2:AHA1 switching.

In conclusion, our results have highlighted that a extracellular molecular switch between 

AHA1 and TIMP2 regulates the binding and activity of the MMP2:HSP90αAHA1 antibodies and TIMP2 , client-chaperone, 

complex (Figure 3.7A). This switch in turn regulates the in vivo gelatinolytic activity of both 

normal and cancerous cells, and has the potential to regulate the pro-metastatic activity of 

tumors. Indeed, treatment with AHA1 and TIMP2 antibodies has the potential to regulate these 

life threatening occurrences in tumors.  
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Figure 3.7: Chapter 3 Final Model

A) TIMP2 and AHA1 regulate the activity of MMP2. The binding of TIMP2 to MMP2 results in a 

final inhibited (Inactive) complex. The ternary complex of TIMP2:MMP2:HSP90 formed through 

interaction between TIMP2:HSP90 and MMP2 results in a non-final inhibitory complex (Standby).

The ternary complex of AHA1:MMP2:HSP90 formed following TIMP2 displacement by AHA1 is an

Active ternary complex with respect to MMP2 proteolysis. 
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3.5 - Materials and Methods

3.5.1 - Mammalian Cell Culture

Cultured cell lines: human embryonic kidney (HEK293), WT MEF, TIMP2-/- ras/myc MEF {Wang, 

2000 #1390}, MMP2-/- ras/myc MEF, and AHA1-/- murine adult fibroblasts (MAF) {Echeverria, 2011

#1598} were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma–Aldrich) supplemented

with 10% fetal bovine serum (FBS, Sigma–Aldrich). HEK293 were acquired from (American Type 

Culture Collection, ATCC). The TIMP2-/- ras/myc MEF was a generous gift from Prof. Paul 

Soloway, Cornell University. The MMP2-/- ras/myc MEF was a generous gift from Prof. Chris 

Overall, The University of British Columbia. The AHA1-/- MAF was a generous gift from Prof. 

Didier Picard and Dr. Pablo Echeverria, University of Geneva. All cell lines were maintained in a 

CellQ incubator (Panasonic Healthcare) at 37°C in an atmosphere containing 5% CO2.

3.5.2 - Cell Serum Starvation and Protein Extraction

All cells were grown in 10cm3 tissue culture treated plates (CellTreat). Cells were grown to the 

required confluency as described above in 10% FBS supplemented cell media. Cells to be  serum

starved were carefully aspirated of culture media, and washed twice with sterile PBS. 

Unsupplemented cell culture media was then added to the culture plate. Following any further 

treatment of cells, cell conditioned media was then collected on ice without disturbing adhered 

cells. The collected conditioned media was centrifuged in a 4oC refrigerated centrifuge at 1200 

rpm for 10 mins. Conditioned media pellets were then discarded and supernatant concentration 

10x using Amicon  Ultra 3K or 10K centrifugal filters (Millipore) according to the manufacturer’s 

protocol. Cell extracts were collected from the adhered cells on the culture plate. Following, 

collection of conditioned media or following the aspiration of culture media (non-serum starved 

cells) cell plates were placed on ice and washed 2x with ice cold PBS. Cells were then scraped 
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off the plate in the presence of 50-200μM levels.  l of extraction buffer: 20mM Tris 7.4, 100mM NaCl, 1mM 

MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and PhosStop (Roche). Cells were then 

homogenized by sonication and cleared by ultracentrifuged at 15,000 rpm for 10 mins. 

3.5.3 - Immunoblotting

Protein samples from cell extracts, conditioned media, and purified proteins were prepared using 

5x Laemmli buffer and heated for 5 mins at 98oC. Samples were then loaded into  criterion Tris-

HCl precast gels (BioRad) with PageRuler Prestained Protein Ladder as protein size control. 

Samples were then separated by SDS-PAGE at 200V until protein ladder resolved. Samples were

then transferred onto nitro-cellulose membrane via Trans-Blot Turbo (BioRad) semi-dry transfer. 

The transferred membrane was then blocked in a 5% milk solution containing Tris Buffered saline

with 0.1% Tween20 (TBST). Samples were then incubated with antibodies diluted in 5% milk 

solution rocking for 1hr at room temperature or overnight at 4oC. Samples were subsequently 

washed 3 times for a minimum of 5 minutes in TBST. Samples were then incubated with 

corresponding secondary antibodies for 1 hour at room temperature. Nitrocellulose membranes 

were washed with TBST 3 times for a minimum of 5 minutes. The membranes were treated with 

western blotting substrates, either ECL2 (Thermo) or West Femto (Thermo) as described by 

manufacturer. Blots were then visualized via expose to x-ray film. 

3.5.4 - Mammalian Protein Overexpression

All mammalian protein expression was conducted in HEK293 cells. The experiments were 

conducted so that the cells reached confluency for collection. For serum starvation experiments 

cells were transfected at a confluency of ~80%. For non-serum starved experiments cells were 

transfected at ~30-50% depending on the incubation time after transfection. Cultured cells were 

either serum starved (as above), or left to grow in the same supplemented culture medium. 

Plasmids were transfected into cells using Mirus TransiiT-2020, as per manufacturers 
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instructions. Plasmids were used at a concentration of 2μM levels.  g. Cell conditioned media and lysates 

were collected as described above following sufficient incubation time. 

3.5.5 - Ni-NTA Pulldown and Immunoprecipitation

Pulldown and immunoprecipitation experiments were conducted on purified protein, conditioned 

media, and cell extracts. Resins that were used include: Protein G agarose (ThermoFisher), ATP 

agarose (Novus), Anti-FLAG M2 affinity gel (Sigma), Anti-HA Agarose (ThermoFisher), Ni-NTA 

agarose (ThermoFisher), Protein G agarose (ThermoFisher), and Strep agarose (ThermoFisher). 

The resins were initially washed 3 times in fresh extraction buffer (20mM Tris 7.4, 100mM NaCl, 

1mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and PhosStop (Roche)). For 

immunoprecipitation, cell extracts and CM were incubated with anti-FLAG conjugate beads or 

anti-HA conjugate beads for 2 hours at 4˚C or with HSP90αAHA1 antibodies and TIMP2  or TIMP2 antibodies for 1hr at 4˚C 

followed by protein G agarose for 2 hours at 4˚C. Pulldowns were prepared following incubation 

with, Strep agarose, Ni-NTA agarose or ATP conjugated agarose for 2 hours at 4oC. Incubates 

were centrifuged and the supernatant discarded. Pellets were washed 4 times with extraction 

buffer, with increasing centrifugation speed, 1500-150000rpm. The pellets were then 

subsequently eluted in 5x Laemmli buffer. Samples were then boiled and immunoblotted as 

described above. 

3.5.6 - In vitro interactions of HSP90, MMP2, TIMP2 and AHA1 

To determine the complex interaction dynamics between: TIMP2, AHA1, MMP2, and HSP90, we 

first incubated with 100ng of HSP90αAHA1 antibodies and TIMP2 -His6 with Ni-NTA agarose resin for 1 hour at 4oC. The resin 

washed with protein lysis buffer (20mM Tris 7.4, 100mM NaCl, 1mM MgCl2, 0.1% NP40, protease

inhibitor cocktail (Roche) and PhosStop (Roche)). Subsequently 50ng of MMP2 was incubated 

with the resin complex and washed as before. Either 50ng of TIMP2 or AHA1 was incubated with 

the resin complex and washed. Finally, increasing amount (0-50ng) of reciprocal TIMP2 or AHA1 
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was incubated with the resin complex and eluted as previously described. The resultant samples 

were immunoblotted as described. 

3.5.7 - In vivo interaction of MMP2, TIMP2, HSP90, and AHA1

MMP2-/- MEFs, TIMP2 and AHA1-/- MAFs were cultured to a confluency of ~80% in supplemented 

DMEM and serum starved as previously described. They were subsequently cultured in non-

supplemented DMEM for 24 hours. Cells were exogenously treated with recombinant proteins to 

mimic WT expression, MMP2 and AHA1 proteins (0-50ng/ml) for 2 hours prior to collection, or 

with TIMP2 (0-50ng/ml) post collection. Cell conditioned media and lysates were collected from 

each cell line. Samples were endogenously immunoprecipitated using anti-HSP90αAHA1 antibodies and TIMP2  antibody and 

resultantly immunoblotted for TIMP2, MMP2, and AHA1 co-immunoprecipitation.

3.5.8 - Antibody treatments of cells

MEF WT +/+ and HT1080 fibrosarcoma cells, were cultured in a 6 well plate to a confluency of 

~80%. The cells were serum starved as described. Cells were exogenously treated with either: 

not treatment (PBS), IgG anti-goat or anti-mouse (isotype control), or monoclonal AHA1 (20μM levels.  g/ml)

or TIMP2 (10μM levels.  g/ml) antibodies. Cells were cultured for a further 24 hours in unsupplemented 

DMEM and conditioned media collected as described. 

3.5.9 - Enzymatic Activity Assays 

Samples of 62kDa MMP2 were diluted to 25ng/ml in TIMP2 reconstitution buffer (50mM 

Tris 7.4, 150mM NaCl, 5mM CaCl2, 0.05% Brij-35), and added 1:1 with fluorescent substrate in 

fluorescent buffer (50mM Tris 7.4, 150mM NaCl, 2mM CaCl2, 5µM Zinc Sulfate), to 96-well optical

bottom plate. Fluorescent peptide (Dabcyl-GPLGMRGK(5FAM)-NH2) (in 50mM Tris 7.4, 150mM 

NaCl, 2mM CaCl2, 5µM ZnSO4) was diluted in DMSO to a concentration of 10mM. Further 
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dilutions were made to 10µM in fluorescent peptide buffer (50mM Tris 7.4, 150mM NaCl, 2mM 

CaCl2, 5µM ZnSO4). 

Aha1 recombinant protein was incubated with and without Hsp90αAHA1 antibodies and TIMP2 -His6 for 1 hour, 4oC at 

equal molar ratios. The Samples were then serially diluted (0.06-16nM) onto a 96 well optical 

bottom plate in fluorescent buffer. Active MMP2 recombinant protein was then added to the plate 

at a final concentration of 25ng/ml.

HSP90αAHA1 antibodies and TIMP2 -His6 was bound to Ni-NTA beads as described in in-vitro pulldown assays. 

Following subsequent rotation steps with TIMP2 and MMP2, AHA1 was added at varying 

concentrations. Following the final rotation, the samples are washed with 0.1% NP40 extraction 

buffer and finally eluted in TIMP2 reconstitution buffer. 50µl of the slurry was loaded onto a 96-

well optical bottom plate. 

Fluorescent substrate was then added 1:1 as described above. The plate was loaded into a 

SpectraMax i3, plate reader (Molecular Devices). Samples were analyzed at an excitation and 

emission wavelength - 485 and 530nm respectively, every 5 minutes for 30-60 min, at room 

temperature. Following linear regression, experiments were either modeled to the Michaelis-

Menten approach or changes seen in the percentage activity of a MMP2 bound complex in 

respect to a sole MMP2 control. 

3.5.10 - Gelatin Zymography 

Gelatinase activity of cell conditioned media experiments was determined by gelatin 

zymography. Non-concentrated conditioned media collected from exogenous cell treatments of 

MEF WT and AHA1 MAF -/-, MMP2 MEF -/-, and TIMP2 MEF -/- with reciprocal recombinant  

proteins were diluted in non-reducing Laemmli buffer 1:5. Equal amounts of media were analyzed

and compared to WT MEF and known amount of recombinant proMMP2 as control.

Samples were subjected to electrophoresis using 8% acrylamide gels containing 0.1% 

gelatin. The gels were incubated for 30 min at room temperature in zymogram renaturing buffer 
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(Novex, Invitrogen), 30 min at room temperature in zymogram developing buffer (Novex, 

Invitrogen), and then transferred to fresh zymogram developing buffer for overnight incubation at 

37˚C. Gels were then stained with Coomassie Brilliant Blue R-250 (Bio-Rad) and briefly destained

in 10% acetic acid, 40% methanol and distilled water. They were imaged using an Epson 

Perfection V700 scanner. Gelatinase activity was detected as transparent bands on a dark 

background. Recombinant human proMMP2 was run alongside as a control to confirm the identity

of MMP2 in the samples. 

3.5.11 - Dq Gelatin

A DQ-gelatin degradation assay was performed to measure net gelatinolytic activity of 10x cell 

conditioned media using the EnzCheck® Gelatinase Assay kit according to manufacturer’s 

instructions (Molecular Probes). To measure the degradation in fluorescence units, a standard 

curve was generated using different concentrations of active MMP2 (0-250ng/ml) added at 100µl 

in a black 96-well plate. Non-concentrated conditioned media collected from exogenous cell 

treatments of MEF WT and AHA1 MAF -/-, MMP2 MEF -/-, and TIMP2 MEF -/-, as well as, non-

concentrated conditioned media from HT1080 and MEF WT cells treated with AHA1 and TIMP2 

monoclonal antibodies (and appropriate controls), were diluted 1:5 in fluorescent peptide buffer 

(50mM Tris 7.4, 150mM NaCl, 2mM CaCl2, 5µM ZnSO4). 100µl of each samples was pipetted 

onto a 96 well black bottom plate. DQ gelatin substrate was diluted to a 1mg/ml stock in ddH2O 

followed by subsequent 1:5 dilution in fluorescent peptide buffer (50mM Tris 7.4, 150mM NaCl, 

2mM CaCl2, 5µM ZnSO4). Wells were volume up to 200µl with DQ gelatin, 100µg/ml on plate 

concentration. Plates were covered and incubated for 18 hours at 37˚C before analysis at 

excitation and emission wavelengths of: 486nM and 532nM respectively. End point measures are 

described in the resultant figures. Graphs and calculations were obtained with Prism 7 (GraphPad

Software, Inc.).
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3.5.12 - Reverse Zymography 

Reverse gelatin zymography was performed to test TIMP2 inhibitory function towards MMP2 in 

CM {Sánchez-Pozo, 2018 #1572}. CM were collected from cells, spun down to remove cell 

pellets and concentrated 10x using Amicon Ultra 3K centrifugal filters (Millipore) according to the 

manufacturer’s protocol.  Equal amounts of CM were run in 15% acrylamide gels containing 

0.225% gelatin (Sigma) and 50 ng/ml recombinant proMMP2. The gels were incubated for 2 

hours at room temperature in zymogram renaturing buffer, 30 min at room temperature in 

zymogram developing buffer, and then transferred to fresh zymogram developing buffer for 

overnight incubation at 37˚C. Gels were stained and imaged as described in gelatin zymography. 

TIMP2 inhibitory activity was detected as dark positive staining bands over a clear background. 

Recombinant human TIMP2 (Abcam) was run alongside purified TIMP2-His6 mutants as a 

positive control.

