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ABSTRACT

sHSPs maintain partially denaturing substratessalable sHSP-substrate
complex. The heterogeneous interaction between std8& substrate within the complex
has prevented a detailed study of the mechanisshi8P substrate protection. Here,
purified SHSPs and heat sensitive substrates vese to investigate the mechanism of
SHSP chaperone action. Results presented providénseghts into how sHSPs
recognize substrates, the architecture of the sgihBtrate complex and factors
contributing to chaperone efficiency.

Direct evidence defining the role of the SHSP Nwvii@al arm and-crystallin
domain in sSHSP-substrate interactions is limiteghh&toactivatable probe was site-
specifically incorporated into PsHsp18.1, and citodsng to substrate in sSHSP-substrate
complexes was quantified. The structurally flexiNleerminal arm of PsHsp18.1 makes
strong contacts with both substrates tested, howdifferences in interaction were seen
in the conserved-crystallin domain. Regions on the sHSP showingsthengest cross-
links to substrates are buried within the dodecaswgyporting the model that the sHSP
oligomer undergoes rearrangement or dissociatimm for substrate interactions.

The arrangement of SHSPs and substrates whithicotmglex is poorly defined.
Limited proteolysis and chemical modification wasnbined with mass spectrometry to
probe the sHSP-substrate complex using multiplePdHand substrates. This analysis
reveals that a similar partially-denatured fornsobstrate is protected in the complex

irrespective of SHSP identity. Further, sSHSP m¢bmplex is protected from proteolysis
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for a longer time compared to free sSHSP. Thesesiajgest that SHSPs and substrate are
distributed both internally and on the peripheryred sHSP-substrate complex.

Exact properties of the sHSP N-terminal arm contiily to protection are poorly
defined. A molecular dynamics (MD) study was deswjto test the hypothesis that the
N-terminal arm could assume multiple conformatitra can readily interact with
denaturing substrates. Preliminary data suggesathacreased temperatures amino
acids in the N-terminal arm form specific clustetsich could act as substrate interaction
sites. MD simulations, mutagenesis and alteringkthetics of substrate aggregation
suggest that the conformational space occupietidoNtterminal arm at increased
temperatures, along with flexibility and rate obstrate aggregation contribute to

differences in chaperone efficiency.
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CHAPTER ONE: INTRODUCTION

Protein aggregation resulting from stress and ds@ases a major threat to all
cells. A cellular protein quality control networkrtsisting of chaperones and proteases
regulates damage caused by protein aggregategékibeal., 2008). Apart from
assisting folding of newly synthesized polypeptideaperones also function in
maintaining the proper conformation of proteingichanging cellular environment.
Although native proteins are conformationally afl@bal energy minimum, they are
rarely static. Rather, proteins are continuousbeasing multiple conformations that are
required for their biological activity. Thereforeyen native proteins are susceptible to
aggregation during these conformational transitissch along with environmental
variations in temperature or redox status, causeis to expose buried hydrophobic
surfaces (Englander et al., 2007). In the crowdsidlar environment these hydrophobic
surfaces can readily interact causing protein agdren and threatening cell viability.

Key chaperones in the protein quality control neknaclude ATP-dependent
Hsp70 (DnaK), Hsp60 (GroEL), Hsp90 (Htp G), Hsp1G#pB), and the ATP-
independent small heat shock proteins (SHSPs). H3$15p90 and Hsp60 family
members are involved in protein folding (Young let2004). Hsp104 proteins are
documented to act as protein disaggregases, digsacliarge insoluble aggregates for
subsequent refolding in cooperation with Hsp70 (Kegal., 2008). In contrast to the
ATP-dependent chaperones, the ATP-independent sii@P%on as “holdases” during

cell stress, by binding and holding partially-demat proteins in a folding-competent
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state (van Montfort et al., 2001a; Haslbeck et28lQ5a). In this capacity sHSPs buffer
the cell against stress by preventing irrevergoptdein aggregation and providing a
reservoir of substrates for ATP-dependent chapsrtmact on when stress is mitigated.
SHSPs and the relatedcrystallins are found in almost every organisnmhwite
exception of some pathogenic bacteria (de Jonb, €t%98; Kappe et al., 2002). Most
higher order organisms have multiple genes encaostt®Ps, with 19 in the model plant
Arabidopsis thaliangSiddique et al., 2008) and 10 genes in humaran@kret al.,
2004). In addition to increased levels of exprassioring high temperature stress, sHSPs
are induced by other stresses such as oxidatessstneavy metals, ischemic injury and
they are constitutive components of certain tissn@sany different organisms (de Jong
et al., 1998). Apart from their role as moleculaaperones specific SHSPs are reported
to have additional functions that include maintagncytoskeletal integrity by binding to
structural proteins such as desmin and cytoplaawgtia (Singh et al., 2007), helping
stabilize lipid membranes (Balogi et al., 2008)j anotecting against
ischemia/reperfusion—induced and programmed cathd@ollander et al., 2004; Liu et
al., 2004). Expression and/or mutation of specHSPs are linked to cancer (Lanneau et
al., 2007), neurodegenerative diseases (Mao €Qf)1a; Rekas et al., 2004), myopathies
(Chavez Zobel et al., 2003), and cataract (Mackay.2003). Furthermore, sHSPs have
been suggested to have therapeutic potential fgpaophic lateral sclerosis (Sharp et
al., 2008) and multiple sclerosis (Holmoy and Valt@007), and to positively affect
longevity in model organisms (Olsen et al., 20@®fining the mechanism of SHSP

chaperone action, therefore, has wide-ranging mapbns for understanding cellular
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stress and disease processes. Experiments pregettieddissertation were designed to

address basic questions concerning how sHSPs rieeogymd bind denaturing substrates.

SHSP structure

sHSPs and the structurally related vertebratdeng -crystallins are defined by
a signature motif, core-crystallin domain (ACD) of ~90 amino acids (Fig A,Xed).
The structurally conserved-crystallin domain is flanked by a short C-terminal
extension with an additional C-terminal tail in sssHSPs (Fig. 1.1, blue), and an N-
terminal arm of variable length and divergent segeqFig. 1.1A, green) (van Montfort
et al., 2001a; Haslbeck et al., 2005a; Sun and MacR005). While the monomeric
molecular mass of sHSPs ranges from ~12-42 kDatableofeature of this chaperone
protein family is that most are organized into &aajigomeric structures. In their native
state, the majority of SHSP oligomers range frontidl232 subunits.

X-ray crystal structures are available for two ohgeric SHSPs. The 24-subunit
MjHsp16.5 from the archaeoklethanococcus jannaschghows a hollow, ball-like
structure (Kim et al., 1998), while the 12-subuép16.9 from wheat, TaHsp16.9, is
donut-shaped consisting of two hexameric douldksdheld together by an intricate
network of intersubunit contacts. The TaHsp16.@mdsy is 95 A wide and 55 A high

with a 25 A wide hole in the center (Fig. 1.1C)rf\ontfort et al., 2001b). The
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Figure 1.1. sHSP structural features.

sHSP domains are highlighted in the three availatdenic structures. A) Ribbon
diagrams of monomers of TaHsp16.9 (PDB:1GME) (vamtibrt et al., 2001b) and
MjHsp16.5 (PDB:1SHS) (Kim et al., 1998) and TspB®B:2BOL). N and C-terminal
regions are labeled. B) Domain organization of ssilSBhown colored according to the
monomer. Green: N-terminal arm; red:ACD; blue: @ri@al extension. Tsp36 contains
two ACDs with a short repeat sequence prior to €4Cb (pink) and linker region
between ACD1 and 2 (cyan) (Stamler et al., 20@5) sHSP oligomers. Left: TaHsp16.9
dodecamer; Middle: MjHsp16.5 24-mer and Right: ®BgdBner. Each subunit in each

oligomer is represented with a unique color.
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ACD comprises a-sheet sandwich with an immunoglobulin-like folddaopology
identical to the Hsp90 co-chaperone p23. Althoulgh sequence identity between
MjHsp16.5 and TaHsp16.9 is only 23%, structurdtly ACD is very similar with a root
mean square deviation of 1.5 A when the 90 residfiise ACD are superimposed (van
Montfort et al., 2001b).

TaHsp16.9 and MjHsp16.5 oligomeric structures arméd from dimeric
building blocks (van Montfort et al., 2001b; Kimadt, 1998) with an identical dimer
interface shared by both proteins. The dimer ism$s$ed via strand exchange between
a-crystallin domains, specifically betweb@ of one monomer and a periphdvadtrand,
b6, in the extended loop betweleh andb7 of the other monomer (Fig 1.2). Although the
dimer interface consists solely of contacts madaiwithe structurally conserved ACD,
both N-and C-termini play a crucial role in assemipthe sHSP oligomer.

None of the 24 N-terminal arms was resolved inMijldsp16.5 atomic structure
and only six of the 12 N-terminal arms were resdliethe TaHsp16.9 atomic structure,
indicating a high degree of flexibility in this neg. The six resolved N-terminal arms of
TaHsp16.9 are involved in oligomeric contacts. Theyassembled into “knot-like”
structures formed by the2 helix of a dimer from the top disk contactingahhelix
from the bottom disk to stabilize the oligomer (Eig) (van Montfort et al, 2001b). In
contrast, truncation of the MjHsp 16.5 N-terminahahowed that this region is not
necessary for oligomer formation (Koteiche et2002). Cryo-EM reconstructions of the

MjHsp16.5 oligomer
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Figure 1.2. Ribbon model of the TaHsp16.9 dimer andligomer.

Left: The TaHsp16.9 dimer is shown with one monoowored in cyan and the N-
terminal arm of the other colored in green, ACDad and C-terminal extension in blue.
The dimer interface formed by strand exchange bataecrystallin domains is circled,
and theb6 (red) and?2 (cyan) strands involved are marked. Middle anfl: Oéhe
TaHsp16.9 oligomer is shown with the N-terminal awiored in either cyan or green,
ACD in red and C-terminal extension in blue forteaabunit. The dodecamer consists of
two hexameric double-disks held together by a n&kwbintersubunit contacts. The
assembly is 95 A wide and 55 A high with a 25 A evitble in the center. The middle
view is looking down the crystallographic threedf@ixis and the right view is the
oligomer rotated 90 Three of the six N-terminal arms are colored inrclgaghlighting

the “knot-like” structure stabilizing the oligom@alack circles). A conserved IXI motif
in the C-terminal extension contributes to oligoiretion by “patching” a hydrophobic
groove created blg4 andb8 strand edges of tlee-crystallin domain (black ovals) (van

Montfort et al., 2001b).
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reveal density in the center of the hollow, “batkel’ structure (Haley et al., 2000), and
more recently cryo electron microscopy (cryo-EM»sveambined with site-directed spin
labeling to indicate that the internal density fdun the cryo-EM structures is from the
24 N-terminal arms (Koteiche et al., 2005). Appdserstructural differences exist
between the N-terminal arm of MjHsp16.5 and TaHsp1B contrast, both structures
are stabilized by the C-terminal IXI motif (Pastak, 2004)which patches a
hydrophobic groove created by thé andb8 strand edges of the ACD (Fig. 1.2) (van
Montfort et al., 2001b; Kim et al., 1998).

A third crystal structure of a metazoan sHSP, Tsp&€es the rule of forming
large oligomers. Tsp36 assembles into tetramersrumddizing conditions and dimers
under reduced conditions (Fig. 1.1)(Stamler et28105; Kappe et al., 2004). Apart from
not forming higher-order oligomeric structures, 38ps unique in that the protein has
two ACDs, a characteristic common to other pamafigitworms, and lacks a C-terminal
extension (Stamler et al., 2005). Recently, a oftosHSP fromArabidopsis thaliana
AtHsp18.5, was characterized to be a dimaiitro (Basha et al, unpublished). In the
absence oih vivo structural information it is difficult to detern@rthe biologically-
relevant form of AtHsp18.5. However, Tsp36 and AilH3.5 indicate that exceptions to
the large oligomeric SHSP structures exist.

Compared to the oligomeric SHSPs discussed ab®p86Thas a unique dimer
interface consisting of N-terminal arms (Stamlealet2005). A segment of the N-
terminal arm associates with the edges of ACD1jmiscent of the role of hydrophobic

“patching” by the C-terminal extension of the twi@omeric structures. A notable
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feature of the Tsp36 atomic structure is that bétierminal arms are well resolved, most
likely because they are stabilized by the dimezriace.

In contrast to the two defined oligomers of TaH&Pland MjHsp16.5, cryo-EM
of yeast Hsp26 reveals a 24-subunit oligomer of dvgtinct forms resulting from
flexible hinge regions between domains (White et2006). Electron microscopy (EM)
images of -crystallin indicate that it forms polydispersegaimeric assemblies of 25-50
subunits per complex (Haley et al., 1998). Furthexpmbination of nanoelectrospray
MS and EM image analysis Mycobacterium tuberculosidsp16.3 shows multiple
dodecameric assemblies consisting of dimeric gidilocks (Kennaway et al., 2005).

Although a high resolution structure ofcrystallin is not available, EPR spin
labeling (Koteiche and Mchaourab, 1999) and modedtudies with Rosetta using
distance restraints from spin labeling (Alexandeale 2008) confirm that the core ACD
of mammalian sHSPs amdA-crystallin forms a-sandwich similar to the ACD seen in
the high resolution structures. However the nunalper length ob strands in tha-
crystallin domain of the mammalian proteins is omipletely clear from these data
(Jehle et al., 2008).

a-crystallin is predicted to have a novel dimer ifaee which differs from those

seen in either of the three crystal structures.diheer interface seen in the two crystal
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Figure 1.3. Sequence alignment of diverse sHSPs iadting potential substrate

binding sites.

Sequences arkriticum aestivunfwheat) TaHsp16.9 (S21560 with one amino acid
correction T7S)Pisum sativunipea) PsHsp18.1 (P19243 with one amino acid ctorec
P37L),Homo sapienghuman)aA-crystallin (Hsa-A, P02489) Homo sapienaB-
crystallin (H®-B, P02511)Arabidopsis thalianatHsp21 (P31170)Mycobacterium
tuberculosigMtHsp16.3 (P31170)Methanococcus jannaschiMjHspl16.5 (Q57733).
Sequences were aligned using ClustalW. Secondargtiste based on TaHsp16.9 (SEC.
16.9, PDB:1GME) (van Montfort et al., 2001a) ardieated above the alignment and
those of MjHsp16.5 (SEC. 16.5, PDB:1SHS) (Kim et B998) are below the alignment.
Arrows delimit thea-crystallin domain. Boxed in red in the TaHspl6§wsence is one
edge of the -sandwich, which is “patched” by the IXI motif ihg C-terminal extension
(boxed in blue)(van Montfort et al., 2001a). Boxedreen are the interaction sites
formed when the N-terminal arm folds back to cohitscown ACD. Potential substrate
binding regions identified with bis-ANS are undedd in pink within the corresponding
protein sequence and are as follows: PsHspl18.duesil-11 and 75-93 (Lee et al.,
1997);aB-crystallin residues 73-82 and 93-103 (Sharmd. e1898b);aA-crystallin
residues 50-54 and 79-99 (Sharma et al., 1998)splt6.3 residues 2-32 and 55-84 (Fu
and Chang, 2006). 1,5-AZNS binding regioraiB-crystallin is underlined in cyan
(Sharma et al., 1998b). ADH and mellitin (2.8 kBalfophobic polypeptide) binding

sites identified by chemical cross-linking are utided in blue (Sharma et al., 1997,
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Sharma et al., 2000). AtHsp21 lysines found in jolestcross-linked to CS are indicated

with asterisks (Ahrman et al., 2007).
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structures is not conserved in mammahaarystallins, because the extended loop
containing thé6 strand is missing in these proteins (Fig. 1.BREBpin labeling studies
of the of full lengthaA-crystallins (Berengian et al., 1999) and an NM&ly combining
data from a solid and solution state analysiswidatedaB-crystallins reveal that in the
absence of a loop structure a novel dimerizatiteriace is formed bi6 + 7 strand
(Jehle et al., 2008). However, further analysigauired to establish the orientation of

thea-crystallin domains in the context obé + 7 strand dimer interface.

SHSP chaperone function

SHSP activation

sHSPs have an unusually high capacity to bind dirfglproteins and facilitate
subsequent substrate refolding by ATP-dependemtecbae systems (Lee et al., 1997;
Mogk et al., 2003). Similar to ATP-dependent chapes, sHSPs also have a high and
low affinity substrate binding state. However, kalthe ATP-dependent chaperones,
whose substrate affinity is regulated by nucleoboheling, SHSPs undergo stress-
dependent structural changes resulting in the affyhity substrate binding form
(Haslbeck et al., 2005a). These structural chaegpsse normally sequestered
hydrophobic residues/surfaces, which can thenantevith hydrophobic surfaces of

denaturing proteins.
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The phenomenon of heat-induced structural changssiecumented quite early
on for thea-crystallins (Spector and Zorn, 1967), even befoweas determined that
these proteins can function in protecting agaiesttnduced aggregation and
insolubilization (Horwitz, 1992). Once heat acte@t certain sHSPs have been shown to
remain active for short periods of tinfgaccharomyces cerevisibsp26 (Franzmann et
al., 2008) Mycobacterium tuberculosidsp16.3 (Mao et al., 2001b) and tBecoli $Hsp
IbpB (Jiao et al., 2008) remain active upto a feiwutes at room temperature depending
on the sHSP. This indicates that although the teatpe=-induced structural changes are
reversible, they can persist in the absence otdsteessin vivo this may prolong
substrate binding, allowing sHSPs to function lartgemaintain the cellular environment
free of aggregates.

Subunit exchange (SX) is another well-documentpeesf SHSP dynamics,
and it is predicted to contribute to efficient chegne function (van den Oetelaar et al.,
1990; Bova et al., 2002; Sobott et al., 2002). $&ues between sHSP oligomers and
between closely related sHSPs to form heterooligmneemplexes (Friedrich et al.,
2004). Surface plasmon analysis (SPR) usiBecrystallin show that the rate of subunit
association and dissociation increases with ineitésmperature indicating that complex
assembly is highly dynamic at elevated temperat{lieset al., 2006). Further, Forster
Resonance Energy Transfer (FRET) with mammalianPsHE8A-and aB-crystallin or
aA-crystallin and human HSP27 have shown that tigooiers fully exchange within a
few hrs at 37C and that the rate of exchange is increased lojddat 42°C (Bova et al.,

1997; Bova et al., 2000).
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Recent FRET studies with yeast Hsp26 indicate$Xamay not be a prerequisite
for substrate binding, since the kinetics of SX@esiderably slower than that of
chaperone activation. This suggests that at leasime sHSPs the activation step for
efficient substrate binding is independent of SKa(zmann et al., 2008). Perhaps the
role of SX is to facilitate binding of multiple ssiipate proteins during stress. Many
organisms have multiple sHSPs in the same celb@arpartment, and SX may expand
the capacity of SHSPs to bind a variety of protelif®wvever, there is no direct evidence

to support this idea.

Mechanism of chaperone function

Compared to the well-defined mechanism of chapefometion of the ATP-
dependent Hsp60 (GroEL), Hsp70 and Hsp90 chapeysiems, the mechanism of
sHSP function is poorly defined. Structural, biotiheal and biophysical studies have
identified three potential mechanisms of SHSP crapeactivity, all involving some
aspect of structural rearrangement of the sHSP.

In one model, the large oligomeric form of the $H81dergoes significant
structural rearrangement under substrate denataanditions, but the oligomer remains
intact. During rearrangement, hydrophobic surfazesexposed and bind partially-
denaturing substrate on the periphery of the oliggogersHSP (Ehrnsperger et al., 1999;
Kim et al., 2003; Franzmann et al., 2005). Receiatlstudy investigating the mechanism

of activation of the yeast sHSP, Hsp26, utilizimydter Resonance Energy Transfer
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(FRET) and tryptophan fluorescence determinedttieatisp26 protects substrates via
rearrangement of a unique region of 59 amino doiclted between the N-terminal and
a-crystallin domains (Franzmann et al., 2008). GlL#{ sequence alignment of Hsp26
and TaHsp16.9 show that this region roughly cowadp to the first 40 amino acids in
the N-terminal arm of TaHsp16.9 (Fig 1.3). In Hsp@& domain appears to have the
capacity to sense temperature changes and tomgarta bind substrate, allowing the
oligomeric form of the protein to function as traiae substrate binding form.

Other sHSPs appear to behave differently. Oligoora&iSPs from several
different organisms, including TaHsp16.9, dissaiato stable dimers (van Montfort et
al., 2001b) or suboligomeric species (Shashidhardayet al., 2005) in a temperature
and concentration dependent manner. In vitro teek&Ps are in dynamic equilibrium
between the low affinity oligomeric state and ahhadfinity suboligomeric form that is
proposed to be the favored substrate-binding camdtion (Wintrode et al., 2003; Sobott
et al., 2002; van Montfort et al., 2002b). Increestemperature shifts the equilibrium
away from the oligomer toward the smaller spe@&ppsing previously buried
hydrophobic surfaces, which can bind the hydrophshifaces of substrates to form the
soluble sHSP-substrate complex. In the presenéd Btdependent Hsp70 chaperones
the substrates may be released from the complexedoided (Fig 1.4)(Lee et al., 2000;
Mogk et al., 2003).

In a third variation, which is not necessarily lesstve with the model above, the
dimers or suboligomeric species of SHSPs are detivduring cell stress and actually co-

precipitate with denaturing proteins in the celag¢Ba et al., 2004a; Haslbeck et al.,



39

2005b). In contrast to fully preventing substraisolubilization, this mode of action is
thought to occuim vivo under stress conditions when the denaturing satiestr

Figure 1.4. A proposed model for SHSP chaperone awity.

Under non-stress conditions sHSPs are in dynanutilegum between the inactive
oligomeric and the active dimeric forifihe equilibrium is shifted towards the dimer
under stress conditions (i.e. heat) when sHSPsezatly interact with heat-denaturing
substrates (1 2) and stress-sensitive substrates are denatured)(Exposed
hydrophobic surfaces in the partially-denaturingstrates bind each other, causing
protein aggregation in the absence of SHSPsg} In the presence of activated SHSPs
the exposed hydrophobic surfaces of SHSPs intaiicthe hydrophobic surfaces of
substrates, forming large, soluble, heterogenesiSP-substrate complexes, which are
stable (5). Bound substrate can subsequently b&lesf via the ATP-dependent

chaperone system (7) or degraded, presumably g¢letnsHSPs (8).
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Overwhelm the substrate binding capacity of sH3Rsse insoluble sHSP-substrate
complexes can be readily disaggregated in the pcesaf the ATP-dependent chaperone
Hsp100/ClpB and subsequently refolded by the Hgyg€em (Mogk et al 2003;
Cashikar et al., 2005; Haslbeck et al., 2005). giesence of SHSPs in these aggregates
enhances the rate of substrate reactivation. Riegardf the mechanism of sHSP
chaperone activation it is widely agreed that hptiabic surfaces exposed during SHSP
activation function as substrate-binding surfaces.

In total SHSP oligomer dynamics result in the ATildapendent mechanism for
sensing perturbations in the cellular environm&hts unique mode of action provides an
advantage to sHSPs in maintaining their role & fesponders during cell stress.
Experiments presented in Chapter 2 provide neweexie to support the idea that the
sHSP chaperone mechanism is indeed driven by edpugiophobic surfaces that are

sequestered in the oligomeric form.

sHSP-substrate interactions

Much of the model for sHSP chaperone function leentdeciphered using model
substrates. Although model substrates have prowdkgble insights into the function
of sHSPs, identifying native substrates protectedHbSPs will further define the role of
these chaperones in the crowded cellular envirohriievo published reports, as well as
ongoing studies, have identified potential SHSPssakes protectei vivo (Basha et al.,

2004; Haslbeck et al., 2004; Basha et al. unpuddishrhe isolated substrate proteins
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belong to a broad set of biochemical pathways weain diverse cellular functions. In
the case of Hsp42 and Hsp26, the two cytosolic sH&Baccharomyces cerevisjae
was determined that both proteins suppressed agfgpagf about one third of the
cytosolic proteins, and 90% the substrates identified were protected by lsbtBPs
(Haslbeck et al., 2004). A similar result was sesh the single sHSP, synHsp16.6
found in the cyanobacterium, Synechocystis sp POB§Basha et al., 2004). The large
numbers of substrates protected by sHSPS predemneral protective function of SHSPs
in maintaining overall proteome stability.

Currently our lab is working on purifying recombmaroteins that were
identified to interact with sHSRs vivo during heat stress. These putative substrates were
identified in experiments using a Strep |l affinipeled cytosolic SHSP from
Arabidopsis thaliangdBasha et al., unpublished; Brettschneider etiapublished). Until
these substrates are properly evaluated we contiongdy on the information generated

using heat-sensitive model substrates.

sHSP-substrate complexes

As highlighted in Fig 1.4, the substrate-bound ski&&semble into large soluble
complexes, preventing further aggregation of theatiered proteins (van Montfort et al.,
2001a; Haslbeck et al., 2005a). sHSP-substrate leaegpare stable, maintaining the
substrate in a folding competent state for extermgtbds of time. Biologically this is of

utmost importance since it is essential to maintagnpartially denaturing substrates in a
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folding-competent state until the stress has pagsddATP-dependent chaperones can
refold them. Further, SsHSP-substrate complexetagge as evidenced by SEC (Lee et
al., 1997), nanospray ESI (Benesch et al., unpuidisand EM (Basha et al., 2004b).
One study has reported identifying EM images of Brs8bstrate complexes having both
defined sizes and shapes, dependent on the seb@tedmer et al., 2003). However,
evidence suggests that complex shape and sizeaiga@according to the specific SHSP
(Cheng et al., 2008), substrate denaturing condit{this work, Chapter 4) and the ratios
of SHSP to substrate (Basha et al., 2006; Lee @08I7). Both the size and heterogeneity
of complexes increases with decreasing sHSP tdrsidsatios. The arrangement of
sHSPs and substrate within the complex is largetgsolved due to the heterogeneity of
the complex, which has also confounded identifamatf SHSP-substrate interaction

sites.

Substrate interaction sites

As stated earlier it is generally accepted thardgtdobic surfaces of SHSPs
exposed during increased stress interact with ydeophobic surfaces of partially
denaturing proteins. Considering the TaHsp16.38iral data, stress-induced
dissociation of the protein into the dimeric forgpeses the N-terminal arm, the
hydrophobic groove in tha-crystallin domain (created 4 andb8 strand edges), and
the C-terminal extension (Fig. 1.2 and 1.3). Theggons have been proposed as

potential substrate-binding sites (van Montforalet2001b).
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Sequence variability and structural disorder, alsity experimental evidence, make the
N-terminal arm a good candidate for substrate big.dhltered chaperone activity in N-
terminal chimeras, as well as point and deletiotamig, implicate the N-terminal arm in
substrate protection (Basha et al., 2006; Hasleéck, 2004; Giese et al., 2005; Ghosh
et al., 2006). However, these data do not distsigbietween disrupting interaction of the
N-terminal arm with substrate, versus perturbatibsome other sHSP property, such as
oligomer integrity, which then indirectly impactisaperone activity. Other data suggest
there are additional substrate binding sites oratleystallin domain, particularly in
certain regions involved in oligomer contacts (Wontfort et al., 2001; Lee et al., 1997;
Sharma et al., 1998; Ahrman et al., 2007). Ther@iteal region, like the N-terminal
arm, is involved in stabilizing the oligomer (Vstontfort et al., 2001; Kim et al., 1998)
and is noted to be highly flexible (Jiao et a., 20(Cheng et al., 2008). Data presented in
Chapters 2 and 3 suggest that the C-terminal exteasso participates in substrate
binding.

Table 1.1 and Fig. 1.3 provide a summary of stugidSP-substrate interactions.
Table 1.1 is arranged based on experimental teabraqd chronologically ordered
within each section. Techniques that have been wagdirom recently published
hydrogen/deuterium exchange (HX) experiments (Cletrad., 2008) to early work using
hydrophobic probe incorporation to identify likedybstrate binding surfaces (Lee et al.,
1997). Data were obtained with sHSPs from vertelaat! plant sources, including
native bovinea-crystallin, recombinant humaatcrystallins and chloroplast and

cytosolic plant sSHSPs. Substrates used in thesgssange from the heat-sensitive
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model substrates, potential native substrates atdieturally destabilized enzyme
specially designed to study the kinetics and enmgassociated with sHSP-substrate
interactions. Potential substrate binding regialeniified by labeling studies with the
hydrophobic probes bis-ANS and 1,5-AZNS are indidah Table 1.1 (Lee et al., 1997;
Sharma et al., 1998b; Sharma et al., 1998b; FuCéraahg, 2006; Sharma et al., 1998b)
and shown in pink and cyan respectively (Fig. ITBe N-terminal arm anbi3-b5 were
identified in several different studies. Furthéede studies also showed that sHSP bound
to the hydrophobic probe lost its chaperone fumctemd conversely sHSP bound to
substrate did not interact with bis-ANS, suggestirag the substrate and hydrophobic
probe binding sites overlap.

Three separate chemical cross-linking studies fderdified additional substrate
binding sites. In one study, alcohol dehydrogerfA§¥), which is used in chaperone
assays due to its heat sensitivity, was derivatiiéd a trifunctional photoactivated
cross-linker, prior to the substrate protectioraggSharma et al., 1997). The ADH
binding sites mapped @B-crystallin @-crystallin is a heterooligomer consistingaoh-
anda-B crystallin) indicated that residues 57-6%b3, and residues 93-107 lnd and
theb6 loop of thea-crystallin domain contact substrate. The samearebegroup used

mellitin cross-linking to identify substrate-bindisites oraA- andaB- crystallin.
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Protein Method Result/Conclusion References
SHSP Substrate
PsHsp18.1, Heat- HX + MS SHSP is equally solvent exposed in the (Cheng et
TaHsp16.9 denatured presence and absence of substrate. MDH iral.,2008)
MDH and complex is partially folded with a core
Luc. Peptide protected from deuterium exchange while
mapping was both the N and C-termini are solvent
performed exposed. Technique does not allow
only for MDH identifications of specific regions of unfolded
MDH or sHSP protected in complex.
PsHsp18.1 MDH (heat- | Limited MDH is bound to sHSP in a partially (Lee et al., 1997)
denatured) proteolysis + unfolded conformation.
SDS-PAGE
Recombinant Reducedh- Limited N-terminal region ofi-crystallin contains the (Aquilina and
humanaB- lactalbumin | proteolysis +MS | major substrate interaction sites. Watt, 2006).
Crystallin quantified
proteolytic
fragments with
internal std
(GluFib)

Native bovinea-
Crystallin from calf
lense

Yeast alcohol
dehydrogenas
(ADH)
derivatized
with SAED
and heat
denatured.

