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Chapter 1

Introduction and Specific Aims



The journey from a nascent polypeptide to a native, fully folded conformation can
be a hazardous one. The rugged energy landscape for such a journey is full of pitfalls and
false minima, and the energy required to escape such a disaster may not be available on
the biologically significant timescale of 20 to 40 minutes [1]. To overcome this problem,
nature has developed molecular guides known as chaperones. Chaperones are proteins
that assist in the folding of other proteins, during nonpermissive conditions such as heat
shock as well as under normal growth conditions, and are absolutely essential to cellular
growth [2, 3]. In addition to their role as protein folders, chaperones also appear to have
antigenic properties in a wide variety of infectious diseases [4, 5]. There are several
classes of chaperone proteins, but perhaps the best studied for their structure and function
are the chaperonins, typified by GroEL and its co-chaperone GroES, from E. coli. The
primary role of chaperonins is to bind non-native proteins and then sequester them in a
protective environment that allows for repeated attempts at the folding process. Although
most of the individual steps in this process are well understood, there are still many
aspects of GroEL function that remain controversial.

1.1 GroE Architecture

GroEL is a homo-oligomer of 14 subunits, each 57 kDa in size with 547 amino
acids [6]. The 14-mer is composed of two rings, 7 subunits each, which are arranged
back to back to form two central chambers. The crystal structure of GroEL was
determined in 1994 to 2.8 A [7]. The structure is highly symmetrical; a two-fold
symmetry exists between the rings [8]. This unique structure is ideally suited to support
the conformational changes necessary for binding and encapsulating non-native proteins.

The domains of a GroEL subunit are distinguished as follows (Figure 1-1A):



trans ring
1A

Figure 1-1: Crystal Structures of GroEL and the Asymmetric Complex. A) An
isolated subunit of GroEL in the absence of nucleotide (pdb file 1oel) [9]. The equatorial
domain is shown in red, the intermediate domain in blue, and the apical domain in brown.
Helices H and I, which contain the residues primarily responsible for substrate protein
and GroES binding, are highlighted in purple. B) The asymmetric complex of GroEL
and GroES (pbd file 1aon) [10]. The trans ring of GroEL is shown in red, while the cis
ring is shown in blue. A single subunit is highlighted in each ring (in gray) to underscore
the dramatically different conformations. GroES (shown in gold) caps the cis ring,
preventing escape of any encapsulated substrate protein and committing the seven ATP to
hydrolysis.

1) The equatorial domain is a highly helical, solid foundation at the median of the
14-mer that serves to stabilize the structure during domain movements. It provides inter-
ring contact, most of the intra-ring contacts, and contains a site for Mg**-ATP binding
and hydrolysis [11]. The residues involved in ATP binding and hydrolysis are among
the most conserved residues in GroEL homologs from several different species [12]. The
equatorial domains also block the channel between the two rings [8].

2) The apical domain surrounds the opening of the cavity and is responsible for

substrate protein and GroES binding [13]. It is inherently flexible, due to a more

disordered structure.



3) The intermediate domain connects the equatorial and apical domains through
two hinge regions that provide flexibility for conformational movements. These hinge
regions allow for the transmission of allosteric signals (discussed in detail in section 1.3),
tightly coupling the binding of nucleotide and GroES binding.

The co-chaperonin, GroES, is essential to GroEL function [2, 14]. It contains 7
identical subunits, each is 10 kDa with a core B-barrel and two hairpin loops [15]. GroES
normally binds to GroEL with a 1:1 stoichiometry (1 GroES; per 1 GroEL,4). In this
way, it serves as a dome over the central cavity during protein sequestration until ligand
release (Figure 1-1B). This complex is referred to as the asymmetric complex, or
“bullet”, where mobile loops in GroES associate with helices H and I in the apical
domain of GroEL [10]. The ring of GroEL that is complexed with GroES is referred to
as the cis ring, in order to distinguish it from the other ring of GroEL, which is termed the
trans ring. Electron microscopy has also revealed symmetric complexes, or “footballs”
(GroES7-GroEL4-GroES5), under a variety of conditions [16-18]. It is still unclear if
these structures exist in vivo or what role they play in the chaperone cycle, although they
are possibly intermediates in the normal cycle [19]. This topic will be discussed in detail
in Chapter 5.

1.2 The Chaperonin Reaction Cycle

The two rings of GroEL have been said to function as a “two-stroke motor,” since
they alternatively undergo identical cycles [20, 21]. Thus, a single ring is often
considered the fundamental unit, as the cycle of one ring fully describes the process by

which a substrate protein is refolded [22]. The reaction cycle can be divided into five



basic steps: substrate binding, nucleotide binding, encapsulation, cis ligand release, and
ATP hydrolysis (Figure 1-2).

Substrate binding The exact targets of GroEL function in vivo are unknown. /n
vitro, GroEL can interact with ~40% of the soluble proteins of E. coli, provided they are
presented to GroEL in a denatured state [23]. However, kinetic considerations make it
improbable that GroEL interacts in vivo with more than 5% of the proteins folding in the
cell [24]. Even under normal cellular conditions, the extremely high concentration of

RNA and protein in the cytoplasm, estimated to be about 340 g/L in E. coli [25], can lead
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Figure 1-2: Cartoon of the GroEL Reaction Cycle. This shows the passage of GroEL
as it proceeds through one round of substrate binding and release. GroEL is shown in
blue, GroES in tan, and SP in red. The resting state, at the top of the cycle prior to step 1,
is an asymmetric complex with substrate protein and ADP trapped inside the cis ring.
The volume of the internal cavity of the cis ring is nearly twice that of the trans ring. In
step 1, substrate protein binds to the trans ring of the asymmetric complex. Once ATP
binds (step 2), the cis ligands are primed for release. The chaperone may or may not
proceed through an intermediate, symmetric complex, as indicated by the brackets. Once
the protein is encapsulated and the cis ligands are released (steps 3 and 4), ATP
hydrolysis (step 5) returns the complex to the original resting state.



to aggregation. Other factors such as temperature increases, osmotic imbalances, and pH
changes can greatly increase the number of misfolded states for proteins [26, 27].
GroEL-GroES can rescue nearly 80% of misfolded or aggregated proteins that would
barely escape the energy barrier of a misfolded state without the presence of the
chaperone [14]. Some proteins, while capable of interacting with GroEL in vitro in an
unfolded state, most likely fold spontaneously under normal conditions. Based on the
fact that GroEL is essential to the growth of E. coli, other proteins, as yet unidentified,
appear to be fully dependent on GroEL to achieve their native conformation [3, 28].
Because GroEL evolved to interact with a wide variety of proteins, it would seem
necessary that the recognition of substrate not be dependent on sequence or secondary
structure, but instead on something more universal to misfolded or unfolded proteins:
exposed hydrophobic residues which would normally be buried in the native state [29,
30]. Nine residues on helices H and I in the apical domain of GroEL, consisting of eight
hydrophobic side chains plus one serine (Figure 1-1A), have been implicated in peptide
binding through site-specific mutagenesis [13]. There has been some suggestion that
GroEL preferentially recognizes ap-folds [31], however this work was based on an
analysis of proteins in their native state, with which GroEL does not interact [32].
Substrates shown to bind GroEL range from all a-helical peptides to all B-structures [33].
A sequence based analysis of proteins with similar residues to the mobile loop of GroES
and multiple, putative binding sites revealed approximately 3% of E. coli proteins serve
as natural substrates and yet have no preferred secondary structure [34]. Other work
demonstrated that GroEL bound several synthesized peptides, whose sequence was

random and displayed no propensity for any particular type of secondary structure [35].



The hydrophobic binding sites of GroEL are repeated seven-fold around the
inside of the central cavity, forming a complete ring. The volume of the cavity, as
measured in the crystal structure, is ~85,000 A® and can accommodate a protein from 70
to 100 kDa in size [7, 36]. This is certainly reasonable if it is assumed the protein
protrudes from the top of the cavity like the cork on an opened wine bottle, as confirmed
by cryo-electron microscopy and small-angle neutron-scattering [37, 38]. Additionally,
the substrate does not necessarily need to contact all seven binding sites; as few as 3 to 4
could be sufficient [39]. Indeed, since GroES binds to the same sites, binding of SP at all
7 sites would preclude GroES binding [22].

Encapsulation The binding of ATP to GroEL (Figure 1-2, step 2) is a
prerequisite for the subsequent binding of GroES (Figure 1-2, step 3). By following
pyrene-labeled GroEL through a folding cycle, it was discovered that the binding of ATP
triggers a conformational change that precedes the binding of GroES [8, 40]. Upon
binding ATP, each intermediate domain shifts inwards by about 20° towards the
equatorial domain in a concerted fashion, moving about the hinges Pro137 and Gly410
[41]. This brings residue D398 within coordination of the Mg*-ATP and closes the
nucleotide binding site. With the addition of GroES, the domains undergo even larger en
bloc movements, where the apical domain shifts upwards 60° from the horizon and
completes a 90° anti-clockwise twist, resulting in the dispersal of the peptide binding
sites (Figures 1-3 and 1-4) [41]. The sum of these conformational changes has two very
important consequences. First, the volume of the cavity expands almost two-fold [10].
Secondly, as the subunits pivot, affinity for the substrate dramatically decreases as the

hydrophobic binding sites become buried within the interior of the cavity wall. The



Figure 1-3: Conformational Changes Induced Upon Ligand Binding. Upon binding
ATP and GroES, GroEL monomers within a ring undergo concerted movements, twisting
and rotating about two hinge regions (indicated by circles). The first transition occurs
upon ATP binding, where the intermediate domain (blue) moves towards the equatorial
domain (red) by about 25°. The binding of GroES precipitates even larger movements,
where the apical domain (brown) moves up 60° and twists in a anti-clockwise direction
90° about the horizontal axis.

Figure 1-4: Movement of SP Binding Sites in the Transition from T to R’. The
allosteric transitions that occur upon ATP binding (T to R) and subsequently GroES
binding (R to R’) cause the substrate binding sites to move apart from one another. The
first transition is thought to actively unfold the substrate protein while the second
transition encapsulates it. The T and R’ states were determined by x-ray crystallography
[9, 10], and the R state structure was determined by cryo-EM [41]. (Figure kindly
provided by Dr. John Grason.)



effect is the dislodgment of the substrate into the GroEL cavity, with access to the
surrounding media blocked by GroES [42]. The act of encapsulation is critical to the
process of refolding because it is this step that introduces the substrate to an isolated,
essentially infinitely diluted environment [36]. This is sometimes referred to as the
“Anfinsen cage,” since it is believed that all the information needed to achieve the correct
three dimensional structure is contained within the amino acid sequence of the protein
[43]. This accomplishes a “bait and switch” mechanism: whereas the initial binding of
the substrate was primarily through hydrophobic interactions, the encapsulated substrate
is now surrounded by mostly hydrophilic residues [10, 36]. This new microenvironment
gives the substrate protein a new chance to fold into the correct state while reducing the
propensity for off-pathway aggregation [44]. It is not known if encapsulation proceeds
via the symmetric complex shown in brackets in Figure 1-2, or if the cis ligands are
released (step 4) prior to encapsulation.

Cis Ligand Release The B-y phosphoanhydride bond of the bound ATP is known
to stabilize the asymmetric complex [45]. The presence of ADP in the cis ring weakens
the interaction between GroEL and GroES, and primes the complex for ligand release.
However, this is insufficient to cause dissociation. It is the binding of ATP to the trans
ring, and the subsequent conformational changes that occur upon binding, that
communicate the signal for ligand release [46-48]. The joint presence of substrate
protein and ATP on the trans ring has been shown to greatly increase the rate of ligand
release in the cis ring [20, 49]. Ligand release is presumed to be the reversal of the
binding order: GroES leaves first, followed by the substrate protein (folded or not),

whereby the apical and intermediate domains relax and the ADP is allowed to diffuse



away [22]. Because ADP release follows release of the substrate protein, a natural
consequence is that the SP must be ejected from the GroEL cavity with each round of
ATP hydrolysis in order for the process to continue [48].

ATP Hydrolysis The process of encapsulation (Figure 1-2, step 3) commits the
trapped nucleotide to hydrolysis, where all seven ATP molecules are hydrolyzed in a
quantized nature in the presence of GroES (Figure 1-2, step 5) [48]. While the inorganic
phosphate is free to diffuse away from GroEL, the ADP remains trapped until primed for
release by subsequent steps on the distal ring. When a GroEL mutant capable of binding
ATP, but not hydrolyzing it, was employed in encapsulation experiments, the cycle was
halted after initial formation of the asymmetric complex [20]. Thus, ATP hydrolysis is
an essential step in the continued operation of the cycle. The same may be said of the
release of the cis GroES.

1.3 Allosteric Effects

The above discussion of the chaperonin hemicycle has been described without
mention of allosteric effects, and yet allosteric interactions are an essential part of the
hemicycle. Allosteric considerations in large, oligomeric proteins such as the
chaperonins are complex, and have been described using a model of nested cooperativity
[50, 51]. Here, Monod-Wyman-Changeaux (MWC) interactions [52] within a ring of
GroEL are nested inside Koshland-Nemethy-Filmer (KNF) interactions [53] between the
rings (Figure 1-5). Another model that has not received wide spread acceptance in the
field is a nested MWC model [54], which will be discussed in detail in chapter 4.

In the absence of GroES and ATP, the resting state of GroEL is described as each

ring residing primarily in the T state, i.e. T;T7, where T refers to a tense state or one with
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Figure 1-5: The Model of Nested Cooperativity as Applied to GroEL. In the model
developed by Yifrach and Horovitz [50], MWC interactions are nested inside KNF
interactions. With no ligands bound, both rings of GroEL exist primarily in the T state.
Cooperative binding of ATP induces an “all or none” transition in the first ring (MWC
transition), where subunits within a ring are either in the T state or the R state, but do not
exist as a mixture of both. Once the first ring has transitioned to the R state, additional
ATP binds to the second ring, inducing a second “all or none” transition. The sequential
transition from TT to TR to RR is governed by KNF interactions. ATP shifts the
equilibrium toward the R states, while unfolded SP shifts the equilibrium toward the T
states.
low affinity for ATP. Conversion to the R state (relaxed, high affinity) is concerted in
nature, where the binding of ATP at low concentrations (<100 uM) shows positive
cooperativity within one ring [51, 55]. A second level of allostery exists between the two
rings. Due to inter-ring negative cooperativity, the RR state only exists at higher ATP
concentrations (>100 uM) [51]. Thus the conversion from TT via TR to RR is sequential
in nature. When GroES is present, two more allosteric states may be defined: the R’
state, where GroES is bound to the cis ring but ATP hydrolysis has not occurred, and the
R’’ state, where hydrolysis has taken place but the cis ligands have not yet departed [22].
Evidence for the above allosteric transitions is considerable. Kinetic

measurements of ATP hydrolysis at various ATP concentrations revealed two allosteric

transitions, which initially suggested the nested cooperativity model [50]. Structures of
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the TT, TR and RR states, based on cyro-electron micrographs, are available at 28A [56].
Crystal structures of the TT and TR’ states have also been determined [7, 10]. Various
experiments have probed the nature of the concerted, rigid-body conformational changes
within a ring. Normal mode analysis and molecular dynamic simulations suggest that
steric interactions between the apical domain of one subunit and its neighbor may be the
primary cause for the positive cooperativity within a ring [57]. Additionally, a E155A
mutation in GroEL which eliminates an essential intra-subunit interaction, leads to
destabilized allosteric intermediates and a sequential, rather than concerted, mechanism,
suggesting that tertiary conformational changes govern the allosteric transitions [58].