3.5.13 - Quantification and Statistical analysis

All statistics were performed using GraphPad Prism version 7.00 for Windows, GraphPad 

Software, La Jolla California USA, www.graphpad.com. Statistical significance was garnered 

using a simple student’s t-test, multiple comparisons were ascertained using Holm-Sidak 

correction. Significance was denoted as asterisks in each figure: *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001. Error bars indicate the standard error of the mean (SEM). All band 

quantification was performed using ImageJ-2, as described (Rueden et al., 2017).
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Table 3 – Chapter 3 Key Resources and Reagents

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-rabbit TIMP2 Cell Signaling Cat #5738s
RID: AB_10694774

Anti-rabbit MMP2 Cell Signaling Technology Cat# 13132S

Anti-mouse MMP2 Millipore Cat# MAB3308
RRID: AB_2235453

Anti-rabbit AHA1 Stress Marq Biosciences Cat# SPC-183D
RRID:AB_2224092

Anti-rabbit FLAG tag Thermo Scientific Cat# PA1-984B
RRID:AB_347227

Anti-mouse 6x-His epitope tag 
(HIS.H8)

Thermo Scientific Cat# MA1-21315
RRID:AB_557403

Anti-rat HSP90 (16F1) Enzo Life Sciences Cat# ADI-SPA-835
RRID:AB_11181205

Anti-mouse secondary Santa Cruz Biotech Cat# sc-2005 
RRID:AB_631736

Anti-rabbit secondary Santa Cruz Biotech Cat# sc-2004 
RRID:AB_631746

Anti-rat secondary Santa Cruz Biotech Cat# sc-2006 
RRID:AB_1125219

IgG Mouse R&D Systems Cat# MAB002
RRID: AB_357334

IgG Goat Abcam Cat# AB37373

Anti-Goat TIMP-2 R&D Systems Cat# AF971-TM
RRID: AB_355752

Chemicals, Peptides, and Recombinant Proteins

Ganetespib Madrigal Pharma (formerly 
Synta Pharmaceuticals)

STA-9090 CAS# 
888216-25-9

Ganetespib, Biotinylated Madrigal Pharma (formerly 
Synta Pharmaceuticals)

STA-12-7191

Fluorescent Substrate: Dabcyl-
GPLGMRGK(5FAM)-NH2

BioZyme Inc. Cat# PEPDAB011

MMP-2 (Active) Sigma-Aldrich SRP3118

Pro-MMP-2 Sigma-Aldrich PF023-5UG

TIMP2, 21.8kDa, E.coli, active ProSpec ENZ-782

123



TIMP2, 21.8kDa R&D P16035

TIMP2-His6 NCI, 
Dr W. Stetler-Stevenson

hAHA1 In House

HSP90His6 In House

AMP-PNP Sigma
Cat# 10102547001

Adenosine 5’-triphosphate (ATP) 
disodium salt hydrate

Sigma Cat# FLAAS

Critical Commercial Assays

Mirus TransIT-2020 MirusBio Cat# MIR5405

Anti-FLAG M2 affinity gel Sigma-Aldrich Cat# A2220 

Bradford Assay Bio-Rad Cat# 5000205

Protein G agarose ThermoFisher Scientific Cat# 15-920-010

Ni-NTA Agarose ThermoFisher Scientific Cat# 88221

Total MMP-2 Quantikine ELISA Kit R&D Cat# MMP200

Mouse HSP90/Heat shock protein 
90 Elisa Kit (Sandwich ELISA)

LSBio Cat#LS-F21385

Dq Gelatin – EnzChek 
Gelatinase/Collagenase Assay Kit

Molecular Probes Cat# D-12054

Experimental Models: Mammalian and Murine Cell Lines

HEK293 ATCC

HT1080 ATCC

TIMP2 (–/–) MEF Cornell University
Dr. Paul D. Soloway

MMP2 (-/-) MEF University of British Columbia, 
Dr. Christopher Overall

MEF WT Brigham & Womens Hospital, Boston
Dr. David Kwiatkowski

AHA1 (-/-) MAF University of Geneva, Switzerland
Dr. Didier Picard

Recombinant DNA

pcDNA3-HSP90αAHA1 antibodies and TIMP2 -HA

pcDNA3-HSP90αAHA1 antibodies and TIMP2 -His6

pcDNA3-HSP90αAHA1 antibodies and TIMP2 -Flag

pcDNA3-TIMP2-His6

SOFTWARE and ALGORITHMS
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GraphPad Prism 7.0 Graphpad 
Software

www.graphpad.com
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Chapter 4: New method of purification of hTIMP2 from E.Coli: Initial characterization of WT

and phosY-TIMP2 on HSP90 binding and MMP2 inhibitory activity 

Alexander J. Baker-Williams1,2,3, Fiza Hashmi1,2,3, William G. Stetler-Stevenson4, Mehdi 

Mollapour1,2,3, Alaji Bah1,2, and Dimitra Bourboulia1,2,3,*

1  Department of Urology, SUNY Upstate Medical University, Syracuse, NY 13210
2 Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University,  
Syracuse, NY 13210
3  Upstate Cancer Center, SUNY Upstate Medical University, Syracuse, NY 13210
4 Radiation Oncology Branch, Center for Cancer Research, National Cancer Institute, Bethesda, 
MD 20892

The contents of this chapter are formed in part from data published in:

“Full Citation: Sánchez-Pozo, J., Baker-Williams, A. J., Woodford, M. R., Bullard, R., Wei, B., 

Mollapour, M., Stetler-Stevenson, W. G., Bratslavsky, G., & Bourboulia, D. (2018). Extracellular 

Phosphorylation of TIMP-2 by Secreted c-Src Tyrosine Kinase Controls MMP-2 Activity. IScience, 

1, 87–96. https://doi.org/10.1016/j.isci.2018.02.004”

The work contained within this chapter was produced predominantly by Alexander J. Baker-

Williams, any work contributed by other students or outside institutions is specifically noted and 

highlighted in the figure legend of each figure. 
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4.1 - Abstract

The HSP90 co-chaperone and MMP endogenous inhibitor, TIMP2 is also a phospho-

protein. We have previously established that the phosphorylation of TIMP2 by e-Src kinase is 

responsible for the direct phosphorylation of TIMP2 in cells at key Tyr residues: Y62, Y90, & 

Y165. The phosphorylation of Y90 regulates both the binding to MMP2 and also the activation of 

MMP2 from its pro-peptide zymogen in vivo. Further, we have ascertained that the TIMP2 Y90 

phosphorylation is a key component in MMP2 active site inhibition with Y90E mimetic increasing 

active site inhibition 5 fold vs WT control. TIMP2 itself has also been implicated as a potential 

cancer therapeutic due to its further signaling roles in vivo which inhibit tumor progression and 

angiogenesis. However, ascertaining the necessary TIMP2 protein in a cost effective and scale-

able manner remains elusive. Indeed, the 6 strategically arranged and critical disulfide bonds 

within TIMP2 mean that it is unable to be successfully ascertained from E.coli without difficult 

refolding strategies. Here we show for the first time a novel method of obtaining TIMP2 protein 

from E.Coli without refolding. We utilize a combination of His-SUMO- pET23b protein tag and 

Origami 2 DE3 E.Coli cells to ascertain folded and pure His-SUMO-TIMP2. We utilize ULP 

protease in a novel minimally reducing system to cleave the His-SUMO tag. And remove 

misfolded TIMP2 through an accelerated dilution protocol as previously described. This system is 

used to purify TIMP2 WT, and phospho-mutant Y90E, Y90F, and TE [Y62E, Y90E, Y165E] 

proteins. We utilize these proteins to ascertain whether the Y-phosphorylation of TIMP2 is able to 

modulate HSP90 binding in a similar manner that it affects MMP2:TIMP2 interaction. Indeed, we 

show that Phos-Y TIMP2 binds weaker to HSP90 than the WT protein both in vitro and in vivo. 
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4.2 - Introduction

The extracellular milieu is the collective of proteins and molecules which together govern 

the regulation of the extracellular environment. These proteins work in homeostatic concert to 

perform a host of functions including signaling, supporting cell growth, and regulating extracellular

remodeling. In response to  injury or stress, the cell secretes a number of proteins to break down 

the extracellular matrix and support cell motility. However, in cancer these same proteins are 

hijacked, promoting cell migration, invasion, and metastasis (Bourboulia & Stetler-Stevenson, 

2010). 

Matrix metalloproteases (MMPs) play the starring role in the extracellular milieu. This 

family of 23 extracellular endopeptidases are arguably the chief architects of the extracellular 

matrix, degrading and reshaping essential components to provide the necessary fluidity needed 

to maintain extracellular homeostasis (Remillard et al., 2014). MMPs are essential proteins and 

their roles in development, maturation, and injury response are well documented. However, 

MMPs have been shown to drive the pathologic machinery of a host of disorders including 

diabetes, arthritis, cardiomyopathy, and cancer (Brkic et al., 2015; Tokito & Jougasaki, 2016). 

MMP2, a gelatinase, has been shown to be ubiquitously upregulated in cancer (Fouad et 

al., 2019; H. Li et al., 2017; Said et al., 2014; Webb et al., 2017). Its up-regulation has been 

shown to govern angiogenesis, migration, and tumor invasion. Initially secreted as an inactive 

zymogen, the MMP2 pro-peptide is cleaved by interactions with membrane-bound MMP, MT1-

MMP (Butler et al., 1998; Strongin et al., 1993). Before removal, the pro-peptide domain 

associates with the catalytic zinc and prevents substrate from binding to the active site. Following 

pro-peptide removal, the active site can associate with its substrate and cleave (Murphy & 

Nagase, 2008). Although MMP2 activity is regulated through its activation, it is further regulated 

through interaction with its specific endogenous inhibitor, tissue inhibitor of metalloproteinase 2 

(TIMP2) (Bourboulia & Stetler-Stevenson, 2010) and with its chaperone HSP90αAHA1 antibodies and TIMP2  (Eustace et al., 

2004).  
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The chaperone HSP90αAHA1 antibodies and TIMP2  is responsible for the stability, maturation, and activation of over 

200 client proteins. HSP90αAHA1 antibodies and TIMP2  relies on its intrinsic ATPase activity and interaction with co-

chaperones to perform conformational adaptations which are essential in performing its 

chaperoning function (Schopf et al., 2017). Recently discovered to be secreted to the extracellular

space, eHSP90αAHA1 antibodies and TIMP2  has been shown to chaperone clients fibronectin and MMP2 (A. Chakraborty et 

al., 2020; Eustace et al., 2004). The chaperoning of MMP2 has been shown to increase the 

longevity of active MMP2 in the extracellular space and facilitate an increase in the overall 

gelatinolytic activity of cells (X. Song et al., 2010). We have shown in Chapter 2 and 3 that co-

chaperones AHA1 and TIMP2 compete for HSP90αAHA1 antibodies and TIMP2  binding to MMP2 to regulate its activity. 

Tissue inhibitors of metalloproteinases (TIMPs) are a family of 4 conventionally secreted 

proteins which act as endogenous inhibitors of all 23 MMP family members. TIMP2, the 

predominant MMP2 endogenous inhibitor has been shown to regulate both the activation and 

inhibition of MMP2 (Remillard et al., 2014). TIMP2 binds specifically to the catalytic core of MMP2

through its N-terminal domain, resulting in its inhibition at high pM affinity. Further studies indicate

that the C-terminal domain of TIMP2 can also associate with the C-terminal (PEX) domain of 

MMP2, with similarly high affinity (Olson et al., 1997). 

Previous works by our lab (Sánchez-Pozo et al., 2018) determined that TIMP2 is a post-

translationally modified protein, phosphorylated at three key tyrosine residues: Y62, Y90, and 

Y165 by e-Src kinase. We identified that the phosphorylation of the Tyr-90 by e-Src is critical in 

the binding of TIMP2 and MMP2. To decipher how this phosphorylation effects the inhibition of 

62kDa active MMP2, we analyzed the ability for TIMP2 to inhibit MMP2 in vitro. We performed 

kinetic analysis as a measure of MMP2 fluorescent-substrate cleavage in the presence and 

absence of HEK-TIMP2 WT (Figure 4.1A & B), phospho-mimetic 90E (Figure 4.1C & D), and 

non-phosphorylatable 90F mutants (Figure 4.1E &F). We plotted each of the reactions as a 

measure of rate against [Substrate] and [Inhibitor], and fit each to Michaelis-Menton and 

Lineweaver-Burke models. Our data showed that the kinetic inhibition constant K i was 5-fold 

increase in inhibition following Tyr-90 phosphorylation mimetic (~154pM), vs both the WT 
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(720pM) and 90F mutant (738pM) (Figure 4.1G). Demonstrating that phos-Y90 modulates the 

binding affinity of TIMP2 towards MMP2 active site. Further data demonstrated that Y90 

phosphorylation was important in the activation of MMP2, in vivo. Our previous work in Chapter 2

and 3 has elucidated a further mechanism by which TIMP2 acts as a co-chaperone of HSP90αAHA1 antibodies and TIMP2  

and further facilitates the binding to MMP2. A question unanswered by our previous work, is: how 

does the phosphorylation of TIMP2 effects the binding to HSP90αAHA1 antibodies and TIMP2 ?

Although MMP2 is regulated endogenously by both HSP90αAHA1 antibodies and TIMP2  and TIMP2, in cancers the 

regulation of MMP2 is perturbed and the uncontrolled activity of MMP2 is witnessed ubiquitously 

throughout different cancers (Fouad et al., 2019; Said et al., 2014; Webb et al., 2017). 

Researchers, therefore, have concentrated decades of efforts into identifying pharmaceuticals 

that target MMP2 activity. Although numerous trials for various pharmaceutical have been 

conducted, no drug has yet been clinically certified for use as a therapeutic. Active site homology 

between MMPs and and incomplete understanding of MMP2 regulation have played significant 

roles in this happenstance (Fields, 2019). Despite this, renewed therapeutic potential in the 

inhibition of MMP2 is being focused on one already characterized MMP2 inhibitor, TIMP2. 

The therapeutic use of exogenous TIMP2 is well studied. The treatment of TIMP2 has been 

shown to induce a decrease in angiogenesis, migration, and invasion of numerous cancer cells 

(Bourboulia et al., 2013; Seo et al., 2003a). It would, therefore seem that TIMP2 is the next 

potential golden bullet in cancer treatments. However, as with all ideas that seem too good to be 

true, the therapeutic use of TIMP2 comes with a catch – the complex production of sufficient 

recombinant protein.

  In mammalian cells, TIMP2 is conventionally secreted through the ER/Golgi pathway, wherein a 

26 residue signal peptide is cleaved (Ngiam et al., 2000; Viotti, 2016). The subsequent folding of 

the protein promotes the formation of 6 disulfide bonds between each of the 12 cysteine residues 

of TIMP2 (Brew & Nagase, 2010). The correct formation of each disulfide is critically important to 

both the stability and function of TIMP2 as an inhibitor (Williamson, 2010). 
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Figure 4.1: TIMP2 Tyr-90 Phosphorylation drives MMP2 inhibition

A - F) HEK-TIMP-2 WT (A & B), Y90F (C & D),  and Y90E (E & F) were tested for their ability to 

inhibit active MMP-2. Enzyme and inhibitors were pre-incubated at 25°C for 15 min before 

substrate addition. The figures A, C, & E, are a Michaelis-Menton plots of increasing substrate 

(1.66-13.32μM levels.  M) and inhibitor concentration (0-1.14nM). The figures B, D, & F, are Lineweaver-

Burke reciprocal plots of increasing substrate (1.66-13.32μM levels.  M) and inhibitor concentration (0-
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1.14nM). Experiments were performed at least twice. Error bars represent mean ± SD of three 

technical replicates.