Chemical cross-
elinking using an
amine reactive,
photoactive linker
with 23.6 A
spacer arm

(SAED)

Fluorescence analysis showed that [@0%h
andaB-subunits ofa-crystallin interacted
with substrate. Sites mapped @aB-crystallin
show that residues 57-69W2-b3 strand and
residues 93-107 ih5 strand and6 loop are
binding with SAED derivatized ADH in hea

(Sharma et al.,
1997)

[

denaturing conditions.
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Native bovinea- Mellitin, Chemical cross- | Mellitin bounda-crystallin does not protect | (Sharma et al.,
Crystallin from calf | 2.8kDa linking usinga | ADH, indicating overlapping binding sites. | 2000)
lens hydrophobic | tri-functional Mellitin is expected to bind-crystallin via
polypeptide | cross-linker hydrophobic interactions, providing further
Sulfo-SBED with | evidence for hydrophobic sites as substrate
a ~ 40 A spacer binding surfaces. Cross-linking identified
arm mellitin localized to the N-terminal arm and
b3- b4 region of thea-crystallin domain in
aA-crystallin andob3 strand ofB-crystallin.
AtHsp21 CS (heat Chemical cross- | Substrate specific cross-links were mapped t&hrman et al.,
denatured) linking using a the flexible N- and C-termini, and the C- | 2007)
homobifunctional | terminal hydrophobic binding groove, along
amine reactive, | with b5 strand ané6 loop. However, similar
thiol cleavable cross-linked peptides were detected at@5
linker with 12 A | (CS is in the native form and a SHSP-
spacer arm; substrate interaction is not expected) and at
DTSSP + MS 47°C (temperature at which CS denatures
and a sHSP-substrate interaction is expected).
Mapping the cross-link data onto CS suggests
that Hsp21 interacts at multiple sites on the
substrate.
PsHsp18.1 MDH (heat | Hydrophobic Bis-ANS binds to residues 1-6 of the N- (Lee et al., 1997)
denatured) probe binding terminal arm and residues 66-78 in B84
(bis-ANS) strand of thea-crystallin domain. These are

potential substrate binding sites as bound
MDH prevents bis-ANS binding.
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Native bovineaA-
andaB-Crystallin
from calf

ADH and
Mellitin

Hydrophobic
probe
incorporation,
bis-ANS and 1,5-
AZNS

In aA-crystallin, bis-ANS binds to residues
51-55 of thea3 helix in the N-terminal arm
and residues 80-100 in thd-5 strands. In
aB-crystallin, bis-ANS binds to residues 75

82 in theb3 strand and residues 94-104 in the

b5-b6 region of thea-crystallin domain. 1,5-
AZNS binding sequence mB-crystallin is
residues 83-91ib4 strand. ADH complexed
with a-crystallin decreased binding of the
hydrophobic probes.

(Sharma et al.,
1998)

Recombinant
humanaA-
crystallin

Five
destabilized
T4 Lysozyme
mutants with
DGynsin 5-10
kcal/mol range

EPR spectroscop
with a nitroxide
spin label
conjugated to
T4L

yaA-crystallin follows two mode binding
based on the stability of the substrate. A loj2002)

affinity, high capacity binding mode is used
with highly destabilized mutants and a high
affinity, low capacity mode is used to bind
T4L mutants which have a highBG, ¢
Allows measurement of an equilibrium
binding constant and determination of
number of binding sites oree Crystallin (i.e.
high affinity binding is on@-Crystallin
subunit to one T4L, low affinity binds &-
Crystallin).

(Mchaourab et al.,




49

WT aB-Crystallin | Destabilized | Fluoresecence | Two mode binding. T4L bound with low (Sathish et al.,
and the active T4L mutants | labeling studies | affinity has a structure representative of | 2003)
substrate binding | with site with mono- denatured protein, while the T4L bound Wiﬂh
form of triply specific bromo-bimane | high affinity has a partially unfolded structure
phosphorylated incorporation | (bimane) representative of the native fold.
analog ofaB- of the Thermodynamics of substrate unfolding and
Crystallin,aB-D3 fluorophore, dissociation kinetics, along with high and law
(S19D/S45D/S59D) bimane affinity aB-crystallin bound T4L can be

determined.
Triply substituted | Destabilized | Back-scattering | Allows for label free analysis of SHSP- (Lantham et al.,
aB-Crystallin T4L mutants | Interferometry substrate interactions in solution with just | 2009)
analog,aB-D3 and | and the in- (BSI) picoliter volumes. Forward and reverse rate

the cataract-linked
mutant,aA-R49C
mutant.

Vivo substrate
bB1-crystallin

constants for complex formation were
measured. Two dissociation constants,

corresponding to high and low affinity sHSI

substrate binding demonstrates two-mode
binding.

U
1

Bradyrhizobium
japonicumsHSPs,
HspB and HspH

CS

Peptide spot
arrays consisting
of HspB and CS
covalently
attached to
cellulose
membrane

Putative oligomerization surfaces were fou
on the N-, C- and tha-crystallin regions.
Putative CS binding site consisting of CS
residues 187-205 was identified. Other
weaker binding sites also detected but
sequence identity is not discussed.

n{Lentz and
Narberhaus, 2004
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PsHsp18,1 and MDH, CS and | N-terminal arm | MDH relies on both the N- terminal arm and(Basha et al.,
TaHsp16.9 Luc (heat chimera studies | C-terminal domain of sHSP for protection | 2006)
denatured) where the N- from heat-induced aggregation. CS and Luc

terminal arm of | protection is based on the identity of the N+

one sHSP is terminal arm. N-terminal arm is necessary for

switched with N- | protection from heat-induced aggregation.

terminal arm of

another.
PsHsp18.1 and Luc (heat Affinity-tagged A population of sHSP in the complex does| (Friedrich et al.,
SynHsp16.6 denatured) sHSPs) Strep Il | not exchange out. Added substrate can be| 2004)

tag)St tagged incorporated into a preformed complex. Orice

SHSPs formed the architecture of the sHSP-substrate

complex is fixed.
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Recombinant

12 regulatory

Protein pin arrays

aB-crystallin interacts with VEGF, FGB;

humanaB- proteins to identify catenin, NGPb and insulin. Interacting (Ghosh et al.,
crystallin (EGF,FGF-2, | interactive surfaces are mapped to the N-terminal arm,2007)
IGF-1, NGF- | sequences in b3, b6-b9 and residues 157-164 of the C-
b, VEGF, humanaB- terminal tail.aB-crystallin appears to
insulin, b- crystallin for chaperone by interacting with substrates.
catenin, selected proteins
caspase-3 and involved in cell
8, Bcl-2 and | differentiation.
XL
a-crystallin a- Multi- a-crystallin binds a partially unfolded, (Carver et al.,
Lactalbumin | spectroscopic | aggregate prone intermediatesof 2001)
(reduced via | study using lactalbumin and does not interfere with the
DTT) NMR, visible

absorption and

stopped-flow UV
spectroscopy, an(
mass

)

spectrometry.

kinetics of the unfolding pathwag-
crystallin interacts efficiently with the slow
aggregatin@-lactalbumin variant and is
inefficient at protecting a fast-aggregating
variant.
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Mellitin binding was localized to the N-terminahaiandb3- b4 region of the ACD in
aA-crystallin and td3 of aB-crystallin. Again these regions overlap with tadsund
from hydrophobic probe labeling. A downside of #néso cross-linking studies is that in
both cases a bulky cross-linker was derivatizetthéossubstrate prior to forming the
sHSP-substrate complex. The addition of
the probe may alter the unfolding of the substnasylting in altered sHSP-substrate
interactions.

In a recent study using AtHsp21 and the heat-seasitodel substrate CS, cross-
linked lysines on AtHsp21 were found to be disttéalin theb3 andb5 strand along
with the loop regions betwedr8-b4, b5-b6, b8-b9 and the C-terminal extension.
Substrate-specific cross-linking was also deteatdtie free amine of the N-terminal
methionine (Ahrman et al., 2007). Substrate bindigs identified in this study are
questionable because equivalent cross-linking sites identified at both 2%C
(substrate is found in a native conformation), &@(C (substrate denaturing
temperatures). Multiple studies show that sHSPg @dognize and interact with
partially-denatured, aggregation prone, molten gleistates of the substrate (van
Montfort et al., 2001a; Sun and MacRae, 2005; Chatrad. 2008). Perhaps the 12 A
length of the cross-linker is capturing non-spedifiteractions along with biologically
relevant interactions.

Overall, results of these studies present an intet@picture of SHSP-substrate
interactionsConclusions are limited because of the indirectiogs used in many cases,

and by very long crosslinkers in the few crosshgkstudies. However, the majority of
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data localize substrate interaction sites to tHersinal arm and thie3-b5 region of the
a-crystallin domain (Fig. 1.3). Interestingly, HXuslies of two plant sHSPs, PsHsp18.1
and TaHsp16.9 show that there is no distinct strattifference between the substrate-
bound form of the sHSP vs. the free oligomeric f¢@heng et al., 2008) (Fig 1.5).
Chapter 2 of this work provides compelling evidetica there are multiple substrate

specific interaction sites throughout the sHSPcstme.
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Figure 1.5. Solvent-accessible regions of PsHspl&&asured by HX in the presence
and absence of MDH.

Rate ofamide hydrogen exchange with deuteriwas mapped for both free and MDH-
bound PsHsp18.1. Peptide level MS data show tlea¢ tls no difference in exchange
between bound vs. free MDH (Cheng et al., 2008)céta deuterium exchange is
mapped on the model of the PsHsp18.1 dimer andcdoaker. N-terminal arm (except for
a2) and the tip of the C-terminal extension exchar®@%o, indicating that both regions

are solvent exposed and not involved in stablersiamy structure.
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Kinetics of sHSP-substrate interactions

Due to the nature of SHSP dynamics and the comditimder which sHSPs bind
substrates it has been difficult to define thertimatynamics and kinetics of sSHSP-
substrate interactions. Mchaourab and colleaguetgblurab et al., 2009) have devised
an innovative method to circumvent the issue o$haubstrate destabilizing conditions
by using a set of destabilized T4 lysozyme (T4L}ants with aDGyne from 5-10
kCal/mol. Their investigations resulted in the alvaéion of two modes of SHSP-
substrate interaction for this substrate. Firédpvwaaffinity, high capacity mode of binding
is seen with T4 variants captured as late interatediin the unfolding pathway, whereas
a low capacity, high affinity binding mode is sdenT4 variants captured as early
intermediates in the unfolding pathway. Using theseilts Mchaourab and co-workers
propose coupled equilibria describing sHSP-sulestratding;

Ne— |« . . . «— U [1]

SHSP «—  (sHSP) [2]

(sHSP)a + (V) «— (G/Cy) [3]

The substrate unfolding pathway is populated withtiple, partially unfolded forms of
substrate. These partially unfolded intermediatesraequilbrium with native and
unfolded forms (Equation 1). Equation 2 descrillwesactive and inactive forms of sHSP,
while equation 3 describes the coupled equilibetmeen the two proteins. In the
presence of activated sHSPs, the partially unfotddustrates will interact driving the

equilibrium to the right. The two mode binding sedth destabilized T4L predicts that
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SHSPs bind to two different forms of the substfatening substantially different
complexes (Mchaourab et al., 2009 in press). Istergly Rao and co-workers observed
a similar phenomenon with humai- andaB-crystallin protection of CS from heat-
induced aggregation (Rajaraman et al., 2001). aFhgystallins recognize two different
intermediates of CS, an early unfolding intermegliathich can be reactivated by its
substrate oxaloacetate, and a late unfolding irgdrate which cannot be reactivated.
The sHSP-substrate complex between the two spisaiemarkably different. SHSPs
interacting with the early unfolding CS intermediddrms a transient, unstable complex
while the sHSP interacting with the late unfoldingermediate forms a stable, soluble
complex, preventing further substrate aggregation.

Carver and co-workers describe an interaction bemaecrystallin and DTT-
denatured substragelactaloumin &-LA), which appears to correlate with the rate of
substrate aggregation (Carver et al., 2002). Attia of 1:1 @-LA: a-crystallin),a-
crystallin is able to protect a slow aggregating agLA, which starts precipitating after
55 min and continues for 120min, at a ratio of (&dA: a-crystallin). However, even
with an excess ratio of 12:44A: a-crystallin)a-crystallin cannot protect the fast
aggregating hola-LA, which starts to precipitate after 25 min ammhttnues for 50 min.
A similar phenomenon was seen when the rate-loA precipitation was altered with
salts from the Hofmeister series (Lindner et QD). In the presence of p&0, (SO,
anions increase surface tension of water, driviaggin aggregation by favoring

hydrophobic interactionsg)-LA begins to precipitate after 18 min, and evearaexcess
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ratio of 10:1 &-crystallin:a-LA) a-crystallin can only partially proteet-LA. However,
in the presence of NaCl (Cl anions decrease tHamitension of water promoting
protein solubility)a-LA begins to precipitate after 35 min in the alisenfa-crystallin,
but is fully protected from precipitation in theegence o&-crystallin at a ratio of 2:1a(-
crystallin:a-LA). | describe a similar phenomenon in Chaptealdo suggesting an

inverse relationship between the kinetics of salbstaggregation and the resulting

changes in SHSP chaperone efficiency.

Structure of sHSP-bound substrate

Similar to the ATP-dependent chaperones, sHSPsabsttlicturally destabilized
form of substrate (Lee et al., 1997; Lindner etE)97). SHSPs appear to recognize
aggregatione-prone substrates via aberrant exposhglrophobic surfaces. Incontrast
to the well-defined chaperone-substrate complexasdd by ATP-dependent
chaperones, sHSP-substrate complexes are largeetemdgenous (Lee et al, 1997;
Basha et al., 2004b). Therefore, it has not bessiple to use high-resolution methods,
such as X-ray crystaloography or NMR, to identitgs of interaction between sHSPs
and substrates. However, low-resolution methods) a8 chemical cross-linking and
hydrophobic probe binding have uncovered potestidlaces on multiple substrates
which may interact with sHSPs.

Onea-crystallin binding site on ADH (Santhoshkumar &tthrma, 2002) and

multiple AtHsp21 interacting sites on CS were idfead by chemical cross-linking
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(Table 1.1 and Fig 1.6). As already mentioned Attésp21 binding sites on CS were
identical in the presence and absence of heathwhiestions their relationship to
substrate protection (Ahrman et al., 2007). Toharicharacterize the-crystallin
binding site on ADH, an ADH peptide encompassirghinding site was chemically
synthesized. The synthesized ADH peptide was showave substrate protection
capacity on its own, leading the authors to corelilndit the region may serve as an
intramolecular chaperone site on the full lengthFh&nzyme (Bhattacharyya et al.,
2003). If thea-crystallin binding site on ADH has a chaperonection of its own, it is
difficult to imagine why this region would interagith an external chaperone suchaas
crystallin. Lentze and Narberhaus (2004) identiae@S peptide that interacted with
Bradyrhizobium japonicureHSPs (HspB and HspH), using protein pin arraychigue
which relies on interactions formed with surfacerabilized peptides. Figure 1.6 shows
the peptides identified on each substrate alonky thi¢ side chains of the hydrophobic
residues. HX and limited proteolysis studies shioat & partially-denatured form of the
heat-sensitive substrate, MDH, is protected by iplelsHSPs (Cheng et al., 2008; this
work, Chapter 3). Further, HX demonstrated thahlibé N and C-terminal regions of
MDH are solvent exposed, while a small hydrophaoie is protected in the sSHSP-
substrate complex (Fig. 3.18 Chapter 3). A simiésult was seen for destabilized T4L
mutants bound ta-crystallin, where the N-terminal region of the suibte is solvent
exposed, but the hydrophobic C-terminal core isgmted in the complex (Table
1)(Claxton et al., 2008). However, these authorgaed that a substantially unfolded

form of T4L is protected in the complex. In tothlese results suggest that a partially
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unfolded form of substrate is protected by sHSPtHeu experiments are needed to fully
characterize the form of the sHSP-bound substratéhaw this form may differ

depending on the substrate, sHSP and conditiodsradturation.
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Figure 1.6. SHSP interaction regions mapped onto C&d ADH structures.

A) Thea-crystallin binding site on ADH, YSGVCHTDLHAWHGDWHMRVK [40-60] is
highlighted in blue on a green ribbon diagram ohoreric ADH. Hydrophobic residues
are shown as blue spheres. B) The sHSP bindingdeitgified with peptide arrays
mapped on monomeric CS, GIHRTKYWELIYEDCMD [187-20&th hydrophobic side
chains shown as blue spheres. C) AtHsp21 integabgsines in CS mapped on the CS
dimer. However, under heat-denaturing conditionsomomeric CS most likely interacts
with the sHSP. The two CS monomers are shown instveales of green. Light blue
labeled lysines are those that were cross-linkedHi®P at a SHSP:substrate ratio of 12:1
at both 25°C and 45°C. Dark blue residues are those that were croksdiat a
sHSP:substrate ratio of 1:1 at both temperaturespank residues are those that were

cross-linked at both ratios and temperatures (Anhretal., 2007)
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DISSERTATION OVERVIEW

Chapter 2 addresses the question of what sitdeecHSP and substrate interact
within the sHSPs and substrates within the sHSBtsatle complex. To answer this
guestion | incorporated a photoactivatable crasiseli, p-benzoylphenylalanine (Bpa),
into specific sites in the biochemically well-chetexrized sHSP, dodecameric PsHsp18.1
from pea. Using heat-sensitive model substratestiMBd Luc, | show that both
substrates form strong contacts with the strudiufigxible N-terminal arm of SHSP,
establishing the importance of this region in stdistbinding. In contrast, differences in
binding for both substrates were noted fordherystallin domain. Further, the cross-
linking data indicate that substantial structuesrrangement precedes substrate binding,
as the strongest substrate-specific cross-linkgaried in the oligomeric assembly. A
majority of this work is documented in a manuscppblished in the Proceedings of the
national Academy of Sciences (jaya et al., 2009y@ss).

Chapter 3 addresses the question of how the sH&Psubstrates are arranged
within the sHSP-substrate complex. Limited prote@yata from three different plant
sHSPs, PsHsp18.1, AtHsp18.1 and TaHsp16.9, anddkel substrate MDH, show that
sHSP-bound MDH is in a partially unfolded conformoat and suggest that all SHSPs
bind a similar unfolded form of MDH, irrespectivesHSP-MDH complex size.
Compared to free sHSP, the full-length sHSP in derwith MDH remains stable for
longer and shows additional stable fragments regultom N-terminal arm protection,

indicating that this region is involved in substratteractions. Limited proteolysis data
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indicate that sHSPs and substrates may be arraugbdhat either protein may be found
inside or on the periphery of the complex. Lysinedification in combination with mass
spectrometry was investigated as an additionalagmbrto generate further insight into
the architecture of the sHSP-substrate complexulBefsom the modification
experiments reveal that in the presence of sulesttae sHSP tends to show more biotin-
accessible sites than free sHSP. However, for nsasobe discussed, lysine modification
may not be an optimal technique to study sHSP-gatlestomplexes.

Chapter 4 identifies factors contributing to effict SHSP-substrate interactions. |
tested the hypothesis that the flexibility of a comserved region in the SHSP N-terminal
arm may contribute to chaperone efficiency. Fiveranacids predicted to determine
flexibility of the N-terminal arm of PsHsp18.1, efficient chaperone, were substituted
into AtHsp18.1, an inefficient chaperone, and shoovimcrease AtHsp18.1 chaperone
activity. N-terminal arm flexibility may contribut® chaperone efficiency by presenting
diverse geometries of hydrophobic surfacess allgwiSPs to capture and protect many
different substrates. An initial molecular dynanmsasiulation was designed to provide
insights into the theoretical conformational spaceupied by the N-terminal arm.
Results of a 50 ns simulation reveal that at irsedademperatures stable associations of
amino acids are formed that may act as potentmlibg surfaces. Finally, the idea that
varying the aggregation rate of substrate can aftenency of SHSP protection is
discussed. The studies included in this chapterigessignificant insights into factors
contributing to sHSP chaperone efficiency, whileyading new venues for future

studies.
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Chapter 5 summarises the significance of my fingliggnd expands on the
implications of my results for future studies, partary in areas of identifying the sHSP
binding sites on substrates and determining thécoration of SHSP-bound substrate.
Further, than vitro Bpa cross linking is proposed as a methodologafiurein vivo
SHSP-substrate interactions. In vivo studies witide valuable insight into SHSP-
susbtrate binding within the context of the crowdetular environment. Finally, the
site-specific PsHsp18.1 Bpa variants are also wédumols for testing the hypothesis that
SHSPs have different modes of interaction withedéhtially aggregating substrates. The
proposed studies will further define how these ultays chaperones can interact with,

and protect, diverse proteins from irreversibleraggtion.
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CHAPTER TWO: IDENTIFICATION OF INTERACTION SITES

BETWEEN sHSPs AND SUBSTRATES

INTRODUCTION

sHSPs and the relatedcrystallins are proposed to function as molecular
chaperones by preventing irreversible aggregatigradially denaturing proteins
(Horwitz, 1992; MacRae, 2000; Lee and Vierling, @0Blaslbeck et al, 2005; Reddy et
al, 2006). Although the exact mechanism of sHSPefane function is poorly defined,
structural and biochemical studies favor a mod&ich oligomeric sHSPs dissociate
into smaller species or undergo structural reaearent during heat stress (Lee et al,
1997; Mao et al., 2001; Shashidharamurthy et &526ranzmann et al, 2008; Benesch
et al, 2008). Hydrophobic surfaces of sHSPs expdseidg this structural rearrangement
may interact with hydrophobic patches on denatupirageins (Lee et al, 1997; Sharma et
al, 1998a; Reddy, 2006). The substrate-bound sK8Fsequently reassemble into large,
soluble heterogeneous complexes, preventing fuagregation of the denatured
proteins (van Montfort et al, 2001a; Haslbeck ef8D5a).

sHSP-substrate complexes have a range of sizéssanie greater than
1000kDa, depending on the specific substrate, slH8BP-substrate ratio, protein
concentration and heating conditions (Rao et 8B31Ehrnsperger et al., 1997; Lee et
al., 1997; Stromer et al., 2003; Basha et al, 2006ing SEC in combination with

tandem nanospray-ESI, Benesch and colleagues Wieréoadetermine the stoichiometry
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of sSHSP and substrates within the heterogeneoupleass formed between PsHsp18.1
and the model substrate, Luc. Tandem MS of SEQidra collected from different
regions of the complex peak show that the stoicktoyof the proteins in complex range
from 17-20 subunits of PsHsp18.1 to 1 Luc monorBengsch et al., unpublished).

Little is known about the architecture of the sH&Bstrate complex including
the substrate-binding regions of the sHSP. Sequeartability and structural disorder
(van Montfort et al., 2001a; Kim et al 1998) alamigh experimental evidence make the
N-terminal arm a good candidate for substrate bigudViutagenesis and chimeric protein
studies provide indirect evidence that the N-teaharm is involved in substrate
protection (Haslbeck et al., 2004; Giese et alDX2Basha et al., 2006) (Table 1).
However, altering the N-terminal arm disrupts thigameric assembly, the integrity of
which is typically correlated with chaperone funativan Montfort et al., 2001b;
Haslbeck et al., 2004; Giese et al., 2004; Basla&,2006). Therefore, no evidence
exists to demonstrate that the N-terminal arm makegt substrate contacts vs.
modifying another property of the sHSP that is remfor substrate protection. Other
data suggest there are substrate-binding sitelsear¢rystallin domain, particularly in
regions involved in oligomer contacts (Lee et B997; Sharma et al., 1998; Ahrman et
al., 2007; van Montfort et al., 2001a).

The lack of direct evidence defining sHSP-substiratractions is due in part to
the heterogeneity of SsHSP-substrate interactiotisimihe complex (Friedrich et al.,
2004; Cheng et al., 2008). Using affinity-taggeds$td, Friedrich et al. (2004) showed

that a population of SHSP subunits directly intesadth the substrate, while others may
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contribute to the solubility of the complex. Hydergdeuterium exchange (HX) studies
show that the sHSPs in complex with substrate exgghamide hydrogens at rates
virtually identical to free sHSPs. This suggestkegithat the sHSP-substrate interaction
involves a transient on-off mechanism or that tr@e residues required for
oligomerization form substrate contacts and theesfwe not distinguishable by HX
(Cheng et al., 2008). These results also indidetedubstrate binding does not involve
formation of stable secondary structure in the iateal arm, and that no specific region
of the N-terminal arm is protected from amide hyg#no exchange due to substrate
binding. In total, HX studies did not result in ideication of substrate-binding surfaces
on either PsHsp18.1 or TaHsp16.9.

Chemical cross-linking combined with mass specttoynean be a valuable tool
for identifying interacting sequences in dynamiotpm complexes. The approach has
been successfully utilized to examine the intecactf bovine B-crystallin with yeast
alcohol dehydrogenase (ADH), a 35 kDa tetramertgin. Two potential substrate-
binding regions, APSWIDTGLSEMR (57-69) in the Nrtenal arm and
VLGDVIEVHGKHEER (93-107) in the -crystallin domain, were identified using
sulfosuccinimidyl-2(7-azido-4-methylcoumarin-3-aa®ido)-ethyl-1,3’-
dithiopropionate (SAED), a heterobifunctional 2336 cleavable cross-linker with a
fluorescent spacer arm (Sharma et al., 1997, Fgadd Table 1). In another study,
putative substrate-binding sites of a chloroplastlized sHSP, AtHsp21, were identified
using the model substrate citrate synthase (CSjtendhemical cross-linker 3,3"-

Dithiobis[sulfosuccinimidylpropionate] (DTSSP) (&2cross-linker) (Ahrman et al.,
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2007, Fig. 1.6). Specific SHSP peptides that cloé®d to substrate were identified by
MALDI mass spectrometry and mapped to the N-terirana and regions of the-
crystallin domain (Fig. 1. 3). Howevdhese sHSP-substrate cross-links were also seen at
room temperature when CS is in its native form,alvths not known to interact with the
sHSP. The authors propose a protective mechanis@Sdased on several weak and
short-lived interactions between sHSP and CS, wthielg suggest exist at both substrate-
denaturing and normal temperatures. They suggatthitbse weak interactions stabilize
CS and prevent the substrate from unfolding andeagding (Ahrmann et al., 2007). In
the absence of sufficient data to support sucliandhe significance of these results are
in question. Chemical cross-linking results in nplét sites of linkage that require further
analysis by mass spectrometry. Software such asAARKHusted et al., 2002; Turner
et al., 2002) and Popitam (Hernandez et al., 2808jh et al., 2008) may be used to
parse through the large numbers of spectra, howthisremains cumbersome (Sinz A,
2003; Kalkhof et al., 2005).

Site-specific incorporation of modified amino acidsanother powerful method to
investigate protein-protein interactions (Ryu armtii8tz, 2006; Xie and Schultz, 2006).
In contrast to chemical cross-linking, resolutignMdS is not required to determine
interacting regions in the protein containing thedified amino acid. Furthermore, MS
identification of crosslinks to the other protene aimplified because of the single cross-
linking site in the modified protein. Site-specificcorporation of a cross-linker can be
particularly informative when probing transient f@io-protein interactions occurring at

multiple sites, as is the case with certain chapeubstrate interactions.
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Site-specific incorporation of a photoactivataliess-linker amino acid was used
to determine what regions of the prokaryotic chapertrigger factor and the eukaryotic
chaperonin TRIC interact with a nascent polypepéisié leaves the ribosome exit tunnel
(Etchells et al., 2005; Lakshmipathy et al., 20@yz et al., 2008). This cross-linking
strategy was particularly useful in showing tha tlascent chain interacts with the entire
length of trigger factor. Mechanistically, the nidite interaction between the nascent
chain and trigger factor allows the latter to shiekposed hydrophobic surfaces of the
nascent chain until the nascent chain can foldantative conformation.

Here, | used the cross-linkpiBenzoyl-L-phenylalanine (Bpa) to study sHSP-
substrate interactions. Bpa is a photoactivatble cBoss-linker that covalently links two
molecules at close proximity via any C-H or N-H HdRyu and Schultz, 2006)) (Fig.
2.1). Bpa was incorporated at 32 specific positiorthe well-characterized sHSP from
pea, PsHsp18.1. Firefly luciferase (Luc) and malieteydrogenase (MDH), were used as
the main model substrates for these studies. HoweNrate synthase (CS), another
model substrate, and fructose bisphosphate ald{f#&fA), which has been identified as
a potential native substrate of plant cytosolic BElSvere tested to show that the
principals of SHSP-substrate interactions definétl wuc and MDH can be applied to
other substrate proteins. Results of these styd@sde novel insights into SHSP-

substrate recognition.
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Figure 2.1. Reaction mechanism for generating covat, cross-linked species with

the photoactivatable cross-linker, Bpa.