Interactions between the equatorial domains of the two rings contribute most
strongly to the negative cooperativity, although they are less well understood. During the
T to R’ transition, equatorial domains in the cis subunit push down on the trans ring, and
in an effort to maintain structural contacts, the trans ring must slightly buckle by moving
approximately 2° away from the horizontal axis [10, 20]. Thus, the binding of ATP and
GroES to one ring transmits a signal to the other that opposes formation of a similar
complex. However, this describes an attempt to dock one GroES-ADP-GroEL ring with
another to make a truly symmetric complex [57]. However, “footballs” are not
symmetric with respect to nucleotide[59].

Besides ATP, it is known that GroES, ADP, Mg%, K", and substrate protein can
all have allosteric effects on GroEL [51, 56, 60, 61]. These allosteric effectors may work
in concert or antagonistically to one another, making GroEL allostery rather complicated.
For example, the positive cooperativity of ATP binding is reduced with increasing K"

concentrations [62], presumably because K influences the equilibrium between the T
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and R states [61, 63]. In contrast, GroES binding to the cis ring of the asymmetric
complex reduces the affinity for substrate in the trans ring and shifts the T = R
equilibrium in the trans ring to the right [20, 64]. Perhaps the most important effector is
substrate protein, which can alter the time it takes to complete the GroEL reaction cycle
(as shown in Figure 1-2, also called the mean hemicycle time) as much as 20-fold [49].
The exact role of each of these effectors, and how they interact with each other in vivo, is
still largely a mystery.
1.4 Active versus Passive Models for Folding

Although the steps in the chaperonin cycle are fairly well understood, questions
remain as to the actual mechanism of substrate re-folding. The allosteric effects caused
by SP binding relate directly to the controversy. A subunit in the T state has a low
affinity for ATP, but a high affinity for non-native SP, whereas R state affinities are
reversed [65]. The affinities for non-native SP exhibited by the two states can be
understood by remembering that in the T to R transition, the apical domains twist with
respect to the equatorial domain in a concerted fashion, and the substrate binding sites
move apart from one another (Figure 1-5) [42, 50]. The binding of substrate protein
stimulates ATPase activity [65], where the activity of a subunit in the T state is thought to
be nearly 4 times greater than one in the R state [22]. Moreover, a chemical cross-link
inserted into one subunit locks the entire ring in the T state, giving rates of ATP
hydrolysis comparable to those with saturating substrate protein present [49]. Taken
together, these data imply that SP resists the T to R transition, and work is performed on
the SP through rotation of the subunits. This model of GroEL function has been likened

to substrate proteins getting stretched on the rack [66].
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This explanation is not fully accepted however, and some hold that the
mechanism for refolding by GroEL is purely passive [25, 67, 68]. In this model, the
“Anfinsen cage” provided by the GroEL cavity prevents intermolecular, hydrophobic
interactions between non-native peptides that can lead to aggregation. Folding of
substrate protein occurs solely inside the cavity, in an infinitely diluted environment. It is
noted that all the substrates normally used in refolding assays in vitro can fold
spontaneously under permissive conditions, usually when protein concentrations and
temperatures are low [22, 25]. Unlike enzyme catalysts, the chaperonin system usually
only enhances the yield of re-folded substrate protein, and only rarely (and modestly)
enhances the rate [22, 33].

The active unfolding proposal suggests substrate proteins are subjected to
mechanically-induced unfolding during the GroEL allosteric transitions [69]. This idea is
often tied to the iterative annealing model [70], which is based on data that show the
substrate protein is ejected from the GroEL cavity whether or not it has completed its
refolding [48, 71]. Incompletely folded proteins are quickly recaptured by the
chaperonin, and iterative annealings are performed until the substrate can reach its native
conformation. This supposes that the slow step in protein folding is the intramolecular
reorganization of misfolded or trapped segments, which are assisted in achieving the
correct conformation through the forced unfolding [70]. In this case, the substrate may
fold into the correct conformation either inside or outside the GroEL cavity. The classic
substrate used to demonstrate iterative annealing is RuBisCO, which can be rescued only
by the GroEL-GroES system under nonpermissive conditions [14]. In its denatured form,

RuBisCo can exchange all but a small core of amide hydrogens with solvent. But upon
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interaction with GroEL, GroES, and ATP, almost a full exchange is observed, suggesting
the protein is indeed unfolded [69]. This result was also achieved when AMP-PNP was
used, which can bind in the GroEL nucleotide site, but cannot be hydrolyzed, further
suggesting that the binding of nucleotide, or the T to R transition, is responsible for the
results. Importantly, a single interaction with GroEL is sufficient to support full or partial
unfolding of the substrate.

Other studies provide important substantiation for the active unfolding model.
Fedorov and Baldwin used the bacterial luciferase system to show that GroEL may
release intermediates that resemble the transition state, a form capable of achieving the
native conformation faster than the originally bound form of the protein [33]. This
acceleration in the rate of folding strongly suggests GroEL can actively lower the free
energy barrier to folding, at least in some cases [46]. Theoretical modeling confirms that
a passive mode of function should have little effect on folding kinetics [44], although
some groups have used molecular dynamics simulations to suggest that encapsulation can
smooth the energy landscape, thereby increasing refolding rates approximately two-fold
[72]. However, this study did not consider the effect of “confinement” on folding rates.

The critical dependence of timing in GroE folding reactions was confirmed with
dimeric citrate synthase (CS) [17]. Under nonpermissive conditions, unfolded CS
monomers, M, can be trapped by GroEL and refolded to an assembly competent state,
M,. This form can degrade over time to an intermediate M3, which is misfolded and can
again be trapped and rescued by GroEL. Interestingly, if the M3 form is sequestered in a
GroEL cavity incapable of turn over, either due to the use of nonhydrolyzable analogs of

ATP or the GroEL mutant SR1, it irreversibly misfolds to a state M4, which can no longer
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be rescued under any conditions [17]. Since the act of sequestration is supposed to be the
driving force for folding in a passive model, it is difficult to reconcile such irreversible
misfolding. Because the conversion of M3 to My is slow, it appears the ATP-controlled
release of ligands is critical to GroEL function. Moreover, both in the case of CS and
luciferase, it appears the assembly competent form resides in a higher energy state, and
thus misfolds could only be rescued if work was performed on the substrate protein.

The importance of timing was also highlighted in a recent study using biotinylated
GroEL which showed that when rebinding of a RuBisCo substrate was blocked after a
single turn-over, folding rates were comparable to the slow, spontaneous rates of folding
observed in GroEL’s absence [67]. Surprisingly, folding in the single-ring version of
GroEL, SR1, produced a significant rate enhancement. The authors concluded that the
rate enhancement could solely be explained by a passive confinement of the substrate and
what they termed “a smoothing of the energy landscape” due to the hydrophilic
environment of the cavity. However, this ignores that even one cycle by GroEL can
actively unfold the substrate [22, 44]. Additionally, rate enhancement via a passive
mechanism is not anticipated by the Anfinsen model, as acknowledged by the authors
themselves [43, 67].

It should be noted that while the passive model excludes the possibility of an
active mechanism, the reverse is not true. An explanation of the above results that seems
more likely is that both models are viable: folding of RuBisCo depends on iterative
annealing in vivo, but folding in a sequestered, hydrophilic environment is also crucial to
the process. The dependence on encapsulation is only true for certain substrate proteins;

it has been demonstrated that aconitase, an 82 kDa protein too large to fit inside the
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GroEL chamber, can refold solely through interactions with the trans ring [73, 74].
Because GroEL is promiscuous in its substrate specificity, and the mechanism for folding
seems to vary between systems, it is easy to find examples where not all aspects of the
GroEL mechanism are required for refolding. As Betancourt and Thirumalai suggest,
although GroE appears at first glance to be a “one size fits all” system, probably many
mechanisms are possible depending on kinetic requirements [44].

1.5 Specific Aims

The goal of this work was to better understand the allosteric mechanisms involved
in GroEL function. The various projects can be summarized as follows:

1) Although many groups have utilized the single ring mutant, SR1, for a variety of
single turnover experiments [17, 46, 47, 75], a full characterization of the allosteric
and functional properties of SR1 has not been completed. Because the nested
cooperativity model is inherently complex, the goal of this project was to exploit the
single ring in simplifying the allosteric mechanisms under study. Previous work in
our lab analyzed a GroEL double cysteine mutant, D83C/K327C, which replaces an
intra-subunit salt bridge and can be used to lock a ring in the T state [49]. This
mutation was introduced into the single ring for further study.

2) The original model for nested cooperativity made two assumptions; a) the T state does
not bind or hydrolyze ATP (termed the exclusive binding assumption), and b) the
activity of an R subunit in the RR state is less than the activity of an R subunit in the
TR state [50]. This was necessary to explain negative cooperativity and the loss of
ATPase activity as higher ATP concentrations. Based on previous work in our lab

and the single ring studies above, it is clear the exclusive binding assumption is not
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valid [49]. Here, a coupled enzyme assay is employed to examine the effects of
potassium and substrate protein on the initial rates of ATP hydrolysis by both GroEL
and SR1. The data were then fit to an equation describing a new model of nested
cooperativity in which exclusive binding was not assumed.

3) Previous studies in this lab and others used fluorescence resonance energy transfer
(FRET) to examine the dissociation of ligands from the cis ring of GroEL [20, 49].
These studies demonstrated how exquisitely sensitive the GroEL hemicycle is to the
presence of substrate protein and ADP on the trans ring. Due to the controversy over
symmetric complex formation, it was not known if association would mirror
dissociation kinetics under all the conditions previously studied. This project extends
the results of the dissociation work by examining the kinetics of GroES association to
the trans ring of GroEL. The effects of potassium and substrate protein are explored

in detail.
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Chapter 2

General Methods and Experimental Procedures
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This chapter will describe laboratory methods and procedures that are common to
the studies presented in this dissertation. Techniques and procedures specific to certain
studies will be detailed in the appropriate chapter.

2.1 Protein Concentrations

Unless otherwise stated, all protein concentrations are listed as monomer
concentrations. Wherever oligomer concentrations are used, they will be designated with
a subscript, indicating the number of subunits included in the concentration. For
example, GroEL,4 refers to the concentration of GroEL tetradecamers and GroES; refers
to the concentration of GroES rings.

2.2 Bradford Assay

The Bradford reagent, Coomassie Brilliant Blue G-250 (CBBG), changes its
absorbance maximum when bound to arginine and aromatic residues in various proteins
and can be used to detect microgram quantities of protein in a sample [76]. This method
is ideal for determining total protein concentration of an unpure sample, such as the
intermediate steps of a protein purification. To generate a standard curve, 800 pul of a
bovine serum albumin (BSA) sample, prepared from a BSA standard solution at 1.44
mg/ml (BioRad), was mixed with 200 pl of Bradford Dye Reagent (BioRad). After
waiting five minutes, the absorbance at 595 nm was measured for each of six samples
having a final BSA concentration ranging from 2.5 to 12.5 pg/ml. The data were fit to a
linear regression with an R? value of 0.993. The regression equation was then used to

determine the total protein concentration in an unknown sample.
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2.3 Polyacrylamide Gel Electrophoresis (PAGE)

Gel solutions were prepared according to standard recipes [77, 78] using a pre-
mixed 30% acrylamide/bis-acrylamide (29:1) solution from Bio-Rad. Gels were poured
using 10 x 8 cm glass plates and either 0.75 or 1 mm spacers. Gels were loaded into the
Hoefer SE250 Mini-Vertical apparatus and run at 15 mAmps per gel using a Tris/glycine
buffer. Under nondenaturing conditions, gels were prepared as described except the
sodium dodecyl sulfate (SDS) was omitted from all steps (loading buffer, gel solutions
and running buffers). Protein bands were visualized by first staining with PhastBlue (a
Coomassie Blue variant from Amersham), and then destaining with 30% methanol/10%
acetic acid solution followed by a 10% methanol/10% acetic acid solution.

Protein bands on SDS denaturing gels could be quantitated by densitometry using
the PDSI hardware and ImageQuant software from Molecular Dynamics. Special care
was taken with gels that needed quantitation to ensure they were dust-free and gel plates
were clean. The first and last lanes were not used due to band curvature. In order to
determine protein concentration from a gel, standards of the same protein at known
concentrations were loaded on the same gel, typically three to five samples containing 20
to 80 pmol total protein. These bands were quantitated and a standard curve generated.
In other cases, the relative amount of different proteins or protein forms within one
sample was needed. In this case, no standards were necessary and the relative
densitometry values were used to compute the ratio.

2.4 Purification of GroEL
GroEL was purified with several modifications to the existing protocols [79].

Glycerol stocks of E. coli IM105 cells harboring the pGEL1 plasmid (a gift of Dr. Ed
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Eisenstein) were streaked onto LB plates containing 100 pg/ml ampicillin (Amp) and
grown at 37°C overnight. A starter culture was prepared from a single colony in LB
media with 100 pg/ml Amp and grown at 37°C until suspension was cloudy. This was
used to inoculate 6 L of LB media plus 100 ug/ml Amp. Cultures were grown for two
hours at 37°C with shaking at 200 rpm, at which time protein over-expression was
induced with 0.5 mM IPTG. The cultures continued to grow for another 12-15 hours at
30°C.

Cells were harvested by centrifugation and resuspended in lysis buffer (50 mM
Tris pH 8, | mM EDTA, I mM DTT and 1 tablet per 50 ml buffer of complete protease
inhibitor cocktail tablets from Roche). The cells were lysed in 50 ml portions by
sonication using a Branson sonicator for 75 seconds (power level 5, 50% duty cycle).
Following centrifugation to remove cell debris, the nucleic acid was precipitated using
streptomycin sulfate at a final concentration of 1 mg/ml. The precipitate was then
removed by centrifugation at 32,500xg for 60 minutes at 4°C. This is referred to as the
crude lysate.

The crude lysate, usually around 150 ml, was loaded onto a 500 ml DEAE
Sepharose Fast Flow column (Amersham) which had previously been equilibrated with
400 ml of 200 mM Tris pH 8 followed by 1800 ml of Buffer A (50 mM Tris pH 8, 5 mM
MgCl,, | mM EDTA, 1 mM DTT). The GroEL was eluted using a 0 to 0.5 M gradient
over 2 L. The fractions containing GroEL normally eluted at a conductivity of 28 mS,
with a total volume of 170 ml. These fractions were concentrated using saturated
ammonium sulfate to a final concentration of 65% and allowed to sit overnight at 4°C.

The solution was centrifuged the following day at 10,000xg for 25 minutes at 4°C. The
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supernatant was removed and the pellet resuspended in 20 ml of S300 buffer (50 mM
Tris pH 7.5, 10 mM MgCl,, 1 mM DTT). The protein was desalted on a 300 ml S300
Sephacryl gel filtration column (Amersham) that was previously equilibrated with 300 ml
of S300 buffer. The protein was collected and concentrated using Centriplus centrifugal
filter devices (Millipore, 50 kDa cut-off) to approximately 10 mg/ml, as determined by a
Bradford assay. The GroEL was stored as 1 ml aliquots at -80°C until the next step.