G) The Ki for HEK-TIMP2 WT, Y90F, and Y90E, were determined as a measure of the Phospho-

TIMP2 potential to inhibit MMP2. A Student's t-test was performed between the WT and each of 

the two mutants. p Values were estimated to assess statistical significance (**p < 0.01).
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Traditionally, large scale production of proteins utilizes bacterial expression vectors which do not 

contain the necessary environmental constraints to fold disulfide bonds. Throughout the decades 

of TIMP2 study, researchers have created a stringent protocol for the refolding of misfolded 

TIMP2 from bacterial insoluble fractions (Williamson, 2010; Wingfield et al., 1999). This time 

consuming and low yield process further requires expensive reagents to control the oxidation and

reduction of cysteines. 

One method which utilizes TIMP2s traditional folding machinery is aptly described in 

(Chowdhury et al., 2017). TIMP2-His6 can be expressed in mammalian cells and following serum 

starvation proteins can be Ni-NTA purified from the conditioned media. However, the cost and 

practicality of growing and purifying proteins from mammalian cells is prohibitive for larger scale 

purifications. Without an efficient and cost effective method of purifying this protein, it is 

impractical to use TIMP2 as a therapeutic. 

Here we describe, for the first time, a bacterial purification method for TIMP2 wherein no 

disulfide refolding is required. We show that this method is a viable method for purifying both 

TIMP2 WT and phospho-mimetic mutants of TIMP2, which result both folded and active TIMP2 

proteins. We further use these proteins, in part, to describe the effect of phosphorylation of TIMP2

tyrosine residues on the binding between HSP90αAHA1 antibodies and TIMP2  and its co-chaperone TIMP2. 
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4.3 - Results

4.3.1 - Schematic of His-SUMO-TIMP2 purification

Previous efforts to purify TIMP2 as a soluble and folded protein in bacteria have been 

unsuccessful. Many of these attempts have focused on the utilization of different expression 

vectors and solublizing fusion tags. Here we describe our novel strategy utilizing the highly 

efficient His-SUMO fusion protein system, to promote protein expression and prevent association 

with inclusion bodies, and the Origami 2 DE3 cell line, that promote the folding of disulfide bonds 

through novel mutations in both thioredoxin reductase (trxB) and glutathione reductase (gor) 

creating the sufficient redox environment for disulfide formation (Bessette et al., 1999). 

TIMP2 contains a signal peptide, which in mammalian systems is required for the 

secretion to the extracellular space. However, this signal peptide is cleaved prior to TIMP2 folding

and secretion in the ER/Golgi pathway. We, therefore, removed this signal peptide in its entirety 

(TIMP2 27-220) for incorporation in the pET23b His-SUMO plasmid (Figure 4.2A). The resultant 

plasmid contains a ULP protease cleavage site proceeding the SUMO tag and proceeding the 

initial residue of TIMP2 (Figure 4.2B). Previous literature has determined that residues preceding

the initial cysteine residue of the TIMP2 27-220 interfere with the activity TIMP2 (Wingfield et al., 

1999). We, therefore, ensured the first residue following the cleavage motif of ULP was the 

primary cysteine residue (Figure 4.2A). 

The purification of TIMP2 is not a single step process, indeed, multiple steps and 

processes are required. The detailed protocol is indexed in Appendix II, and summarized step by

step in Figure 4.2C.  
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Figure 4.2: His-SUMO-TIMP2 Purification Schematic

A) Amino acid sequence of His-SUMO-TIMP2. The His-SUMO tag is highlighted in green and the 

TIMP2 sequence is highlighted in blue, 

B) Schematic depiction of the His-SUMO-TIMP2 structural architecture. The His-SUMO tag is 

highlighted in green (1-119), the N-terminus of TIMP2 is highlighted in dark blue (27-154), and the

C-terminus of TIMP2 is highlighted in light blue (154-220). The tag cleavage site located between 

ULP and TIMP2 is also highlighted. 
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C) Schematic illustration of the purification steps involved in the purification of TIMP2 from the 

pET-28b His-SUMO-TIMP2 plasmid. 
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4.3.2 - Purification of ULP Protease

A critical component in the purification of TIMP2 is ULP protease. ULP protease is a 

cysteine protease responsible for the cleavage of TIMP2 from its His-SUMO- fusion protein tag. 

The steps involved in the purification of ULP-His6 protease are described in detail within 

Appendix I, and summarized in Figure 4.3A. 

ULP-His6 pET-28b (Figure 4.3B) was expressed in BL21 RIPL e-coli cells. Transformed 

cells were cultured in Luria-Broth (LB) at 37oC to an OD600 of 0.4-0.8. Cells were subsequently 

induced with 1mM IPTG and cultured for 16 hours at 16oC. Cells were subsequently pelleted, 

lysed, and centrifuged to remove insoluble proteins. 

The cell derived supernatant was subsequently passed over Ni-NTA resin, washed with 

with purification buffer, eluted with imidazole supplemented purification buffer (Figure 4.3C). 

Samples were taken of each of the individual purification steps and analyzed by SDS-PAGE. As 

ULP is a cysteine dependent protein, we used both reducing and non reducing conditions to 

determine cysteine dependent protein aggregates. Our data shows that although both the flow 

through and wash contain proteins at the correct molecular weight for ULP of ~28kDa, the protein

contained within the eluted volume was of 50-70% purity (Figure 4.3D). 

To remove proteins that were non-specifically eluted during purification, we utilized size 

exclusion chromatography (SEC) gel filtration on an 70pg S70 column. Following separation, our 

sample was separated into two distinct peaks of λ280nM absorbance (Figure 4.3E). Each of the 

two peaks were subsequently analyzed by SDS-PAGE (Figure 4.3F). Our data show that the 

ULP protein is found localized to the second peak. The first, which was localized within the first 

30% of the column volume (void volume) of the S70 SEC column, contained the non-specific 

proteins from the previous purification step. The resultant purification yielded a ULP protein of 

~99% purity as witnessed by SDS-PAGE. 
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Figure 4.3: Purification of ULP protease

A) Schematic illustration of the purification steps involved in the purification of ULP protease from 

the pET-28b His-ULP plasmid. 

B) Amino acid sequence of His-ULP protease within the pET-28b plasmid. 
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C) Bacterial lysis of His-ULP was purified using Ni-NTA pulldown on BioRad NGC Quest 10 

FPLC. Individual steps involved in the purification are labeled: 1) Flow Through; 2) Wash Step; 3) 

Elution on the trace map of λ280nM absorbance as read from FPLC during Ni-NTA purification 

method. 

D) Samples collected during each purification step of His-ULP Ni-NTA pulldown ([1]Flow through, 

[2] wash, and [3] elution)  were separated through SDS-PAGE in both reducing and non-reducing 

conditions and stained using coomassie R250. 

E) Elution fractions from the Ni-NTA purification of His-ULP, were separated through S70 size 

exclusion chromatography gel filtration (SEC-GF) on BioRad NGC Quest 10. Individual peaks 

identified on the trace map of λ280nM absorbance as read from FPLC during the S70 SEC-GF 

purification are labeled – 1) the column void volume (>30%), 2) the expected elution volume for 

ULP. 

F) Individual peaks identified during the S70 SEC-GF of His-ULP were separated by SDS-PAGE 

in both reducing and non-reducing conditions and stained using coomassie R250. 
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4.3.3 - Novel Purification Methodology for WT TIMP2

The steps involved in the purification of His-SUMO-TIMP2 are described in detail within 

Appendix II, and summarized in Figure 4.2C. 

His-SUMO-TIMP2 pET-28b (Figure 4.2A) was expressed in Origami 2 DE3 e-coli cells. 

Transformed cells were cultured in Luria-Broth (LB) at 37oC to an OD600 of 0.4-0.8. Cells were 

subsequently induced with 1mM IPTG and cultured for 16 hours at 16oC. Cells were subsequently

pelleted, lysed, and centrifuged to remove insoluble proteins. 

The cell derived supernatant was subsequently passed over Ni-NTA resin, washed with 

with purification buffer, eluted with imidazole supplemented purification buffer (Figure 4.4A). 

Samples were taken of each of the individual purification steps and analyzed by SDS-PAGE 

(Figure 4.4B). The correct formation of TIMP2s disulfide bond is an essential component in the 

purification of the folded protein. We, therefore, performed all SDS-PAGE experiments using both 

reducing and non-reducing conditions. The incorrect formation of disulfide bonds results in the 

blurred or laddered appearance in the non-reducing conditions which is not seen when reduced. 

This is due to inter-protein formation of disulfide bonds causing TIMP2 multimers, and smears 

from incorrectly formed intra-protein disulfide bonds causing samples to run at slightly different 

apparent molecular weights. Our results confirm that the flow through and wash contain minute 

amounts of the suspected protein of interest and that non-specific proteins were successfully 

removed. Further, the elution fraction contained a protein (~40kDa) of significant purity (~80-90%)

and free of significant laddering and smears in the non-reducing sample compared to the 

reducing. Interestingly, the non-reduced lane is less in intensity than the reduced lane. We can 

infer from this that some misfolding has still occurred during expression. 

Following isolation of the His-SUMO-TIMP2 protein, the solublizing fusion protein had to 

be removed to yield pure and unadulterated TIMP2. The use of an endopeptidase with TIMP2 is 

especially challenging, as most commercially available endopeptidases used to remove protein 

tags leave residual amino acids as part of their cleavage motif. The benefit of using a His-SUMO- 
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tag is that its reciprocal endopeptidase ULP leaves no additional residues on the cleaved protein. 

However, initial attempts of using ULP (data not shown) with previously published protocols 

resulted in an inactive TIMP2. We concluded that the critically formed disulfide bonds of TIMP2 

were being reduced, and were unable to reform upon reducing agent removal. Reducing agent, 

however, is a critical component in the cleavage of His-SUMO with ULP. We, therefore, elucidated

a Goldilocks approach to cleavage, utilizing a minimally reducing environment for the least time 

possible. Indeed, we added 2mg/ml ULP, suspended in a reducing buffer, and diluted it with 

purified His-SUMO-TIMP2, 20 fold. Following a 1 hour incubation at room temperature, the 

incubated proteins were desalted using a G-25 Sephadex column. Pre and post cleavage 

samples were analyzed by SDS-PAGE to deduce the efficiency of cleavage (Figure 4.4C). Our 

data demonstrate that the minimally reducing environment we created led to the formation of 4 

distinct and separate bands. Indeed, we can classify them as: uncleaved protein, ULP protease, 

cleaved TIMP2, and the His-SUMO-tag. Furthermore, only a small proportion of uncleaved TIMP2

remained in the sample, despite the minimal amount of reducing agent. 

Following cleavage of TIMP2 from the cleavage tag, the now tagless TIMP2 had to be 

separated from the other proteins. We, therefore, utilized the fact that each of the unwanted 

proteins contained a His6-tag: ULP-His6, His-SUMO, and His-SUMO-TIMP2; and performed Ni-

NTA pulldown. We collected both the flow through and elution fractions (Figure 4.4D), and ran 

samples on SDS-PAGE (Figure 4.4E). Our data shows that the tagless TIMP2 can be found 

localized predominantly to the first flow through fraction, and the His6 unwanted proteins to the 

elution fraction. Further, the TIMP2 protein found in the flow through is both equal in intensity 

between the reducing and non-reducing conditions, indicating that the sample is homogeneously 

folded, and of significant purity (~90%). By comparison, the TIMP2 in the elution fraction was 

significantly less intense in non-reducing conditions, suggesting that aggregated proteins 

associated non-specifically with the Ni-NTA resin. Our data show that our expression and 

purification system yielded a homogeneously folded TIMP2 protein of significant purity (~90%).  
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Figure 4.4: Purification and Cleavage of His-SUMO-TIMP2

A) Bacterial lysis of HIs-SUMO-TIMP2 was purified using Ni-NTA pulldown on BioRad NGC 

Quest 10 FPLC. Individual steps involved in the purification are labeled: 1) Flow Through; 2) 

Wash Step; 3) Elution on the trace map of λ280nM absorbance as read from FPLC during Ni-NTA

purification method. 
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B) Samples collected during each purification step of His-SUMO-TIMP2 Ni-NTA pulldown ([1]Flow

through, [2] wash, and [3] elution)  were separated through SDS-PAGE in both reducing and non-

reducing conditions and stained using coomassie R250. 

C) His-SUMO-TIMP2 protein obtained through Ni-NTA purification was cleaved using ULP 

protease obtained in Figure 3. Following cleavage, pre and post cleavage samples were run in 

reducing and non-reducing conditions on SDS-PAGE and stained with coomassie R250. 

D) Tagless TIMP2 obtained through cleavage with ULP protease was passed over Ni-NTA resin 

using  BioRad NGC Quest 10 FPLC. Individual steps involved in the purification are labeled: 1) 

Flow Through; and 2) Elution on the trace map of λ280nM absorbance as read from FPLC during 

Ni-NTA purification method. 

E) Samples collected during clean up step of tagless TIMP2 Ni-NTA pulldown ([1]Flow through, 

and [2] elution)  were separated through SDS-PAGE in both reducing and non-reducing 

conditions and stained using coomassie R250. 
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4.3.4 - Removal of partially folded proteins and In vitro validation of purified TIMP2

As we have determined that the protein purified so far is both homogeneous and pure, 

we next wanted to ensure that the protein is correctly folded and active. Previous attempts at 

purifying TIMP2 have required a complex and time consuming series of steps to refold the protein

(Williamson, 2010; Wingfield et al., 1999). However, after folding, these experiments identified 

that incorrectly and partially misfolded TIMP2 proteins can be identified through exchanging the 

proteins into an environment of negligible salinity. Indeed, sequential dialysis into a solution 

containing only Tris buffer (or with negligible salt concentrations) the misfolded proteins form 

insoluble aggregates. We utilized this concept in an expedited manner to determine whether 

misfolded/partially folded TIMP2 can be found in our apparently homogeneous sample. 

We, therefore, performed size exclusion chromatography (SEC) S70 gel filtration on the 

TIMP2 protein sample obtained through Figure 4.4, The protein was separated in a simple buffer 

of 50mM Tris 7.4, and 100mM NaCl. The salt concentration was slightly higher than previously 

determined to prevent non-specific association with the S70 superdex resin. The resultant 

separation yielded 3 distinct peaks according to λ280nM absorbance (Figure 4.5A). 