A) Structures of photoactivatable Phe analogs Byph aazido-L-phenylalanine (Apa).
B) Bpa is photoactivated by UV light of 356 nm tengrate a Bpa radical, which can

form a covalent bond by inserting into any C-H eHNbond in close proximity. Bpa is

considered a 0 A cross-linker.
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MATERIALS AND METHODS

Protein expression and purification

PsHsp18.1 (P19243) single-site mutants were gesterath the Strategene quick
change method (Strategene, La Jolla, CA) usingsnpld containing PsHsp18.1 with a
C-terminal Strep Il Affinity tag (WSHPQFEK) (Friadh et al., 2004). An amber stop
codon (TAG) was introduced at the desired positiwrBpa incorporation and verified
by DNA sequencing. The mutant construct was transfd into BL21E.coli cells along
with the pSup-BpaRS-6TRN plasmid, which was a gamegift from Dr. Peter Schultz
(Scripps Institute, CA) (Ryu and Schultz, 2006)isTflasmid contains six copies of a
gene encoding a mutant tyrosine tRNA (MjtRNA) alavith a mutant tRNA synthetase
gene, MjTyrRS(BpaRS), each controlled by two défey constitutively expressed
promoters jproK andgin S’). All Pshsp18.1 Bpa constructs were first graama induced
in 5 ml cultures in 50 ml centrifuge tubes to vgtifiat the protein containing Bpa could
be expressed. SubsequenBycolicultures were grown in 1L of 2XYT media containing
1mM Bpa (Bachem Americas, Inc. Torrance, CA). Cekse grown to an OD of 0.7-0.9
prior to induction with ImM IPTG for ~10hrs. Pre gmaokst-induction growth times were
optimized to generate maximum protein yields. Rngtevere purified to >95%
homogeneity by conventional methods (Lee and \figrliL998). Briefly, cells were lysed
by sonication and the supernatant was fractionatdtdammonium sulfate
concentrations of 20%, 40%, 60% and 90%. DiffeBypa variants were found in a range

of fractions from 40-90%. Subjectively, the fractsothat had a higher ratio of PsHsp18.1
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to E. coli protein were pooled and separated over a 20-8@¥%6se gradient. Finally, the
sucrose fractions were pooled and resuspended inr8&iprior to separation over a
weak anion exchange column (DEAE). PsHsp18.1 dotbind to the resin, eluting with
the wash fraction, separating the protein fiéncoli proteins. Not all PsHsp18.1 Bpa
variants were found in the soluble supernatantesyloent to cell lysis. Notably, all the
insoluble proteins resulted from substitutions charged residue with Bpa, especially
those in the C-terminal extension and some iraticeystallin domain. Further
purification was not performed on the proteins thate found in the insoluble fraction.
Protein concentrations were determined using tleeR2id protein assay (Bio-Rad
Laboratories, Hercules, CA). BSA was used to geaexatandard curve. Each protein
was measured in triplicate, sometimes with multgiletions to verify the concentration.
The concentrations were further verified by loadéggivalent amounts on SDS-PAGE
and analyzing by Coomassie Blue staining. Calaujgpirotein concentration based on
absorbance at 280 nm generated inconsistent regeitsgaps because the Bpa interfered
with absorbance in this range, although this waslivectly determined. The expected
molecular masses of all Bpa variants were confirtmgdnalyzing ~300 pmol of purified
protein on an LC system coupled to a QTOF (Watditiord, MA). Data were obtained

on MS mode.

Gel electrophoresis

Non-denaturing, pore-exclusion PAGE was perform&dgigradient acrylamide

gels from 4-22%, using the buffer system descrirediously (Lee et al., 1995). 5-22%
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acrylamide, blue native PAGE was run &€ 4nd 45C as previously described (Swamy
et al., 2006), loading 26k of 24 mM protein in each lane. Standards for blue nadive
non-denaturing PAGE were thyroglobulin 669 kDarifer 440 kDa, catalase 232 kDa,
lactate dehydrogenase 140 kDa, and BSA 67 kDa (€&thtare, Piscataway, NJ). For
SDS-PAGE, 2.5 % or 4- 20 % gradient acrylamide ga&lge formulated with a double
stacking gel consisting of a 2 mm layer of 10% keryde topped with a second layer of
5% acrylamide. This technique reduced band smegsartjcularly when analyzing

samples recovered in high salt. Gels were staindd®oomassie blue.

Size exclusion chromatography (SEC)

Dodecameric stability of PsHsp18.1 Bpa variant®ain temperature was
assessed by applying 100ul of i@ protein onto a TSKgel G5000PWXL column with
an effective size separation in the range 6f-10° Daltons (Tosoh Biosciences,
Montgomerryville, PA) at a flow rate of 1 ml/min thia mobile phase of 25 mM Na
phosphate, 150 mM KCI, pH 7.4. sHSP-substrate cexesl were made by incubating 12
mM each of PsHsp18.1 Bpa variants witi@ Luc for 8.5 min at 42C or with 5niv
MDH for 120 min at 45C. Complexes were cooled on ice and centrifuged $omin at
13,000 rpm. 1001 of sample was loaded on the column using thedosifind flow rate
specified above. A cross-linked sHSP-susbtrate ¢texnpas also analyzed to verify that

the size and shape of the complex was the sanrepaidto cross-linking.
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Aggregation protection assay

To determine chaperone efficiency of PsHsp18.1\Bpents, 2rM of Luc
(Promega, CA) or @M MDH from pig heart (mitochondria) (Roche, Germamgas
incubated at 8.5 min at 42 or 120 min at 48C, respectively, with the indicated ratios
of sSHSP. Substrate solubility was assayed as destpreviously (Basha et al., 2006).
For evaluating cross linking efficiency of PsHsdlBpa variants with CS, 2M CS
from pig heart (mitochondria) (Roche, Germany) wsed at a ratio of 3:1 sHSP:CS and
incubated at 120 min at 48 to form sHSP-substrate complexes. For evaluatiogs
linking efficiency of PsHsp18.1 Bpa variants witBFA, 4nM FBPA (At3g52930)
(purified in house by S. Brettschneider) was ugedratio of 1:1 sHSP:FBPA and

incubated for 60 min at 4& to form sHSP-substrate complexes.

Photoactivated cross-linking

Cross-linking reactions were performed in 96-welltnotiter plates with 50r of
the preformed sHSP-substrate complex or free sHi&Pspbstrate in 25 mM HEPES,
150 mM KCIl and 5 mM MgGlon ice. Samples were irradiated at 365 nm using a
handheld UV lamp (Model UVL-56, UVP, Upland, CAYf20 min. for initial analysis of
cross-linked species with western blots 30 secir2 fnmin and 15 min exposure to
irradiation were tested. The cross-linked spemesé&d at shorter time points migrated
similarly to the species formed at the longer iiafidn time points, however more cross-
linked species were generated over time. Twentywais chosen as the ideal irradiation

time because sufficient amounts of cross-linkedigsevere produced for detection
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when stained with Coomassie Blue. SHSP and substrixied at the same ratio, but
incubated at room temperature for an equivaleng fmor to cross-linking, served as the
controls. Samples were separated on 4-20 % acrgaBDS-PAGE. sHSP-substrate
cross-linked species were identified by immunobigtusing sHSP and substrate specific

antisera.

Quantifying cross-linked products

The cross-linked and corresponding control samphkae resolved by 4-20%
acrylamide SDS-PAGE and visualized by Coomassie Btaining. The dominant cross-
linked species was quantified using LI-COR softwamean Odyssey imager (LI-COR
Corp., Lincoln, NE). The highest measured crosielthspecies, F7 for Luc and F8 for
MDH, was set at 100%, and the remaining variardggported as a percentage of that
value for each substrate. The PsHsp18.1 F32 vas@awmed as an internal control on each
gel. Each sample was run in triplicate, and anayemwas used to calculate the %

maximum. Estimated error was 2-5%.

Identifying cross-linked peptides by MS

As described above for quantification, the craskdd samples were resolved by
4-20% acrylamide SDS-PAGE and visualized by CooenBsie staining. The dominant
cross-linked species was excised, digested wittsinyand AspN and separated using a
nano-HPLC coupled to a Proteineer fc-LC-MALDI friact collector (Bruker Daltonics,
Germany) and analyzed with an Ultraflex 11l MALDOF-TOF (Bruker Daltonics,

Germany). Nano-HPLC coupled LTQ orbitrap XL (Therfisher Scientific, Waltham,
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Ma) was used as a second method of analysis. Waspft@are was used to perform a
Biotools search (both from Bruker http://www.bdallde-science-
tools/bioinformatics/biotools.html) to generatasa obf potential cross-linked peptides
and GPMAW from Lighthouse data (version 8.0, from B. Hojrup, Odense Denmark)
(Husted et al., 2002; Turner et al., 2002) was tsexarch for predicted cross-linked

peptides.

Molecular modeling of PsHsp18.1

PsHsp18.1 shares 69% sequence similarity with Ta6iSgPDB: 1GME) and
was used to generate the PsHsp18.1 model stryé&ioregley and Cowtan, 2004; Bennett-
Lovsey et al., 2008). The homology model of the §{sH8.1 monomer was generated
using the protein fold recognition server, Homol@galogy Recognition Engine
(Bennett-Lovsey et al., 2008). PsHsp18.1 has aitiadal six amino acids in the N-
terminal arm not found in TaHsp16.9, thereforeRkeisp18.1 homology model was
generated starting from the first consensus residbih is at position 11. The
PsHsp18.1 dodecamer was then modeled based on T&b{pPDB: 1GME) using Coot
(Emsley and Cowtan, 2004). Models were visualizedl fegures prepared using

MacPyMOL (ttp://www.pymol.org.
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RESULTS

Chemical cross-linking of SHSP to substrate

Initial studies to detect sHSP-substrate inteoacsites were performed with
chemical cross-linkers (Appendix A). For some clioksrs, cross-linked species
consisting of both sHSP and substrate could beiftehby western blotting and
Coomasie blue staining, and cross-linked species s&en only under conditions in
which a sHSP-substrate complex was formed. How@&{i8rinstrumentation with
sufficient mass accuracy to allow identificationcodss-linked peptides was not
available, nor was appropriate software in placefficiently identify modified peptides.
Therefore, | chose to investigate another promisnogs-linking method based on site-
specific incorporation of a photolabeled probe.sTiniethod did not require a MS step to

determine the regions of the sHSP that directlgractted with substrates.

Strategy to identify sHSP-substrate interactioessit

To identify regions of SHSPs that directly interath denaturing substrates,
single-site variants of PsHsp18.1 were generatedhinh the phenylalanine (Phe)
analog p-benzoyl-L-phenylalanine (Bpa) was incorporatedpcific positions (Ryu and
Schultz, 2006). Upon UV exposure, Bpa acts as @lemgth cross-linker inserting into a
C-H or N-H bond in the immediate vicinity of theope (Fig. 2.1). Multiple sites in each
structural region of PsHsp18.1, the N-terminal &t"%2 aa)a-crystallin domain (53-
142 aa) and C-terminal extension (143-158aa), wieosen for probe incorporation (Fig.

2.2). Of a total of 72 variants generated 32 weceassfully
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Figure 2.2. Sites of Bpa cross-linker incorporationnto PsHsp18.1.

Positions where Bpa was successfully incorporatedPsHsp18.1 are highlighted: N-
terminal arm, greerg-crystallin domain, red; and C-terminal extensiolog. Arrows
delimit thea-crystallin domain. Shown in gray and pink are dass where Bpa
incorporation did not yield detectable protein @sulted in unstable protein, respectively.
Regions previously implicated in substrate bindang highlighted in purple (Lee et al.,
1997; Sharma et al., 1998)] and boxed in red [alye ®f the -sandwich, which is
“patched” by the IXI motif in the C-terminal exteas (boxed in blue)(van Montfort et
al., 2001)]. Secondary structure based on TaHsgBD®8: 1GME)(van Montfort et al.,

2001).
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expressed iE. coliand purified to > 95% homogeneity. Each varians wssessed to
determine the relative stability of the dodecanwnpared to wt using size exclusion
chromatography, non-denaturing and Blue-native PAEficiency of the variants in
protection of substrates from heat-induced aggregatas then also assessed. Results of

these assays are described below for each doméne sHSP.

Oligomer stability and chaperone activity of N-tenal Bpa variants

Bpa was incorporated at all eight Phe residuebefN-terminal arm (residues 6,
7, 16, 19, 30, 32, 41 and 48) as it was assumedhbdhe to Bpa substitution was less
likely to disrupt the native oligomeric structureRsHsp18.1. L27 was also selected for
substitution because there is a Phe at this positidaHspl16.9. Bpa was successfully
incorporated into each of these nine N-terminal pasitions resulting in a Bpa probe
every nine or fewer residues, affording the abiidyrobe for substrate interaction sites
across the entire N-terminal arm.
The migration behavior of all N-terminal variantaswsimilar to wt when analysed by
nondenaturing-PAGE (Fig 2.3), which indicates thaty are most likely dodecamers as
is wild-type PsHsp18.1 (Lee at al., 1995). Nondenag-PAGE is sensitive to charge
and hydrodynamic size, therefore it is not surpgghat there are differences in
migration behavior, especially at those positiomere a charged residue was substituted
with Bpa. However, all N-terminal substitutions wdor Phe with the exception of Leu
at position 27, which is also an uncharged residiteerefore the migration behavior is

expected to
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Figure 2.3. PsHsp18.1 Bpa variants are dodecamenichen assayed by
nondenaturing-PAGE.

Nondenaturing-PAGE of all 32 purified PsHsp18.1 Bpaants and wild-type (lane 33)
was performed by standard techniques to assestigeimeric state. 161 of 24 M of
each protein was analyzed. Asteriks indicate welishich high molecular weight
species are retained. High molecular weight smgabove the main band, indicative of

multiple species, is boxed.
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resemble wild-type protein unless introducing Bjtarad the conformational stability
(compact vs. open state) of the protein, which waakult in an altered hydrodynamic
radius.

Of the N-terminal variants, F16 appears to form species. Interestingly, F16 is
involved in stabilizing the oligomer, and the sutioson of Bpa may destabilize the
contact resulting in an alternate conformationhef dodecamer (van Montfort et al.,
2001b). Alternatively, the species with lower makimay be a 13 or 14-mer (Fig 2.3),
but no other evidence is available to distinguisse possibilities.

Further differences in the stability of the oligers formed by the N-terminal arm
Bpa variants was seen by size exclusion chromagibgréSEC). The F7, F8, L27, F30,
F32, F41 and F48 Bpa variants elute identicallytavith a symmetrical peak centered at
7.5 min, indicating they are stable dodecamers@nrtemperature (Fig 2.4). In contrast,
Bpa incorporated at positions F16 and F19 resiuieshstable oligomers as evidenced by
peak/bump at 8.5 min for F19 (Fig. 2.4A and Tablg 2and the absence of a substantial
peak at 7.5 min for F16 (data not shown). As memibin the previous section, Phe
residues at equivalent positions in TaHsp16.9rarelved in oligomer contacts (van
Montfort et al., 2001b), suggesting that the behgogup of Bpa introduces steric strain
that leads to instability of the oligomer. Thistadsility may not be evident by non-
denaturing-PAGE, however, the ionic strength ofghesphate buffer used for SEC is
stronger than that of the gel. The phosphate buifey promote protein aggregation.

Phosphate is considerd a strong kosmotrope capéHbisrupting
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Figure 2.4. Oligomer stability and formation of conplexes with substrate of selected
N-terminal arm PsHsp18.1 Bpa variants.

A) SEC (G4000PWXL, separation range-l0°) was used to examine the stability of the
native structure of N-terminal arm Bpa variantsomm temperaturd=or each sample
100m of 12 mM sHSP was injected into the column. Bottom of P@nghows wild-type
PsHsp18.1, a dodecamer with a retention time ofriditd A dimeric species is seen for
F19 (line with arrow) eluting between 8-9 min. BBG (G5000PWXL, separation range
10°-10°) of complexes formed between N-terminal arm Bpaavds and MDH.
PsHsp18.1 and MDH were mixed at a molar ratio 4f12and heated at 4& for 120

min. 100m samples were loaded for analysis. The completeslat 7.1 min, while free
SHSP dodecamer elutes at 8.1 min on this colunutidal times of protein standards (in
kDa) are shown. WT, F8, L27, F41 show free sHSRagting levels, while all SHSP is
incorporated into the complex with F19. C) SEC (G®WXL, separation range 0

10°) of complexes formed between N-terminal arm Bpaaves and Luc. 12 uM
PsHsp18.1+ Luc were mixed at a molar ratio of Hhd heated at 4Z for 8.5 min. 100

m samples were loaded for analysis. The completeslat 6.8 min. WT, F8, L27, F41
show free sHSP eluting at 8.1 min, while almostsBISP is incorporated in the F19 +Luc
complex. L27 + Luc sample has a species elutingeavoid volume. L27 only protects

50% of Luc.
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Table 2.1. Oligomeric structure and chaperone actity of all PsHsp18.1 Bpa

variants.
PsHsp18 | Oligomeric structure * Efficienc| %Maximu | Efficiency | %
.1.1 Bpa y of Luc | m cross- | of MDH Maxim
variant protectio | linking * protection | um
n (4:1)** (2.4:1)** Cross-
linking
WT dodecamer ++++ NA ++++ NA
F7 dodecamer ++++ 95.9 ++++ 100
E|F8 dodecamer ++++ 100 ++++ 91.0
‘_cz F16 < 10% dodecamer, ~10| ++++ 97.4 ++++ 80.0
c dimer, mostly high
£ molecular weight (hmw
s species
< | F19 ~50% dodecamer, ~5% ++++ 94.7 ++++ 86.5
dimer and hmw species
L27 dodecamer ++ | - ++++ 78.0
F30 dodecamer ++++ 85.7 ++++ 84.9
F32 dodecamer ++++ 81.6 ++++ 80.3
F41 dodecamer ++ | - ++++ 84.9
F48 dodecamer ++ ++++ 37.9
K56 Soluble hmw species ++++ 11.2 ++ | -
E60 dodecamer ++ | - ++ | e
K72 dodecamer *** + | e No |-
protection
K77 dodecamer ++++ 2.8 ++++ 17.8
E79 dodecamer ++ | - ++++ 37.0
D82 dodecamer ++++ 5.5 ++++ 15.0
< | D83 | dodecamer ++++ 3.7 ++++ 27.0
g Q87 ~10% dodecamer, + | - ++ | e
S ~10%dimer and soluble
= hmw species
= | E91 dodecamer ++++ 17.9 ++++ 37.4
9 [E95 | ~90% dodecamer and | ++++ 3.1 o+ 21.9
O soluble hmw species
© | K96 ~30% dodecamer, 10% ++++ 5.6 ++++ 23.7
dimer and hmw species
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K99 dodecamer ++++ 1.3 ++++ 10.5
E102 | ~70% dodecamer and | ++++ 10.6 ++++ 1.3
soluble hmw species
W103 | Dimer and soluble hmw ++ | -—--- ++ | -
species
V106 | dodecamer ++++ 2.4 ++++ 0.89
K112 | dodecamer ++++ 35.9 ++++ 34.3
F113 | <10% dodecamer, dimes+++ 3.4 ++++ 0
and soluble hmw species
L114 | dodecamer ++++ 74.1 ++++ 39.8
K127 | dodecamer, ~10% dime¢r + |  ----- e I
E133 | dodecamer, <5% hmwljat | -—--- S i P
exclusion volume
N134 | dodecamer + | - S i B
E145 | dodecamer e S [— Y —
. | 1146 <10% dodecamer, dimer+++ 25.9 ++++ 58.4
© and soluble hmw speciegs.

* SHSP was buffer exchanged from 5mM Mg@5mM Tris pH 7.5 into the mobile

phase buffer, 150mM KCI, 5mMMg&I125mM sodium phosphapéd 7.5, prior to SEC

analysis. All measurements were done at room tegiymrer.

** (++++) indicates complete substrate protectiguigalent to wild type (++) ~50%

protection and (+) <25% protection.

*** K72 is not heat stable at 48, the temperature required for MDH denaturatiom, a
forms an insoluble pellet. K127, E133 and N134ay partially heat stable resulting in
~50% of the protein forming an insoluble pellet.

* Cross-linking efficiency is reported as a % maximainthe highest cross-linking
PsHsp18.1 Bpa variant with each substrate (F8 iordnd F7 for MDH). Values are only
reported for the PsHsp18.1 variants that complgiedyect each substrate equivalently to

wild type.
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the water in the solvation layer around a prot@id promoting hydrophobic interactions.

Chaperone activity of the N-terminal Bpa varianesuwneasured by their ability
to protect the model substrates MDH and Luc fromtteduced insolubilization. For
MDH, wild-type or Bpa sHSP variants were mixed wibH at a 1:1, 2:1 or 4:1 molar
ratio (SHSP:MDH) and incubated for 120 min at’45 conditions which lead to full
aggregation of MDH in the absence of sHSP (Baslah,e2006). All nine N-terminal
variants fully protected MDH at a 1:1 ratio, whishas efficient as wild-type PsHsp18.1
(Fig 2.5 and Table 2.1).

To test efficiency of Luc protection, wild-typedBpa variants were tested by
mixing with Luc at molar ratios of 3:1, 6:1 or 1Z9HSP:Luc) and incubated for 8.5 min
at 42°C. Luc is more heat-sensitive than MDH and aggesgeompletely under these
conditions in the absence of sHSP (Basha et @6)2Mn contrast to results with MDH,
protection of Luc differed between N-terminal Bgaiants. Equivalent to wild type, F7,
F8, F16, F19, F30 and F32 completely protectedratia between 3:1 and 6:1 sHSP:luc.
Protection of Luc by L27, F41 and F48 requiredraekold higher ratio of SHSP (12:1).
This result may indicate that the native residuthatatter positions is essential for
recognizing denaturing Luc or that Bpa introducesegic constraint on the region,
preventing it from accessing a conformation neagdea Luc binding. Interestingly, F16
and F19, both of which are unstable oligomers,quted MDH and Luc as efficiently as

wild-type. This result indicates that oligomerialsity does not
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Figure 2.5. Chaperone activity of selected PsHspll8Bpa variants.

The ability of a selected set of Bpa variants, BEZB45 and F16, to protect Luc or MDH
from heat-induced aggregation was performed agitheskcin the text. Wild type
PsHsp18.1 fully protects Luc at a molar ratio df and MDH at a ratio of 2:1

(SHSP:substrate).
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affect chaperone efficiency in these assays. Furtbee, both proteins show complete
incorporation of SHSP into the sHSP-MDH and sHSE-toemplexes as demonstrated
by SEC (Fig. 2. 4 B & C). The remaining N-termiigda variants show varying degrees
of sHSP incorporation with L27 having the most renimay free SHSP when complexed
with MDH (Fig. 2.4 B). Further, L27 which only paily protects Luc at wild-type
SHSP-Luc ratio forms a high molecular weight com@pecies (Fig 2.4 B line with
arrow) along with the expected complexes with angbn time of 6.8 min. Not all of the
SHSP is incorporated in the wild-type PsHsp18.1mered with either MDH or Luc.

However, the amount of remaining uncomplexed sHSRiily small.

Oligomer stability and chaperone activityafcrystallin domain Bpa
variants

In contrast to the N-terminal arm, obtaining sta®pe variants of tha-crystallin
domain was more difficult, probably because thezbphenone group caused structural
perturbations of the tightly packadcrystallin domain (Fig. 1.1). | first substitut&gpa
for three Phe residues in this domain, F64, F11BFr1 7, but only F113 resulted in
recovery of stable protein. | then targeted hydadph residues, since sHSP-substrate
interactions are predicted to involve hydrophohidaces. Only three (W103, V106 and
L114) of 10 positions tested resulted in stabldgino(Fig. 2.2). Finally, | targeted
hydrophilic residues that face the exterior of bksandwich in the TaHsp16.9 dimer (van
Montfort et al., 2001). Of 34 positions testedp&aecombinant Bpa variants could be

purified from 17 (Fig. 2.2). R105, yielded proté¢irat degraded
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Figure 2.6. Oligomer stability and formation of conplexes with subtrate for selected
a-crystallin domain PsHsp18.1 Bpa variants.

Samples were prepared and analyzed as descrilbégure 2.6. A) All selected variants
show stable dodecamers at room temperature sitailaild type. B) All variants fully
protect MDH and show complexes eluting at 7.1 r{ihl12 shows nearly all of the SHSP
is included in the complex while wt, K77, E91 antil¥ all have free sHSP. C) All
variants fully protect Luc and show complexes elgitat 6.8 min. K112 and E91 have
nearly complete incorporation of SHSP in complekilevwt, K77 and L114 have free

SHSP.
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rapidly after purification, even in the presencguaitease inhibitors, and was not used for
further analysis. The 21 Bpa variants in #gherystallin domain that could be purified
include substitutions of residues in regions priedi¢o be important for substrate
protection (Fig. 2.2).

Nondenaturing-PAGE of Bpa variants in terystallin domain shows slight
structural variability (Fig 2.3 open rectangles). Bowever have a predominant
dodecameric species (Fig. 2.3). As mentioned ptslyonondenaturing-PAGE is
sensitive to charge differences, which can be lglesen in some of the variants in e
crystallin domain where a charged residue is reglagith Bpa. Except for Lys 56, when,
Lys is replaced with Bpa the protein migrates fia@fteg 2.3 lanes 12,13,24 and 27). Lys
56 is part of the dimer interface, and replacirgy¢harged residue with Bpa may have a
destabilizing effect on the oligomer resulting maitered conformation (van Montfort et
al., 2001b). In contrast, when Bpa replaces a negdgtcharged residue the resulting
protein migrates slower (Fig 2.3 lanes 11,14,15,18619,22, 28,30).

Noticeable dodecameric instability is seen when &Hed to examine the
structure of the variants. At room temperature K887, E95, K96, E102, W103 and
F113 are unstable dodecamers as assessed by SECthehemaining 14 are >90 %
stable dodecamers compared to wild-type (Fig 2.6\ Bable 2.1). K56, Q87, K96 and
F113 may result in unstable oligomers either bezdlusy form oligomeric contacts
(K56) or because they disrupt thesheets of tha-crystallin domain (Q87, F113).
Variants in theb6 loop,b6 strand and the conservied strand (Fig. 2.2 and Fig. 1.1)

fully protect both MDH and Luc at wild-type ratio&mong the variants located in
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previously predicted substrate binding regions.(Eig),b3-b5, D82 and D83 protect
both substrates similarly to wild-type. K77 and E#fétect MDH at wild type ratios of
1:1, but only partially protect Luc at ratios beeme3:1 and 6:1, which is where
maximum wild-type Luc protection is seen (Fig 2@R7 partially protects both
substrates at wild-type ratios, but K72 does notqat either substrate at all. In fact, K72
along with K127, N134 and E133 do not protect eithéstrate. All four of these
variants are extremely heat sensitive. They arerokd to partially aggregate and pellet
when heated in the absence of substrate’d@ d245C, even though they appear as
stable dodecamers at room temperature.

Complexes of MDH and Luc formed withrcrystallin variants behaved similarly
to wild type when observed by SEC (Fig. 2.6 A & Bxcept for K112, all othea-
crystallin variants complexed with MDH show freajaorporated sHSP with an elution
time of 8.2 min (Fig. 2.6 B). When formed using theiimum ratio of SHSP;substrate
required for full Luc protection, wild-type sHSP-¢.aomplexes also have unicorporated
sHSP, which is seen with alcrystallin variants except K112 and E91 (Fig. )6

To address the possibility that K72, K127, E133 Bii34 were aggregating at
increased temperatures due to inability of thesmnes to dissociate to a stable dimeric
species, these variants were analyzed by blueenB#AGE at 4C and 45°C (Fig 2.7 B).

K72, K127, E133 and N134 migrated similarly to thiéd-type dodecamer.
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Figure 2.7. Blue native PAGE of a selected set BEHsp18.1 Bpa variants shows
that, similar to wild type, they dissociate to dimes at 45°C.

A) Blue native PAGE of 151 of 24 nM Bpa variants resolved at’€ reveals that the
majority of the variants are stable dodecamer®8IB¢ native PAGE of 151 of 24 niM
protein resolved at 4% reveals that all variants dissociate into smalfercies at
increased temperatures. These species correspandirteer along with residual tetramer

and potential hexameric species.
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Wild-type protein is indicated with an open box.n@ary to what was expected, all four
variants dissociated into species that co-migraiiéi the wild-type dimer at 48C. (Fig.
2.8). K72 is in the loop region betwe®B3-b4, and K127 is in the loop betwebii-b8

and E133. N134 is in the8 strand, anté4 andb8 are part of a hydrophobic groove
which is inaccesible in the oligomer (van Montfettal., 2001b). However, this region is
solvent exposed in the dimer and thought to beluaebin substrate binding. One
possible explanation for their aggregation behamsidhat the charged residues, K72,
K127 and E133, may help maintain the solubilityre dimer. This would explain why
the Bpa variants in these positions precipitaté lothe presence and absence of
substrate when heated.

Blue native PAGE run at %&C shows that F16, K56, K112 and 1146 (Fig 2.7 A
lanes 2, 4, 7, 12) appear to be slightly less statith residual faster migrating species
appearing on the gel compared to wild type. K56xsha dominant dimeric species.
Interestingly, as with the N-terminal variants,iaty towards either substrate is not

dependent on oligomer stability at room temperature

Oligomer stability and chaperone activity of C-tarat Bpa variants

The 16 amino acids in the C-terminal extensionpaeelominantly hydrophilic,
with only 5 hydrophobic residues and no Phe. Tder@iinal positions were tested for
Bpa incorporation. Five resulted in no detectalbtegin expression, three in partially
soluble, rapidly degrading protein. That left sitbbn of Bpa at E145 and 1146 to probe

for C-terminal substrate interactions. 1146 is astable dodecamer; it shows
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Figure 2.8. Oligomer stability and formation of conplexes between substrate and
selected C-terminal PsHsp18.1 Bpa variants.

Samples were prepared and analyzed as descrilbeguire 2.6. A) E145 is a stable
dodecamer at room temperature. 1146 has only rakathdecameric structure, with some
dimer eluting between 8-9 min (line with arrow) dmgh molecular weight soluble
aggregate, which is retained on the pre-columerfdind not seen on the chromatogram.
B) E145 only partially protects MDH, and most oé 6HSP is found in the free form.
The complex elutes at ~6.8 min, which is larger tthenwt complex eluting at 7.1 min.
1146 fully protects MDH, however SEC data are ndaikable for the complex. C) Only
50% Luc protection is seen with E145, resultingh@ absence of a substantial complex.