Removal of the remaining contaminants is a key step. Most are denatured
proteins which are tightly bound to GroEL and cannot be separated by normal
chromatographic methods. However, the importance of eliminating as many
contaminants as possible cannot be overstated. Because substrate protein is a significant
allosteric effector of GroEL function, contaminating protein can obscure or complicate
results. We have found the acetone precipitation method, modified from Voziyan and
Fisher [80], to be the best way of removing the remaining contaminants. The principle
behind this method rests on the idea that because GroEL can bind hydrophobic, unfolded
proteins, it should be stable in the presence of a hydrophobic solvent. Pure acetone was
added drop-wise to a vigorously stirred solution of GroEL until the acetone was 45% by
volume. This causes all of the proteins, GroEL and contaminants alike, to precipitate.
The protein was pelleted by centrifugation at 32,500xg for 20 minutes at room
temperature. The supernatant was removed, and the pellet resuspended in 10 mM Tris
pH 7.5, 10 mM MgAc. GroEL goes back into solution, whereas the contaminating
proteins mostly remain as precipitates and can be removed by centrifugation (32,500xg,
60 minutes). Pure GroEL is now contained in the supernatant and was concentrated

through addition of saturated ammonium sulfate to 65%. Any remaining acetone was
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removed after desalting the protein on a PD-10 column equilibrated in 10 mM Tris pH
7.5, 10 mM MgAc. The final product was concentrated and the purity confirmed by
SDS-PAGE (Figure 2-1) and tryptophan fluorescence (Figure 2-2). To measure the
fluorescence, GroEL samples, pre- and post-acetone treatment, were diluted to a final
concentration of 9 uM in 10 mM Tris, 10 mM MgAc, and 6 M guanidinium HCI
(GdnHCI). Fluorescence was measured from 300 to 400 nm, exciting at 295 nm. The
area under the curve was corrected based on the signal of buffer alone, and compared to a
fluorescence standard curve made with bovine serum albumin (BSA). Although the
signal is significantly decreased after the acetone treatment, it is possible that up to 10%
of the GroEL rings are still occupied with contaminating SP. The GroEL concentration
was confirmed by measuring the absorbance at 280 nm, using an extinction coefficient of

9600 M'em™.
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Figure 2-1: GroEL"" Purification. 12% SDS polyacrylamide gel of GroEL purification
steps. The lanes are identified as follows: molecular weight standards (lane 1), crude
lysate (lane 2), DEAE fractions (lanes 3-7), pool from S300 desalt (lane 8), pure GroEL
following acetone treatment (lane 9). Figure kindly provided by Dr. John Grason.
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Figure 2-2: Tryptophan Fluorescence of GroEL, Pre- and Post-Acetone Treatment
GroEL samples, taken before and after the acetone treatment, of the same concentration

were diluted into a 10 mM Tris, 10 mM Mg, 6 M GdnHCI solution. Fluorescence was
measured by exciting at 295 nm.

2.5 Purification of SR1

SR1 was purified as previously described with a few modifications [81]. A crude
lysate was prepared from 4.5 L of JIM105 cells containing the pSR1 plasmid (a gift of Dr.
Art Horwich) as described in section 2.4, except that the lysis buffer contained 20 mM
Tris pH 7.4, 1 mM EDTA, 50 mM KCI. The lysate was loaded onto a 25 ml Q Sepharose
Fast Flow column (Amersham) previously equilibrated with Buffer A (50 mM Tris pH
8.0, 1 mM EDTA, 5 mM MgCl,, | mM DTT). Following passage of the flow through,
SR1 was eluted using a 0 to 750 mM NacCl gradient over 300 ml. The SR1 eluted at
approximately 35 mS. Fractions containing SR1 were pooled and then concentrated in
Centriplus centrifugal filter devices (50 kDa cut-off) to approximately 10 mg/ml, as

determined by a Bradford assay. The protein was stored as 1 ml aliquots until further
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purified by the acetone precipitation described in section 2.4. Assessments regarding the
purity and properties of SR1 will be discussed in detail in Chapter 3.
2.6 Purification of GroES™

GroES was purified using the previously published methods, but with
modifications [82]. Crude lysate was prepared from 4.5 L of JM105 containing the
pGES1 plasmid (a gift of Dr. Ed Eisenstein) using the procedure described for GroEL in
section 2.4. The lysate was then subjected to a heat treatment, where the lysate is
immersed in an 80°C water bath and constantly stirred until the lysate reaches a
temperature of 70°C for 10 minutes. Precipitated proteins were removed by
centrifugation at 32,500xg for 25 minutes at 4°C. Saturated ammonium sulfate was
added to a final concentration of 65% and the solution was stored, with stirring, overnight
at 4°C. The following day, the protein was collected by centrifugation (10,000xg, 25
minutes, 4°C) and resuspended in 15 ml of G25 buffer (10 mM Tris pH 7.5, 0.1 mM
EDTA, 0.1 mM DTT). This was then desalted on a 150 ml G25 column (Amersham)
which was previously equilibrated with 300 ml G25 buffer. The flow-through, at pH 7.5,
was then jumped to approximately pH 5.0 through the addition of 50 mM NaOAc, pH
5.0. One third of this solution was loaded onto a 75 ml SP Sepharose HP column
(Amersham) equilibrated with 400 ml of 50 mM NaAc pH 5, 0.1 mM EDTA, 0.1 mM
DTT. Following elution of the flow-through, GroES was eluted using a 750 ml gradient
from 0 to 200 mM NaCl. Fractions were analyzed by SDS-PAGE for the presence of
GroES, pooled, and brought to 65% ammonium sulfate. Another third of the protein was
loaded on the column and the process repeated until all the protein had been collected.

Ammonium sulfate precipitates from the three runs were then pooled and stored
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overnight at 4°C. The protein was collected by centrifugation (10,000xg, 25 minutes,
4°C) and resuspended in 5 ml 10 mM Tris pH 7.5. This was then desalted on PD-10
columns equilibrated in the same buffer and concentrated in Centricon centrifugal filter
devices (Millipore, 10,000 Da cutoff). The final concentration was determined by
measuring the absorbance at 280 nm using an extinction coefficient of 1200 M'em™.

Purity was assessed by SDS-PAGE (Figure 2-3).

Figure 2-3: GroES™ Purification. 12% SDS polyacrylamide gel of GroES purification.
The lanes are identified as follows: crude extract (lane 1), post heat treatment (lane 2),
empty (lane 3), post pH jump and G25 desalting (lane 4), flow through of SP Seph
column (lane 5), final pool of pure GroES after SP Seph column (lane 6). Arrow
indicates the position of the GroES on the gel.
2.7 Purification of His-tagged GroES

JV 30 cells containing the pGES1His plasmid (a gift of Dr. Ed Eisenstein) were
grown and lysed as previously described in section 2.4. The crude lysate obtained from 1

L of cells was combined with 4 ml of Ni-NTA resin (Qiagen), which had been previously

equilibrated with 10 mM imidazxole, 20 mM Tris pH 8.0, and 300 mM NaCl. The lysate
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was mixed with the resin in batch process for 30 minutes on ice. The mixture was then
loaded into a syringe barrel and washed with 3 column volumes of 60 mM imidazole, 20
mM Tris pH 8.0, 300 mM NaCl. This removed any proteins that did not bind, or were
weakly bound, to the resin. A final wash with 60 mM imidazole, 20 mM Tris pH 8.0 was
then performed to eliminate any residual contaminants. The GroES™ was then eluted
with 3 column volumes of 250 mM imidazole, 20 mM Tris pH 8.0. The eluant was
concentrated in a Centriplus centrifugal filter device (10 kDa cut-off) and exchanged into
10 mM Tris pH 7.5 on a PD-10 column. Purity was assessed by SDS-PAGE (data not
shown) and concentration measured by absorbance at 280 nm using the extinction
coefficient given in section 2.5.
2.8 Coupled Enzyme ATPase Assay

In order to measure the rate of ATP hydrolysis by GroEL, we employed a coupled
enzyme assay which ties the production of ADP by GroEL to the oxidation of NADH by
lactate dehydrogenase (LDH) [83], as shown in Figure 2-4. The last step in the process
can be measured spectrophotometrically by monitoring the change in absorbance at 340
nm over time (Figure 2-5). The enzymes and reagents used, pyruvate kinase (PK), lactic
dehydrogenase (LDH), NADH, and phosphoenol pyruvate (PEP), must be in excess to
ensure complete coupling of the system.

This system provides a number of benefits over the single time point assays used
by other researchers [50, 75]. It provides real time data, using an ATP regeneration
system that ensures constant ATP concentration over time. Moreover, each rate

measurement is calculated from the slope of a line that includes up to 450 individual data

28



PRy
b ;
.\‘n‘ _.-'/
pyTUvate
kinase
PEF — » pymmvate lactate
lactate
dehydrogenase
e x"\
! «
NAPH NAD+

Figure 2-4: Coupled Enzyme ATPase Assay. In order to monitor ATP hydrolysis by
GroEL, a coupled enzyme assay was employed. Each ATP hydrolyzed by GroEL is
coupled to the oxidation of a NADH by lactate dehydrogenase (LDH) through the
intermediary, pyruvate kinase (PK). The PK also keeps the ATP concentration constant
over the course of the assay (usually 3 minutes). Oxidation of NADH can be measured
spectrophotometrically since NADH absorbs light at 340 nm while NAD" does not.
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Figure 2-5: Monitoring ATP Hydrolysis in Real Time. An example of a kinetic trace
monitoring ATP hydrolysis by GroEL over time. The absorbance at 340 nm decreases as
ATP is hydrolyzed via NADH oxidation using the coupled enzyme assay. The rate of
hydrolysis is found by exporting the data to Microsoft Excel (or similar graphing
program) and taking a linear regression of the data. The slope of the regression is used to

calculate the turnover at each ATP concentration. Typically, R? values were greater than
0.99.
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points. For most experiments, a Hewlett Packard 8453 UV/Vis spectrophotometer was
used. Absorbance data was collected every second and the cuvette holder was connected
to a circulating water bath (VWR) to maintain a constant temperature (37°C). It was
possible to add reagents, such as GroES or denatured substrate protein, partway through a
run to measure differences in rate with a minimum of error.

Final concentrations used in the assay, unless otherwise stated, were 2 uM
GroEL, 50 mM Tris pH 7.5, 10 mM MgAc, 100 mM KAc, 0.2 mM PEP, 0.2 mM NADH,
4 units LDH and 5 units PK at 37°C. The rate of ATP hydrolysis was calculated from the
change in absorbance over time by fitting each data set with a linear regression. Traces
that yielded R? values less than 0.99 when fit with a linear regression were discarded.

The equations for calculating turnover are as follows:

. AA
According to Beer’s Law: AJNADH]=—2* where ¢ =6.22 mM'cm™ for NADH.
€

The slope of the linear regression line equals AAz4 per second. Converting to minutes,
and taking into account the stoichiometry (1 NADH =1 ADP = 1 ATP; Figure 2-3), the

nmol of ATP consumed per minute is represented by:

MAnﬂ_Mmamabxammxmﬂmwx 1L
min 6.22mM™"  1min  lmmol 10°pu/

x 900 p/

Turnover is calculated by dividing the nmol of ATP hydrolyzed per minute by the nmol
of GroEL subunits used in the assay.

A[ATP]

min

+nmol GroEL

Turnover =

The turnover values can be plotted against ATP concentration to examine the

cooperativity under various conditions.
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2.9 Preparing Unfolded Substrate Proteins

Two proteins were utilized throughout these studies: mitochondrial malate
dehydrogenase (MDH) from pig heart (Roche) and a-lactalbumin (a-LA) from bovine
milk (Sigma). Unfolded a-LA is a stable species in the presence of DTT and the absence
of Ca”" [65, 84]. It can therefore be denatured in large quantities and stored at -80°C, as
long as the DTT is refreshed prior to use. MDH, on the other hand, will refold
spontaneously [85, 86] and must be denatured just prior to use. To unfold both of these
proteins, a concentrated aliquot of the protein was diluted into 1 mM Tris, pH 7.5, 2 mM
DTT and allowed to react for 10 minutes. The solution was diluted 2-fold with 0.01 N
HCI and allowed to denature for 1 hour on ice. MDH was used as is; a-LA was buffer
exchanged into 10 mM Tris, pH 7.5, 1 mM DTT and stored at -80°C until needed.
Concentrations were determined using extinction coefficients of 28,400 M'cm™ and
6880 M'cm™ at 280 nm for a-LA and MDH, respectively.
2.10 Computer Software

Protein structures were obtained from the free Protein Explorer software package,
found at www.proteinexplorer.org [87]. Data plotting and fitting were accomplished with

SigmaPlot, version 8.0 (SPSS Inc.).
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Chapter 3

Probing Allosteric Interactions with the Single Ring Variant, SR1
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3.1 Introduction

The two rings of GroEL are held together by electrostatic and hydrophobic
interactions between residues in their equatorial domains [7]. As shown in Figure 3-1,
each subunit interfaces with two subunits in the opposing ring, forming two sets of
contact sites. Residues E102, K105, E434 and R445 compose the so-called “left site”
whereas residues R452, E461, S463 and V464 compose the “right site” [7]. A single ring
variant of GroEL, SR1, was created by mutating residue 452 to glutamate and the other

right site residues to alanine [81]. Other than the disrupted inter-ring contacts, SR1 is

E102

El05

Figure 3-1: Contact Sites at the Inter-Ring Interface of GroEL. The two rings are
held together primarily through ionic and hydrophobic interactions at the equatorial
interface. Each subunit of GroEL interacts with two subunits in the opposing ring,
forming two sets of contact sites known as the left and right sites. The left site consists of
an ionic tetrad including residues E102, K105, E434 and R445. The right site consists of
the ionic interaction between residues R452 and E461, as well as contacts between
residues S463 and V464 (not shown). Taken from the crystal structure of the asymmetric
complex (pdb file 1aon)[10], the subunit in blue resides in the cis ring while the orange
and pink subunits are in the frans ring. The GroEL"*™ mutations (discussed later in this
chapter) include E102A, K105A, and M11A. The SR1 mutations include R452E,
E461A, S463A, and V464A [81].
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structurally very similar to GroEL, as shown by infrared spectroscopy (IR) [88]. Thus,
the mutations which create the single ring do not otherwise significantly disturb the
chaperonin’s structure.

SR1 can stably bind GroES in the presence of ATP, although it cannot release its
ligands (GroES, ADP or any encapsulated substrate protein) due to the absence of a
signal sent by the second ring [46]. For this reason, SR1 is unable to substitute for
GroEL in vivo [46, 89]. It was originally believed that the mammalian mitochondrial
homolog of GroEL, Hsp60, existed as a single ring and was capable of binding and
releasing its co-chaperonin, Hsp10, without transitioning through a double-ring
intermediate [90]. It was thought that Hsp60 could function as a single ring due to a
weak interaction with Hsp10 in the presence of ADP, which allowed for dissociation on a
biologically relevant timescale [91]. This view seemed to be supported by the fact that
mutations introduced into SR1 that reduced, but did not eliminate, GroES binding
produced chaperones that were as efficient in vivo as GroEL [92]. However, more recent
studies with Hsp60 indicated that the presence of ATP and Hsp10 favored formation of a
double ring, although no negative cooperativity was apparent in its ATPase activity [93].

SR1 has been employed in numerous studies, most of which address the question
of active versus passive refolding of denatured substrate proteins. Because SR1
undergoes only one round of ATP hydrolysis and encapsulation, it is well suited to these
types of experiments. However, such studies are complicated by the fact that even a
single turnover event may induce active unfolding as the subunits pivot upon ATP

binding and the substrate protein becomes encapsulated [22, 94]. Other groups have
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investigated the nature of the inter-ring contacts, suggesting they serve as a thermostat
that allows the chaperonin to sense physiological from stress temperatures [88].