We utilized SDS-PAGE to analyze each of the distinct peaks (Figure 4.5B). Our data 

show; that the first peak, which was located within the first 30% of the column volume (the void 

volume), contained a small amount of TIMP2 (~23kDa) and a significant protein laddering unseen

in (Figure 4.4E), the second peak contained an increased proportion of TIMP2 (~23kDa), 

however, showed a significant smear and reduction in intensity in non-reducing conditions, and 

the third peak, which contained only (~23kDa) and smaller low intensity bands which were 

concluded to be resultant of protein degradation. 
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Figure 4.5: Removal and clean up of misfolded aggregates of TIMP2

A) Tagless TIMP2 isolated through Figure 4 was separated through S70 SEC-GF in a low salt 

(~100nM NaCl) buffer on BioRad NGC Quest 10. Three peaks were identified on the trace map of

λ280nM absorbance as read from FPLC during the S70 SEC-GF purification. 
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B) Each of the peaks identified during the SEC-GF purification of tagless TIMP2 were separated 

using SDS-PAGE in reducing and non-reducing conditions and stained using coomassie R250. 

C) Tagless TIMP2 isolated from the third peak of Figure 4.5A was separated further through S70 

SEC-GF in a high salt (~300nM NaCl) buffer on BioRad NGC Quest 10. Peaks were identified on 

the trace map of λ280nM absorbance as read from FPLC during the S70 SEC-GF purification, 

and each fraction containing a significant level of absorbance were labeled. 

D)  Each of the fractions containing proteins identified during the SEC-GF purification of tagless 

TIMP2 were separated using SDS-PAGE in reducing and non-reducing conditions and stained 

using coomassie R250. 

E) Final TIMP2 protein obtained through pooled fractions of Figure 4.5C (bac-TIMP2) was 

compared for purity through SDS-PAGE analysis against a HEK-TIMP2 control. Samples were 

run in both reducing and non-reducing conditions and stained using coomassie R250.  

F) Both bac-TIMP2 and HEK-TIMP2 control proteins were immunoblotted and probed with 

αAHA1 antibodies and TIMP2 TIMP2 antibody to deduce the specificity of each of the proteins. 
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Once we had ascertained our protein was indeed homogeneous, we wanted to obtain a 

protein of highest possible purity. We, therefore, once again performed SEC S70 gel filtration to 

separate the TIMP2 protein from the smaller molecular weight bands, however, this time utilizing 

an increased salt concentration, smaller sample volume, and slower flow rate, to optimize the 

peak sensitivity, Indeed, this process yielded a complex peak which is coalesced with a 

secondary peak towards its tail as seen by λ280nM absorbance (Figure 4.5C). We then 

performed SDS-PAGE analysis of fractions within the peak complex to determine which fractions 

contained TIMP2 (Figure 4.5D). Our data demonstrate that the maxima of the peak represents 

where TIMP2 is at its peak, (fractions 5-6), the smaller bands are found within the tailing fractions 

(fractions 5-10). We, therefore, collected samples from fractions 1-6 and concentrated the 

sample. 

We next wanted to compare the protein we purified from bacteria (bac-TIMP2) to its 

mammalian purified counterpart (HEK-TIMP2 control). We started by comparing both in an SDS-

PAGE with both reducing and non reducing conditions (Figure 4.5E) after quantifying samples 

through both NanoDrop, TIMP2 specific ELISA, and BCA Assay (ThermoScientific). Our data 

show that both proteins are homogeneous between non-reducing and reducing conditions and of 

significant purity. Furthermore, both proteins in non-reducing conditions are visibly smaller as 

witnessed by SDS-PAGE compared to the reduced sample, this is well documented and believed 

to be due to retained disulfide structures better penetrating the SDS-PAGE gel. To further show 

that the specificity of both bac-TIMP2 and HEK-TIMP2 control proteins, we performed 

immunoblot analysis of both proteins and probed each with an αAHA1 antibodies and TIMP2 -TIMP2 antibody (Figure 4.5F). 

Our data confirms that each is protein is indeed, TIMP2 detectable by αAHA1 antibodies and TIMP2 -TIMP2 antibody. 
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Figure 4.6: In vitro validation of TIMP2 protein

A) bac-TIMP2 and HEK-TIMP2 control proteins were separated by reverse gelatin zymogrpahy to

detect the gelatinolytic inhibitory activity of each proteins against the MMP2 containing gelatin 

PAGE gel. 

B) 62kDa active MMP2  was incubated with and without bac-TIMP2 and HEK-TIMP2 control 

proteins, the resultant protein samples were analyzed for MMP2 proteolytic activity against a 

fluorescent MMP2 substrate (Dabcyl-GPLGMRGK(5FAM)-NH2). Samples represent % of 

untreated control. Error bars represent SEM of 3 independent experiments. 
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As we have ascertained both the specificity, and purity of bac-TIMP2, we next wanted to 

confirm the activity of the protein in comparison to the HEK-TIMP2 purified control. Indeed, we 

utilized reverse gelatin zymography to determine whether the TIMP2 proteins will inhibit MMP2 

from performing its gelatinase role. We, therefore, loaded both samples into a gelatin and MMP2 

containing PAGE- gel and measured the inhibitory potential of each sample (Figure 4.6A). Our 

results show that both bac-TIMP2 and HEK-TIMP2 control can similarly inhibit the degradation of 

gelatin. The HEK-TIMP2 control ran slightly above that of bac-TIMP2, but this is due to the His6 -

tag which HEK-TIMP2 contains. 

Finally, we wanted to quantitatively confirm that both the HEK-TIMP2 control and bac-

TIMP2 similarly inhibit MMP2 in vitro. We utilized our MMP2 in vitro activity assay as in Chapter 2

and 3, where we incubated MMP2 with and without both HEK-TIMP2 and bac-TIMP2. We then 

measured the difference in fluorescence from the cleavage of MMP2 specific fluorescent peptide 

by MMP2 (Figure 4.6B). Indeed, our data confirm that both HEK-TIMP2 and bac-TIMP2 inhibit 

MMP2 activity. Taken together our data suggest that TIMP2 purified through our purification 

method is similar to the gold standard HEK-TIMP2 control in purity and activity. 

4.3.5 - Purification and functional verification of TIMP2 phospho-Y mutants

Work previously published by our lab (Sánchez-Pozo et al., 2018), concluded that the 

Tyr-phosphorylation of TIMP2 Y90 was critical in the binding of TIMP2 to MMP2 both in vitro and 

in vivo. Indeed, the TIMP2 90E phospho-mimetic was responsible for a five-fold decrease in the 

Ki of TIMP2 towards MMP2 activity (Figure 4.1). Further, without Y90 phosphorylation in vivo, the

interaction between TIMP2 and MMP2 does not occur. We also identified other phosphorylated 

Tyr residues of TIMP2, Y62 and Y165, but have yet to elucidate their role fully in regards to 

TIMP2 activity. These phosphorylated residues are schematically depicted in Figure 4.7A, 4.7B, 

and 4.7C. 
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As we have previously identified that our purification methodology for TIMP2 WT 

produced a similarly pure and active form of TIMP2 to its human control, we next wanted to see if 

this same methodology could isolate active and pure phospho-mimetic and control TIMP2 

proteins. Indeed, we expressed and purified Y90F (non-phospho mutant), Y90E phospho-

mimetic, and TE (Y62E, Y90E, Y165E) hyper-phospho-mimetic TIMP2 variants using our system. 

After measuring and equalizing our protein concentrations through a combination of Nanodrop, 

TIMP2 specific ELISA, and BCA quantification assay (ThermoScientific), we separated samples 

of our purifications on SDS-PAGE in both reducing and non-reducing conditions (Figure 4.8A). 

Our data show that each of the purifications is of similar purity compared to the WT TIMP2 

protein. Further, each of the proteins is of relatively similar amount between the reducing and 

non-reducing conditions, with the non-reducing samples running slightly lower in the gel – 

indicating the presence of disulfide linkages. To confirm the selectivity of our purification we 

performed immunoblot analysis of each of the proteins and probed with αAHA1 antibodies and TIMP2 -TIMP2 antibody 

(Figure 4.8B). Our results demonstrate that our sample is TIMP2 and protein concentrations are 

relatively equal. 

As we have determined the selectivity and purity of our TIMP2 proteins, we next wanted 

to determine whether these proteins had viable MMP2 inhibitory activity. Indeed, we first utilized 

reverse gelatin zymography to determine, broadly, whether the TIMP2 proteins were able to 

inhibit MMP2 gelatinolytic activity (Figure 4.8C). Our results demonstrate that the TIMP2 proteins

are all able to prevent MMP2 from degrading the gelatin within the PAGE gel. To confirm the 

quantitative inhibitory activity of each of the TIMP2 variants in respect to MMP2 specific in vitro 

activity. We measured the cleavage of MMP2 specific fluorescent peptide with and without 

incubating each TIMP2 variant (Figure 4.8D). Indeed, each of the bac-TIMP2 variants was able 

to similarly prevent the cleavage of fluorescent peptide. Indicating, that each of the TIMP2 

variants is similarly folded and active. 

Taken together, our data suggest that the purification methodology that we have 

developed for TIMP2 is able to purify folded and active phospho-mimetic variants of TIMP2. 
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Figure 4.7: Schematics depicting Phospho-Tyr sites determined on TIMP2

A) Amino acid sequence of His-SUMO-TIMP2. Each of the Tyr-residues identified in (Sanchez-

Pozo et al., 2018) [Y62, Y90, Y165] that are phosphorylated by Src are highlighted in red. 

B) Schematic depiction of the His-SUMO-TIMP2 structural architecture. The His-SUMO tag is 

highlighted in green (1-119), the N-terminus of TIMP2 is highlighted in dark blue (27-154), and the

C-terminus of TIMP2 is highlighted in light blue (154-220). The tag cleavage site located between 

ULP and TIMP2 is also highlighted. Each of the Tyr-residues identified in (Sanchez-Pozo et al., 

2018) [Y62, Y90, Y165] that are phosphorylated by Src are highlighted in red. 

C) Protein crystal structure of TIMP2 (PDB:1BR9) was used to model the site of phosphorylation. 

The N-terminus of TIMP2 is highlighted in dark blue (27-154), the C-terminus of TIMP2 is 
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highlighted in light blue (154-220), and the Tyr-residues identified in (Sanchez-Pozo et al., 2018)

[Y62, Y90, Y165] that are phosphorylated by Src are highlighted in red. 
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Figure 4.8: Purification and in vitro validation of phospho-TIMP2 mutants

A) bac-TIMP2 purified WT and phospho-mutant proteins Y90F, Y90E, and TE (Y62E, Y90E, and 

Y165E) proteins were analyzed through SDS-PAGE for homogeneity and purity. Each of the 

samples was run in both reducing and non-reducing conditions and stained with coomassie 

R250. 
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B) bac-TIMP2 purified WT and phospho-mutant proteins Y90F, Y90E, and TE (Y62E, Y90E, and 

Y165E) proteins were analyzed for TIMP2 specificity through immunoblot. Samples were 

separated and then probed using αAHA1 antibodies and TIMP2 TIMP2 antibody. 

C) bac-TIMP2 purified WT and phospho-mutant proteins Y90F, Y90E, and TE (Y62E, Y90E, and 

Y165E) proteins were separated by reverse gelatin zymogrpahy to detect the gelatinolytic 

inhibitory activity of each proteins against the MMP2 containing gelatin PAGE gel. 

D) 62kDa active MMP2  was incubated with and without bac-TIMP2 WT, phospho-mutants, and 

HEK-TIMP2-His6 control, the resultant protein samples were analyzed for MMP2 proteolytic 

activity against a fluorescent MMP2 substrate (Dabcyl-GPLGMRGK(5FAM)-NH2). Samples 

represent % of untreated control. Error bars represent SEM of 3 independent experiments. 
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4.3.6 - HSP90α Purification

Our results in Chapter 2 and 3 have demonstrated that TIMP2 functions as an inhibitory 

co-chaperone of chaperone eHSP90αAHA1 antibodies and TIMP2 . Indeed, in co-ordination with activatory co-chaperone 

AHA1, TIMP2 facilitates the chaperoning of extracellular client, MMP2. To determine the effects of

TIMP2 phosphorylation on HSP90αAHA1 antibodies and TIMP2  binding in vitro, we first had to isolate the purified HSP90αAHA1 antibodies and TIMP2  

protein. 

The steps involved in the purification of His-HSP90αAHA1 antibodies and TIMP2  are described in detail within 

Appendix III, and summarized in Figure 4.9A, and are an adapted protocol from (Bandehpour et 

al., 2010). 

His-HSP90αAHA1 antibodies and TIMP2  prSETA was expressed in BL21 RIPL e-coli cells. Transformed cells were 

cultured in Luria-Broth (LB) at 37oC to an OD600 of 0.4-0.8. Cells were subsequently induced with 

1mM IPTG and cultured for 16 hours at 16oC. Cells were subsequently pelleted, lysed, and 

centrifuged to remove insoluble proteins. 

The cell derived supernatant was subsequently passed over Ni-NTA resin, washed with 

with purification buffer, eluted with imidazole supplemented purification buffer (Figure 4.10A). 

Samples were taken of the elution and analyzed by SDS-PAGE (Figure 4.10B). Our data show 

that following Ni-NTA pulldown the elution sample contains not just the desired ~90kDa HSP90αAHA1 antibodies and TIMP2  

but a significant amount of contaminant. 
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Figure 4.9: Schematic of HSP90α purification

A) Schematic illustration of the purification steps involved in the purification of HSP90αAHA1 antibodies and TIMP2 -His6  from 

the prSETA HSP90αAHA1 antibodies and TIMP2 -His6 plasmid. 
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Figure 4.10: HSP90α-His6 Purification

A) Bacterial lysis of HSP90αAHA1 antibodies and TIMP2 -His6 was purified using Ni-NTA pulldown on BioRad NGC Quest 10 

FPLC. The trace map of λ280nM absorbance as read from FPLC during Ni-NTA purification 

method is shown and the peak representing the imidazole elution step was labeled: Elution. 

B) The HSP90αAHA1 antibodies and TIMP2 -His6 elution fraction were separated through SDS-PAGE in both reducing and 

non-reducing conditions and stained using coomassie R250. 
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C) Ni-NTA purified HSP90αAHA1 antibodies and TIMP2 -His6 protein was further purified using strong anion exchange (IEX) 

chromatography High Q resin (BioRad). The peak determined from the trace map of λ280nM 

absorbance as read from FPLC the salt gradient elution of the resin was labeled for fraction 

number which contained significant λ280nM absorbance. 

D) The fractions obtained from Figure 4.10C were separated by SDS-PAGE and stained with 

coomassie R250. 

E) The pooled fractions from the anion exchange chromatography of HSP90αAHA1 antibodies and TIMP2 -His6 proteins was 

separated by S200 size exclusion chromatography gel filtration (SEC-GF). The trace map of 

λ280nM absorbance as read from FPLC during S200 SEC-GF purification method is shown and 

the HSP90αAHA1 antibodies and TIMP2  predicted peak is labeled. 

F) HSP90αAHA1 antibodies and TIMP2 -His6 purified protein was separated by SDS-PAGE in both reducing and non reducing 

conditions (left) to determine the purity of the sample, and immunoblotted and probed with 

αAHA1 antibodies and TIMP2 HSP90αAHA1 antibodies and TIMP2  antibody (right) to determine the specificity of the protein. 