1146 fully protects Luc, and all SHSP is incorperhtn the complex.
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<10% oligomer, and some dimer, but mostly high mall@r weight soluble species.
However, 1146 protects Luc and MDH at wild-typei@atof 4:1 and 1:1
(sHSP:substrate), respectively (Fig.2.8 and TadgE145 is predominantly a
dodecamer with residual dimer at room temperatkig .8 and Table 2.1), and it
partially protects Luc and MDH at 12:1 (SHSP:Lucy&:1 (sHSP:MDH), respectively
(Fig. 2.5). These ratios are higher than the wjlgetprotein ratios needed for protection.
Along with the other charged residues in the C-teatnextension, polar E145 may play
an essential role in structural stability, thatlisrupted by the less polar Bpa, resulting in

poor chaperone activity.

PsHsp18.1 Bpa variants cross-link substrate onfH8P-substrate
complexes

Having established the oligomeric characteristius eéhaperone activity of the
purified PsHsp18.1 Bpa variants, these proteingwext used in cross-linking
experiments to determine which variants would khgabée of cross-linking to bound,
heat-denatured substrates. When sHSP and sulmteateéxed together in the absence of
heat, formation of a sHSP-substrate complex iohserved, indicating sHSPs do not
interact with native proteins (Haslbeck et al., 280Basha et al., 2006) (See also Fig.
2.10). sHSP-substrate interactions are readilyrgbdevhen sHSP and substrate are
heated together under substrate denaturing condiffeig. 2.10) (Lee et al., 1997; van
Montfort et al., 2001a; Haslbeck et al., 2005a)e Time and temperature required for

substrate denaturation vary with individual sulissand affect the size and architecture
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of the stable sHSP-substrate complex (Lee et 8i7;1Basha et al., 2006). Therefore,
cross-linking of sHSP to substrate should only bseoved after heat denaturation of
substrate in the presence of SHSP. Nine N-ternaimal 21 -crystallin domain and the
two C-terminal extension Bpa variants of Hsp18.Iengsed to probe for sHSP-substrate
interactions. Two different heat-sensitive subssaMDH and Luc, were used for these
experiments and results for these two model sutiestraill be discussed in detail. CS
another model, heat-sensitive substrate and FBp#ative native substrate of plant
SHSPs, were also tested to determine if the priesipf SHSP-substrate interactions
observed from MDH and Luc apply to other substraisdy one set of data was
generated for CS and FBPA. These data will be lgmaéntioned in the discussion with
the caveat that the experiments need to be repeated

Complexes were formed between 12 uM sHSP and M4 (din at 45C) or
Luc (8.5 min at 4ZC) at 2.4:1 and 4:1 molar ratios (SHSP:substratspectively. The
soluble sHSP-substrate complexes were subjectgl toradiation at 356 nm for 20 min
on ice to generate cross-linked species (Fig. Z@)sslinking did not alter the
complexes as assessed by SEC (Fig. 2.10). sHSHaehsoss-linked species were
identified by separation on SDS-PAGE followed bysteen blotting with sHSP and
substrate-specific antisera .Western blots frorsstmking experiments are shown in
Fig. 2.11.
As seen in Fig. 2.11, sHSP-substrate cross-link$camd in the heated samples (odd
numbered lanes), but not in the unheated coniradg;ating that PsHsp18.1 only

interacts with substrate when the substrate isde@tured. Multiple sHSP-substrate
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Figure 2.9. Schematic of the cross-linking strategy

PsHsp18.1 Bpa variants were incubated with Luc BHvand heated as indicated in the
materials and methods and figure legendsniafi each sHSP-substrate complex was
aliquoted into a well in a 96 well plate, and timtire plate placed on ice. Bpa was
photoactivated at 356 nm using a handheld UV laon2® min. Cross-linked peptides of

sHSP-substrate (dark blue circle) and sHSP-sHS&h(ciycle) are expected.
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Figure 2.10. sHSP-substrate complex elution is unahged after cross-linking.

12 uMsHSP and MDH were mixed together at a molar rdt@.411 (sHSP:MDH) and
left at room temperature (unheated), incubated 26r min at 45C (heated), or heated
together and then cross-linked (heated cross-Inkécktures (100M) were separated by
SEC using a TSKgel G5000PWxL column with an effec8ize separation in the range
of 10° -1¢° Daltons, at a flow rate of 1 ml/min and a mobitege buffer of 25 mM Na

phosphate, 25 mM KCI, pH 7.4.
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Figure 2.11. PsHsp18.1 cross-links to MDH and Lucndy under substrate

denaturing conditions.

The indicated Bpa variant or wild-type PsHsp18.1enNeeated (+, odd numbered lanes)
or not (-, even numbered lanes) in the presenteofA panels) or MDH (B panels).
After UV-cross-linking and SDS-PAGE, samples wenenunoblotted using sHSP or
substrate-specific antisera. Prominent cross-lirdgsgties with MDH and Luc are
detected with the N-terminal variants, F7 and Rl are indicated with open boxes.
Species marked with an asterisk have two crosgliolucts migrating very close to each
other. These most likely differ by one sHSP. sHEétHic oligomers are seen in all lanes

of the anti-sHSP blots. Positions of molecular \meigarkers are indicated.
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species are detected with both MDH and Luc antésdihese species correspond in
apparent molecular weight to one, two or more sH®Romers cross-linked to one
substrate molecule. Because Bpa only capturesanttens within a few A, covalently
bound substrate must interact with the sHSP veay thee site of Bpa incorporation. As
expected, no cross-linked products are seen withsMsp18.1, which does not contain
Bpa.

In addition to species corresponding to sHSP clioked to substrate, species
corresponding to sHSP cross-linked to itself aense both heated and unheated
samples. This is expected since PsHsp18.1 is acdouw consisting of dimeric building
blocks. Interestingly, the intensity of SHSP mukisiis reduced in the heated sample,
consistent with the probe cross-linking with théstuate rather than another molecule of
sHSP (Fig. 2.11). Western analysis of both MDH bund cross-linked samples revealed

that, with a few exceptions, all variants show &Bsubstrate cross-linked species.

Substrates preferentially cross-link to the N-terahiarm

From the western analysis of the cross-linked samipiwas obvious that not all
positions showed equal cross-linking. Therefonmedhod was devised to determine the
extent of cross-linking to each Bpa variant. Thet@n mixtures were separated by SDS-
PAGE and stained with Coomassie blue followed bgngiication on a Licor Odessey
system (refer to materials and methods). The gligation MDH and Luc cross-linking
was performed in triplicate. The standard deviabetween the three trials in the Luc

and MDH gquantitation experiments was calculate®-&%b.
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Figure 2.12. Coomassie-stained cross-linked produid used to quantify direct
substrate interactions.

Coomassie stained SDS-PAGE of representative PSHsBDba variants cross-linked
with Luc (A) and MDH (B). The predominant crossked band indicated by an
arrowhead was used to quantify the amount of dirgetaction between PsHsp18.1 Bpa

variants and substrate.
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Figure 2.13. PsHsp18.1 N-terminal Bpa variants makedirect contacts with MDH

and Luc.

SHSP-substrate-specific cross-linking of the ninteidninal Bpa variants with MDH
(black bars) and Luc (white bars) was quantifiedteDfor both substrates are plotted as a
percent of the highest cross-linking variant, F7NilDH and F8 for Luc. The arrows

indicate partial protection of Luc by the Bpa vatia
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As summarized in Fig. 2.13, eight of the nine Nvteral variants of PsHsp18.1
have the highest level of cross-linked product witemplexed with MDH. Bpa at
position 48 shows half as much cross-linking coregato the rest of the N-terminal
region, even though it protects MDH equivalentlywtitd type. A similarly high level of
cross-linked product is seen between the N-ternitsélsp18.1 variants and Luc (Fig.
2.13 and 2.14). Bpa at positions L27, F41 and B8vsa reduction in cross-linked
species compared to the other N-terminal varidigiever these variants only partially
protect Luc. The strongest N-terminal arm croskhtig that was observed with both
MDH and Luc is at the tip of the N-terminal arm (&7d F8). In total, the results clearly

show that the PsHsp18.1 N-terminal arm forms diceatacts with denaturing substrates.

PsHsp18.1 has a distinct substrate-specific intierapattern

Bothin vitro andin vivo datasuggest that SHSPs are capable of interacting with
many different types of proteins to protect theonfrheat-induced aggregation
(Haslbeck et al., 2005; Basha et al., 2004). | usedPsHsp18.1 Bpa variants to
determine if SHSPs had a substrate-specific intierapattern. Using the 19 Bpa variants
that fully protected both MDH and Luc (Table 2.48)SP-substrate complexes were
made and cross-linked as before. The cross-link&tlre was separated by SDS-PAGE,
Coomassie stained, and cross-linked species gigahtifhe data are graphed as % of the

strongest interacting variant, which is Bpa at 67MDH and at F8 for Luc
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Figure 2.14. MDH and Luc cross-linking to PsHsp18.teveals major interactions
with the N-terminal arm.

Individual Bpa variants which fully protect eithgfDH or Luc at wild-type molar ratios
of sHSP:substrate are shown. Intensity of crodsetirspecies is shown as a percent

maximum of F7 for MDH and F8 for Luc.



118



119

Figure 2.15. Comparison of cross-linking between Leiand MDH reveals a
substrate-specific pattern of interaction.

Comparison of 19 Bpa variants that protected boiiH\vand Luc at wild-type molar
ratios of SHSP:substrate (2.4:1 for MDH and 4:1lfec). Intensity of cross-linked
species is shown as a percent maximum of F7 for N\@ikite bars) and F8 for Luc

(black bars).
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Figure 2.16. MDH and Luc cross-linking results mappd to the PsHsp18.1 structure
reveal that the main interaction regions are only dilly exposed in the sHSP dimer.
PsHsp18.1 Bpa variants that protect each substicaiealently to wild-type were used

for this analysis. Cross-linking results for LudaviDH are mapped onto the space-filled
models of PsHsp18.1 oligomer and dimer. Showrnk {$ a cartoon representation of
the monomer. As indicated in the legend, residués avcross-linking efficiency greater
than 51% are indicated in green, 21-50% are inelicat red and <21% are indicated in

blue.
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(Fig. 2.14). The substrate interaction patterroghly distinct for MDH and Luc. MDH
makes contacts throughout the sHSP with more ictierss in the N-terminal arm,
followed by theb7 strand of tha-crystallin domain and 1146 in the C-terminal
extension. The only region tested that does novshdstantial interaction is th loop
(E102, W103 and V106), which is part of the dinmeriface (van Montfort et al.,
2001)(Fig. 2.15). The pattern of Luc cross-linkdiffers in that there are no significant
interactions between Luc and PsHsp18.1 iratherystallin domain, except to thg
strand (Fig. 2.14 and 2.15). 1146 on the C-term@xaénsion also shows significant

interactions, similar to MDH.
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DISCUSSION

| have identified specific positions of PsHsp1®at interact directly with
different, partially denaturing substrates. Addiadly, this is the first study where an
extensive determination of direct interaction siiesveen sHSPs and substrates has been
performed. The results clearly show that the N-teatrarm of PsHsp18.1 forms direct
contacts with both MDH and Luc (Fig. 2.13). CS &BPA also form strong direct
contacts with the N-terminal arm (data not show&ven though an essential function for
the sHSP N-terminal arm in substrate protectionidges previously documented (van
Montfort et al., 2001; Giese et al., 2005; Bashal e2006; Giese et al., 2004; Haslbeck
et al., 2004; Aquilina et al., 2007), these arefittse experiments establishing that this
essential function is likely to be substrate bigdifihe data with MDH and Luc also
show that specific regions of tlaecrystallin domain contact substrate, but thesdamis
are of a much lower intensity compared to the Mateal arm (Fig. 2.14). Finally, the
data further support the existing paradigm for sk38Bstrate interaction, that SHSPs
must undergo some form of structural rearrangenteaxpose hydrophobic regions to
act as binding surfaces for denaturing substratas fMontfot et al., 2001; Haslbeck et
al., 2005). These results provide new data to suippe importance of dodecamer
dissociation for substrate binding and that theeadira the substrate binding species.

While the importance of the N-terminal arm in sus& protection has been

known, the extent to which the N-terminal arm igalved in direct substrate interaction
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was not clear until now. Data presented here detraiaghat the entire length of the N-
terminal arm is involved in substrate interactiddst only is the N-terminal arm directly
contacting substrate, but the interactions of theMhinal arm with substrate are more
intense than interactions with the structurally-seemeda-crystallin domain (Fig. 2.14
and Appendix B).

Studies of hydrophobic-probe binding and chemica$s-linking show that the
b3-b5 region of thea-crystallin domain may participate in substratedioig (Haslbeck et
al., 2005; Ahrman et al., 2007; Sharma et al., bY98wvas able to probe this region with
Bpa introduced at positions K72, K77, E79, D82, @88 Q87. While MDH, CS (not
shown) and FBPA (not shown) form crosslinks witis tiegion, Luc does not. However,
b7, which has been predicted to be a potential satiesbinding site, because it would
become exposed when the sHSP oligomer dissocfatess intense cross-linked
products with all four substrates. Interestinghythe sHSP dodecamer structure K112
and L114 inb7 are within a few A of the middle region of theté&minal arm, which
includes the Bpa substitutions L27, F30 and F32 &kperiments also tested the SHSP
dimer interface for substrate interactions withiq@®incorporated at E102, W103, and
V106 in theb6 strand and K56 ib2. These four residues showed minimal cross-linking
with all four substrates, strongly indicating ttta¢ PsHsp18.1 dimer, not the monomer,
is the active substrate binding form. 1146 of thee€@ninal extension also interacts with
all four substrates, strengthening the argumenttkieaflexible C-terminal extension is

involved in substrate binding.
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This study predominantly focused on two model sabss, MDH and Luc. In the
absence of sHSP, MDH completely aggregates in IiaGgn¥5C while Luc requires
only 8.5 min at 42C. Therefore, in comparison to each other, MDH lmarconsidered to
be a slow aggregating substrate and Luc a faseggting substrate. Interestingly,
PsHsp18.1 shows a distinct pattern of interactibemprotecting MDH vs. Luc. As
mentioned, the N-terminal arm is responsible faragority of Luc contacts along with
two residues in thb7 strand, which are positioned in the SHSP strectery near the N-
terminal arm. A possible explanation for this iattthe flexible N-terminal arm is
capable of rapidly shielding the hydrophobic saéthe partially denaturing substrate.
MDH, which aggregates more slowly, forms highly plgped cross-linked species with
the N-terminal arm, however, due to the slower odteggregation tha-crystallin region
may have time to establish weak interactions tbilsta the partially-denatured form of
MDH.

It is tempting to suggest that slow aggregatingsales, as defined by the
kinetics of MDH aggregation in our studies, maymct not only with the flexible N-
terminal arm, but also thee-crystallin region. The similar behavior of CS dfi8iPA,
observed in preliminary experiments, supportsittes. However, further experiments
are needed to substantiate this hypothesis. Ih) tbeadata show that the rate of substrate
aggregation may have as significant an impact am $tdSPs bind substrate, as does any
specific sequence or structural feature of the tleimg substrate.

Through a collaboration with Dr. Andrea Sinz at th&titute of Pharmacy, Martin

Luther University, Halle, Germany, | have attemptedlentify where Bpa cross-links to
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substrate in the SsHSP-substrate complexes. Pramnaxperiments were performed
using PsHsp18.1 F16 and L114 variants crossling@d@H. The main crosslinked
species, ~56 kDa (Fig 2.14B), was prepared for M8yars as described in materials and
methods. It has so far not been possible to ideatdss-linked peptides from the large
number of peptide spectra generated in these empets, using the available software
GPMAW (Lighthouse data). One of the main draw bdoksoftware such as GPMAW,
which is specifically designed to identify croskka peptides, is that the program only
considers the chemistry utilized by standard chehumss-linkers involving amine-
carboxyl- and thiol-reactive groups. Bpa, whickenacts with N-H or C-H bonds, does
not necessarily crosslink with the free amino grotifysine, the carboxyl group of
glutamate or aspartate, or the reactive thiol stepe. | have been in contact with Dr.
Peter Hojrup (University of Southern Denmark), vdeveloped GPMAW, and he is
willing to incorporate specific functions to aidioentifying crosslinked peptides.
Alternatively, Popitam, a freely available searcbgram, which can identify
modifications on peptides using tandem MS datapleas modified to aid in the rapid
identification of cross-linked peptides (Singh ket 2008). | am hopeful that using
improved software it will be possible to determiegions on the substrate that interact
with sHSP. However, it remains possible that hegfeneity in contacts with substrate
will make it impossible to identify unique siteslmhding to substrate.

Mapping the substrate cross-linking results oneoRBHsp18.1 model structure
highlights another critical aspect of the SHSP ehnape mechanism (Fig. 2.16). The

strongest cross-linking sites for both Luc and M&xd poorly accessible in the sHSP



128

dodecamer. The N-terminal sites are even less sibbeshan in the model, considering
that another ~27,000 Da of unresolved N-terminal @sidues must be accommodated
in the central “hole”, and are calculated to occapgentially all of that space. Thus,
substrate interactions with the N-terminal arm regaxtensive structural rearrangement
of the dodecamer. It has been demonstrated tlsabatrate denaturing temperatures the
equilibrium between the oligomeric and dimeric fasiPsHsp18.1, and a number of
other sHSPs, is shifted towards the dimer (van Kdonét al., 2001a; van Montfort et al.,
2001b; Stromer et al., 2004; Giese and Vierlin@20suggesting this is the substrate-
binding species. For other sHSPs increased temypesatesult in more rapid subunit
exchange, which would also facilitate substratelinig to a suboligomeric species
(Friedrich et al., 2004; Liu et al., 2006). Duedifficulties in observing the sHSP-
substrate interaction at high temperatures, sukdb@und to a dimeric or other
suboligomeric sHSP form has not been observedttirézata shown here demonstrate
substrate binding to the N-terminal arm, stronglgporting the dimer as the active
substrate binding form of PsHsp18.1. We can alkoout significant binding to the
dimer interface, as E102 and V106 ®and K56 in 2, which are involved in this
interface, show no significant cross-linking tcheit Luc or MDH (Fig 2.14). This result
also argues against monomers acting as a majotrateobinding species. Both substrates
interact with 1146 of the C-terminal extension, midsely because the C-terminal
extension is free in the dimeric form and has bsewn to be flexible similar to the N-

terminal arm (Jiao et al., 2005; White et al., 2006
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Although site-directed cross-linking is a powetinbl to study transient protein-
protein interaction, the method has limitationsedimitation is the difficulty in
incorporating Bpa, a relatively bulky probe, intousturally complex proteins such as the
sHSPs. The integrity of the tightly packaetrystallin core needs to be maintained for
sHSPs to assume their proper oligomeric strucithie.inability to express detectable
protein for a majority of positions tested in #rerystallin domain reflect this problem
(Fig. 2.17). Further, replacing charged residugbéa-crystallin domain and C-
terminal region with Bpa, an uncharged residue, hee resulted in protein instability
leading to rapid degradation of certain Bpa vaga@harged residues in the C-terminal
tail of mouse sHSP, sHsp25, were shown to be fatatructural stability of that protein
(Walker et al., 2008). To overcome the structuaaistraints of Bpa, | attempted to
incorporate the smaller photoactivable probe, gearigo-phenylalanine, Apa (Fig 2.1 top
panel), at selected sites in @herystallin domain. Of the five residues in th2 andb3
strands that could not be expressed and purifidd Bpa (Fig 2.2), | was only able to
successfully incorporate Apa at position F64. Hoaveeross-linking studies were not
performed with this variant.

Despite the drawback of not being able incorpoBgta into many of the sites
tested in tha&-crystallin domain and C-terminal extension, thehteque has proven to
be powerful for probing interaction sites betwagoromiscuous class of chaperones,
such as sHSPs, and substrates. Results here asdahaothers indicate that SHSPs can
bind to substrates through multiple interactioesifAhrman et al., 2007). Some of these

sites are more populated than others and may baatkezed as high and low affinity
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interaction sites (Sathish et al., 2003; Kundul.e2807). Such heterogeneous modes of
interaction result in complex cross-linked mixtyredich are difficult to study with
chemical cross-linking, since mass spectrometryyaisais required to define the
interaction sites (Sinz, 2003).

Like the ATP-dependent chaperones GroEL, Hsp70Hep®0, sSHSPs are
believed to recognize and bind hydrophobic patexg®sed on partially-denatured
proteins. However, unlike these other chaperonbg;hmhave distinct substrate binding
regions, | can conclude that sHSPs rely on multpletact sites distributed throughout
the sHSP to protect substrates from irreversibigegation. It is notable that the N-
terminal arm of the sHSPs, apparently so critigadubstrate interactions, represents an
extensive, intrinsically unstructured domain (Kitrag, 1998; van Montfort et al., 2001,
Jiao et al., 2005; Aquilina et al., 2007; Kundwakt 2007). A considerable body of
evidence indicates that intrinsically unstructuregions of proteins play key roles in
protein—protein interactions (Tompa and Csermedp42 Dyson and Wright, 2005).
Interestingly, in contrast to coupled binding anttiing of intrinsically disordered
proteins (Tompa and Csermely, 2004; Dyson and WrRfp05), hydrogen-deuterium
exchange studies of the sHSP-substrate complex 8taiwhe N-terminal arm remains
unstructured when bound to substrate (Cheng €2@08). The observation that the
substrate-bound N-terminal arm does not assum&stabondary structure is similar to
recent observations of other proteins in whichimsically disordered domains bind to
interacting partners without a disorder-to-ordansition (Sigalov et al., 2008). | propose

that structural disorder allows the N-terminal dopresent a variable and flexible
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ensemble of clusters of hydrophobic residues thatimteract with diverse geometries of
hydrophobic patches on unfolding proteins. This{tay in binding site conformations
makes sHSPs highly effective at interacting effidigto protect a wide range of critical

cellular proteins.
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Figure 2.17. Models of the PsHsp18.1 dodecamer addner highlighting all

attempted Bpa insertion sites.

Cyan: all residues where Bpa insertion was attethpig did not result in any detectable
protein accumulation i&. coli. Pink: residues at which proteins with Bpa instteuld
be isolated, but purified protein was rapidly trated at the C-terminus. Dark Blue:
positions where Bpa insertion resulted in parti@Wprotection. Green: residues

resulting in complete MDH protection.
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CHAPTER THREE: DEFINING CONFORMATIONAL CHANGES IN

SHSP AND SUBSTRATE IN sHSP-SUBSTRATE COMPLEXES

INTRODUCTION

sHSPs protect substrate from irreversible heatdadwaggregation by forming
soluble sHSP-substrate complexes. sHSP-substtatagtions are believed to occur by
sequestering hydrophobic surfaces of the denatprioigins they protect. The
crosslinking experiments presented in Chapter 2 lpggvided direct evidence that the
N-terminal arm of SHSPs is a critical substratesiattion domain. However, these
experiments do not provide information about matimgoproperties of SsHSP-substrate
complexes. Here | have probed the sHSP-substratpleges with limited proteolysis
and chemical modification combined with mass specétry (MS) to address additional
guestions about the overall architecture of themleriand the conformation of substrate
and sHSPs in complexes. These techniques are mited £ determining if all SHSPs
protect substrate in a similar tertiary structtioewhat extent SHSP or substrate are
sequestered from solvent within the complex, and te tertiary structure and
guaternary structure of the sHSP has to rearramgedommodate substrate.

Previous experiments have provided some informatimut the organization and
dynamics of sHSPs and substrates within compléxesent hydrogen deuterium

exchange (HX) studies showed that substrate-bod&dPsxchanges amide hydrogens
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virtually identically to free sHSP (Cheng et aD08). These data indicate that within the
sHSP-substrate complexes, individual side chailvackbone interactions between the
sHSP and substrate are energetically weak withofasiff kinetics. Therefore, although
the complex as a whole is stable, the individutdrarctions are transient, and new, stable
secondary structures are not formed by the SHSP etietacting substrate. Thus, this
technique has not provided information about padéstibstrate binding sites nor defined
arrangement of SHSPs and substrates within the leamp

Using affinity-tagged plant sHSPs, Friedrich et(2004), showed that while a
certain population of SHSPs can exchange out ofdngplex, a fixed population,
presumably bound to substrate, cannot. Using SEGnmbination with tandem
nanospray-ESI, Benesch and colleagues (personahaaioation) have been able to
determine the stoichiometry of SHSP and substraifisn the heterogeneous complex
formed between PsHsp18.1 and the model substratellamdem MS of SEC fractions
collected from one region of the complex peak shimat the complex stoichiometry
ranges from 17-20 subunits of PsHsp18.1 to 1 Lunonwer. The heterogeneous and
dynamic interactions between sHSP and substratieesed by these and other
experiments have hindered high resolution strutaumralysis of the sHSP-substrate
complex.

Limited proteolysis is a powerful tool for probitige higher order structure of
proteins, as it provides information on the surfaceessibility of protease recognition
sites in the context of protein-protein interacigrhlubbard, 1998). Early on limited

proteolysis was used to examine the tertiary streabf bovinea-crystallin. This study
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concluded thaaA-crystallin is more susceptible to proteolysis qared toaB-

crystallin. Also, about 5-20 of the C-terminal chges are solvent exposed and can be
cleaved by proteolysis without disrupting the tantistructure (Siezen and Hoenders,
1979). More recently the relationship betweegx andaB-crystallin chaperone activity
and oligomeric size was investigated using trypsgestion. Tryptic digest fragments of
both A- and B-crystallin are much smaller than the originaluoibs, but retain
considerable chaperone activity, leading the asttmconclude that chaperone activity
depends more on the sequence of the protein rdtheoligomeric size (Saha and Das,
2004). Both studies used SDS-PAGE to monitor thiergof proteolysis over time.
Although useful in visualizing the appearance ohtateda-crystallin fragments, SDS-
PAGE has low sensitivity due to the detection Igx@ssociated with protein staining and
provides only imprecise estimates of molecular Weigjo circumvent these isuues,
Aquilina and Watt (2006) used nanoelectrosprayzation MS to detect both the
truncatedaB-crystallin polypeptide along with the corresparglpeptides released
during digestion in the presence and abseneelattalbumin that was denatured by
reduction. This study concluded that the N-termarah and C-terminal extension @B-
crystallin were involved in binding-lactalbumin. Substrate-bouradcrystallin showed
reduced chymotrypsin proteolysis at four siteshmN-terminal arm and reduced trypsin
proteolysis at one site in the C-terminal tail camgal to free-crystallin. However, this
study did not address how protease susceptibilithesubstrate was changed upon

interaction withaB-crystallin.



137

Chemical labeling utilizing the reactive primaryiamon the side chain of lysine
is another method widely used to investigate pnepeotein interaction surfaces. Sukau
et al (1992) described a method to probe protein siradty acetylation of lysines using
acetic anhydride. The acetic anhydride specificaigets the-amino group of lysines
and covalently attaches an acetyl group in a nanrsée manner, adding a mass of 42
kDa to the modified residue. Various groups hawesssfully utilized this technique to
study protein-protein interactions by comparing ified residues in the protein alone to
modified residues in a protein complex (Sharp ¢28l06; Nikfarjam et al., 2006;
Schloten et al., 2006). An alternative label is ydhtoxysuccinimido-biotin, which
modifies free amine groups by adding a biotin mpleading to a larger mass shift of
236 Daltons for modified peptides.

Here, | have addressed the questions of SHSP #&strate solvent accessibility
and quaternary and tertiary structure first by tediproteolysis and second by lysine
modification techniques. Proteolysis experimentseweerformed using multiple
proteases, two model substrates (Luc and MDH) skt#Ps from peadfsum sativum
Ps), wheatTriticum aesitvumTa) and ArabidopsiAfabidopsis thaliangAt).

PsHsp18.1 is a biochemically well-characterizedRld8d is considered a very efficient
chaperone, because it requires a minimal raticH&s substrate to fully protect
substrates from heat-induced aggregation (Lee,et297). A high resolution structure is
available for TaHsp16.9 so that the results geadraan be mapped onto a structure (van
Montfort et al., 2001). AtHsp18.1 is one of sixsdd cytosolic cytosolic SHSPs from the

model plant specierabidopsis thalianand shares 76% sequence identity with
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PsHsp18.1. Compared to PsHsp18.1, however, At Hpd& much less efficient
chaperone (moles sHSP required per mole substratiecped) for some substrates
compared to PsHsp18.1 (see Chapter 4). To studi?sdBstrate complexes by lysine
modification, | used PsHsp18.1 complexed to MDH;cuse these complexes have been
extensively characterized by other methods.

Results of the limited proteolysis study indicdtattall three sHSPs, PsHsp18.1,
AtHsp18.1, TaHsp16.9, protect a similar partialgndtured form of MDH, regardless of
apparent differences in complex structure. sHSRypbexed to substrate are protected
longer compared to the free sSHSP, and stable gyitetragments of SHSP
corresponding to protection of the N-terminal aamg detected, further supporting the
crosslinking results in Chapter 1. Finally, theagadshow that both sHSPs and substrates
are distributed internally and externally in thengex.

Results from Lys labeling are much more difficalinterpret, as optimization of
the method was not fully achieved. However, pretany results support the model that
sHSP structure is changed, and that the C-ternahiWdDH remains accessible to solvent

in the complex.
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MATERIALS AND METHODS

Formation of SHSP-MDH complexes

SHSP-MDH complexes were made by mixing 12 uM sH8R MDH at a ratio
of 2.4:1 (sHSP:MDH) for PsHsp18.1 and AtHsp18.13:drfor TaHsp16.9, and heating
for 120 min at 45C in 150 mM KCI, 2 mM DTT, 5 mM MgG| 25 mM Hepes, pH 7.5.
After heating the samples were cooled in an iceglor 30 s and centrifuged at 15,000
x g for 20 min. Control samples were prepared idafly except that incubation was at
room temperature rather than 4% 100n of supernatant was applied to a TSKgel
G5000PW,. column with an effective size separation in thegeof 16 -1¢° Daltons
(Tosoh Biosciences, Montgomerryville, PA). The melphase buffer was 25 mM
sodium phosphate, 150mM KCI, pH7.4, with a floweraf 1 mL/min. Protein molecular
weight standards are listed on each chromatograen@apter 2 for description of

protein standards).