ATP-induced allosteric transitions play a key role in chaperonin function, and yet
many GroEL studies fail to even invoke an allosteric model. This chapter probes the
allosteric properties of GroEL by taking advantage of the more simplified case of the
single ring. Both of the nested cooperativity models that have been applied to GroEL
rely on a MWC, all-or-none, model to describe the T to R transitions within a ring [50,
54]. Thus, initial conclusions can be drawn from single ring studies without having to
select a fully, nested cooperativity model. This will be examined in detail in the
following chapter.

A common method for studying cooperativity in GroEL is the ATPase assay,
described in section 2.8, where initial rates of ATP hydrolysis are measured as a function
of ATP concentration. However, deconvoluting the GroEL ATPase profile is
complicated; as shown in Figure 3-2, there is an initial increase in activity at low ATP
concentrations, followed by a decrease and then a leveling off at higher ATP
concentrations. The initial rise has been attributed to the positive cooperativity within a
ring as it progresses from the TT to the TR state, with a Hill coefficient of 2.75 (£0.12) at
10 mM K" [50]. The decrease in activity is widely attributed to be the result of negative
cooperativity between the rings as they proceed from the TR to the RR state, where the
RR state is thought to have significant less activity than the TR or TT states [50]. Ideally,
studies with the single ring could experimentally constrain the deconvolution of GroEL

ATPase properties.
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Figure 3-2: Initial Velocities of ATP Hydrolysis by GroEL. The initial rates of ATP
hydrolysis are plotted versus ATP concentration at 100 mM K" and 37°C. Two different
models have been suggested to explain the shape of the curve: one where MWC
interactions are nested inside KNF interactions, and another which includes only nested
MWC interactions.

Previous work in our lab with a GroEL double cysteine mutant, D§3C/K327C
[95], addressed the concerted nature of the allosteric transition within a ring (G. Curien,
unpublished results). Normally, this intra-subunit salt bridge connects the equatorial and
apical domain and stabilizes the T state (Figure 3-3A). Upon transitioning to the R and
R’ states (Figure 3-3B), the salt bridge is broken [41]. By introducing a cysteine pair in
place of the salt bridge, it was possible to lock a subunit in the T state with chemical
cross-linkers or disulfide bonds via oxidation. Moreover, it was possible to control the
extent of cross-linking or oxidation such that 0 to 100% of the subunits were modified.
Under these conditions it was shown that a single cross-link was capable of locking an

entire ring in the T state, thereby preventing the binding of GroES (G. Curien and G.

Lorimer, unpublished results). This demonstrated that the transition from the T to R state
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R’ State

Figure 3-3: An Intra-Subunit Salt Bridge Is Replaced with Two Cysteines. Two
residues, D83 (black) and K327 (yellow), connect the apical and equatorial domains
through an inter-subunit salt bridge which stabilizes the T state (panel A, pdb file 1grl
[9]). Upon progressing to the R (panel B, pdb file 1gr6 [41]) and R’ state (panel C, pdb
file 1aon [10]), this salt bridge is broken. Site directed mutagenesis replaced each residue
with a cysteine, allowing for precise and controlled oxidation by diamide.

within a ring was concerted, as predicted by the current models for nested cooperativity
in GroEL [50, 54]. Here, the same mutations are inserted into the single ring for further
study.
3.2 Methods Specific to Chapter 3

3.2.1 Assaying GroES Release and SP Encapsulation in SR1 Using His-tagged
GroES This assay was originally developed by Mark Uebel in our lab [96]. To assay
GroES release, a 300 pul solution containing 20 mM Tris pH 7.5, 10 mM MgAc, 5 mM
KAc, 70 uM ATP, 35 uM GroES™ and 14 uM GroEL" or SR1 was incubated for 10
minutes at room temperature, allowing the GroEL/SR1 to complex with GroES™ and
exhaust the ATP. This solution was then loaded onto a column containing 1 ml Ni-NTA
resin (Qiagen) equilibrated with 20 mM Tris pH 7.5, 10 mM MgAc. After the sample

was loaded, the column was rinsed three times with 0.8 ml of the equilibration buffer to
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elute any flow through. A challenge solution containing 20 mM Tris pH 7.5, 10 mM
MgAc, 5 mM KAc, 50 pM ATP and 14 pM GroES™ was added in three 0.8 ml portions.
This was followed by two 0.8 ml washes of equilibration buffer. Elution of any
remaining material was accomplished with three 0.8 ml washes of 250 mM imidazole.
Aliquots from each eluate were loaded on a 15% SDS-PAGE gel. To check for substrate
encapsulation, the same procedure was followed except 2 uM denatured MDH was
included in the initial solution.

3.2.2 Gel Filtration Using HPLC To test the oligomeric structure of GroEL
mutants, 30 ul of a 30 uM sample was loaded onto a 800 x 7.80 mm BioSep-SEC-S gel
filtration column (Phenomenex) equilibrated with 50 mM Tris pH 7.5, 10 mM MgAc, 10
mM KAc, =25 uM ATP. Elution was monitored by absorbance at 280 nm.

3.2.3 Site Directed Mutagenesis The D83C and K327C mutations were
introduced into a plasmid containing SR1 (a gift of Dr. Art Horwich) using the Stratagene

Quik-Change kit. This mutant is referred to as SR1'**

(intra-subunit x-linked) since the
cysteine pair replaces an intra-subunit salt bridge. The mutagenic primers were as
follows: D83C: 5’-GCCTCTAAAGCAAACTGCGCTGCAGGCGACGGTACC-3’ and
K327C: 5’-CGTGTTGTGATCAACTGTGACACCACCACTATCATCGATGGC-3".
For the mutagenesis, 15 ng of template was combined with 125 ng of primer, and the
remaining ingredients from the kit (INTP mix, reaction buffer, Pfu DNA polymerase).

PCR was performed in a Techne Progene thermocycler with the cycling parameters

shown below.
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Segment | Cycles | Temperature | Time

1 1 95°C 30 seconds

95°C 30 seconds

2 16 55°C 1 minute

68°C 12 minutes

Table 3-1: Thermocycler Conditions for PCR-based Mutagenesis

Amplified DNA was cut with Dpn I (Stratagene) to eliminate wild type plasmids
and then transformed by heat shock into E. coli XLL1-Blue cells (Stratagene). Small scale
plasmid preps (3 ml) were performed using the Qiagen Qiaprep Spin Miniprep Kit.
Because XL1-Blue cells grow slowly and are not ideal cell lines for protein purification
preps, DNA from each mini-prep was then transformed into E. coli IM105 cells
(Amersham) using a BTX electroporator. Large scale plasmid preparations (100 ml)
were obtained using the Qiagen Hi-Speed Plasmid Midi Kit. Mutations were confirmed
by DNA sequencing using the University of Maryland DNA sequencing facility.

3.2.4 Oxidation of SR1'"** with Diamide In order to control the degree of

1'"** were freshly reduced prior to use.

oxidation in these experiments, samples of SR
This was accomplished by bringing a sample of SR1"** to 20 mM DTT and incubating at
37°C for 30 minutes. The DTT was removed by buffer exchange on a PD-10 column
equilibrated with 10 mM Bis-Tris pH 7.0, 10 mM MgAc. The protein was then

concentrated on a Centricon YM-50 (Millipore). To minimize oxidation by

contaminating metal ions in buffers, all buffers used in these experiments were treated
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with chelex resin (Sigma) prior to use. Those buffers that contained MgAc were treated
before the MgAc addition.

Disulfide bonds were introduced between the two mutated cysteines by adding
stoichiometric amounts of diamide, a reagent which oxidizes thiols non-catalytically via a
double displacement mechanism [97]. Previous work in our lab demonstrated that the
three native GroEL cysteines were essentially unreactive [49]. Oxidation was initiated by
incubating a solution containing 10 mM Tris pH 8.0, 10 mM MgAc, and 40 uM SR 1'%
with a stoichiometric amounts of diamide (with respect to subunits) for 30 minutes at
37°C. Before loading samples on a gel for quantitation, unreacted cysteines were
blocked with the addition of 40 mM N-ethylmaleimide (NEM) and by dropping the pH
with 100 mM Tris pH 6.8.

3.2.5 Gel Quantitation of the Reaction Coordinate The extent of oxidation in a
sample of SR1'"* can be quantitated. Subunits containing an intra-subunit disulfide bond
will run with reduced mobility on a SDS-PAGE gel, as shown in Figure 3-4. Thus, the

fraction of subunits oxidized is calculated by simply dividing the intensity of the top band

v

[Diamide]

Figure 3-4: SDS Gel of SR1'** with Increasing Amounts of Diamide. Subunits which
have been oxidized run with reduced mobility compared to reduced subunits. The degree
of oxidation in a sample can be determined by quantitating the intensity of the bands in a
single lane; the intensity of the upper band is divided by the total intensity of the upper
and lower bands to yield the fractional oxidation.
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by the total intensity of the upper and lower bands. Since this is a ratio, the measurement
of each lane is independent of the next. Therefore, it is not necessary for the sample load
to be standardized.

The information from the gel provides a global view of the fraction of subunits
oxidized. Each subunit is able to exist in one of two states, reduced (R) or oxidized (O).
Initially, all 7 subunits are in the reduced state, designated R7O,. Previous work has
shown that diamide converts reduced subunits to oxidized subunits in a purely stochastic
manner, meaning that oxidation of one subunit in a ring does not increase the likelihood
for other subunits in the ring to be modified (G. Curien, J. Grason, and G. Lorimer,
unpublished results). As the oxidation proceeds, the starting material, R;O,, disappears
and the intermediate species (R¢O;, R50,, R4O3 etc.) become progressively populated as
a consequence of oxidation, until the seventh oxidation step in a ring yields the end
product RyO7. At any point along the reaction coordinate, it is possible to define the
population of species in the mixture by a simple binomial distribution function (Figure 3-
5). The mole fraction, F(x), of each 7-mer containing x oxidized subunits is given by the

expression:
7' X -X
F(x)=———xp"(1-p)"~
x!(7 —x)!

where p is the global fraction of subunits oxidized as obtained from the gel quantitation.
3.3 Results

3.3.1 Verifying the Oligomeric Structure of SR1 To confirm that SR1 exists as a
7-mer, samples of purified SR1 along with a GroEL standard were run on a 6% native gel
(Figure 3-6A). Three bands were visible in the lane for SR1: a faint band at the top

corresponding to a 14-mer, a primary band with increased mobility, presumably
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Figure 3-5: Binomial Distribution for SR1'**. Using the information from the

quantitated SDS gel (x-axis), the mole fraction for each oxidized species can be
predicted. Initially, all subunits are in the fully reduced state, represented by R;0y, where
R stands for a reduced subunit in a ring, and O is an oxidized subunit in the same ring.

As the amount of oxidant increases, the population shifts towards the more oxidized
species, starting with R¢O; (1 disulfide bond) and continuing until the all the subunits in a
ring are oxidized, RyO7.

corresponding to a 7-mer, and a third band with even greater mobility, most likely
representing a monomer. Since the faint bands are difficult to see, a Western blot was
performed on the gel with anti-GroEL antibodies according to standard procedures in our
lab (Figure 3-6B) [96]. It is not surprising that a small population of 14-mers was
present. Since E. coli cells contain a genomic copy of the GroEL gene, some wild type
production is expected. These subunits are likely mixed with over expressed SR1
subunits, although other experiments performed in this lab suggest that only two GroEL™
subunits in a ring are required to produce a 14-mer (data not shown). The 14-mer

oligomeric structure, whether it be GroEL"™ or a mixture, is essential to the viability to

the cell; SR1 cannot substitute for GroEL in vivo [89, 92]. Based on quantitation of the
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Figure 3-6: Native Gel and Western Blot of GroEL"™ and SR1 A 6% native gel of
GroEL" (lane 1) and SR1 (lane 2) reveals the mutant is a 7-mer, as previously reported
[81]. Although it is difficult to see in the Coomassie stained gel (A), a band
corresponding to a 14-mer is clearly present in the SR1 sample in the western blot (B),
indicating that some wild type subunits are present. Quantitation of the native gel
indicates the contamination by GroEL"" is less than 1%. The other faint band below the
7-mer probably represents monomers. This may imply that SR1 is inherently less stable
than its wild type counterpart.

native gel, the amount of contaminating 14-mers is estimated to be less than 1%. The
original purification protocol of SR1 called for the use of a gel filtration column (7.8 x
300 mm TSK4000SWy) to solve this contamination problem [81]. However, because
this did not provide baseline separation between the 14-mer and 7-mer, and the
population of 14-mers is so small, this step was deemed unnecessary. The presence of a
monomer band may indicate that SR1 is inherently less stable than its wild type
counterpart.

To confirm the oligomeric structure of SR1 under aqueous conditions that mimic
the in vitro assays employed here, samples of SR1 and GroEL"" were run on a 800 x 7.80
mm BioSep-SEC-S analytical gel filtration column (Phenomenex) equilibrated with 50

mM Tris pH 7.5, 10 mM MgAc, 100 mM KAc, =25 uM ATP. The retention times,
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shown in Figure 3-7, substantiate the native gel results, suggesting that SR1 is a 7-mer
both in the absence and presence of nucleotide. This is in agreement with a previous
study in which the presence of double ring structures was investigated over a wide range

of SR1 protein concentrations (0.25 uM to 2.5 uM) in the presence of ATP [98].
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Figure 3-7: SR1 Remains a 7-mer in the Presence of Nucleotide Samples of GroEL"™
and SR1 were run on a gel filtration column in the presence and absence of nucleotide in
order to confirm the oligomeric structure of the mutant under conditions that mimic the
ATPase assay. GroEL eluted with a retention time of 19.1 min, while SR1 eluted at 21.1
min, both in the absence and presence of ATP. A small peak is visible at 23.4 min in
both SR1 samples. This most likely represents the monomer population that was also
present in the native gel analysis. Using the area of the peaks, the fraction of monomers
present in the sample is approximately 5%.

3.3.2 The Effect of Unfolded Substrate Protein and GroES on SR1 ATPase
Activity Previous work with SR1 showed it underwent a T to R transition similar to
GroEL, with a reported Hill coefficient of 2.87 (+0.16) at 10 mM K" [75]. ATPase

measurements performed in our lab gave similar results, with a resolved Hill coefficient
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of 3.35 (= 0.20) (Figure 3-8A). A value for the Hill coefficient was obtained by fitting

the data to the equation:

VK [ST

app

° T (1+K,,[ST")

app

where V, and V. are the initial and maximal ATPase velocities, Ky 1s the apparent
binding constant and n is the Hill coefficient [50]. As expected, only positive
cooperativity is evident; the curve is sigmoidal at low ATP concentrations and then
quickly levels off at concentrations above 10 uM ATP. Moreover, in the presence of
GroES, the rate of ATP hydrolysis essentially goes to zero, as previously reported [98].
The value for Vi« (~10 min'l) is greater in SR1 than it is for GroEL, presumably due to

the lack of negative cooperativity.
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Figure 3-8: ATPase Assays of SR1. A) ATPase of SR1 at 10 mM K", + GroES. The
data without GroES (blue) was fit to the Hill equation (solid line). The value for the Hill
coefficient was estimated to be 2.87 (+0.16), similar to previously reported values.
GroES almost completely inhibits ATP hydrolysis by SR1 (red). This result is expected,
since GroES cannot be released after the first turnover, but is at odds with previous
studies which report an inhibition of only 85% (ref). B) Unfolded MDH has little effect
on the rate of ATP hydrolysis by SR1 at 100 mM K". This is in stark contrast to the
stimulatory effects observed with GroEL under similar conditions, which is stimulated
nearly 7-fold at high ATP concentrations (greater than 500 uM). A mild inhibition of
activity is seen at low ATP concentrations, indicating that SP increases apparent
cooperativity by shifting the equilibrium toward the T state.
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Experiments in this lab and others have shown the presence of unfolded substrate
protein stimulates the rate of ATP hydrolysis by GroEL 6 to 7-fold [49, 65]. The ATPase
activity of SR1 was measured in the presence of acid-denatured malate dehydrogenase
(MDH) at 100 mM K" (Figure 3-8B). Only a slight stimulation of activity was seen at
the higher ATP concentrations, while a slight inhibition is visible at low ATP
concentrations. In the absence of SP, there is a very slight decline in the activity at
higher [ATP]. This may be due to the contaminating GroEL"™". This effect disappears in
the presence of SP, which would stimulate the activity of any contaminating 14-mers to
18 turnovers per minute. In fact, the mild stimulation of SR1 activity at high ATP
concentrations may be due to the 14-mer population.