158



As Ni-NTA pulldown left significant non-specific protein contamination in the protein 

sample, we next wanted to find a sufficient way to remove these. We utilized protein prediction 

software (ExPASY ProtParam) to determine a predictive pI for the HSP90αAHA1 antibodies and TIMP2  protein ~4.94, and as 

such utilized strong anion exchange chromatography to separate out non-specific bands. So far, 

the removal of non-specific and client proteins from HSP90αAHA1 antibodies and TIMP2  had been achieved with a high salt 

level contained within the purification buffer. However, as HSP90αAHA1 antibodies and TIMP2  makes contact with some 

clients through hydrophobic interactions it is possible that we have further strengthened client 

interactions during this process. Prior to HSP90αAHA1 antibodies and TIMP2  anion exchange, the HSP90αAHA1 antibodies and TIMP2  sample was 

desalted into a negligible salt buffer. Anion exchange therefore performed two distinct roles, 

removing non-specific proteins which bound the Ni-NTA resin and removing hydrophobic client 

interactions from HSP90αAHA1 antibodies and TIMP2 . We collected samples from the salt gradient elution of the anion 

exchange column (Figure 4.10C) and ran these on SDS-PAGE to determine the protein content 

(Figure 4.10D). Our data show that HSP90αAHA1 antibodies and TIMP2  binds significantly to the anion exchange column. 

Furthermore, the majority of previous contaminants have been removed from the sample and 

HSP90αAHA1 antibodies and TIMP2  now represents ~80-95% of the sample . As the majority of the HSP90αAHA1 antibodies and TIMP2  is contained 

within samples 5 to 9, we pooled these samples before continuing purification. 

To remove any residual unwanted proteins from the pooled HSP90αAHA1 antibodies and TIMP2  sample, we 

performed S200 size exclusion chromatography (SEC) gel filtration. Indeed, this process yielded 

a single λ280nM absorbance peak (Figure 4.10E). We analyzed this single peak through SDS-

PAGE analysis (Figure 4.10F, left). Our data demonstrate a single 90kDa band. This protein is 

~95% pure as seen on SDS-PAGE. We further confirmed that this band represents HSP90αAHA1 antibodies and TIMP2  

through immunoblot analysis (Figure 4.10F, right). Indeed, our results show a single band in 

immunoblot representing a pure and homogeneous HSP90αAHA1 antibodies and TIMP2 . 
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4.3.7 - Effect of TIMP2 Y-phosphorylation on HSP90α binding

As we have demonstrated in Chapter 2 and 3 that HSP90αAHA1 antibodies and TIMP2  and TIMP2 interact in vitro, 

we first wanted to confirm that the bac-TIMP2 WT protein, which we have purified in this 

Chapter, equally interacts with the bacterial purified HSP90αAHA1 antibodies and TIMP2  from Figure 4.10 as the HEK-

TIMP2 WT control. 

We performed immunoprecipitation with αAHA1 antibodies and TIMP2 -TIMP2 antibody. Indeed, HEK-TIMP2 and bac-

TIMP2 were incubated separately with and without HSP90αAHA1 antibodies and TIMP2 , before being IP and immunoblotted 

for both TIMP2 IP and HSP90αAHA1 antibodies and TIMP2  Co-IP (Figure 4.11A). Our data show that both HEK-TIMP2 and 

bac-TIMP2 interact with HSP90αAHA1 antibodies and TIMP2 . Indeed, both HEK-TIMP2 and bac-TIMP2 interact similarly to 

HSP90αAHA1 antibodies and TIMP2 . 

To determine whether the phosphorylation of TIMP2 affects HSP90αAHA1 antibodies and TIMP2  interaction in vivo as

well as in vitro, we transiently transfected HEK293 cells with TIMP2-His6 WT as well as phospho-

variants TF (Y62F, Y90F, Y165F), non-phosphprylatable, and TE (Y62E, Y90E, Y165E), hyper 

phospho-mimetic. Following serum starvation and the collection of cell conditioned media (CM), 

the CM was pulldown for TIMP2-His6. Samples were immunoblot to determine pulldown of 

TIMP2-His6 and co-pulldown of HSP90αAHA1 antibodies and TIMP2  (Figure 4.11C). Our data shows  that the the WT TIMP2 

protein interacts with HSP90αAHA1 antibodies and TIMP2  in vivo, and in support of our in vitro data the binding between 

HSP90αAHA1 antibodies and TIMP2  and the TIMP2 TE hyper-phospho-mimetic is totally abrogated. Further, our TIMP2 TF 

non-phosphorylatable control binds better to the HSP90αAHA1 antibodies and TIMP2  than the WT, this can be reasoned by 

the presence of TIMP2 phosphorylation machinery in the cell and CM phosphorylating the WT 

TIMP2-His6 and limiting HSP90αAHA1 antibodies and TIMP2  interaction. 

Following the confirmation that our purified bac-TIMP2 WT and the HEK-TIMP2 WT 

control proteins interact similarly, we next wanted to determine whether the phospho-variants of 

TIMP2 purified in this Chapter led to an increase or decrease in HSP90αAHA1 antibodies and TIMP2  association. Indeed, we

incubated HSP90αAHA1 antibodies and TIMP2 -His6 with TIMP2 WT, 90F, 90E, and TE prior to Ni-NTA pulldown (Figure 11B).
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 Figure 4.11: TIMP2 phosphorylation modulates interaction with HSP90

A) bac-TIMP2 and HEKTIMP2 control (100ng) was incubated with and without HSP90αAHA1 antibodies and TIMP2  (100ng) 

and immunoprecipitated with αAHA1 antibodies and TIMP2 TIMP2 antibody. IP (TIMP2) and co-IP (HSP90αAHA1 antibodies and TIMP2 ) were determined 

through immunoblot. 
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B) HSP90αAHA1 antibodies and TIMP2 -His6 (100ng) was incubated with and without bac-TIMP2 WT, Y90F, Y90E, and TE 

(Y62E, Y90E, and Y165E) proteins (50ng) and pulldown using Ni-NTA resin. Immunoblot was 

used to confirm pulldown (Hsp90αAHA1 antibodies and TIMP2 -His6) and co-pulldown (bac-TIMP2). Controls: C1 (Beads 

only), C2 (Beads and HSP90αAHA1 antibodies and TIMP2  only), and C3 (Beads and bac-TIMP2 WT only) were also 

included. 

C) HEK293 cells were transiently transfected with pcDNA3.3 EV, TIMP2-His6 WT, TF (Y62F, 

Y90F, and Y165F) and TE (Y62E, Y90E, Y165E) plasmids. Following serum starvation, 

conditioned media (CM) was pulldown for TIMP2-His6. Pulldown (TIMP2-His6 ) and co-pulldown 

eHSP90αAHA1 antibodies and TIMP2  was determined by immunoblot. 

D) SYF and SYF-Src cells were transiently transfected with pcDNA 3.3 EV and TIMP2-His6 WT 

plasmids. Following serum starvation, conditioned media (CM) was pulldown for TIMP2-His6. 

Pulldown (TIMP2-His6 ) and co-pulldown eHSP90αAHA1 antibodies and TIMP2  was determined by immunoblot. 

CONTRIBUTIONS

* A-D) This figure was contributed by Fiza Hashmi
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Our data shows that TIMP2 WT and 90F interact with HSP90αAHA1 antibodies and TIMP2 -His6 in a similar manner. However,

the single Y90E phospho-mimetic TIMP2 bound significantly less compared to the WT control. 

Further, the TE hyper-phospho-mimetic abrogated the protein interaction completely. Taken 

together, this suggests that the Tyr-phosphorylation  of TIMP2 disrupts the HSP90:TIMP2 

interaction. Further, as the hyper phospho-mimetic TE showed less interaction than TIMP2 Y90E, 

it also suggests that the Y62 and Y165 phosphorylations also play a role in regulating this 

binding. The first potential role for these phosphorylations.

As we have determined that phospho-variants of TIMP2 have the ability of modulating the

binding to HSP90αAHA1 antibodies and TIMP2 , we wanted to confirm that the change in binding resulted from the Tyr-

phosphorylation and not a non-specific effect of mutation. We, therefore, utilized SYF (Src, YES, 

and FYN (-/-)) and SYF-Src (Src, YES, FYN (-/-) stably re-transfected with Src) cells. Indeed, we 

transiently transfected these cells with pcDNA3.3 EV and TIMP2-His6, serum starved, and 

collected CM. We next conducted TIMP2-His6 pulldown of CM and immunoblotted samples for 

HSP90αAHA1 antibodies and TIMP2  and MMP2 co-pulldown (Figure 4.11D). Our data demonstrates that in a non-TIMP2 

phosphorylating environment (SYF cells) that TIMP2-His6 interacts with Hsp90αAHA1 antibodies and TIMP2 , but not MMP2 

(confirming our previously published data). However, when TIMP2 is in a phosphorylating 

environment (SYF-Src cells) the interaction with MMP2 is restored, however, the interaction 

between HSP90αAHA1 antibodies and TIMP2  and TIMP2 is significantly reduced. These data confirm our findings that Tyr-

phosphorylation of TIMP2 regulates HSP90αAHA1 antibodies and TIMP2  binding, in vivo. 
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4.4 - Discussion 

The endogenous MMP2 inhibitor, TIMP2, is critically important to the efficient 

maintenance of the extracellular environment. Indeed, regulating the prolific and pro-invasive 

protease MMP2 has been concluded as an essential step in the control of cancer migration and 

metastasis (Remillard et al., 2014). Despite the resounding failure of MMP2 specific inhibitors in 

clinical trials, treatment with endogenous inhibitor of MMP2, TIMP2 has shown huge therapeutic 

promise. However, the purification of sufficient amounts of folded and active TIMP2 has posed a 

significant roadblock in the utilization of TIMP2 therapeutically. Here we describe a novel strategy 

for obtaining TIMP2 without complicated refolding strategies from e-coli. We further utilize these 

TIMP2 proteins both WT and phospho-variant in the determination of how the co-chaperone 

TIMP2 interacts with the chaperone HSP90αAHA1 antibodies and TIMP2 . 

We have elucidated a novel muti-step TIMP2 purification method which does not require 

complex and expensive refolding strategies to produce significant amount of protein from 

bacteria. Indeed, we describe how to express and purify the His-SUMO-TIMP2 protein, 

successfully remove the His-SUMO tag to yield a tagless TIMP2 protein, and subsequently 

isolate a pure and homogeneously folded TIMP2. 

The expression of His-SUMO-TIMP2 is performed using both the His-SUMO pET23b 

expression system and the Origami 2 DE3 cell line. Indeed, it is not the individual use of each of 

these components but the combination which is required to perform a successful folding of the 

TIMP2 protein. The Origami 2 DE3 cell line contains a mutation In both the thioreductase (trxB) 

and glutathione reductase (gor) genes which impairs the activity of these reductase’s and allows 

the accumulation of oxidized proteins in the cytoplasm of bacteria. This has been shown to 

increase the formation of disulfide bonds in the cytoplasm of bacteria by 15 to 20 fold (Bessette et

al., 1999). The His-SUMO- expression system is a fusion protein system which has been shown 

to significantly enhance the solubility of the protein attached to the fusion partner and preventing 

them from accumulating the insoluble fraction of bacteria. This system has even been used to 
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solublize extracellular proteins such as MMP13 (Marblestone et al., 2006). Together, we 

demonstrate that TIMP2 is given both sufficient time in the cytoplasm (His-SUMO-) and 

sufficiently oxidizing environment (Origami 2 DE3) to allow TIMP2’s complex disulfide pairing to 

form. 

After the purification of His-SUMO-TIMP2 by Ni-NTA pulldown, the next challenge that we

faced was to successfully cleave the fusion partner from the protein. Indeed, our data 

demonstrated that a combination of a minimally reducing environment and ULP protease 

sufficiently cleaved the protein. Our system for cleavage is arguably imperfect, the addition of any

reducing agent to our protein during cleavage reduces the overall yield of TIMP2 at the end. 

However, the majority of commercially available endopeptidases which cleave protein tags leave 

residual residues after the cleave motif on the cleaved protein – with TIMP2, that would result in 

an inactive TIMP2 protein. The only endopeptidase which we found that could potentially fill this 

role was enterokinase, with an additional enterokinase protease cleavage motif ‘DDDDK’ added 

in between the His-SUMO- tag and the beginning of the TIMP2 sequence. However, the addition 

of ‘DDDDK’ residues before the initial Cys27 prevented the correct expression and folding of 

TIMP2 (Data not shown). Unfortunately, our suggested system seems to be the only way to 

successfully cleave His-SUMO from TIMP2. 

Following cleavage of TIMP2 and subsequent clean-up of the untagged TIMP2 protein, 

we removed the misfolded TIMP2 protein using a technique adapted from two previously 

published TIMP2 refolding methods (Williamson, 2010) and (Wingfield et al., 1999). Indeed, the 

rapid removal of buffer additives and salt led to misfolded TIMP2 to form TIMP2 multimers which 

can be removed through size exclusion chromatography. Subsequent testing revealed the TIMP2 

purified through our system was both active and pure, comparable to that purified through a 

human expression system. 

We next wanted to evaluate whether our purification system could be utilized to purify the

phospho-mutant variants of TIMP2 could be purified using our system, or whether it was uniquely 

targeted for the TIMP2 WT protein purification. We expressed each of the phospho-mutant forms 
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of TIMP2 (Y90E, Y90F, and TE [Y62E, Y90E, Y165E]) in our pET23b/Origami 2 DE3 system. 

Each of the proteins, expressed, purified, cleaved, and cleaned-up in a similar manner to the 

TIMP2 WT. Indeed, our data showed that each of the proteins exhibited similar purity, and 

homogeneity as the WT protein. Likewise, the activity of the final purified proteins was as 

expected. 

As we wanted to elucidate how the phospho-mutant variant TIMP2 proteins deferentially 

interacted with HSP90αAHA1 antibodies and TIMP2 , we next needed to obtain recombinant HSP90αAHA1 antibodies and TIMP2  protein. To perform this 

we adapted a methodology by (Bandehpour et al., 2010) to purify the HSP90β isoform. Indeed, 

following each round of purification we yielded an almost completely pure and homogeneous 

HSP90αAHA1 antibodies and TIMP2 -His6 protein. 