Limited proteolysis

sHSP-MDH complexes and the control, non-heated gii&$”MDH samples
were used for the limited proteolysis experimehisiited proteolysis was performed
with trypsin (Modified sequencing grade, Roche AgbiSciences, Indianapolis, IN), Lys
C, chymotrypsin, Arg C, Glu C, Asp N (sequencingdg, Roche Applied Sciences,
Indianapolis, IN) and thermolysin (Sigma-Aldricht, Souis, MO). Details on the ratio of

protease to substrate and digestion times aregedvn the text and Appendix B.
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Proteolysis was quenched by adding an equal volfr@X SDS sample buffer, samples
were heated at 9 for ~5 min and then separated on 12.5% acrylaiig gels to
visualize differences in proteolysis between fred eomplexed sHSP and MDH.

To determine the molecular weight of MDH and sH&®rnents that were
protected from trypsin digestion, digests were qrenkd with 1:50 w/w, protein:trypsin,
and incubated for either 30 or 60 min at room tempee. Samples designated for LC-
MS analysis were quenched with PFA-Block (Rochantaay). LC-MS data was
obtained on a Finnigan LTQ Linear lon trap (Themua@@ntific, Waltham, MA) coupled
to a Surveyor HPLC and autosampler. MS was perfdrioyeDr. Linda Breci of the
University of Arizona Proteomics facility. A C18laonn was used for sample separation

and data were collected in MS mode.

Biotin modification

PsHsp18.1 and MDH were buffer exchanged into 25 HEBPES, 150 mM KClI
and 5 mM MgCJ, pH 7.5 using Ultrafree-0.5 Biomax 5K cutoff file(Millipore Corp.,
Billerica, MA). 12 uM PsHsp18.1 was mixed with MDdtl a molar ratio of 2.4:1
(SHSP:MDH) and complexes were made by heating20rrtiin at 45°C. The mixture
was centrifuged for 20 min at 13,000 RPM and theesuatant used for biotin
modification. N-hydroxysulfosuccinimide (Sulfo-NHSiotin (Thermo Scientific,
Rockford, IL) was added to 20X (w/w) and incubaftedthe times and temperatures
indicated. The biotin reaction was quenched bytamdof glycine to a final

concentration of 100 mM.
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The molecular formula of Sulfo-NHS-Biotin i5§150sN3S;Na, with a
molecular weight of 443.43 Daltons. Length of thaer arm is 13.5 A and mass
addition to the target protein is 226.3 DaltondfGNHS-Biotin structure from

http://www.piercenet.corns shownbelow.

Identifying biotin-modified peptides

The biotinylated mixtures were separated on 4-2@86gst Tris-HCI| SDS gels
(Bio-Rad Labs, Hercules, CA). Gels were Coomasdisie stained, and bands of interest
were then excised and in-gel digested with trypsid chymotrypsin as previously
described (Shevchenko et al., 2006). Biotinylatepitioles were identified using LC-MS
data obtained on a Finnigan LTQ Linear lon Trapeffo Scientific, Waltham, MA)
coupled to a Surveyor HPLC and autosampler. Sawpdee separated by reversed
phase HPLC using a Vydac C18 material packed ir#60a(OD) x 100 um (ID) fused
silica column pulled to 3 um tip, 7 cm of matemas packed, and data were collected on
MSMS mode. Scaffold 2 Proteome Software (Proteoofen@re Inc., Portland, Oregon)

was used to identify modified peptides using SEQUEBermo Scientific, Waltham,

MA) and X!Tandem (The Global Proteome Machine Orggiion. www.thegpm.ory
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search engines using an inclusion list of biotindified peptides. An inclusion list of
potential biotin-modified peptides from a trypsimyenotrypsin double digest was
generated for both sHSP and MDH. The list was ggadrby compiling modified
peptides detected from a total of three separateuS. See Appendix B for the
complete inclusion list. MS and data analysis werdgormed at the University of

Arizona Proteomics facility.
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RESULTS

MDH forms distinct complexes with different SHSPs

Although all sHSPs are capable of forming sHSP-satesscomplexes, the
apparent size of complexes differs between sHSpsnding on the sHSP, substrate,
ratio of SHSP to substrate and the conditions (eratpre and time) used to form the
complexes (Lee et al., 1997; Basha et al., 2006n&ir et al., 2003; Cheng et al., 2008).
Here | used these differences in SHSP-substrat@lesws to test the hypothesis that
there may be different modes of substrate protedijodifferent, even closely-related
SHSPs.

sHSP-MDH complexes were formed by mixing, 12 uNif}s18.1, AtHsp18.1
and TaHsp16.9 at molar ratios of 2.4:1 (PsHsp18dlAtHsp18.1) or 3:1 (TaHsp16.9)
with MDH and incubated at 4% for 120 min. Control samples were left at room
temperature. The ratios of SHSP:MDH were chosealmsEeach sHSP completely
protects MDH from heat-induced insolubilizatiortla¢se ratios (Basha et al. 2006, and
not shown). In agreement with previous data (Cheted., 2008), there is no evidence
that native MDH interacts significantly with any thie three sHSPs (Fig 3.1); the MDH
peak (8.8 min) is separated from the sHSP peak wiesproteins are incubated together
at room temperature. The oligomeric form of aletnsHSPs elutes at 7.9 min as

expected for a dodecamer.
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Figure 3.1. PsHsp18.1-MDH, AtHsp18.1-MDH and TaHspd.9-MDH complexes are
not equivalent.

Size exclusion chromatograms of PsHsp18.1, AtHdpaB8d TaHs16.9 with (thick line)

or without (thin line) heating in the presence dDMl as specified in materials and
methods. 1001 of sample was separated on a TSKgel G500QP&lumn. Void

volume and three protein markers are indicatedllloases the dodecameric SHSP elutes

at 7.9 min, while dimeric MDH elutes at 8.8 min.
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With heating, all three sHSPs form complexes withHithat are readily detected
by SEC, and free MDH is no longer observed, coastsvith complete substrate
protection under the conditions used (Fig. 3.Xckhine). As observed
in previous studies. TaHsp16.1 forms a complex withgher apparent molecular weight
(elution time 6.3 min) compared to the PsHspl18rhmex (elution time 6.8 min) (Fig
3.1, Cheng et al., 2008). AtHsp18.1-MDH compleXeseeat 6.8 min (Fig 3.1).

The amount of SHSP incorporated into the compleilesdetween the three
SHSPs. PsHsp18.1, which is an efficient chaperasedon the molar ratio required for
substrate protection (Basha et al., 2006), is apprately ~75% incorporated into the
complex. In contrast, only ~25% of AtHsp18.1 is inpwrated into the complex. Very
little TaHsp16.9 is incorporated into the hetercgmrs complex eluting from 5-7 min
(peak at 6.37 min). All the MDH is predicted toibheorporated in the complexes since
MDH is completely protected by TaHsp16.9, as deieech by absence of MDH in the
pellet fraction. Further, the species eluting aeguivalent time to the TaHsp16.9
dodecamer is indeed TaHsp16.9 dodecamer and modlées complex consisting of

SHSP and MDH (Basha et al., 2006).
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Figure 3.2. Amino acid sequence alignment of PsHs®1l, AtHsp18.1 and TaHsp16.9
indicating potential trypsin cleavage sites.

PsHsp18.1 (NCBI accession # P19243), AtHsp18.1 (X51) and TaHsp16.9
(CD03605) sequences were aligned using the dedatdimeters of Clustal W
(Thompson et al., 1997). Secondary structure agreessfrom the TaHsp16.9 atomic
structure (PDB 1GME) is shown on the top of thgratient. Red arrows delimit tize
crystallin domain. A) Trypsin cleavage residues nwn to all three proteins are shown
in open black boxes. Trypsin cleavage sites tr@atarque or found in two of the three
sequences are marked with an arrowhead. B) Argdd gs C cleavage sties are shown
with open yellow boxes and open black boxes resgaygt C) Chymotrypsin, Glu C and

Asp N cleavage sites are shown in open green,wella cyan boxes respectively.
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Testing protease susceptibility of SHSP and sutesinacomplexes

To assay differences in the structure of SHSP abdtgate in the complexes
formed by PsHsp18.1, AtHsp18.1 and TaHsp16.9 caxepléo MDH, complexes were
made as those shown in Fig. 3.1, and the completieim, including the apparent free
sHSP was used for the experiments. Seven diff@rettases with different proteolytic
specificity were tested, trypsin, chymotrypsin, 8rdsluC, thermolysin, AspN and LysC
at various protein:protease ratios and incubatioeg to determine the optimum
conditions for subsequent MS analysis (AppendinB Big. 3.2 A,B & C). Optimum
conditions were considered to be those which reguit stable proteolytic products
detectable by Coomassie blue staining.

Thermolysin, which is considered a non-specifid@ase, as it cleaves N-terminal
of all hydrophobic residues (Fig. 3.2), did notulegn any stable proteolytic products
(Appendix B). Therefore, thermolysin was not usedffirther analysis. A similar result
was obtained with Asp N, which is specific for asjgaacid, and it was also eliminated
from further analysis (Appendix B, Fig. 3.2 C). L@§scleavage resulted in a similar
protected sHSP fragment for both PsHsp18.1 and #Bl4, in the presence and absence
of complex. An equivalent cleavage fragment wasdetécted by Coomassie staining for
TaHsp16.9. The cleavage site was mapped to theG«#eyminal lysine of PsHsp18.1,
K152, by MALDI MS (Appendix B, Fig 3.2 B). This lyse is conserved in all three
proteins. Limited proteolytic results for all thrpeoteins are listed in the Appendix B,

along with



151

Figure 3.3. Strategy for identifying protected regons in sHSP-substrate complexes
using limited proteolysis.

Substrate (MDH) and sHSP were mixed at ratios atdat in the text and complexes
were generated by heating proteins together fomii20at 45°C. The control sample
was incubated at room temperature. Protease wasl addoncentrations given in
Appendix B, and digestion carried out for O to I8id (Appendix B). Proteolysis was
guenched with SDS-PAGE buffer and samples sepaostd@.5% SDS-PAGE and
Coomassie blue stained. Western blots probed vtlieresHSP or substrate-specific
antibodies were used to verify the origin of thetpolytic products. Masses of SHSP
high molecular weight (hmw) proteolytic fragmentsrevidentified by MS subsequent to
a LC separation step. Samples designated for LGxivéBysis were quenched with PFA-
Block. LC-MS of an in-gel digested peptide mixtwas used to identify MDH
proteolytic products. Proteolytic product was atsentified by analyzing a total solution

mixture of some of the proteolytic samples using DA MS.
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potential cleavage sites mapped on a Clustal Wesespialignment (Fig 3.2). TaHsp16.9
was consistently more accessible to all proteds®s ¢ither PsHsp18.1 or AtHsp18.1,
sometimes resulting in rapid degradation with rabk product during the time periods
and at the protease concentrations tested. TheréfaHsp16.9 was excluded from most
further MS analysis.

Based on this survey with different proteaseshimrtinalysis was pursued using
trypsin digestion to obtain more detailed inforroaton differences of protease
susceptibility in sHSP-MDH complexes formed usinifedent SHSPs. The scheme for
identifying high molecular weight proteolytic fragmts from the proteolysis experiments

is shown in Fig. 3.3.

MDH shows the same protease accessibility in coxplth different

SHSPs.

For all subsequent trypsin digestion studies, siNBEHH complexes and the room
temperature control samples were prepared as tediga material and methods and
shown in Fig. 3.1. Complexes and the control sasiere probed for trypsin
accessibility by incubating with trypsin at a radio1:50 (total protein:trypsin, w/w) for
the indicated times, analyzed by SDS-PAGE and \imehby Coomassie blue staining
(Fig. 3.6; Appendix B). Potential PsHsp18.1 trypdeavage sites are highlighted in red

on the dimer and dodecamer (Fig 3. 4). Potentyakin cleavage sites are highlighted on
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Fig 3.4. Trypsin cleavage sites (Lys and Arg residis) mapped on the PsHsp18.1
homology model.

Trypsin cleavage sites are shown in red on a d{o® monomer space filled, one
monomer cartoon) and oligomer of PsHsp18.1 (dim#r @ne monomer space filled and

one monomer cartoon).
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Fig 3.5. Potential trypsin cleavage residues on MDH
Potential trypsin cleavage sites are marked witbveteads on the MDH sequence and
shown in red on the atomic structure, with one nmo@oof the MDH dimer shown as a

cartoon and the other space-filled (PDB 1MLD).
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Fig 3.6. MDH is protease accessible in the sHSP-sifate complex.

SHSP (PsHsp18.1, AtHsp18.1 and TaHsp16.9) and MBté Wwypsin digested for the
times indicated with or without formation of compléigested mixture was separated on
12.5% acrylamide gels and Coomassie stained. M#dasssible to trypsin only when
complexed with sHSP (lanes 3 and 5). Three praddcégments of MDH, migrating
between 35 and 30 kDa are highlighted with asteristore of the full length SHSP is
protected from proteolysis when in complex compaoeeithe control sample (open

boxes).
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the MDH sequence (Fig. 3.5 arrowheads) and the MRihic structure (PDB: 1MLD),
with residues indicated in red.

Native MDH is extremely resistant to trypsin, as baen observed previously,
showing no evidence of digestion after 60 min i ¢bntrol, unheated samples (Fig. 3.6,
even lanes). This resistance is in spite of thetfat multiple Lys and Arg residues are
exposed on the MDH surface (Fig. 3.5), consistetit MDH having a highly compact
structure. In contrast, MDH in the sHSP-substrateex is accessible to trypsin as
demonstrated by the appearance of three stableagjegroducts ranging in apparent
MW from ~30 kDa to ~25 kDa (Fig. 3.6, lanes 3 and&gcessibility of MDH in the
SHSP-substrate complex indicates that a partiaifglded form of MDH is present in the
SHSP-substrate complex and that the MDH is noy kdlquestered by the sHSP.

Notably, the three stable trypsin cleavage prodotMDH are similar for all
three sHSP complexes (Fig. 3.6, lanes 5). Furthexppoobing with anti-MDH
antiserum shows that in addition to the three fragi® visible by Coomassie blue
staining, a fourth MDH fragment migrating at ~20 kiSalso seen in complexes with
any of the three sHSPs (Fig. 3.7). The similarityhie protected MDH fragments in all
three complexes with different SHSPs suggestsatha&quivalent form of partially-
denatured MDH is protected.

To obtain additional evidence that a similar forH is found complexed to
different sHSPs, complexes of PsHsp18.1-MDH andsfit8.1-MDH were digested
with chymotrypsin, which cleaves after bulky hydnopic residues. Again, the MDH

digestion pattern is similar in complexes with etBHSP (Fig 3.8, open boxes), further
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Fig 3.7. Western analysis of limited proteolytic fagments confirms Coomassie stain
results.

Western blots probed with MDH, PsHsp18.1, AtHspX8.TaHsp16.9, specific antisera
show the origin of the protease digestion produitte high molecular weight bands
found in the heated MDH blot are residual aggregfiemed during heating. The ghost
band around 36 kDa on the PsHsp18.1 and TaHspld.&lfrom the cross-reactivity of

the sHSP antibody with MDH.
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Fig 3.8. Chymotrypsin digests of AtHsp18.1 or PsHY8.1 plus MDH with or

without heating.

AtHsp18.1-MDH and PsHsp18.1-MDH complexes were nasldescribed in materials
and methods. Chymotrypsin was added at 1:100 (probymotrypsin (w/w)) and
digestion allowed to proceed for the indicated snferoteolysis was quenched with SDS
sample buffer and the mixture separated on 12.58%taacide gels. Two stable
proteolytic fragments of MDH (open boxes) are dietgédn complex with both

PsHsp18.1 and AtHsp18.1.
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indicating that PsHsp18.1 and AtHsp18.1 protectrélar, partially-denatured form of
MDH. In total, limited proteolysis experiments revéhat a partially unfolded form of
MDH is protected in the sHSP-substrate complexthatithe conformation of the
protected species, as probed by these experimgmsliependent of the identity of the
sHSP. This is an unexpected result consideringlifferences between apparent size of
the complex and the relatively high amount of fre@ncorporated sHSP found for

TaHsp16.9 and AtHsp18.1 compared to PsHsp18.1 BFig.

The C-terminal region of MDH is trypsin-accesible

In order to understand what region of MDH is &liyy exposed in the sHSP-MDH
complexes, multiple MS techniques were used toroete the masses of the stable high
molecular weight (hmw) proteolytic products of MOH35-25 kDa, Fig. 3.6). LC-MS
techniques using C4 or C18 reverse phase colunretéd sample separation prior to
injection into the mass spectrometer yielded massbsfor the proteolytic products of
the sHSP. One possible reason for loss of MDH tiigegroduct is that these large
fragments are retained on the column due to higlidphobicity. To address this issue,
the entire proteolytic mixture, without prior g&paration, was submitted to the
University of Arizona proteomics facility. Dr. Cyimia David attempted to identify the
MDH fragments by isolating the hmw proteolytic fragnts by ion exchange
chromatography, collecting the elution peaks anttentrating by speed vacuuming
prior to MS analysis. Masses corresponding to MDéteolytic products were not

detected. To overcome possible fragment loss doetéation on the column, the sample
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was also analyzed by MALDI on the Bruker ReflexMALDI/TOF, a core instrument
in the MS facility in the Dept. of Chemistry. Thrk was done with the assistance of
Dr. Arpad Smogyi. In spite of multiple rounds offtam exchange to remove interfering
salts, and concentrating the sample 10-fold bygpaeuum, peaks of MDH proteolytic
products were not detected.

A protocol (Luque-Garcia et al., 2008) in which {g@io mixtures are separated by
SDS-PAGE, transferred onto nitrocellulose, andyael by MALDI after protein
extraction from nitrocellulose was also attemp#ithough the method was promising
and yielded masses that could be MDH fragmentgdpeaks with low resolution did
not allow mass assignment.

Interpretable data were ultimately obtained usmgel trypsin/chymotrypsin
double digestion of each of the proteolytic bandssed from the gels (as in Fig. 3.6),
followed by LCMS. Analysis was performed with narfIEC and nanospray on the LCQ

Classic LC-MS/MS system in the proteomics faci(tytp://proteomics.arizona.edu/

Peptides were identified with Scaffold 2 proteoraftvgare (Proteome Software Inc.,
Portland, Oregon). Using these data, the missipgges from each of the three hmw
proteolytic fragments were compared to intact MDtdta revealed that these fragments
result from cleavage at K311, K305 and K300 ressdughe C-terminal end of MDH

(Fig. 3.9 1, 2 and 3 respectively).
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Figure 3.9. The C-terminal region of MDH is accesblie to trypsin in the sHSP-MDH
complex.

A) C-terminal (aa 241-314) of MDH showing the sitédrypsin cleavage that result in
the three stable proteolytic fragments detecte8D$-PAGE (as seen in Fig. 3.6). B)
The cleaved peptide in each proteolytic fragmemtdgcated in red in a cartoon
representation of the MDH atomic structure (PDB:IMIlone monomer shown in light
blue). Lys residue where the cleavage occurs issho blue with the position of the

Lys residue indicated below the structure.
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SHSPs are less accessible to trypsin in the sHB8&trate complex
compared to free sHSPs

To obtain information about the structure of sH8Pthe sHSP-substrate
complex a similar analysis as described for MDH wasied out for the sHSPs. Potential
trypsin cleavage sites are indicated on a mulsplguence alignment of PsHsp18.1,
AtHsp18.1 and TaHsp16.9 (Fig. 3.2 A). PsHsp18. Bl trypsin cleavage sites are
indicated on a homology model of the protein in.Bigt. All three proteins have a
similar number of trypsin cleavage sites (PsHsp1871 AtHsp18.1, 25 and TaHsp16.9,
25). The number of sites is low in the N-terminahaand also in the5, 8 and 9. 5,
and 9 are internab-strands while 8 is one of two strand edges which form a
hydrophobic groove in tha-crystallin domain. 8 is concealed in the oligomer but
exposed in the dimer (see Chapter 1, sHSP strQcture

In comparison to native MDH, native sHSP is chganbre accessible to
proteolysis (Fig 3.6 lanes 4 and 6 and Fig. 3.@hscstent with the dynamic nature of the
sHSP (Wintrode et al., 2003; Painter et al., 2@8&eng et al.2008). Stability to
proteolysis of the sHSP, both in the native statt@mplexed with MDH, differs among
the three sHSPs tested. AtHsp18.1 and PsHspl8riiaeeprotease resistant compared
to TaHsp16.9 (Fig 3.6 and Fig. 3.7).

Identifying the hmw proteolytic products of sHSPd to be less challenging
compared to MDH. MS data for the 30 and 60 mingnymligests of AtHsp18.1,

PsHsp18.1 and TaHsp16.9, either free or in compléx MDH, were obtained a
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minimum of two times, and were reproducible fortoptoteins. Therefore, results from
one experiment for each of the proteins are presewtn in-solution, whole protein MS
analysis of the limited proteolysis sample, subsegito an LC separation step, generated
the masses of the hmw sHSP proteolytic productalfahree sHSPs (Fig 3.13 &
Table3.1). Examples of MS data are presented froalysis of experiments using
AtHsp18.1. The total ion chromatogram and raw nsgestral data from the 60 min
trypsin digestion of AtHsp18.1+ MDH with and withidueating are shown in Figs. 3.10,
3.11 and 3.12. Spectra for four masses were detémté\tHsp18.1 + MDH in the
absence of heating (Fig. 3.11). Two peaks ariga fudl-length sHSP (Peak 3: 18,003)
and full-length MDH (Peak 4: 33,060). The other twaaks represent sHSP fragments,
both of which are cleaved at the most C-termina (§/153), but differ in cleavage in the
N-terminal arm, with peak 1 having a mass of 12 &®aved at R44 and K153), and
peak 2 of 16,056 (cleaved at R12 and K153).

In contrast, in spectra from AtHsp18.1 + MDH atieating (complex), mass
peaks for five major fragments were detected (it)2). Three of the four masses are
identical to those seen for unheated AtHsp18.1 +HVIDhe unigue mass corresponds to
a molecular weight of 17,235, which results frosiragle trypsin cleavage at the C-
terminal K153. The absence of this fragment intheomplexed sHSP, suggests that this
fragment is rapidly digested to the more truncdbechs by cleavage in the N-terminal
arm. This result is consistent with the interpiietathat when AtHsp18.1 is complexed
to MDH some population of the sHSP interacts witbMvia the N-terminal arm,

limiting access to protease sites in the N-termamal.
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Figure 3.10. Total ion chromatogram from 60 min trypsin digested mixtures of
AtHsp18.1 plus MDH.

Chromatograms are from a C18 reversed phase sepaoftA) Free AtHsp18.1+MDH.
Four major peaks are indicated with numbers. Pe26.57 min; peak 2 30.91 min, peak
3, 31.61 min and peak 4, 37.63 min. B) Complexddsptl8.1-MDH., Four peaks are
numbered with a unique peak which is not resolvethfpeak 3 (asterisks). Peak 1, 26.90
min; peak 2, 31.12 min; peak *, 31.77 min; peaBB90 min; peak 4, 37.90 min. The
peak intensities between the two chromatogramsrdifidicating differing quantities of

each fragment.
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Fig 3.11. Peak envelopes from the total ion chromagram of unheated PsHsp18.1
plus MDH (no complex) contain masses correspondirtg four different molecular
weight species.

LC-MS data were obtained on a Finnigan LTQ Linesar trap (Thermo scientific,
Waltham, MA) coupled to a Surveyor HPLC and autgdam Data were collected on

MS mode. The unique spectrum for each peak inFid) is shown with the
corresponding total ion chromatogram peak numiérs.calculated masses are
indicated at the top of the spectra (see Fig. Rl &ass identification). Peak 1
corresponds to a fragment resulting from R44-Ke&k 2, R12-K153, peak 3, S2-K152

and peak 4 is full length MDH.
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Figure 3.12. MS peak envelopes from the total iorhcomatogram of heated
PsHsp18.1 plus MDH (complex) contain masses correspding to five different
molecular weight species.

Spectrum from each peak is labeled as specifi€agr3.1.0. A unique spectral envelope
is found within peak 3 of the total ion chromatagrdabeled with asterisks), which
corresponds to a mass of 17,235 kDa. The inten§#S signal from peak 4 is low,

however a mass corresponding to full length MDH loandentified.
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Figure 3.13. HMW proteolytic fragments of PsHsp18.1AtHsp18.1 and TaHsp16.9
detected in the presence and absence of complexwiDH.

Limited proteolysis was carried out as describechaterials and methods and aliquots
removed at 30 and 60 min. The masses of fragmeetsified by LC-MS are shown with
the position on the sequence where the cleavagedtasred. Presence of the fragment
at each time point is indicated with a large X. 8meal x indicates that only a weak MS
signal corresponding to the indicated mass was Séenlinear cartoon depicts the sSHSP
domains. Green: N-terminal arm; redcrystallin domain and blue: C-terminal
extension. Proteolysis sites are indicated witlelolanes. Fragments are listed in order of
decreasing mass with the full-length mass on thdttee N-terminal Met is cleaved i

coli during protein expression). A) PsHsp18.1, B) Attgad and C) TaHsp16.9.
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LCMS was similarly used to obtain mass data for$pel8.1 and TaHsp16.9 +
MDH as listed in Figs. 3.13 A & C. Six protecteddments along with full-length
PsHsp18.1 and MDH were identified from the 60 mypsin digested sample of
PsHsp18.1 in complex with MDH. Although this an@dywas not a quantitative, the
signal intensity of the R43 to K152 (12,633) fragrneas notably lower in samples in
from PsHsp18.1 complexed with MDH when comparefilde PsHsp18.1 (Fig 3. 13).
Since this stable fragment results from cleavadmtt termini, the absence of this
fragment after 30 min of digestion, and relativiely abundance in the 60 min time point
indicates interaction with MDH protects both ternoha population of the sHSP.

The MS spectra for TaHsp16.9 from the 60 min sapgther complexed with
MDH or free, did not generate any masses for eithielength or large sHSP fragments
(Fig 3.13 C), consistent with SDS-PAGE data (Fi@).3However, after only 30 min,
TaHsp16.9 in complex with MDH yielded one protediedyment, while no fragments
were detected for TaHsp16.9 in the absence of pleomThese data also support the
idea that a population of TaHsp16.9 in the sHSRate complex is bound to MDH via
the N-terminal arm. The rapid digestion of the migyoof TaHsp16.9 may reflect the fact
that even after heating with MDH, the majority bétsHSP appears not to be

incorporated into a complex with substrate (Fid.) 3.
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Strategy to identify protected regions of SHSPsauigstrates in complexes
via chemical modification

A previous graduate student attempted to probs#&P-substrate complex using
lysine modifying reagent acetic anhydride. Howettee, MS data were difficult to
interpret, primarily because the small mass chamgaddition of the acetyl group
requires very high mass accuracy and perhaps tiaitmnms of modification resulted in
inefficient coupling (G. Cheng, unpublished). Teeasome this problem, | chose N-
hydroxysuccinimido-biotin, which specifically mogh$ thee-amino amino group of
lysine as illustrated in the experimental schemeg. (8:14), resulting in a larger mass
shift (236 Daltons) for modified peptides. PsHsl8as 15 lysine residues distributed
throughout the sequence (Fig. 3.16). Approximaselen of these are found within
putative substrate-binding regions, three indfAestrand and three m8 strand, regions
exposed during oligomer dissociation. Lysine maadifion also has good potential to
reveal information about substrate accessibilitthimithe complex. MDH has 25 lysine
residues distributed throughout the molecule wisah be readily mapped onto the
available structure (PDB:1MLD).Three lysine resislaee found within the first 54
residues in the N-terminal region and 10 within [dst 50 residues in the C-terminus.
HX studies which probed the solvent accessibilftthe amide hydrogens showed that
both these regions are solvent accessible in ti&Psstibstrate complex. Lys modifcation
provides complementary information since the teghaiprobes the solvent accessibility

of the side chaie-amino group of lysines.
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Although Lys is the primary residue modified by tmg Gabant et al., (2008)
report that Ser and Thr along with Tyr can alsertaelified depending on the chemical
environment of the side chain group. Initial expents were performed with PsHsp18.1

and the model substrate MDH.

Biotin modification does not change the elutiondiof the SHSP-substrate
complex.

It was first important to determine that the sH$Bstrate complexes were not
significantly altered by the biotin addition reactj so that any modifications observed
could be interpreted as reflecting actual featofdhe complex. To assess effects of the
biotin modification on sHSP-substrate complexe${dp48.1-MDH complexes were
generated as described for Fig. 3.2, and the comyds modified with biotin for 30 to
120 min. 100m of unlabeled complexes were loaded on a TSKg&€lGBF W, column
using 25 mM sodium phosphate, 25 mM NacCl, pH 7s4ha mobile phase buffer.
Protein markers indicate that free sSHSP and sHSPHM@mplexes elute as expected
(Fig. 3.15), but in contrast to Fig. 3.1 a reduabdorbance is seen for the complex peak.
This difference is attributed to the differencamobile phase buffer used in the two
experiments, 150 mM NaCl vs 25mM NacCl.

The low absorbance for the complex peak doesdileict the ability of SHSP to
fully protect MDH, as all MDH is protected undeethuffer conditions used. Previous
analyses of SHSP-MDH complexes on the same coluatrixmwith 25 mM NacCl in

phosphate buffer (as used in Fig. 3.15) gave simelsults, and may indicate complexes
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Fig. 3.14. Scheme for identifying protected regionsn the sHSP-substrate complex
with biotin modification.
12 uM PsHsp18.1 was mixed with MDH at a molar rafi@.4:1 (sHSP:MDH) and

incubated at room temperature or a®@5or 120 min to form complexes.
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are less stable under these conditions. Compleketdd with biotin for either 30 or 120
were then analyzed identically. Elution times fatin-labeled complexes were
equivalent to unlabeled complex. The absorbandtkeofree sSHSP is similar in all cases,
however, the absorbance of the complex speciegares with biotinylation. Since all
complexes were aliquoted from the same originalptenthis result could indicate that
biotin addition stabilizes the complex. Overalbtm labeling does not result in major

alteration of the sHSP-substrate complex.