The simplest explanation for why substrate protein does not stimulate the ATPase
activity of SR1 is that, for some reason, it can’t bind to SR1. However, previous studies
indicate that unfolded MDH can bind and be encapsulated by SR1 [94]. To substantiate
these results, we utilized a functional assay previously developed in our lab [96], where
GroEL was allowed to form an asymmetric complex with GroES™. This was then run on
a Ni-NTA column, which traps his-tagged material and anything complexed to it. As
shown in Figure 3-9A, GroEL is released upon addition of an ATP/GroES" challenge,
which initiates turnover and release from the GroES™ still bound to the column. The
GroES™ is eluted with 250 mM imidazole. An identical experiment was performed
using SR1, with and without a 2-fold excess of unfolded MDH (Figure 3-9, B and C,
respectively). SR1 was not released from GroES™ with the ATP/GroES™ challenge, but
instead eluted with the imidazole wash. Since SR1 does not have a second ring to

transmit the release signal, this result was expected. When MDH was included,
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Figure 3-9: SR1 Can Bind and Encapsulate SP. Functional assays test SR1’s ability to
bind and release his-tagged GroES, and in the process, encapsulate unfolded MDH. A)
GroEL" control. GroEL™ was incubated with GroES™ and ATP. After allowing the
ATP to exhaust, the asymmetric complex was loaded onto a Ni-NTA resin, which binds
the GroES™. The first lane represents the material loaded on the column. The complex
was not eluted in the flow through (lanes labeled FT), but was released when challenged
with buffer containing ATP and GroES"' (lanes CH). The column was washed again
with Tris/Mg buffer (lanes WA). His-tagged material was eluted with 250 mM imidazole
(lanes IM). GroES™ has reduced mobility compared to GroES™, and can be
distinguished in the CH and IM lanes. Nearly all of the GroEL is released with the
challenge, indicating it can bind GroES™ on the frans ring and while releasing GroES™
on the cis ring. B) An identical experiment was performed with SR1. A small amount of
material was eluted with the flow-through, most likely monomers unable to form a
complex. SR1 was not released with the ATP/GroES" challenge or wash, but instead
eluted with the Gro'EShls in the imidazole wash. This indicates SR1 is a 7-mer and cannot
release the GroES™, even in the presence of competing GroES™, due to the absence of a
signal from the opposite ring. C) The same experiment as in B, but without a challenge or
wash, in the presence of a 2-fold excess of acid denatured MDH over SR1 rings. Gel
quantitation indicated approximately 50% of the MDH eluted with the SR1 in the
imidazole wash, showing that the substrate protein could be bound and encapsulated by
SR1.
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approximately 50% of the substrate protein eluted with the SR1, as determined by gel
quantitation. Thus, the lack of ATPase stimulation is not due to a deficiency in substrate
binding.

3.3.3 Response of SRI"** ATPase Activity to Oxidation To confirm that SR1
serves as an appropriate allosteric substitute for GroEL, a mutant was created where an
intra-subunit salt bridge (D83 and K327) was replaced with two cysteine residues
(SR1'%). Previous work in our lab with GroEL"** demonstrated that only one disulfide
bond per ring was needed to hold a ring in the T state and prevent its transition to the R’
state (G. Curien and G. Lorimer, unpublished results). This is a particularly

1'** since GroES eliminates the ATPase activity of

straightforward experiment with SR
SR1 when bound. Thus, GroES binding can be measured by its fractional inhibition of

SR1'"* ATPase activity, given by the equation:

Turnover(+GroES)
Turnover(—GroES)

Fractional Inhibition =1-

Hence, a fractional inhibition value of 1 means that GroES is bound by all the SR1 rings
in the population and no turnover is detected. A fractional inhibition value of zero means
that GroES has no effect on the rate of ATP hydrolysis and therefore is not bound. A

1'% (as determined by gel

graph of fractional inhibition versus fractional oxidation of SR
quantitation, described in section 3.2.5) is shown in Figure 3-10. The data coincide with
the population of fully reduced rings, R;0, confirming that the SR1"** system behaves
similarly to GroEL"** and that only one disulfide bond per ring is needed to prevent the
concerted transition from the T to R’ state.

3.3.4 Modeling the Effects of Oxidation in SR™* Previous work with GroEL'"**

utilized a model in which each cross-link or disulfide bond introduced was thought
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Figure 3-10: Inhibition of Fractionally Oxidized SR1"** by GroES When GroES is
bound to SR1, ATP hydrolysis is halted. Fractional inhibition of variously oxidized
samples can be used to determine the number of disulfide bonds per ring necessary to
lock a ring in the T state and prevent transitioning to the R’ state. The circles represent
the actual data collected, and the solid black line is the theoretical population of fully
reduced rings. Circles are colored either blue or cyan, to indicate experiments performed
on different days. The fractional inhibition data maps to population of fully reduced
rings, indicating that, as with previous experiments utilizing GroEL"**, only one disulfide
bond per ring is required to prevent GroES binding.

to eliminate the ATPase function of the modified subunit (G. Curien and G. Lorimer,
unpublished results). This was combined with the result from the GroES binding
experiments that showed only one cross-link was necessary to lock a ring in the T state.

Using these constraints, the predicted rate of ATP hydrolysis was calculated as follows:

7
Rate=V,x, + Z[VT _%(VT)]Xxn

n=1
where Vi and Vt represent the maximal rates of hydrolysis for a subunit in the R and T
states, respectively, n is the number of disulfide bonds in a ring (from 1 to 7), and x,, is

the mole fraction of rings with n number of disulfide bonds. The first term in the
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equation (Vg X xo) represents the rate contribution of fully reduced rings, in which all
subunits are in the R state. Rings with one or more disulfide bonds are in the T state, but
have the activity of any tethered subunits subtracted. Experimental results of GroEL"**
ATPase activity versus fractional oxidation (G. Curien and G. Lorimer, unpublished
results) seemed to match well with this theoretical model (Figure 3-11A). Of note is the
rise in activity at low levels of oxidation, followed by a sharp decrease at the higher
levels. The rise in activity was explained by saying the activity of a subunit in the T state
was much higher than a subunit in the R state. Thus, as the rings were progressively
locked in the T state, the activity increased until all the rings in the population contained
at least one cross-link, at which point the activity decreased as in an active site titration.
In this model, the activity of the TT state was not the apex of the fractional oxidation
curve, since by that point half the subunits were no longer turning over. The V,x of the
TT state was therefore computed by extrapolating the data back to the y-axis, yielding a
turnover value of 25 min™. The highest value observed experimentally is approximately
18 min™ in the presence of saturating, unfolded substrate protein. Further, it has been

shown that SP stimulates GroEL'"*

only when there is a population of rings in the R state
remaining [49].

It was assumed this model would also explain the effects of oxidation in SR1"%.
However, when the same model was applied to the 7-mer, it did not fit the data at all
(Figure 3-11B). One distinguishing feature of the SR1'** data is that there is very little
change in the ATPase activity at the low oxidation levels. This seemed to suggest that, at

least in the single ring, there is very little difference between the T and R state activities.

Since the GroES binding data confirmed that only one disulfide bond was required to
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Figure 3-11: Modeling the Effects of Oxidation Using the Model for GroEL"*
Previous work with GroEL'* fit the ATPase data of fractional oxidized samples to
models which assumed that each disulfide bond introduced eliminated the activity of the
subunit modified (G. Curien and G. Lorimer, unpublished data). Three different
variations were plotted where: one disulfide bond per 14-mer (green), one disulfide bond
per ring (blue), or two disulfide bonds per 14-mer (red) were required to lock a ring in the
T state. The data fit best to a model to the ““1 in 7” model, shown in A. The same model
is applied to the SR1'** data in B.

lock a ring in the T state, we tried fitting the SR1'** data to a new model that assumed no
activity was lost until a certain number of disulfide bonds had been introduced into a
single ring. That is, one disulfide bond effectively locks a ring in the T state, but does not
abolish or alter activity in that subunit. Instead, a ring must accumulate a number of
disulfide bonds, at which point, the entire ring loses activity. We modeled the data to

assume that 5, 6, or 7 disulfide bonds per ring eliminated activity (Figure 3-12A), as

given by the following equation:

Rate=V,x,+ iVTxn + 27: Ox,

n=1 n=y+1
Here, the first term represents the rate contribution of fully reduced rings. The second
term represents rings locked in the T state by one or more disulfide bonds, but have not
accumulated enough tethers to affect activity. The third term reflects those rings which

have lost activity due to the presence of a certain number of disulfide bonds within the
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ring. Values for Vrand Vg can be set as appropriate and, after trial and error, were
assumed to be 15.4 and 12.2 min™, respectively. Clearly, the data fit best to a “six
strikes” model, where six disulfide bonds must accumulate in a ring before activity of a
ring is abolished. When this model was applied to the GroEL'** data, it also fit very well
(Figure 3-12B). Significantly, when this model is used with GroEL"**, a value for
Vinaxr Of 18 min™! produces the best fit, matching the value obtained with unfolded
substrate protein. The model was subsequently applied to another double cysteine mutant

in our lab, GroEL R197C/E386C, which also fit well to the “six strikes” model [49].
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Figure 3-13: Applying the New Model to SR1'** and GroEL'"* A) All models
assume that one disulfide bond per ring locks the ring in the T state, as suggested by the
GroES binding data presented earlier (Figure 3-11). Va1 and Vi r were set to 15.4
min™ and 12.2 min™, respectively. Three models were plotted beside the data: where
five (red), six (blue), or seven (green) disulfide bonds per ring are required to eliminate
the activity of the entire ring. The data fit best to the “6 strikes” model. B) The
GroEL'"* data was also fit to the “6 strikes” model. In this model, Va1t Was set to 18
min™', a value observed experimentally with unfolded substrate protein.

3.3.5 The Effect of Left Site versus Right Site Mutations When we first made
SR1"™ the original DNA sample sent from Yale was transformed into E. coli IM105 and

a plasmid purification was performed for use in the mutagenesis. However, when the
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Figure 3-13: Native Gel Reveals that GroEL"*™ is a 14-mer A native gel of SR1 (lane
1), GroEL™" (lane 2) and GroEL"*™ (lane 3) demonstrated that mutations to the left
contact sites do not separate the two rings, as might be expected.

mutant protein was run on a native gel as before, the primary band corresponded to a 14-
mer rather than a 7-mer (Figure 3-13). After several transformations and induction trials,
it became apparent the DNA provided was a mixed sample, which sometimes produced
7-mers and sometimes produced 14-mers. The template for each of these species was
isolated and sent for DNA sequencing. The template which produced 7-mers contained
the right site mutations R452E, E461A, S463A and V464A, those originally reported for

LLSM, contained left site

SR1 [81]. However, the 14-mer species, which we termed GroE
mutations at E102A, K105A, and M111A.

The ATPase profile for GroEL"*™, with and without GroES, has properties of
both GroEL and SR1 (Figure 3-14). In the absence of GroES, only a small degree of
negative cooperativity is evident, with a V. around 16 min™'. This rate approaches the

maximum value seen with GroEL"™ in the presence of unfolded substrate protein. Upon

addition of GroES, the rate is reduced by approximately 65%. The inhibition by GroES
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Figure 3-14: ATPase Activity of GroEL"™, +GroES The ATPase profile of
GroEL"*M in the absence of GroES (blue) reveals that the mutant is deficient in inter-ring
communication, as evidenced by lack of negative cooperativity at higher ATP
concentrations. The V ,.x approaches the maximal value seen in GroEL"" with substrate
protein, which may also indicate the two rings are turning over independently of each
other. In the presence of GroES (red), negative cooperativity is increased slightly and the
rate of hydrolysis is reduced approximately 65%.
is similar to that seen with GroEL™ [62]. However, like SR1, GroEL"*™ was not
significantly stimulated by unfolded MDH, either in the presence or absence of GroES.
The high rate of ATP hydrolysis suggested that GroEL"*™ might separate into 7-
mers in the presence of ATP, but came back together as a 14-mer in the presence of
GroES, much like Hsp60 [93]. 30 pl samples of 30 pM GroEL"*™ were run on a gel
filtration column as described in section 3.3.1, both in the absence and presence of 25 uM
ATP. Although the concentration loaded on the column was 30 uM, by the time it elutes
from the column, it should approximate the concentration used in the ATPase assay. The
observed retention time was 19.7 minutes, both in the absence and presence of ATP,

indicating that the high rate of hydrolysis seen in steady state measurements is not due to

the rings coming apart in the presence of nucleotide (data not shown).
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Gel filtration was also used to study GroES release from GroEL™*™. Complexes
were made with 60 pM GroEL"*™, 20 uM GroES 98C labeled with fluorescein-5-
maleimide (F5SM) and 300 uM ATP in a 20 mM Tris pH 7.5, 10 mM MgAc, 100 mM
KAc, 2 mM DTT buffer (see section 5.2.1 for a full description of the labeling process of
GroES 98C). The complex was diluted with buffer to a final concentration of 30 uM
GroEL"™ and run on a gel filtration column equilibrated with 20 mM Tris pH 7.5, 10
mM MgAc, 100 mM KAc, 2 mM DTT and 30 uM ADP. ADP was included in the buffer
to stabilize the complex as it migrated down the column. Elution was monitored both by
absorbance at 280 nm and fluorescence emission at 515 nm (excitation at 473 nm).

Surprisingly, the GroEL"M

and GroES-F5M elute separately (retention times of 19.7 and
23.9 minutes, respectively), indicating that the complex fell apart before elution (data not
shown). This was surprising since GroES clearly inhibits ATPase activity in the steady
state assay (Figure 3-14). Previous experiments in our lab with GroEL"' show that nearly
all of the GroES-F5M elutes with the GroEL as an asymmetric complex (J. Grason,
unpublished results).
3.4 Discussion

3.4.1 Implications for the Allosteric Model This work provides support for two
conclusions reached through previous studies in our lab (G. Curien and G. Lorimer,
unpublished results). First, it supplies further experimental evidence that the movement
of subunits within a ring is concerted, as predicted by the current allosteric models.
Second, the exclusive binding assumption used to simplify the mathematics of the nested

cooperativity model, which states ATP only binds to the R state [50], is not justified.