We then utilized this HSP90αAHA1 antibodies and TIMP2 -His6 protein in both immunoprecipitation and pulldown 

reactions to initially confirm the binding between WT TIMP2 and HSP90αAHA1 antibodies and TIMP2 -His6 and then 

understand how each of the phospho-mutants interact bind to the HSP90αAHA1 antibodies and TIMP2 -His6 protein. We 

concluded that the addition of phospho-mimetic residue Y90E to TIMP2 partially interrupted 

TIMP2:HSP90αAHA1 antibodies and TIMP2 -His6 interaction, and the hyper-phospho-mimetic TIMP2 TE completely abrogated

the interaction. We further confirmed this effect in vivo through transient transfection of phospho-

mimetic variants of TIMP2 in HEK293 cells and measured the change in phospho-variant binding 

through Ni-NTA pulldown. This data, however, could be due to a mutational phenomenon causing 

a disruption of the HSP90αAHA1 antibodies and TIMP2 :TIMP2 interaction and not a true depiction of the phosphorylation 

effecting binding. We, therefore, utilized an in vivo model whereas we compared the binding of 

TIMP2 and eHSP90αAHA1 antibodies and TIMP2  in Src kinase deficient and stable cell lines. Indeed, our data showed that 

eHSP90αAHA1 antibodies and TIMP2 :TIMP2 interaction was abrogated and enhanced in the presence and absence of 

TIMP2 respectively. Although our data confirms our hypothesis that the TIMP2 phosphorylation 

disrupts the binding of HSP90αAHA1 antibodies and TIMP2  and TIMP2, the role this plays in the overall chaperoning of 

HSP90αAHA1 antibodies and TIMP2  clients, including MMP2 remains elusive. 

Within this chapter we have explained and demonstrated our novel purification strategy 

for the purification of the TIMP2 protein. Indeed, our purification strategy is able to correctly fold 
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and align the 12 cysteines into the 6 disulfide bonds within TIMP2. This gives us sufficient ability 

to purify protein for larger scale structural work to assess the impact of phosphorylation of TIMP2 

structure. Further, it gives us sufficient protein to identify possible therapeutic benefits of TIMP2 

phospho-mimetics, in vivo. At present, no strategy for the successful purification of any of the 

TIMP family members has been established without refolding in e-coli. Our system then could be 

used as a base by which we can further elucidate roles of the entire TIMP family. Indeed, our 

system may have further and wider reaching benefits in the purification of extracellular disulfide 

bonded proteins. 

This chapter has further described the small role TIMP2 phosphorylation plays in the 

binding to HSP90αAHA1 antibodies and TIMP2 , however, the avenues which can now be explored following this discovery are

substantial. Indeed, the role which kinases play in conducting the orchestra of HSP90αAHA1 antibodies and TIMP2  

chaperoning outside the cell is potentially ground breaking. We know from previously conducted 

research that contrary to TIMP2 Y90 phosphorylation (Sánchez-Pozo et al., 2018), that AHA1 

Y223 phosphorylation by c-Abl kinase increases its interaction with HSP90αAHA1 antibodies and TIMP2  (Dunn et al., 2015). 

We also know  that TIMP2 Y90 phosphorylation increases its interaction with MMP2, and that 

both MMP2 (Jacob-Ferreira et al., 2013) and that HSP90αAHA1 antibodies and TIMP2  (Backe et al., 2020) itself is a highly 

phosphorylated proteins. Understanding the secondary layer of interactions with kinases, below 

the chaperone:client:co-chaperone interactions, could therefore be the missing link in targeting 

the extracellular chaperone machinery and, indeed, MMP2 activity in cancer. 
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4.5 - Materials and Methods

4.5.1 - Mammalian Cell Culture

Cultured cell lines: human embryonic kidney (HEK293), SYF and SYF-Src, were grown in 

Dulbecco’s Modified Eagle Medium (DMEM, Sigma–Aldrich) supplemented with 10% fetal bovine 

serum (FBS, Sigma–Aldrich). HEK293 were acquired from (American Type Culture Collection, 

ATCC). All cell lines were maintained in a CellQ incubator (Panasonic Healthcare) at 37°C in an 

atmosphere containing 5% CO2.

4.5.2 - Cell Serum Starvation and Protein Extraction

All cells were grown in 10cm3 tissue culture treated plates (CellTreat). Cells were grown to the 

required confluency as described above in 10% FBS supplemented cell media. Cells to be  serum

starved were carefully aspirated of culture media, and washed twice with sterile PBS. 

Unsupplemented cell culture media was then added to the culture plate. Following any further 

treatment of cells, cell conditioned media was then collected on ice without disturbing adhered 

cells. The collected conditioned media was centrifuged in a 4oC refrigerated centrifuge at 1200 

rpm for 10 mins. Conditioned media pellets were then discarded and supernatant concentration 

10x using Amicon  Ultra 3K or 10K centrifugal filters (Millipore) according to the manufacturer’s 

protocol. Cell extracts were collected from the adhered cells on the culture plate. Following, 

collection of conditioned media or following the aspiration of culture media (non-serum starved 

cells) cell plates were placed on ice and washed 2x with ice cold PBS. Cells were then scraped 

off the plate in the presence of 50-200μM levels.  l of extraction buffer: 20mM Tris 7.4, 100mM NaCl, 1mM 

MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) and PhosStop (Roche). Cells were then 

homogenized by sonication and cleared by ultracentrifuged at 15,000 rpm for 10 mins. 

4.5.3 - Immunoblotting
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Protein samples from cell extracts, conditioned media, and purified proteins were prepared using 

5x Laemmli buffer and heated for 5 mins at 98oC. Samples were then loaded into  criterion Tris-

HCl precast gels (BioRad) with PageRuler Prestained Protein Ladder as protein size control. 

Samples were then separated by SDS-PAGE at 200V until protein ladder resolved. Samples were

then transferred onto nitro-cellulose membrane via Trans-Blot Turbo (BioRad) semi-dry transfer. 

The transferred membrane was then blocked in a 5% milk solution containing Tris Buffered saline

with 0.1% Tween20 (TBST). Samples were then incubated with antibodies diluted in 5% milk 

solution rocking for 1hr at room temperature or overnight at 4oC. Samples were subsequently 

washed 3 times for a minimum of 5 minutes in TBST. Samples were then incubated with 

corresponding secondary antibodies for 1 hour at room temperature. Nitrocellulose membranes 

were washed with TBST 3 times for a minimum of 5 minutes. The membranes were treated with 

western blotting substrates, either ECL2 (Thermo) or West Femto (Thermo) as described by 

manufacturer. Blots were then visualized via expose to x-ray film. 

4.5.4 - Ni-NTA Pulldown and Immunoprecipitation

Pulldown and immunoprecipitation experiments were conducted on purified protein, conditioned 

media, and cell extracts. Resins that were used include: Protein G agarose (ThermoFisher) and 

Ni-NTA agarose (ThermoFisher). The resins were initially washed 3 times in fresh extraction 

buffer (20mM Tris 7.4, 100mM NaCl, 1mM MgCl2, 0.1% NP40, protease inhibitor cocktail (Roche) 

and PhosStop (Roche)). For immunoprecipitation, cell extracts and CM were incubated with 

HSP90αAHA1 antibodies and TIMP2  or TIMP2 antibodies for 1hr at 4˚C followed by protein G agarose for 2 hours at 4˚C. 

Pulldowns were prepared following incubation with Ni-NTA agarose  for 2 hours at 4oC. Incubates 

were centrifuged and the supernatant discarded. Pellets were washed 4 times with extraction 

buffer, with increasing centrifugation speed, 1500-150000rpm. The pellets were then 

subsequently eluted in 5x Laemmli buffer. Samples were then boiled and immunoblotted as 

described above. 

169



4.5.5 - In vivo interactions between TIMP-2-His6  WT and mutants and eHSP90

HEK293 cells were cultured to a confluency of ~40% in supplemented DMEM media as 

described. We transiently transfected pcDNA 3.3 EV, TIMP2-His6 WT, TIMP2-His6 TF (Y62F, 

Y90F, Y165F), and TIMP2-His6 TE (Y62E, Y90E, Y165E) proteins into the HEK293 cells and 

cultured overnight to a confluency of ~80%. We serum starved the cells in unsupplemented 

media as previously described. Conditioned media (CM) was collected and pulldown using Ni-

NTA resin. Following wash steps and elution with 5x Laemmli buffer (see previous) samples were 

immunoblotted and probed using αAHA1 antibodies and TIMP2 TIMP2 and αAHA1 antibodies and TIMP2 HSP90αAHA1 antibodies and TIMP2  antibody for pulldown and co-pulldown 

respectively. 

4.5.6 - In vivo interaction of HSP90α, TIMP2-His6, and MMP2

SYF (-/-) and SYF (-/-) + Src cells were cultured to a a confluency of ~40% in supplemented 

DMEM media as described. We transiently transfected both sets of cells with pcDNA 3.3 EV and 

TIMP2-His6 WT cultured overnight to a confluency of ~80%. We serum starved the cells in 

unsupplemented media as previously described. Conditioned media (CM) was collected and 

pulldown using Ni-NTA resin. Following wash steps and elution with 5x Laemmli buffer (see 

previous) samples were immunoblotted and probed using αAHA1 antibodies and TIMP2 TIMP2 and αAHA1 antibodies and TIMP2 HSP90αAHA1 antibodies and TIMP2 / αAHA1 antibodies and TIMP2 MMP2 

antibody for pulldown and co-pulldown respectively. 

4.5.7 - In vitro interactions of HSP90α and TIMP2 WT and Mutants

To determine the in vitro interactions between Hsp90αAHA1 antibodies and TIMP2 -His6 and HEK-TIMP2 and bacterially 

expressed TIMP2 we performed immunoprecipitation using an αAHA1 antibodies and TIMP2 TIMP2 antibody and Protein G 

agarose beads. We first incubated TIMP2 proteins (100ng) with and without HSP90αAHA1 antibodies and TIMP2 -His6 protein 

(100ng) for 1 hour. Subsequently, protein complexes were incubated with TIMP2 antibody and 
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protein G agarose resin. Resin was washed and eluted as described, before being immunoblotted

with TIMP2 antibody (IP) and Hsp90αAHA1 antibodies and TIMP2  antibody (co-IP). 

To determine the interaction between HSP90αAHA1 antibodies and TIMP2 -His6 and TIMP2 phospho-mutants, we performed 

Ni-NTA pulldown on HSP90αAHA1 antibodies and TIMP2 -His6 protein with and without incubation with different TIMP2 

samples. We first incubated 100ng of HSP90αAHA1 antibodies and TIMP2 -His6 with and without TIMP2 WT, Y90F, Y90E, and 

TE (Y62E, Y90E, Y165E) mutants (100ng). We incubated samples with Ni-NTA resin, washed the

resin, and eluted as described. Samples were immunoblotted and probed with αAHA1 antibodies and TIMP2 HSP90αAHA1 antibodies and TIMP2  antibody

and αAHA1 antibodies and TIMP2 TIMP2 antibody for pulldown and co-pulldown respectively. 

4.5.8 - Enzymatic Activity Assays 

To determine the binding constant Ki, different concentrations of an MMP-2 substrate 

fluorescence peptide (Dabcyl-GPLGMRGK(5FAM)-NH2) (1.66-13.32 µM) were titrated against 

active MMP-2 (62kDa MMP-2) in the presence of increasing concentrations of HEK-TIMP2, WT, 

Y90E, and Y90F, phospho-mutants (0-1.14 nM) proteins. 62kDa MMP-2 was diluted in TIMP2 

reconstitution buffer (50mM Tris pH 7.4, 2mM CaCl2, 150mM NaCl, 5µM ZnSO4 and 0.01% Brij-

35)  to 25ng/ml. 50µL of each sample was then added to the 96-well optical bottom plate and 

incubated for 15 minutes at room temperature. Fluorescent peptide was subsequently added to 

the plate at a volume of 50µL.  Km apparent values were determined for each of the inhibitor 

concentrations and using a rearrangement of the classic competitive inhibition formula, 

-1/Km(app) = -1/(Km (1 + [I]/KI)), Ki was produced for each individual TIMP-2 protein.

To determine the activity of purified TIMP2 protein, samples of 62kDa MMP2 were diluted to 

25ng/ml in TIMP2 reconstitution buffer (50mM Tris 7.4, 150mM NaCl, 5mM CaCl2, 0.05% Brij-35) 

with or without 10ng/ml of TIMP2 proteins, and added 1:1 with fluorescent substrate in fluorescent

buffer (50mM Tris 7.4, 150mM NaCl, 2mM CaCl2, 5µM Zinc Sulfate), to 96-well optical bottom 

plate. Fluorescent peptide (Dabcyl-GPLGMRGK(5FAM)-NH2) (in 50mM Tris 7.4, 150mM NaCl, 
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2mM CaCl2, 5µM ZnSO4) was diluted in DMSO to a concentration of 10mM. Further dilutions 

were made to 10µM in fluorescent peptide buffer (50mM Tris 7.4, 150mM NaCl, 2mM CaCl2, 5µM 

ZnSO4). 

All fluorometric analysis was performed at excitation of 485 and emission of 530nm. 

Fluorescence measurements were taken for 1 hour, at 5 minutes intervals. The initial velocities of 

the reaction were determined for each measurement. The rate of reaction was then plotted in 

relation to the amount of substrate and concentration of inhibitor. 

4.5.9 - Reverse Zymography 

Reverse gelatin zymography was performed to test TIMP2 inhibitory function towards MMP2.   

Equal amounts of bac-TIMP2 and HEK-TIMP2 purified proteins were run in 15% acrylamide gels 

containing 0.225% gelatin (Sigma) and 50 ng/ml recombinant proMMP2. The gels were incubated

for 2 hours at room temperature in zymogram renaturing buffer, 30 min at room temperature in 

zymogram developing buffer, and then transferred to fresh zymogram developing buffer for 

overnight incubation at 37˚C. Gels were stained and imaged as described in gelatin zymography. 

TIMP2 inhibitory activity was detected as dark positive staining bands over a clear background. 

Recombinant human TIMP2 (Abcam) was run alongside purified HEK-TIMP2-His6 mutants as a 

positive control.