Optimizing conditions for detection of differentiaibtin labeling.

A series of experiments was performed to optimimetime of biotin labeling in
order to maximize any potential differences betwieea vs complexed PsHsp18.1 and
MDH. In the initial experiments the shortest labhgltime used was 30 min. Most SHSP
Lys residues were biotinylated within this timeipdr and no further modifications were
seen up to 120 min (Appendix C, Table 1 & 2). Thanes shorter intervals were tested
with timepoints taken at 5,15 and 30 min (Tabl&&3.3). Because labeling could be
detected after 5 min and change over time was wédethese timepoints were chosen
for further experiments.

Results from four test samples using these timetpaif labeling are discussed in
further detail. These are: 1) PsHsp18.1 and MDHexhiat a ratio of 12:5
(SHSP:substrate) heated for 120 min af@%o form the sHSP-substrate complex and

biotin labeled at room temperature, 2) the sameepranixture unheated and biotin
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Fig. 3.15. Biotin labeling does not alter the posdn of complex elution on SEC.
PsHsp18.1 and MDH complexes were biotinylated fibree 30 or 120 min and 104

was injected into a TSKgel G5000RWolumn. Mobile phase buffer of 25 mM sodium
phosphate, 25 mM KCI, pH 7.4 was used with a flate of 1 mL/min. Protein markers
are listed on each chromatogram. The elution tifmesomplex and sHSP oligomer are
6.3 and 7.3 min, respectively. The difference utieh time from Fig 3.2 is due to the

differences in salt concentration of the mobilegghbuffer.
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labeled at room temperature (Tables 3.2 and 3)3)sBisp18.1 alone, biotin labeled at
45°C, and 4) PsHsp18.1 alone and biotin labeled ahr@mnperature (Table 3.3).

In all experiments only a fraction of Lys residags biotinytated in the total
sample. This presents a problem for identifyingibidated peptides by MS, since the
equivalent unmodified peptide ionizes considerddditer due to the presece of the
amino group. This may quench the signal from thelifred peptide if the two peptides
elute at a similar time from the LC column. Howe\dre to the mass increase of 226
Daltons in the modified peptide, a difference iatiein time is expected for the modified
vs. unmodified peptide. In the initial MS run, lcemuntered discrepancies in the detection
of modified peptides at various timpoints. Speaillig, a modified peptide present at an
early time point was often absent at a later timp@nd then again detected at an even
later timepoint (See Appendix D Tables 1 and 2)c8isamples were taken from the
same master vial, a modified peptide present &alier time point should be present at
all subsequent time points. It was realized thigtphoblem in detection was a result of
the MS program, in which only the 10 strongestZedipeptides in a given spectral
window were being analyzed. To prevent this froroupdng in subsequent runs, an
inclusion list of all potential modified peptidesas/generated for both PsHsp18.1 and
MDH (Appendix C). The mass analyzer was then prnognad to refer to the inclusion
list and fragment all ions matching a correspondiig. These improved detection
methods were used for the experiments reporteciodet 3.2 to 3.4. These samples were

analyzed in duplicate by MS, and reproducible tssukre obtained.
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Abbreviations used in Table 3.1-3.4 require claafion. RND (residue not
detected) indicates that the peptide containingeébilue is not detected by MS, most
likely because it falls below the lower mass cutafige. This is the case with K112 of
the sHSP, for which the corresponding peptidevis imino acids in length. ND (not
detected) indicates that although the biotin-ladh@eptide was detected at an earlier
timepoint it was not detected at a later timepanen though the inclusion list was used
(e.g. Table 3.2, K148). Table 3.2 and 3.4 alsalist% sequence coverage, which was

high for both proteins indicating that the yieldrr the in-gel digestion was robust.

Minor differences in biotin modification are foubdtween free sHSP and

SHSP bound to substrate

Although labeling and detection methods were o@dias described, the data
reported in Tables 3.2 to 3.4 should be treatel vaution since separate, duplicate
labeling and MS experiments have not been perforeatly one set of each time point
from the biotinylated sHSP-substrate complex aad #HSP and substrate was analyzed
by MS, although the MS analysis of each sampleresated twice. Therefore, results
are discussed as preliminary.

Data for modified sHSP residues in complex (Tab® 8re shown on the
PsHsp18.1 amino acid sequence and homology model3A6 A and B). Residues
modified after 5 min of labeling are indicated @dr cyan indicates residues modified
after 15 min and in blue are residues modifiedr&f@min of labeling. Highlighted in

green are residues not labeled even after 30 neIVE of 17 Lys residues, as well as 3



Table 3.1. Summary of modified residues in MDH + R4sp18.1 either heated

together (complex) or not (free) were labeled at mm temperature with biotin.

Position of | Complex (labeled at RT) Free (labeled at RT)
modified 5min [ 15min |30 min | 5min [ 15 min | 30 min
residue and | (96%) | (74%) | (95%) | (98%) | (96%) | (97%)
all K

K2 X RND X X X
K21 X RND X

T37 X X X X X
K54 X X X X X X
K67 X X X X X X
K81 RND®* | RND RND RND RND RND
S117 X X X X X X
K132 X

K133 RND X X X
K141 X RND X

K161 X X X X X X
K179

T189 X RND RND X X X
K191 X RND X X X X
K215 X X X X X X
K217 X X X

K245

S252 X ND ND X ND
K255 X

K272 RND RND RND RND
K273 X X X X ND ND
K277 X X X X X X
K283 X X X X X X
S285 X X X X X X
K290 X X X X X X
K300 X X X X X X
K304 X X X
K305 X X X X X X
K311 X X X X X X
K314

"% sequence coverage

2 RND= Residue not detected; Labled or unlabeledigemot detected
® ND= Not detected; Peptide with Biotin labeled desi not detected
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Table 3.2. Summary of modified residues in PsHsp1B.

Modified | Complex Free
residue
5 15 30 5 15 30
(93%) | (82%) | (90%) | (82%) | (82%) | (82%)
S2 X X X X X X
K28 ND ND ND ND ND ND
K56 X X X X X X
T51 X ND
K65 X X X X X
K72 X X X X X X
K73 X X X X X
K77 X X X
S93 X X X
K96 X X X X X
K99 X X X X
K112 RND* |RND | RND | RND | RND | RND
K124 X X X X X
K127 X RND
K129 X X X X X X
T 140 X X X X X
K143 X X ND
K147 X X X X X X
K148 X ND ND X
K152 RND RND | RND| RND
S153 X ND | RND

o4 sequence coverage
2RND = Residue not detected
®ND = Biotin labeled peptide not detected



Table 3.3. Summary of modified residues in SHSP ale biotinylated at 45°C or

roomtemp.

Position| 45°C RT

of K

residue | 5 15 | 30 | 5 15| 30
S2 X

K28 X

K56 X X X X
T58 X

K65 X X X
K72 X X X X X X
K73 X X X X X X
K77 X X X X
S93 X X
K96 X X X X X X
K99 X X X X X X
K112 RND | RND | RND | RND | RND | RND
K124 X X X X X
K127 X

K129 X X X X X X
T 140 X X X X
K143 X X X

K147 X X X X X X
K148 X X
K152

S153 X
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Fig. 3.16. Free sHSP and sHSP in complex with MDHa differentially labeled.
Mapping of biotin-modified residues (from Table Bah the PsHsp18.1 amino acid
sequence and homology model (note that the homataafel starts at residue 12))
PsHsp18.1 amino acid sequence highlighting residinésh are biotinylated in the SHSP
in complex with MDH after 5 min of labeling, red5 Inin of labeling, cyan; 30 min of
labeling, blue, and no modification after 30 minaifeling, green. Arrows delimit the
crystallin domain. Regions previously implicatedsirbstrate binding are highlighted in
purple (Lee et al., 1997; Sharma et al., 1998)]@oxkd in red [one edge of the
sandwich, which is “patched” by the IXI motif inglC-terminal extension (boxed in
blue)(van Montfort et al., 2001)]. Secondary stawetbased on TaHsp16.9 (PDB:
1GME)(van Montfort et al., 2001). B) Structural repentation of residues highlighted in
the PsHsp18.1 sequence. Dimer and dodecamer ama.sB8p PsHsp18.1 amino acid
sequence highlighting residues which are biotimgah the free sHSP. Color scheme is
equivalent to above. D) Structural representatioesidues highlighted in the PsHsp18.1

sequence. Dimer and dodecamer are shown.
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Ser residues and one Thr residue, are labeledadteonly 5 min of labeling the
complex. Time-dependent labeling is only seen 65 Kvhich is modified after 15 min,
and K127, which is not labeled until 30 min. Lys @#ich is found in tha2 helical
region of the N-terminal arm, was unlabeled in ¢heamples, although this residue was
labeled when biotin labeling was performed af@3or 30 min (Table 3.3).

In contrast to SHSP complexed with MDH, in free §H8ly 6 Lys residues are
biotinylated after 5 min, and there is a time-dej® increase in labeling at positions
T51, K73, K96, K99, K124, T140, K148, K77 and S&( 3.16 C, D and Table 3.2).
K99 in theb6 loop and K148 in the C-terminal extension arey dabeled after 15 min,
while the other five residues are labeled afteri®. fhe C-terminal extension is involved
in stabilizing the oligomer (van Montfort et alQ@L), and since free SHSP is primarily
oligomeric, the Lys maybe in an unfavorable posifior labeling. Further, residues in
theb6 loop S93, K96 and K99 are either not labelecbeled at later time points, which
is in contrast to 5 min labeling of all three resd when the sHSP is complexed with
MDH.

One experiment was also performed in an attemassess the difference in Lys
accessibility of the PsHsp18.1 dimer vs dodecafarthis purpose, SHSP alone was
biotin-labeled at either 4%, conditions under which the protein is primadiyneric, or
room temperature, where the protein is primarilg@tmmeric, for 5, 15, or 30 min.
(Table 3. 4). The results are consistent with grelays accessibility in the dimer than in
the dodecamer, and also provide hints that sH®Brimplex is also differentially labeled

compared to the dimer form.
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Overall, the pattern of Lys labeling between cometeand free SHSP indicates
there are indeed significant differences in the BH8ucture that is stabilized in SHSP-
substrate complexes. It is clear that free sH3Roi® resistant to labeling compared to
SHSP in complex. The sHSP in complex with substreg have a “looser” or more

extended conformation that exposes more residudalieling.

Biotin labeling of free and complexed substrate (N¥)D

Results of biotin labeling data for MDH either ionsplex with PsHsp18.1 or in
its native state (before heating with sHSP) arevshon the linear amino acid sequence
and MDH atomic structure in Fig. 3.17. All residueshe C-terminal region (from K273
including S285) are labeled within 5 min in botle tiative and partially-denatured MDH.
In contast, differential labeling is seen for thédx¥minal region of MDH. Although
within the first 50 N-terminal residues there andydhree potential modification sites,
K2, K21 and T37, these are differentially modifiadhe free vs. complexed MDH (S17,
which could also be modified, was only detectedxperiments reported in Appendix C-
Table 1). In native MDH, K2 and T37 are labeleaaft5 min, and no labeling is
observed for K21 within the 30 min time period &gtin contrast, all three residues are
labeled within 5 min in MDH complexed with sHSP.€IN-terminal region of MDH
consists of twd-strands buried in a groove (Fig. 3.18). This dadon may limit
accessibility of biotin. Further, the N-terminagren is part of the MDH dimer interface;

therefore, in the native form the N-terminal regioay be less solvent exposed.
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Overall, MDH in sHSP-MDH complexes is modified damly to PsHsp18.1, in
that all but two residues are labeled in the firstin K132 and K255 are the only
exceptions, with modification occurring only af@® min. Similar to native SHSP, native
MDH shows a time-dependent increase in labelintpiefe residues, K2, T37 and S252.
It is difficult to make conclusions about the statd S252 as it was not consistently
detectable. Four residues, K21, K217, K141 and K&@4found to be biotinylated only
either in bound or native MDH, but not in both (T&aB.1). K21 is biotinylated in the free
MDH only. This is consistant with previous data wéh&21 was never observed to be
biotinylated in native MDH (Appendix D, Table 1)c&amdicates that compared to the
native form, the N-terminal region of bound MDHcisnsiderably more solvent exposed.
Further, K2 and T37, which are part of the N-termhizyrm, are only labeled after 15 min
in the free form. This also supports that this@ags less solvent exposed compared to
the bound MDH. HX studies, which probed the sohamtessibility of the amide
hydrogen showed that the N-terminal region of MBE80 % solvent exposed
compared to native MDH, which is only 20-40% solvexposed (Cheng et al., 2008).
These biotin labeling results, which probe the sid@n accessibility, are consistent with
the results from the HX studies.

Two residues, K141 and K217 are found to be madiidiely in MDH bound to
SHSP and not in the free form, However, duringrapation experiments (Appendix C,
Table 1), K141 was modified in native MDH. Similgrk304 which is not modified in
bound MDH but is modified in native MDH, was detgtto be modified when bound to

SHSP in the optimization experiments (Appendix @HI€ 1). These results emphasize
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the need to repeat these experiments using theiaptl conditions, before more

substantial conclusions can be drawn.
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Fig. 3.17. Free MDH and MDH in complex with PsHsp&. are differentially labeled.
Mapping biotin-modified residues on the MDH linsg&guence and atomic structure. A)
& B) MDH amino acid sequence and atomic structughlighting residues which are
biotinylated in the MDH in complex with sHSP aftemin of labeling, red; 15min of
labeling, cyan; 30 min of labeling, blue and no mhodtion after 30 min of labeling,
green. C) & D) MDH amino acid sequence and atormigcture highlighting residues

which are biotinylated in the free (native) MDH.
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Fig. 3.18. Modeling the partially-denatured form ofMDH stabilized in the sHSP-
substrate complex.

Data from HX (Cheng et al., 2008) and limited podysis (presented here) of MDH in
complex with PsHsp18.1 was used to generate theimajiRegions of MDH that
exchange >80% deuterium are shown in light blué thie hydropohobic residues
highlighted in dark blue with side chains indicatedtick representation. Regions
exchanging between 0-80% deuterium are shown to@arepresentation colored green.
B) Surface representation of the entire MDH moleawuith hydrophobic residues in blue
(left). Surface representation of the MDH core tkairotected in SHSP-MDH
complexes, residues 31 to 269. Red oval indiciesegion occupied by the two N-
terminalb-strands and-helix and the black oval represents the regiouped by the

C-terminal -helix (refer to Fig 3.5 for complete MDH secondatyucture).
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DISCUSSION

The structural arrangement of SHSPs and subsirétieis the SHSP-substrate
complex is poorly defined due to the heterogenghityteractions. Given the difficulty in
generating high resolution structural data of thmplex, | utilized two low resolution
methods, limited proteolysis and chemical modifaaicombined with mass
spectrometry to generate information about theitecture of the sHSP-substrate

complex.

Insights into the structure of MDH protected in #1#SP-substrate complex

Current models of SHSP substrate protection indittaat a partially-denatured
form of the substrate is stabilized by sHSPs uhélsubstrate can be passed along to
ATP-dependent chaperones for subsequent refoldliewg €t al., 2000; Mogk et al.,
2003). Proteinase K digestion of MDH in complexhwitsHsp18.1 showed that bound
MDH was rapidly degraded, while native MDH was hyglesistant to the enzyme (Lee
et al., 1997). My data further support this modwel arovide information on accessibility
of specific trypsin protease sites within the sH8PH complex. In complex with
PsHsp18.1, MDH was accessible to both trypsin dydotrypsin (Figs 3.6, 3.7 and
3.8), while native MDH is resistant to bother pases. Mapping the trypsin cleavage
sites on MDH revealed that cleavage occurred ar@ihal sites to produce three MDH
fragments that are stable during at least 60 mutigestion (Fig 3.9). This result suggests

that other trypsin sites in the MDH core remaircoessible either because that part of
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the protein is still highly folded, or the sitegarccluded by bound sHSP. A recent HX
study of PsHsp18.1 and TaHsp16.9 in complex withHtBvealed that the N-and C-
terminal regions of MDH undergoes rapid deuterikthange, while the core exchanges
< 80% indicating the persistence of structure. differences in deuterium accessibility
in the N-terminal region vs. trypsin accessibiltyy result from the fact that HX probes
the amide hydrogen, while trypsin probes the sdlaenessibility of the side chain. The
N-terminus of MDH is buried in the dimer interfa€&@ombining the HX results and the
limited proteolysis data presented here we cameggenerate a potential structure and
interaction surface for the partially-denaturedviasf MDH bound to sHSP. Thermal
denaturation of MDH at 4%C results first in loss of structure in the N-ande@minal
regions exposing buried hydrophobic surfaces (B8 A). The sHSPs detect the
exposed hydrophobic surface of MDH and form hydadpb interactions preventing the
denaturing MDH molecules from binding to each otred aggregating (Sharma et al.,
1998 and van Montfort et al., 2001). The observafiom HX data that both termini of
MDH are solvent exposed (Cheng et al., 2008), svtate they are predicted to interact
with sHSPs, may result from a rapid on/off intel@etthat maintains the substrate, in a
release-ready state, for hand-off ATP-dependedbiss (Lee et al., 2000; Mogk et al.,
2003).

Another result of interest is that the trypsin ahgmotrypsin data (Fig. 3.6, 3.7
and 3.8) show that all three plant sHSPs, PsHspA8-sp18.1 and TaHsp16.9, appear
to protect a similar form of partially-denatured MDregardless of complex size or the

chaperone efficiency of each sHSP (Figs. 3.6, 8d738). A similar result was observed
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in the HX studies of complexes formed between MDid BsHsp18.1 or TaHsp16.9. The
deuterium exchange pattern of MDH amide hydrogeas wdependent of the sSHSP with
which it was complexed (Cheng et al., 2008). Tatlogether, these data point to an
important principal of SHSP-substrate interacti@t$SPs do not dictate the thermal
unfolding pathway of client proteins, instead tiségbilize a minimum unfolded state,
which still contains a core structure. It is imaapte that this version of a partially-
denatured protein requires less energy to refoltheyATP-dependent chaperones. In
contrast, if a more extended substrate conformatene protected the substrate might be
targeted for degradation via the proteasome. Raloior protecting such a conformation

would be to prevent aggregate accumulation, whasep a greater threat to cell viability.

Insights into the structure of SHSPs in the sH3¥5ate complex

In contrast to native MDH, native sHSPs are highlgceptible to protease
cleavage as evidenced by the proteolytic fragmargslSP uncomplexed to MDH (Figs.
3.6, 3.7, 3.8). This most likely is a direct resaflthe structural flexibility of the N and C-
terminal regions of SsHSPs and the dynamic natutkeoflodecamer (van Montfort et al.,
2001; Jiao et al., 2005; Haslbeck et al., 2005weier, a comparison of proteolytic
fragments resulting from sHSPs in the presenceabisdnce of complex reveals
differences in cleavage patterns (Figs. 3.6, 313)3 For all three sHSPs, AtHsp18.1,
PsHsp18.1, TaHsp16.9, a specific protease fragieeitected when the sHSP is in
complex with MDH and not in the free SHSP. Becausefragment contains an intact N-

terminus this result can be interpreted as indiggtinat the N-terminal arm of each of the
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SHSPs interacts with MDH. A similar result was m@tgereported foaB-crystallin
complexed to chemically denaturadactalbumin, suggesting thaB-crystallin also
interacts with the substrate protein via the N-tegharm (Aquilina and Watt, 2006).

In PsHsp18.1 complexed to MDH, a unique fragmentesponding to sHSP
interacting with MDH via the C-terminal extensiadetected in the 60 min time point,
(R11-G158) (Fig. 3.13). The C-terminal region ofS$?$ is proposed to be flexible,
especially in the dimeric, substrate-binding forithe molecule where the C-terminal
extension is not involved in oligomeric contacthatl previously observed that Bpa
incorporated at 1146 of the PsHsp18.1 C-termin&t®@sion results in strong substrate-
specific cross-links to all substrates tested (@rad). In total, limited proteolysis results
show that sHSPs interact with MDH via the flexiblend C-terminal regions.

Interestingly, full-length sSHSP is protected foreattended period of time when
complexed to MDH, indicating that a population BIS® is completely incorporated in
the sHSP-substrate complex. Friedrich et al. (208d9rted a related result. They found
that once a sHSP-substrate complex was formedaoogytain population of SsHSP would
exchange out of the complex. They concluded thatgepulations of SHSPs are found in
the complex, one that is directly interacting wthle substrate and cannot exchange out of
the complex, and another population of SHSPs, wtarhbe exchanged with free sHSP.
The limited proteolysis data support the preseridmth of these populations of SHSPs
in the complex. Further, the data suggest thabmpiexes sHSPs and substrate are both
internal as well as on the periphery. It is temptio envision a complex with all the

substrate surrounded by sHSP, similar to a sh@Ngelrer this does not appear to be the
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case. Even though the sHSP-substrate complexasdgeineous, the data presented here
indicate that certain populations dominate longugioto be observed by limited

proteolysis.

Interpreting biotin modification results

Results from the biotin modification studies ar#iclilt to interpret, no doubt
also due to the heterogeneity of the sHSP-substasglex. Chemical modification has
been successfully used to study interaction susf@eéween proteins, and between
proteins and nucleic acids (Sharp et al., 2006faxji&m et al., 2006; Schloten et al.,
2006). However, most of these systems have defimetaction surfaces (Nikfarjam et
al., 2006; Schloten et al., 2006). The sHSP-sutest@mplex is difficult to analyze in
this manner for a number of reasons. First, ibispossible to separate protection of
surfaces involved in oligomerization from thosedwed in substrate binding. Second,
there may be a.lack of a specific binding surfaesveen sHSP and substrate preventing
a single pattern of biotin modification. Third, sPtSubstrate interactions are proposed to
involve hydrophobic surfaces and biotin labelingyaneasures the modification
efficiency of a hydrophilic, surface exposed residuys. In spite of these drawbacks,
new information about SHSPs and substrates camtiacted from these biotin
modification studies.

The observation that the C-terminal Lys residuesative and partially-denatured
MDH are labeled similarly within 5 min is in direcbntrast to limited proteolytic data

showing that trypsin does not cleave native MDIthatC-terminal region. One
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explanation for this apparent contradiction mayha¢ while biotin modifies the-amino
group of Lys trypsin recognizes the whole Lys sitiain and must have access to the
peptide bond. The backbone may not be readily adsesn the native MDH compared
to the side chain. HX data further confirm that émeide hydrogens of the native MDH
are not solvent exposed, exchanging <20% deutegompared to partially-denatured
MDH in complex with sHSP, which exchanges >80% dguin in the C-terminal region
(Cheng et al., 2008).

The N-terminal region of native MDH appears to lightly more protected from
biotin modification compared to the same regiopantially-denatured MDH in the
sHSP-substrate complex. Two reasons could accouthit difference; 1) In the native
MDH the N-terminab-strands are buried and the expoadtklix is stabilizing the dimer
and therefore is not solvent exposed; or 2) Inpdmially-denatured form the N-terminal
region is solvent exposed and lacks substantialnskoy structure.

In total, | have successfully utilized two low r&gmn techniques, limited
proteolysis and chemical modifications combinechwdtS to probe the sHSP-substrate
complex to define conformational differences betwte free and bound form of SHSPs
and substrates. My data show that a similar phrgEnatured conformation of substrate
is protected by three different plant sHSPs regasglbf complex size. In addition either
the nature of the interaction or the conformatiarfelnges occurring in sHSPs when

bound to substrate result in differences in protgocleavage pattern for SHSPs.
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CHAPTER FOUR: DEFINING THE CHARACTERISTICS OF THHSP

N-TERMINAL ARM RESPONSIBLE FOR CHAPERONE EFFICIENCY

INTRODUCTION

SHSP chaperone efficiency is defined as the rdt&H&P required to completely
protect denaturing substrates from irreversiblereggtion. The most efficient SHSPs are
those which are able to protect a susbtrate atjaal ®r lower weight of SHSP to
substrate. Interestingly, the ability of relatedS$*$ to protect a given substrate may vary
considerably, indicating that the amino acid segeaione does not define chaperone
efficiency.In vitro, differences in substrate protection efficienciaséhbeen clearly
demonstrated for closely related sHSPs from theesaiganism, including bovireA-
andaB-crystallin and sHSPs fromrosophila melanogasteBaccharum officinarum
(sugarcane) andrabidopsis thaliangDatta and Rao, 1999; Morrow et al., 2006; Tiroli
and Ramos, 2007; Bretschneider et al., unpubligh€thapter 4). Therefore, the exact
properties of SHSPs that confer efficient substrafgureand protection remain to be
defined.

As mentioned in Chapter 3, PsHsp18.1 and TaHsEl&& 66% sequence
identity, with the N-terminal arm being the regionhighest sequence divergence. A
chimera study examined the contribution of the eoveda-crystallin domain (ACD)

and the variable N-terminal arm to chaperone fanctiFour chimeric proteins were
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made: 1) PsHsp18.1 N-terminal arm + TaHsp16.9 ADO,aHsp16.9 N-terminal arm +
PsHsp18.1 ACD, 3) residues 1-10 of PsHsp18.1 Huesi5-151 of TaHsp16.9, and 4)
residues 1-4 of TaHsp16.9 + residues 11-158 of pEBi4. Results showed that the
ability to bind and protect CS and Luc from heatticed aggregation appears to reside
primarily in the identity of the N-terminal arm, vidnthe ability to protect MDH resides
in both domains (Basha et al., 2006). Crystal stines of the two available oligomeric
sSHSPs have missing density for the N-terminal anchicative of structural flexibility
(Chapter 1). Structural flexibility combined witeguence variability makes the N-
terminal arm an ideal candidate for substrate autiesns. My crosslinking studies
(Chapter 2) complemented these data, providingtaedence for substrate interaction
with the N-terminal arm and differential interactiof Luc and MDH with the ACD.
Here, | have combined in silico analysis with expental results to probe
properties of the SsHSP N-terminal arm that couldticbute to chaperone efficiency.
Results suggest that increased flexibility in daalae hinge region within a distal part of
the N-terminal arm (closer to ACD) may contributgricreased chaperone efficiency.
Further, | formulated the hypothesis that if regiaf the N-terminal arm displayed
increased flexibility this would allow the N-terngiharm to assume multiple substrate-
binding conformations by variable clustering hydrobic residues. The specific
composition of the hydrophobic clusters would b&jua to each sHSP depending on the
amino acid sequence of the protein. Also, the degfdlexibility in the N-terminal arm

would dictate the orientation of each hydropholhuster, providing different SHSPs with
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unique substrate-binding surfaces. Preliminary ttata molecular dynamics simulations
that were designed to test this hypothesis areepted here.

MDH protection data from the chimera study desctiabove (Basha et al, 2006),
suggests that the chaperone efficiency of sHSRatiBmited to the N-terminal arm. |
hypothesized that the rate of susbtrate aggregatenplay a role in defining chaperone
efficency as well. Results generated from altetiregrate of substrate aggregation are
also discussed. In total, this chapter providedeswte indicating that flexibility and
sequence variability of the N-terminal arm, comblimath the rate of substrate
aggregation, may determine the efficiency with ahidividual SsHSPs are able to

recognize, bind and protect denaturing substrates.
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MATERIALS AND METHODS

Construction of expression plasmids for wt and Mteal variants of
AtHsp18.1

AtHsp18.1 was PCR-amplified from genomic DNA usthg primers
5'GCAACGACATATGTCTCTCATTCC3 and
5TATTTCGAATTCATCTTCATATTCAAT3'. PCR product was gated into the pJC20
vector at Ndel and Eco R1 sites. AtHsp18.1 PSEISRriel ENP variants were
generated using the Strategene quick change médtiadegene, La Jolla, CA). The
AtHsp18.1 ENP variant was created with primers
5'CCACTCTTGCGTTTGTAAACGCTGGGTTTTCACGAGCGGTTGAAGCGaInd
5’CGCTTCAACCGCTCGTGAAAACCCAGCGTTTACAAACGCAAGAGTGGSto
substitute ENP for DVA. The AtHsp18.1 PS variansweeated with primers,
5’CGCCATCTTCTGCGCCGTCAAACGCTTCAACCGCTCGS3 and
5’CGAGCGGTTGAAGCGTTTGACGGCGCAGAAGATGGCG3' to subtstie PS for
LA. The AtHsp18.1PSENP variant was created usingpaure of all 4 primers. The
sequence of all constructs was verified by DNA seging (Genomic Analysis and

Technology Core, University of Arizona).

Protein purification

Wild-type PsHsp18.1, wild-type AtHspl18.1, AtHsp18.1PSENP, giiB.1PS,

and AtHsp18.1ENP were expressed as recombinargipiiotRosettak. colicells, using
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the respective pJC20 plasmids, and purified to >88%ogeneity by conventional
methods (Lee et al., 1998). Protein concentratiegre determined using the Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, JAg expected molecular masses of
AtHsp18.1 and the three AtHsp18.1 N-terminal vagamere confirmed by LCMS
(micro QTOF, Waters, Milford, MA), which revealddkt the N-terminal Met was

removed from all five proteins. All concentratiom$er to monomer.

Size exclusion chromatography (SEC)

Dodecameric stability of AtHsp18.1 and AtHsp18.1eXminal variants at room
temperature was assessed by applying 100ul aM.protein onto a TSKgel
G5000PWHxL column with an effective size separatibt0® -1¢° Daltons (Tosoh
Biosciences, Montgomerryville, PA) at a flow rafelanl/min with a mobile phase of 25
mM Na phosphate, 25 mM KCI, pH 7.4. sHSP-substrateplexes were made by
incubating 1M each of AtHsp18.1 N-terminal variants withid Luc for 8.5 min at 42
°C. Complexes were cooled on ice and centrifuged Somin at 13,000 rpm. 180of
complex species was loaded on the column usinguffers and flow rate specified
above. PsHsp18.1-Luc complexes were used as thector comparison of complex

shape and size.