Clearly the T state is capable of binding and hydrolyzing ATP. Both of these conclusions
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support those initially reached in previous studies with GroEL"** (G. Curien and G.
Lorimer, unpublished results).

The effect of substrate protein on SR1 ATPase activity was initially difficult to
understand. Previous explanations for the effect of unfolded substrate protein suggested
it shifts the allosteric equilibrium toward the T state, which was thought to have a higher
Vmax than the R state [22, 65]. Since SR1 can bind SP and also undergoes a cooperative
transition from the T to the R state, stimulation would be anticipated. Here, we see that
the lack of stimulation can be explained by the observation that, in the absence of
negative cooperativity, the V., of the T and R states is nearly the same. This is true both
for SR1, which lacks negative cooperativity because of the missing opposing ring, and
GroEL™™, which has impaired ring to ring communication. Thus, substrate protein
appears to have the effect of overcoming the negative cooperativity in the double ring.

Experimental evidence with substrate protein and cross-linked GroEL"** puts the
activity of subunits in the TT state around 18 min™! at 37°C. Why, then, is the Vi of
SR1 only 10 min™'? One factor could be the small contamination of 14-mers, which
would have considerably lower activity at high ATP concentrations. Although the degree
of contamination is small, a weighted average (18 min™ versus 3 min™) might decrease
Viax by approximately 1 to 2 turnovers. However, this still doesn’t come close to
explaining the 10 min™' observed. A population of monomers also exists in the SR1
sample, as seen by both native gel electrophoresis and HPLC. Perhaps the monomers are
not hydrolyzing ATP, again bringing the average turnover per subunit down. A final
possibility, and probably the most likely, is that the mutations themselves are influencing

the rate of ATP hydrolysis. Other seemingly innocuous mutations, such as
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D83C/K327C, have been known to influence the rates of ATP hydrolysis [49]. In the
end, it is difficult to know which of these factors contributes to the lower than expected
V max-

3.4.2 A New Oxidative Model from SRI"** When the original model was
proposed to explain the oxidative effects in GroEL", it made logical, structural sense
that a disulfide bond or chemical cross-linker would eliminate the ATPase activity of the
subunit modified. The data also fit very well to the model (Figure 3-11A). The only
issue was the theoretical Vi« for the TT state, which extrapolated from the data back to
25 turnovers per minute, much higher than the experimentally observed value in the
presence of unfolded substrate protein. Even this could be explained by theorizing that
substrate protein, while influencing the equilibrium, could not shift it entirely to the TT
state, and thus the experimental value would fall short of the theoretical value. It was
only when the SR1"** data clearly did not fit the model that the original model was called
into question. The “6 strikes” model assumes that there is no change in activity until a
ring accumulates 6 disulfide bonds, at which point the entire ring shuts down. Unlike the
other model, this one is difficult to explain structurally. What is it about the sixth tether
that suddenly eliminates ATP hydrolysis, when tethers one through five have no effect
besides locking the ring in the T state? Unfortunately, such a model cannot be proved,
but exists until a better one is proposed. However, the “6 strikes” model does have a
number of advantages. The predicted TT state V,.x now agrees with the experimentally
observed value of 18 min’!. It also supports the result that the Vi,.x of the T and R states
are very similar in the single ring. The model has been successfully applied to three

different mutants: GroEL'"** and SR1'*¥, as well as an inter-subunit double cysteine
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mutant, GroEL R197C/E386C [49]. This lends a certain amount of credibility to the
model, even if we don’t yet understand the structural basis for the observed results.
3.4.3 The Nature of Inter-Ring Communication The contamination of the SR1

LSM tirned out to be a fortuitous

plasmid DNA sample with plasmid encoding GroEL
frustration. To our knowledge, this mutant has not been studied before, but offers
interesting insights into the nature of the allosteric signal transmitted across the rings. A
similar mutant, GroEL E434K, was determined to be a 14-mer by electron microscopy,
and displayed decreased negative cooperativity in ATP hydrolysis compared to wild type
[88]. However, it was also noted in the same paper that a SR1-like mutant, GroEL
E461K, was also a 14-mer, and none of the chaperonins studied, including wild type,
exhibited much negative cooperativity to speak of [88]. This is most likely due to a
significant contamination by substrate protein, which is not uncommon throughout the
literature [49]. Work with the E434K and E461K mutants also stated the two mutants
were inhibited by GroES similarly to SR1; all three were reported to be inhibited by
GroES to approximately 85% at 37°C [88]. Work here shows that GroEL"*™ exhibits
very little negative cooperativity, but is inhibited by GroES similarly to GroEL"".
Furthermore, in our hands, SR1 is inhibited nearly 100% by GroES, as would be
expected for a single ring. It is difficult to explain the discrepancies between the two
studies.

It is somewhat surprising that GroEL"*™ exists as a 14-mer; differential scanning
calorimetry experiments indicate the E434-K 105 salt bridge contributes more to inter-

ring stability than the E461-R452 salt bridge [88]. Moreover, the left site contains a

tetrad of 1onic interactions compared to the single right site E461-R452 salt bridge
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(Figure 3-1). The lack of negative cooperativity, combined with the lack of stimulation
by substrate protein, both in the presence and absence of GroES, suggests the two rings
of GroEL"*M are deficient in their inter-ring communication and are turning over
independently of each other. Since elimination of the right contact sites produces a 7-
mer, it is therefore tempting to speculate that the right site contacts are the glue that holds
the rings together, while the left site contacts transmit the allosteric signal across the
rings. Cryo-EM studies have suggested as much. Alpha-helix 4 (residues 89-108)
connects lysine 105 (involved in the left site inter-ring salt bridge) with threonine 91
(located in the ATP binding site) [56]. Thus, the binding of ATP can influence the dipole
of the a-helix, weakening the balance of charges at the contact site. The distance
between the rings is known to increase upon binding of ATP to one of the rings [56].
Since communication between the rings of GroEL"*™ is inhibited or maybe even
abolished, it may make sense that GroES only binds weakly; otherwise it could not be
released, much like SR1. Thus, GroEL"*™ behaves similarly to Hsp 60 in the presence of
GroES. The lack of communication between the rings is supported by the value of Vi,
(16 min™") and the lack of stimulation by substrate protein. However, more work is
needed to fully characterize this mutant and make definitive conclusions about its
properties. First, like with SR1, it would be necessary to show conclusively that
GroEL"™ can bind substrate proteins such as MDH. It would be interesting to see if
GroEL"*M can refold stringent substrates, such as RuBisCo, and if it can substitute in vivo

for GroEL"'. Further, the kinetics of GroES binding and release should be examined.
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Chapter 4
Examining the Effects of Potassium on the Allosteric Properties of

GroEL: A New Equation for Nested Cooperativity
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4.1 Introduction

Understanding the allosteric effects in a large macromolecule is complicated. The
study of allostery in hemoglobin, only a tetramer, is still ongoing after nearly a century
[99]. However, the study of allosteric properties in large assemblies such as GroEL is
worth the effort, since it may offer invaluable insights into the workings of other
complicated allosteric systems, such as the cytoplasmic eukaryotic chaperonin, CCT
[100]. The key to selecting one model as opposed to another is often having enough
accurate data to distinguish between them. In the case of GroEL, this has been an issue
since its allosteric properties are governed by a number of factors (i.e. the amount of
unfolded SP present, the concentration of ADP and K ") which have not always been fully
considered.

The first model to describe the allosteric properties of GroEL proposed MWC
interactions were nested inside KNF interactions (Figure 4-1) [50]. Nested models
arrange interactions hierarchically in terms of the protein’s structure; in this case, the
heptameric ring is considered the allosteric unit. This means that subunits within a ring
undergo a concerted transition from the T state to the R state in response to ATP binding
in accordance with MWC allosteric theory [52]. The allosteric transitions between the
rings is sequential, in accordance with KNF-type interactions [53]. Thus, the 14-mer
must progress from the TT state to the RR state via the TR state (Figure 1-4). Two
allosteric constants define the equilibrium between the various states: L; = [TR]/[TT] and
L, =[RR}/[TR]. The Yifrach and Horovitz model makes two assumptions [50]. First, it
assumes that ATP binds only to the R state, which is known as the exclusive binding

principle. This eliminates a number of terms from the mathematical representation of the
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Figure 4-1: The Original Model for Nested Cooperativity in GroEL Developed by
Yifrach and Horovitz [50], the model nests MWC interactions inside KNF interactions.
With no ligands bound, both rings of GroEL exist primarily in the T state. Cooperative
binding of ATP induces an “all or none” transition in the first ring (MWC transition),
where subunits within a ring are either in the T state or the R state, but do not exist as a
mixture of both. Once the first ring has undergone the transition to the R state, additional
ATP binds to the second ring, inducing a second “all or none” transition. The sequential
transition from TT to TR to RR is governed by KNF interactions. ATP shifts the
equilibrium toward the R states, while unfolded SP shifts the equilibrium toward the T
states.

model, simplifying the fitting of the equation to real data. The second assumption says
the activity of a R subunit in the RR state is lower than the activity of a R subunit in the
TR state. This is an effect of the negative cooperativity and is used to explain the
decrease in the rate of ATP hydrolysis at higher ATP concentrations [50].

A nested MWC model was recently proposed which described the ATPase
activity of GroEL without invoking negative cooperativity [54]. Here, the heptameric
ring is considered the smallest allosteric unit, which can exist in one of two
conformations, t or r (Figure 4-2). The two heptamers interact with each other to form a
higher allosteric unit, the 14-mer, which may exist in the T or R state. The allosteric

equilibrium is defined for the 14-mer as L =[T]/[R]. Within each of these states, the

heptameric rings may also adopt two different conformations: (rT) and (tT) in the T state

62



R i
R 8 T
Iy I 1;

2l
tR 8 tT

Figure 4-2: Nested MWC Model for Cooperativity in GroEL Here, the heptameric
ring is considered the smallest allosteric unit, which is nested inside a larger allosteric
unit, the 14-mer [54]. Thus, the individual rings may adopt either a t or r conformation,
and the 14-mer also exists as either T or R. This allows for a total of four states, each
symbolized by a different conformation.

or (rR) and (tR) in the R state. Thus, equilibria can further be defined for the different
quaternary states: Ir = [tR]/[rR] and 17 = [tT]/[rT]. The difficulty with this model is that
the various conformational states have not been described structurally. Moreover, the
number of dependent variables is huge; for each of the four conformations, there is an
ATP binding constant, K, and a rate of hydrolysis, v,, where af represent rR, tR, rT,
and tT. There are also three allosteric constants, making for a total of 11 variables.
There is considerable experimental evidence to support intra-ring positive
cooperativity, as detailed in chapters 1 and 3. Negative cooperativity between the rings
is less well understood, and is supported mainly by mutants, including the work with SR1
and GroEL"*™ in chapter 3, which lack ring-to-ring communication and also the sharp
decrease in steady state ATPase activity seen at the higher ATP concentrations with wild

type. The original paper describing nested cooperativity in GroEL relied on the mutant
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R197A, which had impaired inter-ring communication, the structural basis of which was
not understood [50]. Structural studies and molecular dynamic simulations also support
the idea of negative cooperativity between the rings. Cryo-EM has provided images of
the TT, TR, and RR states at 28 A resolution [42, 56]. In order to preserve the inter-ring
interface, the equatorial plate of the trans ring moves away from the horizontal axis by 2°
[10], preventing steric clashes at the left contact sites of the equatorial interface [57].

The rate of ATP hydrolysis by GroEL, and the degree of cooperativity displayed,
are related to the K concentration used in the assay [62, 63]. However, it is not clear if
this effect is due to potassium’s ability to shift the allosteric equilibrium [63], or if it
simply influences the affinity for which ATP binds to the T and R states [62]. Results
from previous studies (G. Curien and G. Lorimer, unpublished results), and those
presented in chapter 3, indicate that the exclusive binding assumption is not justifiable.
The work presented in this chapter attempts to fit ATPase data at three different
potassium concentrations to a more expansive equation, one which recognizes that ATP
can be bound and hydrolyzed by both the T and R states.

4.2 Methods Specific to Chapter 4

4.2.1 Purification of Recombinant Rabbit Pyruvate Kinase The activity of the
pyruvate kinase normally used in our coupled enzyme ATPase is dependent on the
potassium ion concentration. This makes measurements below approximately 10 mM K"
problematic. Previous studies demonstrated that rabbit pyruvate kinase with the mutation
E117K worked in our steady state assay (described in section 2.8) and did not depend on

potassium for its activity [63, 101]. For the sake of consistency, this enzyme was used in
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all the ATPase assays presented in this chapter, even where the potassium concentration
did not dictate its use.

Purification of PK E117K was performed as previously described with a few
modifications [101]. BL21(DE3) cells harboring the pET-E117K plasmid (a gift of Dr.
George Reed) were streaked onto LB plates containing 0.2 mg/ml amp and grown at
37°C overnight. One colony was inoculated into 50 ml of LB with 0.5 mg/ml amp as a
starter culture. The starter culture was grown at 37°C until the ODggo reached 0.3, at
which point 15 ml was transferred to two 1.5 L cultures also containing 0.5 mg/ml amp.
Cultures were grown until the ODg reached 0.8, at which point protein over-expression
was induced with lactose (20 g/L). Cultures were incubated overnight at 30°C, with
replenishment of antibiotic after approximately 10 hours. The maintenance of antibiotic
concentrations is crucial to prevent the loss of plasmid. Cells were harvested by
centrifugation and resuspended in lysis buffer (10 mM TrisCI pH 8.0, 1 mM DTT, 10
mM PMSF). Cells were lysed by sonication in 25 ml portions, on ice, using a 30 second
burst, a 2 minute rest, and then another 30 second burst (50% duty cycle, power level 5).
Cell debris was removed by centrifuging the suspension in a Beckman Optima LE-80K
ultracentrifuge at 27,400xg for 15 min. DNA was precipitated by addition of
streptomycin sulfate to a final concentration of 1 mg/ml and spun again at 42,800xg for
30 minutes. An initial purification was accomplished through addition of ammonium
sulfate, which was brought to 37% saturation (220 g/L). After stirring on ice for 1 hour,
the suspension was centrifuged at 20,000xg for 20 minutes at 4°C. The supernatant was
transferred to a new container and brought to 55% saturation (140 g/L). Again, this was

allowed to stir on ice for 1 hour and centrifuged as before. The supernatant was
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discarded, and the pellet was resuspended in 20 ml of 10 mM TrisCl, pH 8.0 and loaded
onto a 150 ml G-25 desalting column (Amersham) equilibrated with 400 ml of the same
buffer. Protein fractions with low salt (<7 mS) were pooled and loaded on a 25 ml DEAE
column (Amersham) equilibrated with 50 ml of 200 mM TrisCl, pH 8.0 followed by 150
ml 10 mM TrisCl, pH 8.0. The pyruvate kinase elutes in the flow through, which is
collected and brought to pH 6.3 and 1 mM MgCl, with 1 M MES, pH 6.3 and 2 M
MgCl,. The protein was then loaded onto a 25 ml CM-Sepharaose column (Amersham)
equilibrated with 100 ml 200 mM MES pH 6.3 followed by 150 ml 10 mM MES pH 6.3,
1 mM MgCl,. Following elution of the flow through, pyruvate kinase was eluted using a
0 to 400 mM NacCl gradient over 200 ml. The PK117 elutes at approximately 20 mS.
Fractions with the most activity (described below) are pooled, desalted into 10 mM Tris
pH 7.5, 10 mM MgAc, and concentrated to the desired activity. Concentration is
determined at 280 nm in 6 M GdnHCI (g = 0.54 mg/ml™ cm™). Purity was assessed on a
12% SDS gel (Figure 4-3). The activity assay for PK117 is very similar to the ATPase
assay previously described (section 2.8) except that ADP is substituted for the ATP (final
concentration 1 mM) and no potassium is included. The specific activity of the material
purified was 13.5 U/mg.