4.5.10 - Quantification and Statistical analysis

All statistics were performed using GraphPad Prism version 7.00 for Windows, GraphPad 

Software, La Jolla California USA, www.graphpad.com. Statistical significance was garnered 

using a simple student’s t-test, multiple comparisons were ascertained using Holm-Sidak 

correction. Significance was denoted as asterisks in each figure: *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001. Error bars indicate the standard error of the mean (SEM). All band 

quantification was performed using ImageJ-2, as described (Rueden et al., 2017).
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Table 4 – Chapter 4 Key Resources and Reagents

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-rabbit TIMP2 Cell Signaling Cat #5738s
RID: AB_10694774

Anti-rabbit MMP2 Cell Signaling Technology Cat# 13132S

Anti-mouse MMP2 Millipore Cat# MAB3308
RRID: AB_2235453

Anti-mouse 6x-His epitope tag (HIS.H8) Thermo Scientific Cat# MA1-21315
RRID:AB_557403

Anti-rat HSP90 (16F1) Enzo Life Sciences Cat# ADI-SPA-835
RRID:AB_11181205

Anti-mouse secondary Santa Cruz Biotech Cat# sc-2005 
RRID:AB_631736

Anti-rabbit secondary Santa Cruz Biotech Cat# sc-2004 
RRID:AB_631746

Anti-rat secondary Santa Cruz Biotech Cat# sc-2006 
RRID:AB_1125219

Bacterial Strains 

BL21 RIPL-Codon Plus Fisherscientific NC9122855

Origami 2 DE3 EMDMillipore 71408

Chemicals, Peptides, and Recombinant Proteins

Fluorescent Substrate: Dabcyl-
GPLGMRGK(5FAM)-NH2

BioZyme Inc. Cat# PEPDAB011

MMP-2 (Active) Sigma-Aldrich SRP3118

Pro-MMP-2 Sigma-Aldrich PF023-5UG

TIMP2-His6 NCI, 
Dr W. Stetler-Stevenson

HSP90His6 In House

Critical Commercial Assays

Mirus TransIT-2020 MirusBio Cat# MIR5405

Bradford Assay Bio-Rad Cat# 5000205

Protein G agarose ThermoFisher Scientific Cat# 15-920-010

Ni-NTA Agarose ThermoFisher Scientific Cat# 88221

Total MMP-2 Quantikine ELISA Kit R&D Cat# MMP200
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Experimental Models: Mammalian and Murine Cell Lines

HEK293 ATCC Cat# CRL-1573

Recombinant DNA

pcDNA3-HSP90αAHA1 antibodies and TIMP2 -His6

pcDNA3-TIMP2-His6

pRSETA-HSP90αAHA1 antibodies and TIMP2 

pET-23b-ULP1

pET-23b His-SUMO-TIMP2

SOFTWARE and ALGORITHMS

GraphPad Prism 7.0 Graphpad 
Software

www.graphpad.com
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Chapter 5: General Discussion

Alexander J. Baker-Williams1,2,3 

1  Department of Urology, SUNY Upstate Medical University, Syracuse, NY 13210
2 Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University,  
Syracuse, NY 13210
3  Upstate Cancer Center, SUNY Upstate Medical University, Syracuse, NY 13210

This chapter serves as a general discussion and conclusion to the topics that have been 

discussed throughout this dissertation. 

175



5.1 - Thesis Highlights

In this thesis I have:

• Examined the interaction between molecular chaperone, HSP90αAHA1 antibodies and TIMP2 ; client, MMP2; and co-

chaperone, TIMP2; and have shown that (Chapter 2):

➢ TIMP2 is a stress inducible protein which is significantly up regulated in response to 

HSF1 transcriptional activation. 

➢ TIMP2 is a bona fide extracellular co-chaperone of HSP90αAHA1 antibodies and TIMP2 , decelerating the ATPase

activity of HSP90 and increasing the affinity of ATP towards HSP90αAHA1 antibodies and TIMP2 . 

➢ TIMP2 increases the affinity of HSP90αAHA1 antibodies and TIMP2  towards HSP90 ATPase inhibitor 

Biotinylated-Ganetespib (Bio-GB). 

➢ Depending on the order of interaction, TIMP2 can act as either a promoter or a 

disruptor of the interaction between HSP90αAHA1 antibodies and TIMP2  and its protease client, MMP2. Addition 

of TIMP2 to a preformed MMP2:HSP90 complex causes TIMP2 to individually bind 

the components. Addition of MMP2 to a preformed HSP90:TIMP2 complex promotes 

the formation of a ternary MMP2:HSP90:TIMP2 complex. 

➢ There is no effect on the inhibition of MMP2 in the presence of HSP90αAHA1 antibodies and TIMP2 , and that the 

HSP90:MMP2:TIMP2 complex is proteolytically inactive. 

• Determined the relationship between activatory HSP90 co-chaperone, AHA1, and TIMP2 

in regards to HSP90αAHA1 antibodies and TIMP2  chaperoning of client MMP2 (Chapter 3), showing that: 

➢ AHA1 is an extracellular protein that not only binds to eHSP90αAHA1 antibodies and TIMP2  but competes with 

TIMP2 for binding to eHSP90αAHA1 antibodies and TIMP2 . 

➢ AHA1 and TIMP2 compete for HSP90αAHA1 antibodies and TIMP2  binding in vitro and are able to form 

independent ternary complexes with HSP90 and protease client, MMP2. 

➢ TIMP2 and AHA1 form a molecular switch in vitro which can tune the ternary 

HSP90:MMP2:co-chaperone complex from proteolytically inhibitory (TIMP2 bound) to

proteolytically active (AHA1 bound), in a concentration dependent manner. 
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➢ TIMP2 and AHA1 further compete for eHSP90αAHA1 antibodies and TIMP2  binding in vivo, regulating client, 

MMP2, binding and activity. 

➢ The addition of anti-AHA1 and anti-TIMP2 antibodies is effective in tuning the 

gelatinolytic activity of MMP2 in vivo.

• Identified and utilized a novel strategy for purification of recombinant TIMP2 WT and 

phospho-protein from bacteria without complex refolding strategies (Chapter 4), showing 

that:

➢ TIMP2 can be expressed both soluble and folded in a pET-SUMO expression vector 

using Origami DE3 bacterial cells. 

➢ ULP1 can cleave His-SUMO-TIMP2 in non-reducing conditions to yield folded and 

active TIMP2 protein.

➢ TIMP2 phospho-mutant proteins can be purified in our developed system in a similar 

manner to the WT. 

➢ TIMP2 Y-phosphorylation decreases the binding of TIMP2 to HSP90αAHA1 antibodies and TIMP2  in vitro and in 

vivo. 
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5.2 - TIMP2 transcriptional regulation 

The expression of TIMP2 has been shown to be a key regulatory factor in the progression

of cancer pathology, including angiogenesis, migration, and metastasis (Remillard et al., 2014). 

Aside from its inhibitory role on MMPs, TIMP2 is a potent signaling molecule which has been 

shown to regulate cancer cell signaling. Indeed, TIMP2 has been shown to regulate αAHA1 antibodies and TIMP2 3β1 integrin 

and IGF-1R signaling, as well as, regulating the expression levels of phospho-FAK/ phospho-AKT

and E-cadherin/β-catenin (Bourboulia et al., 2011, 2013; Fernandez et al., 2010; Gonçalves et al.,

2015; Seo et al., 2003a, 2006b). 

The transcriptional regulation of TIMP2 has been shown to be dependent upon a 

(Hypoxia Induced Factor) HIF-1αAHA1 antibodies and TIMP2 /miR-210/HIF-3αAHA1 antibodies and TIMP2  regulatory circuit, in which hypoxia induces a 

reduction in TIMP2 expression (Kai et al., 2016). Negative regulation of TIMP2 was achieved as a

result of HIF-1αAHA1 antibodies and TIMP2  and an upregulation of miR-210 which inhibited HIF3αAHA1 antibodies and TIMP2 . HIF-3αAHA1 antibodies and TIMP2  had been 

previously shown to form an inactive complex with HIF-1αAHA1 antibodies and TIMP2  (Maynard et al., 2005), so the inhibition

of HIF-3αAHA1 antibodies and TIMP2  led to a displacement from and activation of HIF-1αAHA1 antibodies and TIMP2  (Kai et al., 2016). 

Our data, however, indicates that TIMP2 is a stress inducible gene, which is 

predominantly controlled in a HSF1 dependent manner. Indeed, TIMP2 was shown to be 

increased following heat shock as well as the application of stressors, including cadmium and 

celastrol. TIMP2 was further shown to be activated in HSF1 (-/-) cells following the application of 

stressors. 

These two findings, therefore, are seemingly contradictory. However, it is possible that 

they form part of a greater regulatory system. It has been shown that HSF1 regulates the levels of

HIF-1αAHA1 antibodies and TIMP2  through HSF1 controlled transcription of Human antigen R (HuR). HuR has been shown 

to maintain the levels of HIF-1αAHA1 antibodies and TIMP2  (Dai, 2018; Gabai et al., 2012). It is plausible, therefore, that the 

HSF1 dependent upregulation of TIMP2 also increases HuR activity and, therefore, HIF-1αAHA1 antibodies and TIMP2  

activity. This in turn leads to a feedback control of TIMP2 expression by HIF-1αAHA1 antibodies and TIMP2 . Understanding 
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how HIF-1αAHA1 antibodies and TIMP2  and HSF1 can control TIMP2 expression in relation to each other will help elucidate 

how the cell controls TIMP2 expression in pathologies such as cancer. 

5.3 - Extracellular Co-chaperone machinery

Intracellularly, a consensus has been established on how HSP90 regulates its clients and

performs its chaperoning activities. Indeed, through interactions with co-chaperones and ATP the 

structural conformations of HSP90 are modulated and HSP90 is able to bind and regulate its 

client proteins. However, how HSP90 performs this chaperoning function outside the cell has 

remained enigmatic (Schopf et al., 2017). 

Previous works had elucidated proposed HSP90 roles as a signaling molecule, facilitating

LRP1 dependent signaling without both ATPase function and homo-dimerization (Cheng et al., 

2008). Indeed, the production of HSP90 fragment, F-5, neither homodimerizes or has ATPase 

activity has shown significant ability to promote wound healing and has entered clinical trials as a 

therapeutic for diabetic wound healing (Bhatia et al., 2016). Outside of its signaling role, it has 

been postulated that HSP90 plays a more traditional chaperone role in the extracellular space. 

Indeed, it has been shown that HSP90 chaperones both MMP2 and fibronectin (A. Chakraborty et

al., 2020; X. Song et al., 2010). The method by which it can perform this in the absence of both 

co-chaperones and ATP, two significant factors which HSP90 requires to perform its chaperoning 

function was previously enigmatic. 

Our work describes, for the first time, a co-chaperoning system which promotes 

eHSP90’s chaperone function. We have identified a novel, dedicated, extracellular co-chaperone 

of eHSP90 which decelerates the ATPase cycle of HSP90, TIMP2. TIMP2, as a co-chaperone, 

acts as both a scaffold and an inhibitor of eHSP90 client, MMP2. Further, the activatory co-

chaperone AHA1 is secreted to the extracellular space where it associates similarly with HSP90 

and its client, MMP2, and promotes an active MMP2 in the complex. This system acts as a 

molecular switch which fine tunes the activity of MMP2 in vitro and in vivo, as described in Figure

3.7A. We further showed that both the addition of exogenous TIMP2 and αAHA1 antibodies and TIMP2 AHA1 antibodies have 

the potential to decrease the gelatinolytic activity of cell conditioned media. The addition of 
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αAHA1 antibodies and TIMP2 AHA1 antibody in particular showed distinct cancer specificity, the ability to modulate 

gelatinolytic activity was only seen significantly within the HT1080 fibrosarcoma cancer cells and 

not the HEK293 normal cell control. Further experimentation on both different cell lines and 

cancer types is needed to confirm that this cancer specific activity is ubiquitous. As the activity of 

gelatinases are a key component in remodeling of the basement membrane, it is possible that 

this could provide a new direction in the prevention of cancer metastasis. 

This thesis has described how one necessary component of the chaperoning machinery, 

co-chaperones, are able to support extracellular HSP90 chaperoning. However, HSP90 is an 

ATPase dependent chaperone, without an extracellular source of ATP it cannot perform its 

traditional chaperoning function. Despite common belief to the contrary, the extracellular space is 

not without a source of ATP. Indeed, decades of research support both the secretion and roles 

that extracellular ATP has - particularly within immune system signaling (Di Virgilio et al., 2018). 

However, the extracellular concentration of ATP is reported ubiquitously to be in the nM range – a 

magnitude below the μM levels.  M concentrations necessary for HSP90 ATPase. HSP90 could, therefore, 

be interacting with its clients in an ATP independent manner, with HSP90 being client accessible 

in its apo-conformation. Although it is possible that eHSP90 could be binding its clients in an ATP 

independent manner, the formation of co-chaperone/chaperone interactions makes this less 

likely. Indeed, AHA1 has been shown to bind in a ATP supported manner, preferentially binding to 

the closed conformation of HSP90 (Krukenberg et al., 2011). Yet we find this 

co-chaperone/chaperone interaction in the extracellular environment. Our data provides an 

insights into how this could be occurring. We determined that affinity of HSP90 towards ATP is 

modulated in the presence of TIMP2, indeed, it is shown that a 5-fold increase in affinity is 

witnessed following TIMP2 pre-incubation. Whether this is a direct conformational change as a 

result of TIMP2 binding, or as a result of a change in the ΔG.  We, however, need to perform rigorous studies into this G of the reaction is uncertain. In cells 

though, this could provide the support that is required to support lower ATP concentration ATPase

of HSP90. Further, it has been shown that in pathologies such as cancer, and during stress, ATP 

concentrations in the extracellular space are greatly increased up to 1000 fold (Mimoto et al., 
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2020). This increased ATP concentration could further support the need for increased HSP90 

client (MMP2) chaperoning during stress and in cancer. If true, this could provide a further 

therapeutic option for the management of pathologies such as cancer, whereas, modulating the 

release of ATP from cells through the blockage of ATP release channels or treatment with 

competitive ATPases could disrupt the extracellular chaperoning of MMP2 and lead to MMP2 

autolysis. 

Although both ATP and co-chaperones are critical in the regulation of the HSP90 

chaperone machinery, it has been further shown that the post-translational modification of HSP90

and, indeed, its co-chaperones are important factors too (Backe et al., 2020). AHA1, which we 

have identified extracellularly, has been shown intracellularly to be be phosphorylated at Tyr-223 

(Dunn et al., 2015). This phosphorylation is key in the regulation of both HSP90 ATPase 

modulation and AHA1 binding to HSP90. c-Abl pharmaceutical inhibition was shown to further 

sensitize cancer cells to HSP90 inhibitors. We have also identified TIMP2 as a phospho-protein. 

Indeed, e-Src has been shown to phosphorylate TIMP2 at Y62, Y90, and Y165 (Sánchez-Pozo et

al., 2018). Phos-Y90 in particular has been shown to regulate the inhibition of MMP2 and promote

the interaction between MMP2 and TIMP2 in vivo. We have further shown that the interaction 

between TIMP2 and HSP90 is negatively regulated both in vitro and in vivo through the Tyr-

phosphorylation of TIMP2. It is interesting to postulate how phosphorylation of both AHA1 and 

TIMP2 modulate the molecular switch we have identified. It would be beneficial to understand 

whether phosphorylation of AHA1 can occur extracellularly or whether phosphorylated AHA1 is 

found extracellularly. Further, whether these phospho-proteins can form the HSP90:MMP2:co-

chaperone ternary complexes. Finally, whether fine tuning or disrupting the extracellular kinase 

machinery can perturb the chaperone:client relationship or be used to promote an inhibited 

MMP2. 

5.4 - Purification of TIMP2 in E. Coli

TIMP2 is key regulator of the extracellular environment. Indeed, it has been shown to 

both regulate the activation and inhibition of matrix protease, MMP2 (Butler et al., 1998; Strongin 
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et al., 1993). We have further identified that TIMP2 plays an important role in the chaperoning of 

HSP90 clients through its role as the first bone fide co-chaperone of eHSP90. Its been shown that

TIMP2 plays an important signaling role in the extracellular space, shown to regulate αAHA1 antibodies and TIMP2 3β1 

integrin dependent pathways and IGF1R, each of which has been shown to regulate 

angiogenesis and tumor growth through downstream receptor activation (Fernandez et al., 2010; 

S. H. Kim et al., 2012; Seo et al., 2003b). 

The therapeutic potential for TIMP2 is well documented. However, the accessibility of 

protein due to its complex arrangement of 6 disulfide bonds has hampered the cost effective 

production of protein to be used as a therapeutic. Here we show for the first time a scale-able 

cost effective method for TIMP2 purification in E. coli which can produce folded and active TIMP2.