Aggregation protection assay

To determine chaperone efficiency of AtHsp18.1 Nwieal variants, 2rM of

Luc (Promega, CA) or 6M MDH (Roche, Germany) were incubated for 8.5 ntidza
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°C or 120 min at 48C, respectively, with the indicated molar ratiosbifSP. Substrate
solubility was assayed as described in Chaptep2iefermine how the kinetics of
aggregation affected efficiency of chaperone ptaia¢2niM of Luc or 2niv of MDH
were incubated for 120 min at 36G or 10 min at 52C, respectively, with the indicated

molar ratios of sHSP.

Molecular dynamics simulation

An all atom MD simulation of a monomeric subunitl@Hsp16.9 (1GME, 151
amino acids) was performed using NAMD (Phillipskt 2005) with CHARRM force

field parameter filedittp://www.pharmacy.umaryland.edu/faculty/amackereé

fields.htm Explicit solvent conditions were used placing TadHsp16.9 monomer in a
water box of appropriate dimensions (Jorgenseh,et386). Temperature for the control
simulation was 27C (300°K), while the heated simulation was run at’65(328°K).

The system was minimized for 2 ps with a 100 psliggation at 27°C or 55°C before
data collection. Initial minimization and equilitian were performed on local
computers. The minimized files were used as théirstefiles for a 50ns simulation
through the University of Arizona ICE (Integratedr@puting Environment), which
comprises a large cluster of Silicon Graphics Aftiachines (8 cpus per node)

(http://lwww.sqgi.com/products/servers/altix/icefhe run started with a further

equilibration step of 500 ps without sampling, iftt&r 27°C or 55°C. The run was
performed at 1ns time step intervals for a totat®75 hrs using 16 parallel CPUs. Visual

Molecular Dynamics (VMD, http://www.ks.uiuc.edu/Resch/vmd/) was used for
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subsequent visualization and generation @foGntact maps to determine distances
between the individual amino acids of the N-terrharan (46 amino acids) in reference

to each other and between amino acids of the Nit@trarm and C-terminal extension.

Protein flexibility prediction

Protein flexibility prediction tools found in theiglProt protein disorder prediction

databaseh{tp://www.ist.temple.edu/disprot/predictors.phyere used to determine the

presence of flexible regions in sHSPs. Final analyss done using PreLink

(http://genomics.eu.org/spip/PreLink) (Coeytaux &uwdipon, 2005).
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RESULTS

To date, the TaHsp16.9 structure provides the biglly resolution information on
N-terminal arm structure in a SHSP oligomer. Inagtempt to obtain strucutural data on
diverse N-terminal arms, ten closely related claggosolic SHSPs were cloned and
purified to generate material for crystallographydses. Included in this study were two
SHSPs from rice@ryza sativgOsHsp17.3 & OsHsp18.0)), five sHSPs from tobacco
(Nicotiana tabacun{NtHsp18.3, NtHsp18.0, NtHsp18.9, NtHsp19.8 & Ni#i8.2) and
Arabidopsis thalianatHsp18.1. All proteins except AtHsp18.1 were cloy S.
Bretschneider. | purified all proteins followingetlestablished purification protocol for
SHSPs (Lee et al., 1998). Regrettably, none optbteins generated diffraction quality

crystals.

Closely related sHSPs show significant differennaeshaperone activity

The availability of these ten purified SHSPs madmossible to test them for
differences in chaperones activity, with the patdnio correlate activity with N-terminal
arm sequence properties. The ability to protecthtbeel substrates, MDH and Luc, from
heat-induced aggregation was tested for each sidteld hbove. All proteins protected
MDH at a molar ratio of 1:1. In contrast, only N{#18.3 protected Luc equivalently to
PsHsp18.1 at a molar ratio of 4:1 (SHSP:Luc). Att&sp required a ratio of 24:1
(sHSP:Luc), while all others only partially protedtLuc at 36:1 (sHSP:Luc) (Fig 4.4 and

data not shown).
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Amino acid sequence alignment identifies a higldyiable region of the
SHSP N-terminal arm

The main differences between these ten sHSPs ane fwithin the evolutionary
variable N-terminal arm. Therefore, | hypothesifteat the amino acid sequence or a
property linked to the sequence composition ofNHerminal arm may contribute to
chaperone efficiency. The N-terminal arm residues select group of the sHSPs
described above, along with PsHsp18.1 and TaHspM@1@ compared in a clustal W
sequence alignment. The alignment shows that teerdighly variable region between
residues corresponding to aa 30 through 42 of PE}${Fig 4.1). To determine if a
property of this region (eg. hydrophobicity, charthexibility) might correlate with
activity), | queried multiple databases. PreLinkragram which predicts unstructured
regions, classified this variable region in PsHspX¥& having a higher structural disorder
compared to the rest of the N-terminal arm or eherrest of the protein

(http://genomics.eu.org/spip/PreLifi€oeytaux and Poupon, 2005). PreLink classifies

sequence segments as unstructured if they havé @nma hydrophobic clusters and a
sequence bias towards Pro, Gly, Asp, Ser, residu@sh are found with a higher
probability in unstrucutured regions vs. strucudluregions (Coeytaux and Poupon,
2005). All cytosolic class | sHSPs mentioned aboeee tested using the PreLink server
to determine if they showed a similar lack of staue within the variable region (data not

shown).
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Figure 4.1. Clustal W sequence alignment of the Netminal arm of Class | cytosolic
SHSPs from diverse plant species.

A. Sequences of the N-terminal arm frdmiticum aestivunfwheat) TaHsp16.9 (S21560
with one amino acid correction, T7®isum sativunipea) PsHsp18.1 (P19243 with one
amino acid correction, P37LArabidopsis thalianatHspl17.8 (AAF795699) &
AtHsp18.1 (BAB09509)Nicotiana tabacuniNtHsp18.3 (AAD49336) & NtHsp18.0
(CAA50022),0ryza sativaDsHspl17.3 (BAA02160) & OsHsp18.0 (AAP06884).
Sequences were aligned using the default paranwt&isistal W (Thompson et al.,
1997). Secondary structure are assigned from thisgh6.9 atomic structure (PDB
1GME). The highest variability within the N-termlream exists in a region which maps

to residues 30-46 of PsHsp18.1 (underlined).
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Figure 4.2. Clustal W sequence alignment of PsHspli8and AtHsp18.1.

A) PsHsp18.1 and AtHsp18.1 show 92% sequence sityiand 74% sequence identity.
Similarity in the N-terminal arm (aa 1-53 for PsHB8pL and aa 1-54 for AtHsp18.1) is
89%, while identity is 59%. The most variabilityfeund in a stretch of sequence
between amino acids 30 to 46. Arrows markaherystallin domain. B) Alignment of the
N-terminal arm residues of PsHsp18.1 and AtHsph&jhlighting the five amino acids,
PSENP from PsHsp18.1, which were substituted foDVA of AtHsp18.1. Due to an

initial sequencing error, the Leu at position 3PsHsp18.1 was labeled as a Pro.
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Although the N-terminal arm is the most variablgioa of the SHSP, PsHsp18.1
and AtHsp18.1 share remarkable similarity in tleigion, with 89% similarity and 59%
identity of the N-terminal arm residues (amino acld53 for PsHsp18.1 and 1-54 for
AtHsp18.1). The most sequence diversity is fountthiwithe variable region identified in
in Fig. 4.1 and 4.2B. This observation suggestedctpothesis that the structural
flexibility seen in the variable region of PsHs{IL& a significant determinant of SHSP
chaperone efficiency. Therefore, | performed ircsibnalysis to determine which
PsHsp18.1 residues within the variable region nthddiggest contribution to predicted
structural flexibility. The PsHsp18.1 sequenceiatly used to generate the predicted
structural flexibility, had a Pro instead of Leupaisition 27, due to a sequencing error in
the Genbank sequence. This one substitution relsulta 3-fold increase in flexibility for
the variable region. In-silico substitution of AflsS.1 residues LA (residues 27-28)3
DVA (residues 35-37) with PS (residues 27, 28) BN (residues 34-36) from
PsHsp18.1 resulted in increased predicted flexylitir the variable region of
AtHsp18.1. Thus, this in silico analysis suppohis hypothesis that PsHsp18.1 and
AtHsp18.1 have significant differences in N-ternhiaan flexibility, determined at least

in part by amino acid sequence of the highly vdeidbterminal arm region.
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Substitution of PsHsp18.1 residues, PS and ENBItsan increased
chaperone efficiency of AtHsp18.1

To test if increasing the predicted flexibilitytime variable region would increase
the chaperone efficiency of AtHsp18.1, | creataee¢hAtHsp18.1 N-terminal variants
with amino acid substitutions from PsHsp18.1: AtH3[APS, AtHsp18.1ENP and
AtHsp18.1PSENP. All three proteins were purified85% homogeneity and their
oligomeric stability was examined by SEC at roomgerature (Fig. 4.3). AtHsp18.1 PS
and ENP variants were stable dodecamers. In cotlisp18.1PSENP was ~80%
dodecameric with ~5% high molecular weight spedies &ppear as a lagging shoulder.
The remaining 15% of the protein elutes betweel @aih indicative of a dimeric
species. Overall, the AtHsp18.1PSENP variant Has/ar room temperature
dodecameric stability under the buffer conditiosedy than wild type AtHsp18.1 or
PsHsp18.1 (Fig. 4.3).

Chaperone activity of all three variants was measiny the ability to protect Luc
from heat-induced aggregation. Luc protection veasetd at molar ratios of 3:1, 6:1,12:1,
24:1 and 36:1 (sHSP:Luc) and incubation for 8.5 atid2°C, conditions which result in
complete aggregation of Luc in the absence of sBaBha et al., 2006). After
incubation, soluble and pellet fractions were anatlyby SDS-PAGE. Interestingly, the
AtHsp18.1PSENP variant was able to completely ptdtac at a molar ratio between
3:1 and 6:1 similar to PsHsp18.1 (Fig. 4.4). Howegentrary to what was expected
from the flexibility predictions, the AtHsp18.1ENRriant was far less efficient at Luc

protection than PsHsp18.1, requiring a ratio of £30:achieve complete protection,
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essentially equivalent to wild type AtHsp18.1 (Big). The AtHsp18.1PS variant was
more efficient than wild type, but still less eféat than PsHsp18.1, completely
protecting Luc at 12:1. Interestingly, all variaptetect MDH at a ratio of 1:1, equivalent

to PsHsp18.1
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Figure 4.3. Oligomer stability of AtHsp18.1 N-termnal variants.

SEC was used to examine the stability of the naiugcture of AtHsp18.1 N-terminal
variants at room temperature. Each protein (#0&f 12 niM) was injected into the
column. The bottom two chromatograms show PsHspdi®d1AtHsp18.1, both
dodecamers with a retention time of 7.8 min. AtH&EAPS and ENP are stable
dodecamers, while AtHsp18.1 PSENP is mostly dodecamith some high molecular
weight species eluting at 7-8 min (arrow) and sémmemolecular weight species eluting

at 9-10 min (arrow).
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Figure 4.4. Chaperone activity of AtHsp18.1 N-terrmal variants.
Panel A: Coomassie stained SDS-PAGE of solublepafidt fractions of Luc after
incubation with the indicated molar ratio of diéet SHSPs incubated for 8.5 min at 45

°C. Panel B: SEC of soluble sHSP-Luc complexes fdratea 12:1 ratio as in Panel A.



229



230

Figure 4.5. AtHsp18.1 N-terminal variants protect MDH equivalently to wild-type

AtHsp18.1.

The ability of AtHsp18.1 N-terminal variants to prot MDH from heat-induced

aggregation is similar to wild-type with all vartarprotecting MDH at a molar ratio of

1:1.
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(Fig. 4.5). Thus, the flexibility of the variablegion as predicted by Prelink cannot

entirely account for the functional differencesvietn these sHSPs.

Investigating the theoretical conformational spaceupied by the
TaHspl16.9 N-terminal arm

Although altering the flexibility of the variablegion between amino acids 32-46
on AtHsp18.1 could increase the chaperone effigi@fithe protein in Luc protection,
the direct correlation between predicted flexipibf the variable N-terminal arm region
and increased chaperone efficiency was not fulppsuaed by all mutants tested.
Therefore, the unique properties of the N-termarah that contribute to efficiency
remain undefined.

In addition to overall flexibility, | reasoned thie conformational space
occupied by the N-terminal arm may have an effadhe chaperone efficiency of the
protein. For instance, clustering of N-terminal dryadrophobic residues would provide a
surface for interaction with exposed hydrophobitchas on the substrate. Further,
clusters of charged residues could dictate intemastoy charge-based attraction or
repulsion. Increased flexibility could contributethe ability of the N-terminal arm to
present different conformations of such clustensl, the number of conformations
available would also depend on specific amino aemguence. Therefore, the problem of
determining the features of SHSPs responsibleHaperone efficiency is complex.

These considerations indicate that further undedstg of the conformational

properties of the N-terminal arm need to be defimearder to develop the next
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generation of hypotheses about the determinantkaygferone efficiency. Therefore, |
initiated molecular dynamics simulations as an aggh to understanding the possible
conformational space properties that might corthalperone efficiency.
As a first test of this approach, | performed tv@orts molecular dynamics (MD)
simulations, a control simulation at 2Z (~RT) and a heated simulation at’&5using
the simplified system of a TaHsp16.9 monomer (LGMiEpoth simulations the
conserved-crystallin domain is relatively stable, corrobamgtCD spectra showing the
- sheet secondary structure persists at high teatyrer(van Montfort et al., 2001b).
However, shortening of tHe strands is seen at both temperatures (Fig 4.6hpaced to
the starting monomer, the backbone root mean sqlgatiation (RMSD) for tha-
crystallin core (aa 46-135) is 7.08 A for the®85simulation and 4.52 A for the 2T
simulation. The higher RMSD values for the®&85simulation result from increased
movement in th&6 loop.b6 loop flexibility may be an artifact of using theonomer for
the simulations, since th6 loop is stabilized in the dimer by strand exclewih b2 of
the partnering monomer. The C-terminal extensidnighly flexible in both simulations,
with an RMSD of 10.56 A for residues 136-151 af@7and 12.85 A at 5%C. Fexibility
of the N-terminal arm 45 residues is not as sigaiit with an RMSD difference of only

8.6 A at 27°C and 7.7 A at 58C between the starting and ending structures.
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Figure 4.6. Cartoon of beginning and ending structtes of the TaHsp16.9 monomer
at 27°C and 55°C from 50 ns MD simulations.

N-terminal arm of the TaHsp16.9 monomer is colaregreen, ACD red, C-terminal
extension blue. The sidechains of the N-termina hydrophobic residues are
represented as sticks. A unique contact betwee@-ieeminal extension and N-terminal
arm (open box) is seen in the®85=49 ns structure. The C-terminal hydrophobic
residues of the structure are represented in stickBow that potential hydrophobic
clusters may be formed when the flexible C-termaxknsion interacts with the N-

terminal arm.
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To determine how amino acid clustering differedasssn control and heated
sHSPs, contact maps were generated that measstadatis between thea@Gtoms of
N-terminal arm residues (Fig. 4.7). Interestinglable contacts occur in the heated
simulation that are absent in the RT simulationtier, the contacts in the heated
simulation were between aa 2-5 and 7 of the tifhnefN-terminal arm and aa 29-30 in the
variable region. Another persistent contact foumrdughout the heated simulation was
the extreme end of the C-terminal extension coimgdhe N-terminal arm (Fig. 4.6).
Interestingly, over the course of the 50 ns simaitathe C-terminal extension fluctuates
between two forms, either bound to the N-termimal ar, a free and flexible. The latter
form could potentially rapidly sample the immediaiginity, perhaps contacting

unfolded substrates.

Kinetics of aggregation alters efficiency of subattrprotection

An interesting observation from the above experis@ras that although altering the N-
terminal arm sequence impacted the efficiency a jpwotection, all variants were
equally effective in protecting MDH. Luc and MDHeasignificantly different proteins in
sequence and structure such that it is difficuiuggest how these properties might
determine the difference in protection. Howeverg and MDH also differ dramatically
in rate of aggregation during heat denaturatiqeroperty that is directly relevant to
preventing their irreversible aggregation. In theence of SHSPs MDH completely

aggregates in 120 min at 46, compared to Luc
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Figure 4.7. Ga contact maps of the beginning and ending structuseof the high
temperature simulation reveals unique clustering omino acids in the N-terminal
arm of the TaHsp16.9 monomer.

Ca contact maps are used to show the distance betiwedxrterminal arm residues in
reference to each other in the starting and enstingtures. X and Y axis shows all even
numbered residues (from aa 2 to 46). The diagonalia black shows the distance of
each residue with itself (0 A). Dark grey squarepict residues which are within a 3 A
distance. Light grey boxes are residues withinfadistance. White space indicates
residues which are 5 A or farther from each otRanel A: Contact maps from the 27
simulation. No detectable stable amino acid clusges seen at this temperature. Panel
B: Contact maps of the 5% simulation reveals stable contacts in the N-teainiarm
(open squares). These contacts are between amds2ab and 7 and amino acids 30-32

in the variable region of the N-terminal arm.
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which requires 8.5 min at 4. Thus, Luc is a fast-aggregating substrate coeajtar
MDH. Therefore, | hypothesized that the differenceate of substrate aggregation was a
significant determinant of the efficiency with whisHSPs could protect substrate, and
that high N-terminal arm flexibility would likelyecilitate protection of more rapidly
aggregating substrates.

This hypothesis predicts that increasing the oatubstrate aggregation should
reduce chaperone efficiency. To test this ideaditimms where MDH aggregates more
rapidly were defined. It was determined that alGMDH completely aggregates after
10 min in the absence of sSHSPs. To test if thieeim®ed rate of MDH aggregation
negatively affected chaperone efficiency, MDH wasubated with either AtHsp18.1 or
TaHsp16.9 (Fig 4.8B). Consistent with the hypotheaiHsp18.1 and TaHsp16.9 were
only able to fully protect MDH at an increasedoaif ~12:1. This is in contrast to the
ability of AtHsp18.1 and TaHsp16.9 to completelgtect MDH at ratios of 1:1 and 2:1,
respectively, when MDH aggregates during 120 mih5aC.

A similar experiment was performed with Luc wheoaditions were
established to slow Luc aggregation to ~120 minstrae amount of time required to
completely aggregate MDH at 46. After testing multiple temperatures, it was
determined that at 36°%& Luc completely aggregates in 120 min in the abserf
SHSPs, and this temperature was used for furthpgrarents. TaHsp16.9, AtHsp18.1
and PsHsp18.1 were tested at different ratioshiir aability to protect Luc denatured for
120 min at 36.5C (Fig. 4.8A). Interestingly, at this temperatu@iEp16.9 is able to

completely protect Luc at a ratio of 12:1. Thignsontrast to the
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Figure 4.8. Efficiency of substrate protection care altered by changing the kinetics
of substrate aggregation.

A) TaHsp16.9, AtHsp18.1 and PsHsp18.1 protect Lhemwheated for 120 min at 36.5
°C. Open boxes highlight the ratio of SHSP:Luc whemmplete protection occurs. B)
TaHsp16.9 and AtHsp18.1 protect MDH heated for 19 ah51°C. Open boxes

highlight the ratio of SHSP:MDH where complete pation is detected.
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36:1 ratio required when Luc aggregates in 8.5ani2°C. A similar increase in
efficiency is seen with AtHsp18.1, where complatetgction is achieved at a ratio of
12:1 compared to 24:1 when Luc aggregates raptddg°&. Further, the chaperone
efficiency of PsHsp18.1 is increased from 4:1 tb\Bhen Luc aggregates over 120 min
at 36.5°C (Fig. 4.8A).

These data support the idea that the rate of mibstggregation plays a role in
the chaperone efficiency sHSPs. Thus, under camditivhich slow the aggregation rate
of Luc, less efficient chaperones should be abfeltg protect Luc. Alternatively, the
sequence compatibility between the sHSP and substiad not the dynamics of

substrate capture, may be contributing to efficlart protection by sHsp18.1.
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DISCUSSION

The functional role of the sSHSP N-terminal arm ulh&trate protection is well
documented (Chapter 1 & 2). However, the exact gmogs of the N-terminal arm that
contribute to chaperone efficiency remain unknolnitiated mutagenesis along with in
silico studies to determine the properties of theeihinal arm which could be essential
for efficient chaperone activity. Further, | soughidetermine if kinetics of substrate
aggregation played a role in chaperone efficieRBsults from these diverse experiments
provide an important foundation for future work aunat defining sHSP-substrate

recognition and mechanism of action.

Flexibility of the variable region in the sHSP N+tenal arm and chaperone

efficiency

Intrinsically disordered or flexible regions of pems provide ideal protein-
protein interaction surfaces (Tompa, 2002). Limipeoteolysis and HX studies provide
experimental evidence that the sHSP N-terminaliarsolvent exposed (Cheng et al.,
2008; Jaya et al., in prep). The inability to reschny of the 24 N-terminal armsfy
Hsp16.5 and six of the 12 N-terminal arms in TaHsPXkrystal structures suggest that
the region is structurally disordered (van Montktral., 2001b, Kim et al., 1998).
However, | found that most structure predictiongseans do not characterize the N-
terminal arm as being disordered. Regardless, Rkdlexibility prediction software

isolated a variable region in the distal portiortte N-terminal arm showing increased
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flexibility compared to the rest of the N-termirsam. This increased flexibility appeared
to correlate with the ability of PsHsp18.1 to affintly protect Luc compared to closely
related sHSPs, which do not show simlar flexibilitythis reigion. Surprisingly a five
amino acid switch in AtHsp18.1, predicted by Prol.to increase flexibility of the distal
portion of the N-terminal arm, converts AtHspl&ioia more efficient chaperone
towards Luc. Compared to the wildtype the efficien€ AtHsp18.1PSENP towards Luc
is increased by > 4 fold. This is the first timatth small change in amino acid sequence
has resulted in such a dramatic increase in chapeactivity, and provides further data
on the importance of the N-terminal arm in subst@btection. However, predicted
flexibility could not be correlated with the activiof smaller amino acid
substitutions.Therfore, the basis for the effectass of the five amino acid substitution
remains to be determined. The properties of therlnhal arm that influence chaperone

activity need further investigation

Factors contributing to efficient SHSP- substratenactions

| investigated the effect of predicted flexibilitythe variable region of the N-
terminal arm and the rate of substrate aggregatmosHSP efficiency. Although both
factors appear to have an effect, clearly sHSRieffcy is dependent on multiple other
attributes of both sHSP and substrate. Some oé ey include; sequence
specificity/complementarity between sHSPs and satest, rate of SHSP activation

including kinetics of oligomer dissociation or otls¢ructural change (Fig. 4.9 A), and the
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Figure 4.9. Factors contributing to sHSP chaperonefficiency.

Multiple factors may contribute to an efficient dPFSubstrate interaction. A. Rate of
SHSP activation to a substrate-binding competere sitleast two different kinetic steps
are involved: 1) Rate of SHSP activation by disatien or structural change preceeding
substrate binding 2) Rate of substrate binding fictential conformations which the N-
terminal arm may need to acquire). B. Free energgrdms illustrating substrate binding
conformations with different energy barriers betwé®e conformations. The red curve
describes the energy of the theoretical substraigify conformations occupied by the
PsHsp18.1 N-terminal arm, whereas blue and blaekggrcurves represent those of
AtHsp18.1 and TaHsp16.9 respectively. C. Abilitytled SHSP N-terminal arm to acquire

few vs. many substrate binding conformations.
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rate of interconversion between substrate bindorgarmations. All SsHSPs may have
similar substrate-binding conformations separatedifierent energy barriers. A sHSP
with a low energy barrier between conformationd k& able to rapidly convert to a
substrate binding form (Fig 4.9 B) and the numbeavailable substrate binding
conformations may vary between sHSPs. An efficgttbP may have a larger number of
conformations accessible by the N-terminal arnovalg the freedom to interact with
multiple substrate conformations. In contrast,Xherminal arm of an inefficient
chaperone may only be able to access a limited rugfliconformations, which may be
insufficient to recognize the multiple conformatsonf a denaturing substrate (Fig. 4.9
C). Further assessing conformational space vaitiabgéiquires NMR studies (Gsponer et
al., 2008; Lange et al., 2008), another difficakk given the large oligomeric size of
SHSPs. However, molecular dynamic (MD) simulatitudges are gaining popularity as a
reliable method to computationally observe protastions (Sanbonmatsu et al., 2007).

| performed 50ns all atom MD simulations of the Bali6.9 monomer in explicit
solvent at room temperature and°&5to observe the dynamics of the N-terminal arm. In
the 55°C simulation specific amino acids of the N-termiaah are involved in unique
contacts (Fig. 4.7). Intriguingly, these interan8anvolve amino acids at the tip of the N-
terminal arm with those of the variable region.sltyipe of interaction may indeed create
unique substrate binding surfaces depending osdfeence of the variable region. Even
though these initial data provide tantalizing ewicke that amino acid clustering in the N-

terminal arm of SHSP may play a critical role ibstnate interactions, further simulations
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with dimeric or higher order forms of the sHSPyadl as comparisons of efficient and
inefficient chaperones are needed to explore ypotnesis.

The observation that the N-terminal arm of sHSRg acquire multiple
conformations supports a conformational selectiaa®hof substrate binding (Bosshard
et al., 2001). In contrast to the induced fit moafgbrotein-protein interactions in which a
protein undergoes a conformational change aftéainnteraction with a binding partner,
conformational selection is based on the presehadavge population of binding
competent conformations. A binding partner may gresitially interact with one of the
many conformations, driving the equilibrium in faaf the selected conformation
(Boehr et al 2008). The concept of a flexible bingdpartner occupying a large
population of dynamic conformational space is dngaing notion when considering
such promiscuous proteins as sHSPs. The abil@gsame multiple high energy
conformations may allow the N-terminal arm of sH&#protect multiple partially-
denaturing substrates, that would airsgivo during cell stress. Partially-denaturing
proteins most likely do not have specific struckdeatures other than the exposed
hydrophobic surfaces.

Another curious characteristic of the SHSP N-teaharm is the relatively high
Pro content. Because the backbone conformatiomoisRestricted by the side-chain the
backbond angle can only populate a limited rotational spatthough similar
constraints are not seen for thangle (Williamson, 1994). Further, the sidechain
conformation of Pro places restrictions on the oamftion of the residue preceding Pro,

making increased Pro content a feature commondiiprprotein interaction surfaces.
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The N-terminal arm of PsHsp18.1 has six Pro residagHsp17.8, four; AtHsp18.1,4;
NtHsp18.0, NtHsp18.3, OsHsp18.0, OsHspl7.3 each fnaw and TaHsp16.9, has three
(Fig. 4.1). Two of these Pro residues are conseaweohg the plant sHSPs studies here
(Fig. 4.1). The number of Pro residues alone dotsarrelate with differences in
chaperone activity, but perhaps the residue praogdeto or overall sequence context
may account for differences, if the residue is ewleestricted to a specific conformation.
This idea should be investigated further.

The sHSP-substrate interaction is also reminisckaspects of the fly-casting
mechanism of protein-protein interactions (Shoemakal., 2000). The fly-casting
mechanism suggests that a partially unstructuretéjor has a higher capture radius for a
partner protein compared to a structured protene Onfolded protein forms weak
contacts at a longer distance, sufficient to “reelthe binding partner. The interaction
between the two proteins may be strengthened drwgedare in close proximity. Certain
aspects of this model apply to sHSP-substratedations. We know that the N-terminal
arm of sHSPs is in a structurally flexible statecduld act to reach out and rapidly “grab”
denaturing proteins before the exposed substratepkiobic surfaces interact with each
other. We also know that the interaction betwee8Rldnd substrate in the sHSP-
substrate complex is weak. In the presence of Adpeddent chaperones sHSPs are able
to release the substrate for subsequence refolingk et al., 2003). SHSPs may have
evolved to rely on a conformational selection dgectisting method of substrate

interactions which is energetically weaker thanititeiced fit model.
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Altering the kinetics of substrate aggregation @Hehaperone efficiency

Along with properties of the N-terminal arm, | falithat altering the rate of
substrate aggregation can alter sHSP chaperomgeeffy, with efficiency inversely
correlated with the rate of substrate aggregatimer slow aggregating conditions the
ratio of SHSP monomers required for complete ptaeof Luc by AtHsp18.1 and
TaHsp16.9 was decreased by > 2-fold (Fig. 4.8 AH3p16.9 is still 4-fold less efficient
than PsHsp18.1 or NtHsp18.3. However, by slowimgatgregation rate of Luc less
flexible sSHSPs may have more time to assume subdtrading conformations. One
reason that the efficiency of AtHsp18.1 and TaHsp1$still lower may be that the
sequence of the sHSP plays an additional role.v@neto test this is to take the
PsHsp18.1 N-terminal arm sequence and create newtpiants containing random
sequence versions of the N-terminal arm, or at lefathe highly variable region. If the
positions of these amino acids affect chaperoneieficy it would be expected that some
variants would fail to protect at wild-type rati@3n the other hand, if the amino acid
composition, as opposed to the amino acid sequencesponsible for efficient Luc
protection, all the variants would be expectedrtigrt more or less as efficiently as wild
type. However, since the N-terminal arm is involwedtabilizing the oligomer,
randomization of amino acids may disrupt the oligonand a more targeted approach is
likely necessary.

When the rate of MDH was increased, TaHsp16.94ihi$p18.1 were only able
to fully protect MDH at the high sHSP:MDH ratio ®f1. There appears to be a

correlation between the rate of substrate agg@gaind efficiency of substrate
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protection. However, it is clearly evident that tiple other factors contribute to
chaperone efficiency of SHSPs.