4.2.2 ATPase Assay Using the Cary 100 Bio UV Spectrophotometer For the
experiments in this chapter, where the data were eventually fit to various equations, every
effort was made to acquire extremely accurate values for turnover. Extinction
coefficients for ATP were determined at 282 nm and 285 nm (1.4 mM'cm™ and 0.537
mM'em™, respectively), which enabled us to directly determine the concentration of all

the ATP solutions used in the assay with final concentrations up to 120 uM. Absorbance
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Figure 4-3: Purification of Rabbit Pyruvate Kinase E117K Rabbit pyruvate kinase
with the mutation E117K has an activity that is independent of potassium concentration.
This makes it ideal for studying the ATPase activity of GroEL at various potassium
concentrations in the coupled enzyme assay. GroEL and PK are nearly the same size and
migrate to the same place on a 12% SDS gel. It was used here as a molecular weight
marker for PK. The other lanes are as follows: uninduced crude extract (lane 1), induced
crude extract (lane 2), purified GroEL (lane 3), lysate after DNA precipitation (lane 4),
lysate after second ammonium sulfate precipitation (lane 5), DEAE flow through (lane 6),
final pool from CM-Sepharose (lane 7), concentrated PK (lane 8).
data was collected on a Cary Bio 100 UV/Vis dual beam spectrophotometer every 0.4
seconds while a heat block (set to 38°C) maintained the temperature of the cuvettes at
37°C. The reference cell contained water. In most cases, the GroEL concentration was
0.5 uM. When measurements were needed at low ATP concentrations (<1 uM), the
subunit concentration was lowered to 0.2 uM. There was no detected difference in rates
determined at the two GroEL concentrations. When the potassium concentration varied
from 100 mM, the ionic strength was kept constant using tetramethylammonium chloride
(TMA). In all other respects, the assay was performed as previously described in section
2.8.

4.2.3 ATPase of GroEL and SR1 at Variable Potassium Concentrations The

rate of ATP hydrolysis was measured for GroEL (J. Grason, unpublished results) and

SR1 at variable potassium concentrations. The ATP concentration was held constant at 1
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mM. Potassium and TMA were added such that the combined concentration was always
100 mM. The final SR1 concentration was 0.8 uM and the ATPase activity was
measured at 37°C. The final GroEL concentration was 2 uM and activity was measured
at 30°C.

4.2.4 Fitting Data to the Nested Cooperativity Equations The equations used to
fit the data, both with and without the exclusive binding assumption, have been
previously described [50]. A full explanation of the theory and mathematics used to
develop these equations is presented in Appendix A. Equations were fit to the data using
SigmaPlot 8.0 (SPSS Inc.), which uses a Levenberg-Marquardt algorithm. Fits were
performed using 1000 iterations, with a step size of 1 to 10 and a tolerance of 1x10~.
The equations for nonexclusive binding used for fitting data from SR1 (Equation 1) and

GroEL (Equation 2) are shown below.

3 Viu(l+a)® +V, Lea(l1+ca)’
’ (I1+a) + L1 +ca)

(1

where V, and Vg, and Vr are the initial and maximal ATPase velocities in the R and T
states, respectively. The allosteric constant, L, is defined as [T]/[R],, where the
subscripts indicate the equilibrium is in the absence of ligand. a is the [ATP] divided by
the microscopic dissociation constant, kg. The constant, ¢, represents the ratio kg/kr.
When c is less than zero, the ligand (ATP) binds more strongly to the R state than the T
state. The exclusive binding equation can be obtained by setting c equal to zero.

For GroEL, the nonexclusive binding equation is:

13 6 7 7 6 13
;o Vipco(l+co) — +05Vpali(l+a) (I+ca) +05Vpcoali(l+a) (1+ca) +VppaliLy(l+a) (2)
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where Vo, Vrr, VIr, Vrr represent the initial and maximal velocities in the TT, TR and
RR states, respectively. The terms ¢ and a are as described for equation 1. Here, L; =
[TR]/[TT] and L, = [RR]/[TR], also in the absence of ligand. It is important to note the
difference in the definition of L; and L, for GroEL compared to the definition of L for the
single ring. In the case of the single ring, the exponent should be positive (i.e. the T state
is favored in the absence of ligand). For the same reason, exponents for L; and L, will be
negative. The exclusive binding equation, as presented and used to fit the data in the
original paper on GroEL nested cooperativity [50], is obtained by setting ¢ equal to zero.
4.3 Results

4.3.1 Examining the Effects of Potassium Concentration on the ATPase
Activity of SR1 ATPase assays were performed using 0.5 uM SR1 at 37°C and 1, 10,
and 100 mM potassium (Figure 4-4). In order to better visualize the effects at lower ATP
concentrations, the data is shown out to 50 uM ATP, after which the rate of turnover is

relatively constant. As reported previously with GroEL [62], the apparent cooperativity
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Figure 4-4: ATPase of SR1 at Various Potassium Concentrations ATP hydrolysis
was measured for 0.5 pM SR1 at 37°C at three different potassium concentrations. The
apparent cooperativity increases as the potassium concentration decreases, but there is
little to no effect on V pax.
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increases as the potassium concentration decreases. There does not appear to be any
effect on the Vi, due to changing the potassium concentration. Although the Vi at 10
mM is slightly higher than at I mM or 100 mM, this is within the error of the experiment.
To address whether the difference in V¢ at 10 mM was an anomaly, we tested the
ATPase activity at various potassium concentrations and 1 mM ATP using the same SR1
protein solution (Figure 4-5). The differences observed in the 10 mM K" data in Figure
4-4 are within the error observed in Figure 4-5. Thus, potassium does not appear to affect

the Viax in SR1.

Turnover (min'1)
©
1

6 T T T T T
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Figure 4-5: The V., for SR1 is Not Affected By Changing Potassium
Concentrations ATP hydrolysis was measured using 0.8 uM SR1 at 37°C with variable
potassium concentrations. The ionic strength was held constant with TMA. The ATP
concentration was held constant at 1 mM.
4.3.2 Fitting SR1 ATPase Activity to the Exclusive and Nonexclusive Binding

Equations To further understand how potassium affects the ATPase activity of SR1, the
data were fit to Equation 1 for each potassium concentration (Figure 4-6, A-C).

Exclusive binding was assessed by simply setting V and ¢ equal to zero. Fits to the

exclusive binding form of the equation are shown in red, while fits to the full equation are

70



shown in black. The residuals from the fit are plotted below each graph. Fitted
parameters, the associated errors, and the dependency of the fit are displayed inside the
respective graph.

Fits to SR1 ATPase data assuming exclusive binding to the T state are not very
different from fits to the full equation. Both are visually reasonable, although the
nonexclusive form of the equation seems to represent the data slightly better, particularly
as the value for turnover begins to plateau, supported by the slightly higher values for R%.
Relatively large variations from both fits are evident in the residuals at low ATP
concentrations. This is most likely due to the fact that at low ATP concentrations, the
overall change in the raw absorbance data is quite small, meaning there is greater scatter
and increased error in these measurements.

Since work from previous studies (G. Curien and G. Lorimer, unpublished data)
and from Chapter 3 indicates that the exclusive binding assumption is not valid, only the
values obtained from the fits to the nonexclusive binding equation are presented in Table
4-1. The value for kt was calculated from the fitted parameters ¢ and kg. The absolute
error in kt was calculated by propagating the percent relative uncertainty (%e) for ¢ and

kg as follows:

Error = \/(%el)z +(%e,)* x100x k,

A few points can be made evaluating the data in Table 4-1. First, at all potassium
concentrations, there are large errors associated with the value of V. This is contrasted
with the errors in Vg, which range between 1 and 3%. The difference is most likely due

to the fact that the T state in the single ring is virtually unpopulated; due to positive
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Figure 4-6: Evaluating the Exclusive
Binding Assumption in SR1 ATPase
experiments were performed using 0.5
uM SR1 at 37°C and three different
potassium concentrations. The data at
each potassium concentration were fit
to Equation 1. Fits and the derived
parameters shown in red utilized the
exclusive binding assumption, where
Vr and c are set to zero. Fits and
parameters shown in black allowed all
variables to float. Residuals are plotted
for each fit below the graph in the
corresponding color. Although the
nonexclusive form of the equation fit
the data slightly better (higher R?, better
residuals), the fits are visually very
similar. A) I mM K", B) 10 mM K",
C) 100 mM K.



1 mM K" 10 mM K" 100 mM K*
Vr(min) | 3.1+1.8 11.6+7.1 4.8+34
Ve (min) | 10.4+0.1 11.9+0.1 10.0 £ 0.3
¢ (ke/ky) | 0.02+0.004 0.02 + 0.006 0.04 + 0.005
kr (uM) 0.30 + 0.03 0.11+0.02 0.03 + 0.008
kt (uM) 152+34 55419 0.71 +£0.23
L ([TY[R]) | 2.7E8 + 2E7 2.9E8 + 2E7 2.3E8 + 3E7

Table 4-1: Parameters Derived from Fits of SR1 ATPase Data to the Nonexclusive
Binding Equation
cooperativity, as soon as ATP is added, rings flip to the R state. States that are not well
represented in the data cannot be fit well, regardless of how accurate or abundant the data
is [54]. Thus, large errors are also expected for kt, for the same reasons. For the most
part, however, the values obtained from the fit (within error) support the data obtained
from Chapter 3, where Vt and Vg were very similar. Second, the average value for ¢
obtained from the fits was 0.03, indicating roughly a 25 to 50-fold difference in the
binding affinities for the T and R state. Third, as the potassium concentration increases,
the value for both kt and kg decreased while L remained relatively constant. This
suggests that potassium increases the binding affinity for ATP to both the T and R states,
but does not affect the equilibrium between the states in the absence of ATP. This is in
direct contrast to the assumptions used in the Nested MWC model, where potassium was
treated as an allosteric effector which could only modulate the value of L [54]. These
observations were then used to constrain the variables in the double ring system
(Equation 2).

4.3.3 Examining the Effects of Potassium on the ATPase Activity of GroEL As
before, ATPase assays were performed using 0.5 uM GroEL at 37°C and 1, 10, and 100

mM potassium (Figure 4-7). The rates obtained at the three potassium concentrations
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Figure 4-7: Potassium Affects both V5 and kg in GroEL ATPase experiments were
performed at 37°C using 0.5 uM GroEL at three potassium concentrations. The GroEL
concentration was lowered to 0.2 uM to collect data at ATP concentrations less than 1.5
puM. The data obtained here are similar to that previously collected in our lab [63].
agree very well with those obtained previously in our lab [63]. As with SR1, the degree
of positive cooperativity increases as the potassium concentration decreases. Unlike
SR1, however, the V.« obtained at the highest ATP concentrations (i.e. the Vax for the
RR state) increases as the potassium concentration decreases. ATPase assays performed
at a single ATP concentration with variable potassium indicate the reciprocal nature of
the two ligands (Figure 4-8); the shape of the curve obtained with GroEL and variable
potassium is similar to the one with variable ATP (J. Grason, unpublished results). This
suggests that potassium directly influences the binding of ATP and vice versa, which is
supported by fits of the SR1 data.

4.3.4 Fitting the GroEL ATPase Data to the Exclusive and Nonexclusive
Binding Equations GroEL ATPase data at the three potassium concentrations were fit to

Equation 2 (Figure 4-9, A-C). As before, fits to the exclusive binding form of the

equation were obtained by setting Vrr and ¢ equal to zero, shown in red. The rates
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Figure 4-8: The Reciprocal Nature of the Allosteric Ligands ATP and K* ATPase
data was collected with variable potassium using 2 uM GroEL at 30°C (J. Grason,
unpublished results). The ATP concentration was held constant at 1 mM. Unlike the
SR1 data (Figure 4-5), the data with variable potassium looks very similar to that
obtained with variable ATP concentrations. With no added potassium, there is still
significant turnover. However, it is not known how much contaminating potassium may
be present.
predicted for the TR state using the exclusive binding equation are somewhat misleading,
since the reported values are per subunit. However, with exclusive binding, only one ring
(the one in the R state) is assumed to be hydrolyzing ATP, and so the rates must be
doubled to obtain the rate per functional subunit.

In order to limit the number of variables that must be fit to the nonexclusive form
of the equation, some of the variables were constrained using experimentally derived
values. First, the rate of turnover in the presence of saturating substrate protein, which is
thought to shift the allosteric equilibrium towards the TT state, is approximately 18 min™
[49]. Moreover, the rate is independent of the potassium concentration used in the assay
[63]. Secondly, fitting results from the single ring suggested that terms ¢, L;, and L,

should not change with potassium concentration. Thus, the values for Vit and ¢ can be

fixed for the first potassium concentration, while the other variables are allowed to float.
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Figure 4-9: Evaluating the Exclusive
Binding Assumption in GroEL Data
at each potassium concentration were
fit to Equation 2. Fits and the derived
parameters shown in red utilized the
exclusive binding assumption, where
Vrr and c are set to zero. Fits and
parameters shown in black were
experimentally constrained by setting
Vrrto 18 min". A) 1 mM K. ¢ was
set to 0.03, the average from the SR1
fits. B) 10mM K'. L; and L, were set
to the values obtained in A. C) 100
mM K'. Here, L, and L, were set to
the values obtained from the fits in A.
If, instead, ¢ was set to 0.04, the values
obtained for L; and L, were
1.5(+2.0)x107° and 2.7(+3.5)x10~,
respectively, with an R” value of 0.952.



Once values for L, and L, are determined, they can be fixed for the other potassium
concentrations, reducing the number of dependent variables from seven to four.
Specifically, this approach was used by fitting the data at 1 mM K" with Vr fixed at 18
min™ and c fixed at 0.03 (an average of the values obtained with SR1). A fit performed
on the 1 mM data fixing only Vrr yielded a value for ¢ of 0.033 + 0.004. Fits to the
other two potassium concentrations were performed with Vrr, L; and L, fixed, while the
other variables were allowed to float (Table 4-2). This can also be performed in reverse.
Fixing V1 to 18 min™! and ¢ to 0.04 for the 100 mM K data yields similar values for L,
and L, compared to those obtained at | mM K. This indicates that this method for

fitting the double ring data is fairly robust, even though the errors for the values of L; and

L, are relatively high.
1mM K" 10 mM K" 100 mM K*
Vrr (min™) 18 18 18
Vg (min™) 14.6 + 0.4 13.2+0.2 9.2+0.2
Vg (min™) 6.3+0.1 41+0.3 23+0.3
¢ (kr/ky) 0.03 0.04 £ 0.001 0.04 + 0.002
kg (UM) 6.4+0.54 2.1+0.05 0.37+0.01
kr (uM) 214 +£32 5442 93+0.5
L, ([TR)/[TT]) | 1.3E-5+6E-6 1E-5 1E-5
L, (RR}/[TR]) | 1.2E-9 +2E-9 1E-9 1E-9

Table 4-2: Parameters Derived from Fits of GroEL ATPase Data to the Non-
exclusive Binding Equation. Parameters in italics were fixed, while the other values
were allowed to float. The value for kt was calculated from the two fitted parameters, kg
and c.