We have shown that a combination of the His-SUMO- protein purification tag, and a perturbation 

of the reducing environment of the E. coli cytosol in Origami 2 DE3 cells is sufficient to produce 

soluble and folded His-SUMO-TIMP2 protein. 

We have further shown that the cleavage of the His-SUMO tag from His-SUMO-TIMP2 

can be achieved by ULP1 protease in a low reducing environment so not disrupt the complex 

formation of the disulfide bonds of TIMP2. However, even in a minimally reducing environment 

TIMP2 folding is disrupted significantly. Although we can remove the misfolded proteins created 

by this process through subsequent buffer exchanges into a minimally supportive and low salt 

environment, it is prudent to find a non-reducing alternative to replace the need for ULP1 

protease. Efforts to do this in the past, however, have been hampered by studies which have 

shown that a serine (non-reducing) residue substitution in place of the central cysteine results in 

an inactive ULP1 protease (S.-J. Li & Hochstrasser, 1999). 

The method we have outlined has been shown to produce both an active WT TIMP2 as 

well as phospho-mutant 90E, 90F, and triple E (TE) [Y62E, Y90E, Y165E]. Recently, it has been 

shown that other methods have had success in folding less complex disulfide arrangements such 

as scFv single chain antibody fragment through the CyDisCo system (Gąciarz & Ruddock, 

2017). An upgrade on Origami 2 DE3 cells. These cellular systems express disulfide bond 
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forming co-factors such as protein disulfide isomerase (PDI) that aid in the formation of disulfide 

bonds (Gaciarz et al., 2016; Guerrero Montero et al., 2019). This would, indeed, be a valuable 

addition to the purification system for TIMP2. The complex arrangement of both consecutive and 

non-consecutive bonds in TIMP2 would suggest that the His-SUMO- tag is also required, 

enabling secondary structures and disulfides to correctly align and stabilize the protein. As 

addition of reducing agent is able to completely disrupt the structures of TIMP2 so as the 

removing of reducing agent doesn’t reform correct disulfides, extensive chaperoning of this 

folding is required. Furthermore, we can infer that our His-SUMO- and non-reducing conditions 

combination may also aid in the folding of other complex disulfide bonded proteins such as tissue 

plasminogen activator (tPA) which was shown to yield 0% protein in normal E.coli (Berkmen, 

2012). 
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Appendices 

Appendix I: ULP Purification

Purification was performed from 1L LB growth:

His-ULP pET 28b was expressed in BL21 RIPL e-coli cells. Transformed cells were cultured in 

Luria-Broth (LB) at 37oC to an OD600 of 0.4-0.8. Cells were subsequently induced with 1mM IPTG 

and cultured for 16 hours at 16oC. Cells were subsequently centrifuged at 4000RPM for 30mins at

4oC. Pellets were subsequently frozen at -80oC. 

Buffers (pH 7.4-7.5)

Ni A 10x - 5mM Benzamidine,100 mM Imidazole, 500 mM Tris Hcl, 3M NaCl

Ni A - (pH 7.4) Ni A 10x, 100mM Arginine, 100mM Glutamate, 10% Glycerol, 

1mM β-Mercaptoethanol

Ni B - (pH 7.4) Ni A 1:4 dilution with imidazole 2M i.e. 400ml NiA to 100ml 

Imidazole

SEC Buffer - (pH 7.4) Ni A 10x, 100mM Arginine, 100mM Glutamate, 10% Glycerol, 

1mM β-Mercaptoethanol (DEGASSED)

Pre-Column

1. Resuspend pellet in 50 mL Buffer A pH 7.4 (swirl, do not shake) 

• Store in 50 mL conical at -80C if needed

2. Volume up to a total of 150 mL with Buffer A in 250 mL beaker

• Add Roche Protease Inhibitor cocktail, lysozyme (100mg), DNAse I (10mg)

3. Sonicate for 25min using pulse program 2 sec ON and 8 sec OFF

• Keep on ice, avoid bubbles

4. Aliquot equally into 4 Beckman-compatible tubes (  土 0.02g difference max)

5. Ultra-centrifuge at 15000RPM in JA-20 rotor for 30mins at 4oC.

6. Collect supernatant

ALL SUBSEQUENT PURIFICATIONS WERE PERFORMED USING BIORAD NGC QUEST 10

FPLC SYSTEM
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Column #1 – His Column (BioRad 2x IMAC Ni-NTA Resin)

1. Ensure columns have been cleaned/primed (see maintenance)

• wash each line (Sample, System A, System B) with water

• wash sample and system A with buffer A, System B with buffer B

• place sample line into SAMPLE

2. Run His HSP90αAHA1 antibodies and TIMP2  program (It includes column equilibration, sample loading, column wash

(Ni A), elution (Ni B))

3. Collect fractions

4. RUN SDS-PAGE of fractions from λ280nM peak

Column #2 – SEC Gel Filtration (Cytiva Superdex 75pg HiLoad 26/600 )

1. Pool fractions containing protein of interest

2. Concentrate protein using Amicon Ultra-15 concentration tubes to ~8mL

3. Ensure columns have been cleaned/primed (see maintenance)

1. wash each line (Sample and System) with water

2. wash sample and system with SEC BUFFER

4. Place sample line into SAMPLE, system line into SEC Buffer 

5. RUN S75 program (It includes: column equilibration, sample loading, & column wash)

6. Collect fractions

7. RUN SDS-PAGE of fractions for each peak 
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Appendix II: TIMP2 Purification

Purification was performed from 1L LB growth:

His-SUMO-TIMP2 (WT, 90E, 90F, TE) pET 23b was expressed in Origami DE3 e-coli cells. 

Transformed cells were cultured in Luria-Broth (LB) at 37oC to an OD600 of 0.4-0.8. Cells were 

subsequently induced with 1mM IPTG and cultured for 16 hours at 16oC. Cells were subsequently

centrifuged at 4000RPM for 30mins at 4oC. Pellets were subsequently frozen at -80oC. 

Buffers (pH 7.4-7.5)

Ni A 10x - 5mM Benzamidine,100 mM Imidazole, 500 mM Tris Hcl, 3M NaCl

Ni A - (pH 7.4) Ni A 10x, 100mM Arginine, 100mM Glutamate, 10% Glycerol

Ni B - (pH 7.4) Ni A 1:4 dilution with 2M imidazole i.e. 400ml NiA to 100ml 

Imidazole

SEC A - (pH 8.0) 50mM TRIS HCl, 100mM NaCl, Roche protease inhibitor 

cocktail

SEC B - (pH 8.0) 50mM TRIS HCl, 300mM NaCl, Roche protease inhibitor 

cocktail

Desalting - (pH 7.4) 50mM TRIS Hcl, 150mM NaCl 

Pre-Column

1. Resuspend pellet in 50 mL Buffer A pH 7.4 (swirl, do not shake) 

• Store in 50 mL conical at -80C if needed

2. Volume up to a total of 150 mL with Buffer A in 250 mL beaker

• Add Roche Protease Inhibitor cocktail, lysozyme (100mg), DNAse I (10mg)

3. Sonicate for 25min using pulse program 2 sec ON and 8 sec OFF

• Keep on ice, avoid bubbles

4. Aliquot equally into 4 Beckman-compatible tubes (  土 0.02g difference max)

5. Ultra-centrifuge at 15000RPM in JA-20 rotor for 30mins at 4oC.

6. Collect supernatant

ALL SUBSEQUENT PURIFICATIONS WERE PERFORMED USING BIORAD NGC QUEST 10

FPLC SYSTEM
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Column #1 – His Column (BioRad 2x IMAC Ni-NTA Resin)

1. Ensure columns have been cleaned/primed (see maintenance)

• wash each line (Sample, System A, System B) with water

• wash sample and system A with buffer A, System B with buffer B

• place sample line into SAMPLE

2. Run His HSP90αAHA1 antibodies and TIMP2  program (It includes column equilibration, sample loading, column wash

(Ni A), elution (Ni B))

3. Collect fractions

4. RUN SDS-PAGE of fractions from λ280nM peak

Protein Cleavage – His-SUMO-TIMP2 cleaved by ULP

1. Add purified ULP (Appendix I) 1:20 to elution fractions from Column #1

2. Place sample in cold box 4oC for 1 hour 

Column #2 – Desalting Column  (Cytiva HiPrep 26/10 G-25 Superdex)

1. Pool fractions containing protein of interest

2. Ensure columns have been cleaned/primed (see maintenance)

• wash each line (Sample & System A) with water

• wash sample and system A with NiA

• place sample line into SAMPLE

3. RUN Sequential desalting program (It includes: column equilibration, sample loading, 

column wash)

• place sample line into SAMPLE 15mL per run i.e. sample vol/15 = number of runs

4. Collect fractions 
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Column #3 – His Column (BioRad 2x IMAC Ni-NTA Resin)

1. Ensure columns have been cleaned/primed (see maintenance)

• wash each line (Sample, System A, System B) with water

• wash sample and system A with buffer A, System B with buffer B

• place sample line into SAMPLE

2. Run His HSP90αAHA1 antibodies and TIMP2  program (It includes column equilibration, sample loading, column wash

(Ni A), elution (Ni B))

3. Collect fractions *From the sample loading phase*

4. RUN SDS-PAGE of fractions from λ280nM peak

Column #4 – SEC Gel Filtration (Cytiva Superdex 200pg HiLoad 26/600 )

1. Pool fractions containing protein of interest

2. Concentrate protein using Amicon Ultra-15 concentration tubes to ~8mL

3. Ensure columns have been cleaned/primed (see maintenance)

1. wash each line (Sample and System) with water

2. wash sample and system with SEC A BUFFER

4. Place sample line into SAMPLE, system line into SEC A Buffer 

5. RUN S200 program (It includes: column equilibration, sample loading, & column wash)

6. Collect fractions

7. RUN SDS-PAGE of fractions for each peak 

Column #5 – SEC Gel Filtration (Cytiva Superdex 200pg HiLoad 26/600 )

1. Pool fractions containing protein of interest

2. Concentrate protein using Amicon Ultra-15 concentration tubes to ~1mL

3. Ensure columns have been cleaned/primed (see maintenance)

1. wash each line (Sample and System) with water

2. wash sample and system with SEC B BUFFER

4. Place sample line into SAMPLE, system line into SEC B Buffer 

5. RUN S200 program (It includes: column equilibration, sample loading, & column wash)

6. Collect fractions

7. RUN SDS-PAGE of fractions for each peak 
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Appendix III: HSP90 Purification

Purification was performed from 1L LB growth:

His-HSP90αAHA1 antibodies and TIMP2  prSETA was expressed in BL21 RIPL e-coli cells. Transformed cells were cultured in

Luria-Broth (LB) at 37oC to an OD600 of 0.4-0.8. Cells were subsequently induced with 1mM IPTG 

and cultured for 16 hours at 16oC. Cells were subsequently centrifuged at 4000RPM for 30mins at

4oC. Pellets were subsequently frozen at -80oC. 

Buffers (pH 7.4-7.5)

Ni A 10x - 5mM Benzamidine,100 mM Imidazole, 500 mM Tris Hcl, 3M NaCl

Ni A - (pH 7.4) Ni A 10x, 100mM Arginine, 100mM Glutamate, 10% Glycerol, 

20mM Sodium Molybdate, 0.1% CHAPS

Ni B - (pH 7.4) Ni A 1:4 dilution with imidazole 2M i.e. 400ml NiA to 100ml 

Imidazole

IEX A - (pH 7.4)20mM TRIS HCl, 10mM NaCl

IEX B - (pH 7.4) 20mM TRIS HCl, 1M NaCl

SEC Buffer - (pH 7.4) Ni A 10x, 100mM Arginine, 100mM Glutamate, 10% Glycerol, 

20mM Sodium Molybdate, 0.1% CHAPS (DEGASSED)

Pre-Column

1. Resuspend pellet in 50 mL Buffer A pH 7.4 (swirl, do not shake) 

• Store in 50 mL conical at -80C if needed

2. Volume up to a total of 150 mL with Buffer A in 250 mL beaker

• Add Roche Protease Inhibitor cocktail, lysozyme (100mg), DNAse I (10mg)

3. Sonicate for 25min using pulse program 2 sec ON and 8 sec OFF

• Keep on ice, avoid bubbles

4. Aliquot equally into 4 Beckman-compatible tubes (  土 0.02g difference max)

5. Ultra-centrifuge at 15000RPM in JA-20 rotor for 30mins at 4oC.

6. Collect supernatant

ALL SUBSEQUENT PURIFICATIONS WERE PERFORMED USING BIORAD NGC QUEST 10

FPLC SYSTEM
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Column #1 – His Column (BioRad 2x IMAC Ni-NTA Resin)

1. Ensure columns have been cleaned/primed (see maintenance)

• wash each line (Sample, System A, System B) with water

• wash sample and system A with buffer A, System B with buffer B

• place sample line into SAMPLE

2. Run His HSP90αAHA1 antibodies and TIMP2  program (It includes column equilibration, sample loading, column wash

(Ni A), elution (Ni B))

3. Collect fractions

4. RUN SDS-PAGE of fractions from λ280nM peak

Column #2 – Desalting Column  (Cytiva HiPrep 26/10 G-25 Superdex)

1. Pool fractions containing protein of interest

2. Ensure columns have been cleaned/primed (see maintenance)

• wash each line (Sample & System A) with water

• wash sample and system A with IEX A

• place sample line into SAMPLE

3. RUN Sequential desalting program (It includes: column equilibration, sample loading, 

column wash)

• place sample line into SAMPLE 15mL per run i.e. sample vol/15 = number of runs

4. Collect fractions 

Column #3 – Anion Exchange (BioRad Enrich Q 10x100) 

1. Pool fractions containing protein of interest

2. Ensure columns have been cleaned/primed (see maintenance)

◦ wash each line (Sample, System A, and System B) with water

◦ wash sample and system A with IEX A, System B with IEX B

◦ place sample line into SAMPLE

3. RUN anion exchange program (It includes column equilibration, sample loading, column 

wash (IEX A), elution (IEX B))

4. Collect fractions

5. RUN SDS-PAGE of fractions for each peak (there is a fingerprint region)
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Column #4 – SEC Gel Filtration (Cytiva Superdex 200pg HiLoad 26/600 )

1. Pool fractions containing protein of interest

2. Concentrate protein using Amicon Ultra-15 concentration tubes to ~8mL

3. Ensure columns have been cleaned/primed (see maintenance)

1. wash each line (Sample and System) with water

2. wash sample and system with SEC BUFFER

4. Place sample line into SAMPLE, system line into SEC Buffer 

5. RUN S200 program (It includes: column equilibration, sample loading, & column wash)

6. Collect fractions

7. RUN SDS-PAGE of fractions for each peak 
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