In total these results suggest a sHSP-substnatknigi relationship in terms of
the aggregation rate of the substrate. Althoughnot possible to derive specific values
for the rate of substrate aggregation, a relagym tof fast and slow aggregation can be
used. These terms fit well within our non-equilibn assay system, which measures final

aggregation state of substrate.
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CHAPTER FIVE: SIGNIFICANCE AND FUTURE DIRECTIONS

The results in this dissertation have generatei@ detailed view of the
mechanism of sHSP-substrate binding and of thenizgon of SHSPs and substrates in
sHSP-substrate complexes. Further, | have attemptedderstand the properties of the
sHSP N-terminal arm that may contribute to chapefficiency and the effect of
substrate aggregation rate on the ability of sHERsotect substrate. The impact of my
results on some of the remaining questions anddgtudies in the field are discussed

below.

Identifying sHSP interaction sites on substrate

As discussed in the introduction, little informattis available on the direct
interaction sites between sHSPs and substrateoddthit is generally accepted that an
aggregation prone, molten globule state of thetsatesis stabilized by sHSPs, high
resolution structural information of the sHSP-stditst complex is lacking due the
heterogeneity of complex assembly. How sHSPs raezegrartially-denaturing
substrates and why they bind to different forms. @arly vs. late unfolded) of
destabilized substrate remain a mystery. lden@if\@HSP recognition sites on the
substrate will resolve some of these outstandirggstjons.

As discussed already, the hydrogen/deuterium exghprofile of bound and free
SHSP is equivalent, indicating that there are fiiei@inces in the amide hydrogen

environment on the sHSP in the substrate-bounfitaes form (Cheng et al., 2008).
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However, limited proteolysis, which probes the sttlain environment, shows that
bound sHSP is protected for longer periods of tina the unbound protein (Jaya, this
work, Chapter 3). This apparent discrepancy magttrdbuted to the complex
heterogeneity and fast on/off kinetics of the sHsBstrate interaction. Although the
sHSP-substrare complex is stable, individual sitercor backbone interactions in the
complex may be transient, potentially confoundimg identification of SHSP interaction
sites on the substrate.

The PsHsp18.1 site-directed Bpa variants are atéduool to capture direct
sHSP-substrate interactions. As detailed in Chahtere have established a collaboration
with the Sinz group in Halle, Germany, to idensfybstrate-specific cross-linked
peptides. Unfortunately, to date we have been wesstul in identifying cross-linked
peptides. This failure may be attributed to the¢ faass spectra were generated by
MALDI-TOF/TOF-MS and the mass accuracies were 38 ppm range. The low
accuracy makes it difficult to identify cross-linkpeptides among multiple peptides with
apparently similar masses. Recently, using my sespphe Sinz group was able to obtain
high quality spectra with accuracies of <3ppm usind-TQ Orbitrap system (Thermo
Scientific, Waltham, MA). Currently a graduate statin the Sinz group is analyzing the
data using a combination of the cross-link ideadifion software GPMAW, and Virtual
MS lab. We are also investigating the option oflgriag the data via a pipeline
generated by the Goodlett group at the Univerdityashington (Singh et al., 2008).

The latter method utilizes the freely availablegyeom Popitam
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(http://www.expasy.ch/tools/popitam/) which is dgsed to identify peptides with post-
translational modifications of any defined mass gV S/MS data.

Alternatively, we have begun to explore the optidigenerating site-directed Bpa
variants in the substrate, using the model sulesividH. We have obtained cDNA
clones of MDH and have designed three construetscbntaining a N- or C-terminal
His tag for ease of protein purification, alongiwat native construct. Currently DNA is
available for an N-terminal His-tagged construdiwmi¥DH incorporated into the pJC20
expression vector, which has been used succestiulyHSP expression. Once the
modified MDH is expressed and purified, the presersfdntact native secondary and
tertiary structure will need to be verified. Thsncbe accomplished by circular dichroism
(CD) and tests of the specific activity of intergersion of L-malate and oxaloacetate
usingb-NAD as a coenzyme. It is imperative that the reatertiary fold is maintained,
since sHSPs protect a partially folded conformati®ecause Bpa is a Phe analog, |
would initially target the 11 Phe residues foungasitions throughout the molecule and
that exhibit different extents of HX when boundhie sHSP, including F90 (>80%
deuterated in 5 sec), F130 (40-60%), F141 (40-664d5 (20-40%), F193 (>80%),
F233 & F235 (0-20%) and F252, F262, F281 and F389 {o). These Phe residues are
located in regions that are solvent exposed asasahaccesible in the sHSP-substrate
complex. An interesting result would be to findtthegions of MDH that are solvent
exposed (as measured by HX) are the same regianbitid to SHSP. This would further
support the idea that SHSPs bind substrate vid-ffied interactions that are best

detected if covalently captured. If Phe residuesnat amenable to Bpa substitution, |
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would choose other hydrophobic residues for suligiit based on the MDH structure
(PDB:1MLD). A control consisting of MDH alone crebsked during the heat
denaturation process would be informative. If MDHDM cross-linking was seen at
positions where MDH also formed sHSP crosslinkgatld indicate that the same
surfaces involved in substrate aggregation arelwedoin binding sHSP. This is the
predicted outcome, as the model for sHSP-subdimating suggests that SHSPs interact
with hydrophobic surfaces exposed during substtataturation. In the absence of
SHSPs the hydrophobic surfaces of substrate iritlErading to aggregation (van

Montfort et al., 2001a).

Determining the structure of SsHSP-bound substrate

HX (Cheng et al., 2008) and limited proteolysisad@hapter 3) indicate that the
SHSP-bound substrate has a stable core, whiletbetN- and C- termini are solvent
exposed. A similar result is seen for destablizéd mutants, however the structure of
the SHSP bound T4L mutant is closer to the dendtstae than to the native state
(Claxton et al., 2008). A confounding factor of tealuced chaperone assays is the
inability to perform the necessary control of hegtihe substrate alone for comparison to
substrate heated in the presence of sHSP, becatlse absence of sHSP, thermally-
denaturing MDH interacts with itself to form anahsble aggregate. However, |
performed limited proteolysis on the insoluble MRbigregate and, interestingly, the
pattern of proteolysis was similar to the sHSP lobosubstrate (data not shown). This

may be due to the fact that the same surfacedhmatried in the sHSP-MDH complex is
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inaccessible in aggregates, and the N- and C-tatmegions are exposed in both the
soluble sHSP-MDH complex as well as the insolulgigragates.

It is not possible to heat MDH alone and performpeskments to determine the
thermal unfolding path of the protein as heatirguhs in aggregation. To overcome this
problem and gain insights into the thermal unfajdoath of MDH, | suggest performing
a virtual experiment in the form of a heated molacdynamics simulation using the
MDH atomic strucuture (PDB:1MLD). This will shedyht on the unfolding path of the
protein at 45C, the temperature at which sHSP-MDH complexedareed, and predict
the regions of the protein which unfold first irsp@nse to increased temperatures. This
combined with the HX data will generate a more clateppicture of a potential

hydrophobic core that may be protected by sHSREsarromplex.

SHSP chaperone functiam vivo

Identifying native substrates protected by sHSRisfwiher define the role of
these chaperones in the quality control pathwaplighed, as well as ongoing studies,
have identified potential SHSP substrates protaatet/o (Basha et al., 2004; Haslbeck
et al., 2004; Basha et al., unpublished). Poteatibktrate proteins identified to date
belong to a broad set of biochemical pathways @ve la wide range of strucutural
properties. Therefore, substrate specificity hasoeen identified eithan vivoorin
vitro. In the case of Hsp42 and Hsp26, the two cytostliSPs irfSaccharomyces
cerevisiagit was determined that both proteins suppresggcegation of about one third

of the cytosolic proteins, and 908bthe substrates identified were protected by both
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sHSPs. Accordingly, 10% of the proteins are unigueither chaperone, which suggests
substrate specificity. However, the identity ofgbgroteins was not determined and the
authors suggest a general protective function &R$din maintaining overall proteome
stability inS.cerevisiag(Haslbeck et al., 2004).

Furtherin vivo sHSP functional studies are required to answemaber of
outstanding questions. What is the significanceoliple genes coding for SsHSPs in the
same cellular compartment? Apart from a role agg@iproteome protectors, are sHSPs
partial to a subset of proteins involved in ess¢rllular functions? How do sHSPs pass
substrate to the ATP-dependent chaperone system?

It is also worth considering that tirevitro interactions of PsHsp18.1 and model
substrates reported in this dissertation do notesdcthe critical issue of how sHSPs
function as molecular chaperones in the context@trowded cellular environment.
Establishing an assay to capture direct interastimtween sHSPs amdvivo substrates
under stress conditions would generate informationsHSP-dependent substrates,
especially if this is a relatively small subsetlué proteome. PsHsp18.1 Bpa variants
would be an ideal starting place. A useful preliamnstudy would include co-expressing
PsHsp18.1 Bpa varianits E coliwith one of the model substrates, either MDH oc,Lu
and determining if the same pattern of interactiamescaptured in the context of the
crowded cellular environment as have been seeitro. Further co-expressing all three
proteins, PsHsp18.1 and model substrates MDH anddnd determining if SHSP have a
substrate specific interaction under heat-denajuwonditions will provide insight into

whether sHSPs have substrate preference or intgidicboth substrates equally.
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Although neither MDH nor Luc are native substratdslieve valuablén vivo substrate
binding data can be obtained in experiments lilkksé¢h

A similar assay may be used with ATP-dependent etwaqes to investigate the
mechanism of substrate hand-off to the refoldingmeery. These experiments may
benefit from Bpa-labeled substrates, as data stgjgest the Hsp70 system interacts with
substrate, rather than the sHSP to extract subdtaanh sHSP-substrate complexes
(Mogk et al., 2003). The hypothesis tested is, d®Alependent chaprones recognize the
partially-denatured substrate or do these chapsenmeract with sSHSPs? This could be
tested by forming the sHSP-substrate complexifiriie presence of Bpa-labeled sHSP
and then in the presence of Bpa-labeled subsffatecomponents of the Hsp70
chaperone machinery would be added to the comalkxyed to react for a defined time
and then the interaction captured by photocrossigmkf Hsp70 interacts with substrate,
the substrate carrying the Bpa probe should beleoth linked to Hsp70. If however,
the sHSP interacts with Hsp70, a covalent intevaathay be seen between the sHSP-Bpa
variant and Hsp70. Multiple SHSP and substrateanssiwill need to be tested, as it is not

possible to predict potential binding surfaces.
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APPENDIX A: CHEMICAL CROSS-LINKING

Initial studies aimed at defining the sHSP-substnatieraction sites were
performed with chemical cross-linkers. A summargmfss-linkers tested, their
properties and the experimental outcome is predant€able 1. 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (ER@ 0 A heterobifunctional cross-
linker which forms covalent interactions via carlloto primary amines and
Bis(Sulfosuccinimidyl)glutarate-d0 and d4 (#5d0 & d4), a 7.3 A, amine reactive
cross-linker were chosen for subsequent experim@pizendix A, Fig 1A shows a
western analysis of a cross-linked mixture using4pd.8.1 and the model substrate Luc.
A defined cross-linked species consisting of bétBB and Luc is captured under
substrate denaturing conditions. This species happarent molecular weight of ~96
kDa. The entire cross-linked mixture was analyzgd MALDI/TOF on MS mode
cross-links consist of 1IsSHSP+1Luc, 2sHSP+1Luc, Bt+&huc and 2sHSP+ 2Luc. A
pipeline for identifying cross-linked peptides sgvn in Fig. 2. At the time, sufficient
resources were not available to analyze and ideatifss-linked peptides, therefore
chemical cross-linking was temporarily halted teastigate a cross-linking method
based on site-specific incorporation of the phdivagrobe, Bpa (Chapter 2). Since
then, considerable advances in analyzing and igerdicross-linked peptides generated
with chemical cross-linkers have been made, aisdwbrth revisiting this option. This

may present additional information that cannot bimed with Bpa crosslinking.
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Table 1. Summary of chemical cross-linkers testet identify the SHSP-substrate
interaction and their properties.

Multiple cross-linkers with varying specificitien@ distances were tested to capture the
sHSP-substrate interaction. The cross-linkers ofcehwere B&G and EDC. B&G is
available as heavy (deuterated, d4) and light &a@Jogs which are reacted
simultaneously to yield cross-linked peptides th#ier by 4 mass units. Peptide masses
differing by 4 units unambiguously identify a criisked peptide. EDC has the
advantage of being a zero-length, heterobifunctiorass-linker allowing the capture of

protein-protein interactions found at very closeximity.
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Cross-linket Reactive sites| Length | Comments
of linker
(A)
Glutaraldehyde Primary 11 Non specific high
amines (Lys of molecular weight
N-term) (>200 kDa) species
Cyanogen gas Replaces a sdit No defined Cross-
bridge (Lys, linked product. Cross-
Arg and Glu, linked mixture is
Asp) poorly separated over
a 5-17% acrylamide
gel. Coomassie Blue
staining shows protein
smearing similar to
results analyzed by
western blot.
N-Succinimidyl iodoacetate (SIA)] Aminesto | 1.5 No substrate specific
Sulfhydryls cross-links detected b
western analysis.
Sulfo-N-hydroxysuccinimidyl-2- | Primary amine| 39.0 Non specific high mw
(6-[biotinamido]-2-(p-azido to any other species
benzamido)-hexanoamido) ethyl-| functional
1,3'-dithioproprionate (Sulfo- group
SBED)
Sulfo-N-hydroxysuccinimidyl- Primary 6.5 Low amount of
Disuccinimidyl tartarate (Sulfo- | amines substrate specific
DST) cross-linked product
Bis(Sulfosuccinimidyl)glutarate-dQ Primary 7.2 Deuterated linker.
and d4 (BSG-d0 & d4) amines Gave a clearly defineg
cross-linked product.
Ease of peptide
identification by MS.
1-Ethyl-3-[3- Carboxyl 0 Gives clearly defined
dimethylaminopropyl]carbodiimidegroups to CL product for
Hydrochloride (EDC) primary multiple sHSP-
amines substrate

combinations. No
modification of sSHSP
or substrate necessary.
Cross-links appear to
be highly specific and
few in number.
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N-Sulfosuccinimidyl-6-[4"-azido- | Primary amine, 18.2 Photoactivatable.
2'-nitrophenylamino]  hexanoate Allows for a two step
(Sulfo-SANPAH) reaction where one

protein is conjugated
to cross-linker prior to
forming a sSHSP-
substrate complex.
High molecular weight
cross-linked product

1 All chemical cross-linking reagents except gliakehyde and cyanogen gas were
purchased from Pierce (Thermo Fisher ScientifiGkRard, IL). Glutaraldehyde was
purchased from Sigma (Sigma-Aldrich, St. Louis, MO)
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Appendix A Fig. 1. Chemical cross-linking of PsHsp8.1-Luc complex yields defined
SHSP-substrate cross-linked species.

Western blot showing a specific cross-linked spebietween PsHsp18.1 and Luc. The
molecular weight of oligomeric PsHsp18.1 is 216 kiba dimer is 36 kDa and the
monomer is 18.1 kDa. The Luc monomer is 62 kDauli2PsHsp18.1 and Luc were
mixed at a ratio of 12:1. The mixture, or each @iotlone, were heated for 8 min @ 42
°C and cross-linked with EDC at a ratio of 1:504tqtrotein:EDC) at room temperature
for the indicated amount of time. An untreated oolmf the mixture and each protein
alone was prepared and cross-linked as indicateel cfoss-linking reaction was
guenched with SDS-sample buffer and separated I8+BAGE on duplicate 4-15%
gradient acrylamide gels. A) Gels were probed witti-Luc antibody and anti-
PsHsp18.1 antibody as indicated. The band presipnirothe heat-treated sample and
not in the samples of substrate or SHSP alone w@sidered a cross-linked product
(open boxes). B) Initial MALDI analysis of the ugdsted cross-linked complex reveals
that the following cross-linked species are presestiSP:1Luc, 2sHSP:1Luc,

2sHSP:2Luc and 2 Luc.
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Figure 2. Experimental scheme for isolating and id&ifying the intermolecular
(between PsHsp18.1 and substrate) cross-linked péejes.
Two different schemes are shown leading to eitimemagel or an in-solution digestion

prior to analysis via MS.
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APPENDIX B: SUMMARY OF PROTEOLYSIS EXPERIMENTS

Table 1. Summary of proteolysis experiments to detmine regions of SHSP and substrate protected in #hpresence and

absence of a complex.

SHSP+
substrate

Conditions

Analysis & Results: SDS-PAGE and MS (insument)

TRYPSIN- C terminus of Lys and Arg

PsHsp18.(12 uM
+ MDH (5 uM)

Trypsin: protein (w/w)1:10
1:50 and 1:100. Digestion:
5,15,30,60,120,180 min.
Optimal*: 1:50 trypsin:
protein, 60min.
Fragments of SHSP and
MDH were identified by
western analysis using
PsHsp18.1 and MDH
antisera.

Finnigan LTQ Linear lon trap (Thermo scientific, itam, MA) coupled
to a Surveyor nanospray HPLC and autosampler. Sepaion C18
column (see Material and Methods for column dimemsj and data
collected on MS mode. SDS-PAGE with Coomassie Btaaing.

Results:
sHSP; fragments were identified and cleavage sitggped to sequence
(data on Fig. 3.10).

MDH; only the full-length mass was detected, fragteenasses were nat
obtained.

AtHsp18.1 (12
uM)
+ MDH (5 uM)

TaHsp16.9 (12
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uM)
+ MDH (4 uM)

LYS C- C terminus of Lys

PsHsp18.1 + Lys C: protein ratios of Bruker Reflex Il MALDI TOF (Bruker Daltonics, Breem, Germany).

MDH 1:100, 1:50 and 1:20 SDS-PAGE with Coomassie Blue staining.

(12:5) Digestion times: 5,15,30,
60, 90, 120 min Results:
Optimal: 1:20 LysC: SHSP; one protected sHSP fragment in presencelmemee of complex
protein, 30 min observed by SDS-PAGE. Fragment had m/Z of 1740004résponding to

cleavage at K152 (Fig 3.3B).

MDH; None of the four MDH fragments were identified

AtHsp18.1 + “ No MS data. SDS-PAGE with Coomassie Blue stain.
MDH (12:5)
Results:

sHSP; one protected fragment in the presencalasehce of complex.
AtHsp18.1 has a K152 similar to PsHsp18.1. (FigB3}.

MDH; two protected fragments in complex and no @obisis in the
absence of complex.

TaHspl16.9 + “ No MS data. SDS-PAGE with Coomassie Blue stain.
MDH (12:4)
Results:

sHSP; no stable protected fragment. Full-lengthegands protected for
longer in complex.
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MDH; two protected fragments in complex and no @obtsis in the
native form.

Chymotrypsin- C-terminus of bulky hydrophobics (Trp, Tyr, Phe).Leu, Met, Ala, Asp and Glu are
cleaved at a lower rate.

PsHsp18.1 + Tested: Chymotrypsin: Bruker Reflex 11l MALDI TOF and SDS-PAGE with Coossie Blue
MDH (24:10) protein ratios of 1:50, 1:100stain.

and 1:300

Incubation times 15,30 and Results:

60min SHSP; 15 min. time point data of SHSP in complexegitwo fragments at
Optimal: 1:300 18,165 (full-length) and 17367 (F7/F8-G158). sH®Pin complex gives

chymotrypsin:protein. MS | three fragments at 18,165 (fl), 17,274 (F7/F8-G1&58) 16,542( F16-
done on 15 and 30min G158). 30 min time point data of SHSP in complextds three fragments
samples. Limited at 18,165 (fl), 17,367 (F7-G158) and 13,871 (L3B&1sHSP not in
proteolytic fragments were complex gives two fragments at 17,367 (F7-G158)E3871 (L37-
verified by western analysisG158).

using sHSP and MDH
specific anti-sera MDH; MDH in complex has two stably protected fragritse however
these were not seen by MALDI.

PsHsp18.1+ Luc| 1:100 and 1:200 SDS-PAGE with coomassie stain.
(24:6) chymotrypsin:protein
(w/w) ratios with 15 and | Results:
30min timepoints SHSP; full-length protein is protected in complex.

Luc; unlike MDH, Luc undergo proteolysis in the imatform. Four
protected fragments migrating at similar positians found in Luc in the
presence and absence of complex. Two unique pecté@gments are
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| found in the absence of complex

SDS-PAGE followed by Coomassie blue stain.

AtHsp18.1 + Same conditions as above
MDH (24:10) but no western data. Results:
sHSP; full- length sHSP is protected in complex.
MDH; two stably protected fragments are seen forHVID
TaHspl16.9+ “ “
MDH (24:8)

Arg C- C-terminus of Arginine

PsHsp18.1 + Optimal concentration is | SDS-PAGE followed by Coomassie Blue staining. NS data.
MDH (12:5) 1:50 ArgC:protein (w/w) at
30 and 60min Results:

SHSP; one protected fragment in the presence aswheb of complex.
Full-length form is protected in the complex
MDH; no protected MDH fragments in complex howeNVddH in
complex disappears overtime. No proteolysis ofuealtii DH

AtHsp18.1 + “ «

MDH (12:5)
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Glu C- C-terminus of Glutamic acid

PsHsp18.1 + Optimal concentration is | No MS data. SDS-PAGE with Coomasie Blue staining.
MDH (12:5) 1:20 GluC:protein (w/w).
30 and 60 min timepoints | Results:
were tested. SHSP; no protected fragment, in the absence optmniull length SHSP
disappears rapidly.
MDH; three protected MDH fragments with no full-tgh protein
protected in complex even at 30min. No proteolgéisative MDH.
AtHsp18.1 + “ “
MDH (12:5)

Thermolysin- C-term of hydrophobic residues

PsHsp18.1
+MDH (12:5)

Optimal concentration is
1:200 thermolysin: protein
(w/w). 5,15, 30 min tested

No MS data. SDS-PAGE with Coomassie Blue staining.

Results:
SHSP; No stable proteolytic fragments. Proteingpsars overtime.

MDH; No stable proteolytic fragments. Protein gigears overtime.
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AspN- N-terminus of Aspartic acid

PsHsp18.1 Optimal concentration is | No MS data. SDS-PAGE with Coomassie Blue staining.
+MDH (12:5) 1:100 AspN:protein (w/w).
30 and 60 min tested Results:

SHSP; No stable proteolytic fragments. Proteingpsars overtime.

MDH; No stable proteolytic fragments. Protein digagrs overtime.

* Optimal Concentration is defined as the ratigpodtease:protein which resulted in stable protéofytoduct detectable by
Coomassie blue staining.
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APPENDIX C: INCLUSION LISTS OF BIOTIN MODIFIED PERDES

Table 1: Inclusion list of potential peptides gexted from a trypsin/chymotrypsin double
digest of sHSP. Although the inclusion list cargle@erated theoretically, the inclusion
list used in these experiments was generatedaftdyzing the masses of peptides from
three separate MS runs. | have found the lattdunsian list to be more complete as it
takes into account other commonly occuring modiitee such as cysteine
carbamidomethylation (+57) and methionine oxidatieh6). Although a theoretical list
can be generated which includes these modificattblesparameters used to generate the
list would result in peptides with only carbamiddmgated cysteines or oxidized
methionies.

Observed Actual mass | Charge
mass
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Table 2: Inclusion list of potential peptides gexted from a trypsin/chymotrypsin double
digest of MDH. Unlike Table 1, only the observedsses are shown as this is the
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parameter used for detection of modified peptidé® inclusion list was generated after
analyzing the masses of peptides from three sepit&truns
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APPENDIX D: OPTIMIZATION STUDIES FOR BIOTIN LABELING

EXPERIMENTS

Initial biotin labeling conditions

The conditions under which sHSP and substrate axeplwere generated were
not altered as these resulted in complete protectiddDH from heat-induced
aggregation while incorporating all of MDH and rigal sSHSP into the complex as
determined by SEC (Fig 3.15). Briefly, 12 uM PsH&fdl1was mixed with MDH at a
molar ratio of 2.4:1 (sHSP:MDH) and incubated atatemperature or at 4& for 120
min to form complexes. A sample fragmentation Sjgefctr a biotin modified MDH
peptide and the corresponding unmodified peptidhavn in Fig. 1.

Four experiments were performed to optimize lalgetonditions and determine
the parameters under which maximal differences éetwree sHSP and substrate and
SHSP-substrate complex could be obtained. Thedisériment shown as #1 in Table 1
and 2 were biotin labeled for 60 min at room terapge. Although modified sHSP
peptides were detected, hardly any modified MDHtipes were detected by MS
analysis. Therefore experiment #2 was performel avibnger labeling time of 105 min.
This yielded sufficient modified peptides from bgitoteins. Experiment #3 was a
timecourse designed to generate information oneslaccessibility of modifiable
residues over a two hr time period beginning willhmdn and ending with 120 min with
half hr increments. The MS results from this stabdgwed that | was not getting

consistent coverage of modified residues as tressdues appeared and disappeared
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from one timepoint to another. | would expect thaesidue modified at 30 min would
remain modified at longer timepoints, because tufation modified should increase
with time. Even if the population of modified reges did not increase with time, | would
still expect to see the same modified residue twer, because timepoint aliquots were
taken from the same reaction tube. This discrep&ay us to generate an inclusion list
which guarantees that a peptide found in low abooelgusually the case with modified
residues) would be fragmented if the mass matohecf the masses on the inclusion
list (See Chapter 3, Optimizing condition for biokabeling studies). This experiment
also showed me that most of the modifiable sHSEues were labeled by the 30 min
time point and lower time points were needed taldisth differences in labeling
overtime. Experiment #4 was performed to deternfiddferences in biotinylation could

be seen if labeling was done ats
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Figure 1. Example of a MDH peptide in the presencand absence of a biotin

modified lysine.

A) A Scaffold output file of peptide IQEAGTVVKAK @206-217 with K215 containing
an additional biotin group). Data is shown as redaintensity vs. M/Z. The biotinylated
K is indicated as a addition of 226 in both thenaés shift between y3 and y2
corresponds to biotinylated lysince) and b ion (erstsft between b9 and b10) series. B)
Fragmentation pattern of the corresponding unmediifieptide. The peptide shown only
containes the aa 206 to 215 since the unmodifi@ddyis cleaved during trypsin

digestion
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Table 1 Summary of modified residues in MDH frorseaies of biotinylation studies

Position
of K!
ans all

Labeled
@RT (1)

Labeled
@RT (2)

Biotinylated for the indicated times @
RT (3)

pLabeled
@45°C (4)

Labled @
RT (4)

Labeled
@RT

(4)

modifie
d

60°

105

30 60 90 120

5 |15 |30

30

30

residues

c|F

F [CF

c|C |C

C

F

K2

S17

X|X[ O

K21

X|IX|X| O
>
P
P
X|IX|X| O
P
X|IX|X| O

T37

X[ X[ X

T52

K54

K67

K81

S117

X[ >
XXX XX

S122

K132

K133

K141

K164

XXX
XXX
XXX
XXX
XXX
XXX

K182

S188

K191
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Table 1 —continued

K215

X

K217

XX

X |[>

X |[>

X[X

K245

S252

X

K255

K272

K273

K283

S285

XXX [X

XX |[X[X

XXX [X

XXX

XXX

K290

K300

XXX XXX

XX XXX

X

XX X[ X]| X

K304

K305

X

X

X|[X

X

X

X

X

K311

X

X

X

XX [X]|X

XX [X]|X

XXX XX XX X XX [ X

XX

XX

XXX XXX X XX

XXX XXX X XX

X

X

X

X

XX

! Biotin has the capacity to modify primary aminésysines, therefore all lysines in MDH are listdal.contrast, biotin is
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known to modify certain serines and threonines ddjmgy on the chemical environment of the OH sidmigr(Gabant et al.,
2008). Only the modified serines and theronindliated.

% The labeling times are listed in minutes
3 C= sHSP+substrate complex formed by mixing SHSBH\t a ratio of 2.4:1 and heating for 120 min &f@
* F= Absence of complex, both proteins are mixeal r@tio of 2.4:1 and left at room temperature.



Table 2 Summary of modified residues in sHSP froserges of biotinylation studies

Position| Labeled Labeled | Labeled @RT (3) Labeled @ | Labeled | Labeled
of @RT (1) @RT (2) 45°C (4) @ RT @ RT (4)
modifie (4)
d 60°min 105 30 60 90 120 5 (15|30 30 30
residué [C* [F* |[C |F |C |[F [Cc [F [Cc JF [cJE [c]c|c|c
S2 X X X X X | X X | X [ X [X
K28
S50
T51 X
K56 X X X X X X [ X | X
K65 X X X X X X X [ X [ X
K72 X | X | X | X [|X X | X | X]|X X [ X | X | X X
K73 X X X X | X [ X | X [|X X | X [ X [X X [ X [ X [ X X
K77 X X
S93 X | X X X | X | X]|X
K96 X X | X [ X | X |X X | X [ X [X X [ X [ X | X X
K99 X X X X | X | X | X [X X | X | X|X X [ X [ X | X X
K112 RN [RN |[RN |R |R |R |R |[RN|R [R |[R|RND|R [R |R |RND RND

D° |D D N | N N | N D N N | N N [N | N

D |[D [D (D D [D (D D |D |D

K124 X X X X X | X X | X X X [ X [ X
K127 X X X X X
K129 X X X | X [ X | X [|X X | X [ X [X X [ X [ X [ X X
K143 X X
K147 X X X X X X [ X [ X | X X
K148 X X X X | X | X
T149 X
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K152 X

S153 X X X

S157 X

! Sulfo-NHS-Biotin can modify the primary amineslysines, therefore all lysines in PsHsp18.1 atedisBiotin is known to
modify certain serins and threonines dependindierchemical environment of the OH side group (Gabgal., 2008). Only
the modified serines and threonines are listed.

Z Lebeling times are listed in minutes.

3 C = sHSP + MDH complex formed by mixing sHSP anidHiiat a ratio of 2.4:1 and heating for 120 min &f@.

* F = Absence of complex, both proteins are mixeal mttio of 2.4:1 and incubated at room temperature

>RND, the peptide containing K112 is never detebieS since the peptide contains only 4 amino acids
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