At the lowest potassium concentration, a good fit can be obtained using either

form of the equation. However, at 10 mM and 100 mM potassium, the difference

becomes much more obvious. Comparisons at 10 mM K" are particularly interesting
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since the original data used to develop the nested cooperativity model were collected at
this concentration [50]. The data used by Horovitz contained only 18 data points. The 10
mM K data presented here has 45 data points. This may be the explanation for why the
two data sets look so different; the data presented in the original paper simply did not
have enough data to properly define the shape of the curve, particularly on the downward
slope at the higher ATP concentrations (>100 uM). The values obtained here for L; and
L, are not drastically different than those initially reported: 2.0 (+ 1.0) x10 and
6.0(+ 3.2) x 10™ for L, and L, respectively [50].
4.4 Discussion

4.4.1 Evaluating a New Equation for Nested Cooperativity Under certain
conditions, the exclusive binding assumption seems to work fairly well. Particularly with
SR1, the fits using the two equations are virtually indistinguishable from a visual
standpoint. Since only two states are present in the single ring, this is not entirely
surprising. The T state is only barely populated in the presence of ligand (due to the
absence of negative cooperativity) and has an affinity for ATP that is reduced 30-fold
compared to the R state. Despite the fits being visually similar, the parameters obtained
are very different. The values for kg differ by 5-fold, and L differs by 3 to 4 orders of
magnitude. In trying to evaluate what is a reasonable value for the allosteric constant in
the single ring, one might expect that it would approximate the value for L; in the double
ring as it transitions from TT to TR. It is not clear, however, that this is necessarily the
case. Certainly the values obtained here (3x10® in SR1 versus 1x10° in GroEL, expressed
as [T])/[R] and [TT]/[TR], respectively) are not similar at all. Cryo-EM structures of

GroEL have indicated asymmetry between the rings even in the absence of ATP [102].
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Perhaps the presence of a second ring, in fact, influences the allosteric equilibrium of the
first transition. However, the values obtained from the fits here would suggest that the
equilibrium in the single ring is shifted more towards the T state than in the double ring.
This is hard to rationalize structurally.

The exclusive binding assumption does not work nearly as well when applied to
the double ring system, despite the fact that it was for this system that the assumption was
first applied. This makes sense since there are now three states which are variously
populated: TT, TR and RR. Although the TT state will not be very populated, the TR
state makes a substantial contribution to the rate, and therefore must be considered as
having two functional rings instead of just one. We believe that the data obtained here,
which comes from a real time assay, monitored every 0.4 seconds over three minutes,
with an ATP regeneration system, offers superior data for evaluation. The original data
was obtained using a **P fixed endpoint assay which allows for the build-up of ADP [50],
a potent inhibitor of ATP hydrolysis by GroEL [49]. Moreover, the number of data
points used here, sometimes more than twice as many points as used in the original paper,
also provides a more accurate picture of the ATPase profile of GroEL. Thus, while the
exclusive binding assumption appeared to fit the data in the original analysis [50], more
likely the analysis was underdetermined and the shape of the curve was ill defined.

This does not mean, however, that the values for the allosteric constants derived
here can be accepted at face value. The errors associated with the fitted parameters are
quite high, 45% for L; and 150% for L,. Although the best fits are represented here after
a variety of initial guesses and constraints, there is no way to know for sure that this fit

represents the global, rather than a local, minima. That said, the trends observed are

79



consistent between the single and double ring and between the various potassium
concentrations. Thus, it is reasonable to suggest that, contrary to previous conjectures
[54, 63], that the allosteric constants are not affected by the potassium concentration.
4.4.2 A Proposal for the Role of Potassium X-ray crystal structures of GroEL in
the presence of potassium have suggested that the monovalent ion binds to the same site
as ATP and interacts with the y-phosphate of the nucleotide [103]. This is supported by
the work presented here, where potassium influences the binding affinity in both the T
and R states, leaving the allosteric equilibrium in the absence of ATP unchanged. This
role for potassium has been previously suggested [62] and accounts for the effects on
positive cooperativity seen at low ATP concentrations. However, it is the effects of
potassium on the negative cooperativity of GroEL that is novel; the Vy,,x for GroEL at the
highest ATP concentration measured increases with decreasing potassium (Figure 4-7).
The reciprocal nature of ATP and K binding in GroEL is demonstrated in Figure 4-8 (J.
Grason, unpublished results), which indicates that the binding of one ligand directly
influences the binding of the other, as dictated by allosteric theory. The explanation for
this effect comes from previous FRET studies performed in our lab, where it was
discovered that the dissociation of ADP from the trans ring of the asymmetric complex
was the rate limiting step in GroES dissociation from the cis ring [49]. More recently,
studies using fluorescently labeled phosphate binding protein, which changes
fluorescence upon binding the P; released from ATP hydrolysis, indicate that product
release is also rate limiting in the absence of GroES (J. Grason, unpublished results).
Thus, potassium influences the V¢ of the RR state by altering the affinity of the product

ADP, which must be released before a new round of hydrolysis can occur. At low
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potassium, the affinity for nucleotide is reduced, so ADP is released more quickly and the
keat increases. At high potassium, the ADP is bound more tightly, and thus the rate of
turnover is lower. This effect is visible with GroEL, but not SR1. Potassium and
substrate protein are thought to have similar, but opposing, effects on the rate of ATP
hydrolysis. The presence of unfolded substrate protein shifts the equilibrium towards the
T state, which has a lower affinity for nucleotide and thus releases the bound ADP,
allowing for faster turnover, similar to the explanation given here for the effect of
potassium. Substrate protein also has no stimulatory effect on SR1 ATPase rates,

suggesting that both SP and K play a role in negative, as well as positive, cooperativity.
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Chapter 5
Stopped Flow Analysis of GroES Association to the Asymmetric

Complex: Looking at Inter-Ring Communication

82



5.1 Introduction

As previously discussed in Chapter 1, the resting state of the GroEL reaction
cycle can be thought of as the asymmetric complex, GroEL4-[ ADP];-(SP)-GroES;. The
brackets indicate the ADP in the cis ring is not free to exchange with the surrounding
solution, and the parenthesis indicate that SP may or may not be encapsulated in the cis
ring, since it is not a requisite part of the chaperonin cycle. Although the asymmetric
complex is primed for ligand release after hydrolysis of nucleotide in the cis ring, it is
extremely stable in the absence of ATP, on the order of days [104]. It is only once ATP
binds to the trans ring that GroES, ADP, and SP are released from the cis ring [47]. But
the exact nature of the signal transmitted between the rings, and to what extent symmetric
complexes may play a role, is not understood.

Previous work by Rye et al. examined the kinetics of GroES dissociation and
association using two mutants, GroEL E315C and GroES 98C, which served as a FRET
pair when labeled with donor and acceptor fluorophors [20]. Because the efficiency of
energy transfer is directly related to the distance between the two probes, GroES binding
and release are easily measured. When GroES is bound, the two probes are
approximately 36A apart, which provides for strong acceptor emission [10]. When
GroES is released, the distance between the two probes is essentially infinite, and no
energy transfer occurs. Performing a series of stopped-flow experiments measuring
acceptor fluorescence, they found GroES release to be a two step mechanism in which
ATP hydrolysis in the cis ring is the rate limiting step in the presence of substrate protein.
However, when our lab performed dissociation experiments under slightly different

conditions, it became apparent that the release of ADP from the trans ring of an

83



Events in the Chaperonin Cycle

Ring A (trans) Resting Ring B (cis)
State #1
GroeLR-aDP GroELR-[ADPJ-[SP]-[GroES]
G1roELR
R->T ﬂ
GroELT
<
P f
-4 GroEL'-SP
§ < i
% GroEL -ATP-SP Y
.C ]
T>R ‘” ) GroELR-[ADPL[SP}[GroES]
GroELR-ATP-SP
R->R’ l GroES GroES R->R
GroELR[ATP]-[SP]-[GroES] J
SP
k Pi
a GroELR|ADPL[SPI{GroES]  esting [GroEL™-ADP]
State #2 ﬂ
GroELR
ﬂ R->T
GroELT
m
P i
) GroELT-SF
-
b -< ﬂ
g \ GroELT-ATP-SP
£ GroELR-[ADPHSPH-GroEs] Sm— T->R
GroEL®-ATP-5P
R->R'
R.SR GroES l . GroES
GroELR[ATP]-[SP]-[GroES]
SP
) i\> Pi
\ R Resting R
[GroEL™-ADP] State #1 GroEL"™ -[ADP]-[SPI-[GroES]

Figure 5-1: The GroEL Reaction Cycle GroEL has been described as a “two-stroke
motor[21].” Each ring of GroEL (ring A and B) undergoes a complete cycle, out of
phase with the other, such that a complete cycle is composed of two hemicycles. There
are two resting states, which can be described as an asymmetric complex with ADP
bound to the frans ring. Ligands which are not exchangeable with the solution are shown
in brackets, e.g. [ADP]. The power stroke, represented by the block arrows, is the
concerted T to R transition in the trans ring, which is believed to actively unfold the
substrate protein just prior to encapsulation. The allosteric changes occurring within each
ring are shown in blue. (Figure kindly provided by Dr. George Lorimer)
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asymmetric complex, and/or a conformational change associated with it, was actually the
rate limiting step [49]. Moreover, saturating amounts of substrate protein bound to the
trans ring can speed the dissociation of cis ligands as much as 1000-fold, presumably by
“locking” the ring in the T state, which has a lower affinity for ADP than the R state [49].
The Rye group also looked at the kinetics of GroES association to the trans ring [20].
However, in light of the numerous discrepancies with regards to the dissociation
experiments, this project set out to re-examine the kinetics of GroES association to the
trans ring.

There are two benefits to studying the association reaction kinetics. First, such
experiments would flesh out the GroEL reaction cycle (Figure 5-1), where the two rings
act as a “two-stroke motor” with identical, alternating cycles [21, 49]. Previous work
indicates that, in the presence of SP, dissociation of ligands from the cis ring takes up less
than 0.2 seconds of the 12 second cycle time [49]. Filling in the time for association
would lend credence to the model and narrow the window available for encapsulation and
passive folding within an isolated environment.

Secondly, comparison of association and dissociation data also speaks to the
presence of symmetric complexes as intermediates in the normal reaction cycle. Various
studies using electron microscopy and analytical ultracentrifugation have confirmed the
existence of symmetric particles, or “footballs” [105-108]. Under conditions that mimic
what are believed to be in vivo concentrations of salts such as Mg”", up to 58% of the
complexes detected were symmetric [18]. The presence of “footballs” appears to be
strongly dependent on the concentrations of K™ and ADP; high K" and low ADP favor

formation of the symmetric complex [16]. Negatively stained electron microscopy
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revealed that substrate protein may be trapped inside the GroEL cavity of both rings
simultaneously, although this may be an artifact of the staining [105]. Although such
complexes appear symmetric, fluorescence anisotropy experiments with a pyrene-labeled
GroES indicated that symmetric complexes are only formed when a mixture of ADP and
AMP-PNP nucleotides are present [59]. This suggests that symmetric particles are
actually asymmetric with regards to nucleotide: one ring of GroEL contains ATP, while
in the other ATP has already been hydrolyzed to ADP. Despite overwhelming evidence
for their existence, a stopped-flow kinetic analysis failed to show a requirement for
GroES binding to the trans ring for cis ligand release [20]. For this reason, we decided to
re-examine the experimental conditions for association to see if similar results were
obtained.
5.2 Methods Specific to Chapter 5

5.2.1 Purification and Labeling of Mutant Proteins The two mutants used in
this study, GroEL E315C and GroES 98 C, were previously created in our lab by Dr.
John Grason [49]. Changing GroEL residue 315 to cysteine and adding a cysteine
residue to the C-terminus of GroES allowed us to label each protein with a fluorescent
probe, thereby creating a FRET pair sensitive to GroES binding and dissociation [20].
Unlike the mutants used by the Rye group, the mutants used in this study were made in a
wild type background with the three native cysteines intact. Previous work in our lab
demonstrated that the native cysteines were not labeled to any significant extent [49].
GroEL E315C was purified as previously described in Chapter 2 for GroEL wild type.

The GroES 98C purification was also identical to that previously described except for a
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minor adjustment to the SP Sepharose conditions. The column was run at pH 4.8, as
opposed to pH 5.0, and was eluted with a 150 ml gradient from 0 to 300 mM NaCl.

Donor and acceptor probes, IAEDANS and fluorescein-5-malemide (FSM), were
purchased from Molecular Probes. Stock solutions were made in anhydrous DMF to a
final concentration of 20 mM. Immediately prior to labeling, mutant proteins were
reduced with 20 mM DTT for 30 minutes at room temperature. The DTT was then
removed by gel filtration on a PD-10 column equilibrated with chelexed 10 mM Tris, pH
7.5, 10 mM MgAc.

GroEL 315C was labeled at a concentration of 350 uM, using a 1.5-fold excess of
IAEDANS label over GroEL monomers. The reaction was carried out in the dark at
room temperature for 40 minutes. Unreacted cysteines were quenched with a molar
equivalent of NEM followed by 6 mM DTT. Excess label was removed by desalting on a
PD-10 equilibrated with the same chelexed 10 mM Tris, pH 7.5, 10 mM MgAc. The
extent of labeling was determined spectrophotometrically by comparing protein and label
concentrations at 280 nm and 336 nm, respectively (€30=9600 M'em™! and £336=5400
M™'em™). Conditions used here resulted in approximately 60% labeling. Labeled GroEL
will hereafter be referred to as GroELP, since it serves as the donor in the FRET pair.

GroES 98C was labeled at a concentration of 120 uM, using a 3-fold excess of
F5M over ES monomers. The reaction was carried out in the dark for 10 minutes at room
temperature and then quenched with 5 mM DTT. Excess label was removed by desalting
on a PD-10 equilibrated with chelexed 10 mM Tris, pH 7.5. Because the label interferes
with the UV spectra at 280 nm, protein concentration was determined by both Bradford

assay and quantitative SDS-PAGE, as described in Chapter 2. The label concentration
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was determined by checking the absorbance at 491 nm (¢=74,500 M'cm™). The extent
of labeling under these conditions was 22%. Labeled GroES will hereafter be referred to
as GroES”, since it serves as the acceptor of the FRET pair. Previous experiments in our
lab determined that the kinetics of GroES” dissociation from the asymmetric complex
were independent of the extent of labeling of either GroEL® or GroES™ [49]. The R,
value for this pair, which represents the distance at which transfer efficiency is 50%, is
approximately 40A.

5.2.2 Stopped-flow Fluorescence Measurements All fluorescence measurements
were made in an Applied Photophysics SX18MV-R stopped-flow apparatus. The
instrument was configured with a 20 pl flow cell with a pathlength of 2 mm and a 530 nm
cutoff filter. The monochronometer entry and exit slits were each set to 2 mm, which
corresponds to a band pass of 9.3 nm. The syringes and flow cell were kept at a constant
temperature of 30°C using a circulating water bath. The shot volume was set to
approximately 170 pl, consuming 85 pl from each syringe for each shot. The excitation
wavelength, 336 nm, was identical to that used in previous studies [20, 49].

Both dissociation and association experiments were performed in this study. The
only difference in experimental set-up was the type of GroES used in each syringe. For
dissociation experiments, GroES™ was used to make the asymmetric complex and
GroES"' was loaded in syringe B as a competitor. For association experiments, the
reverse was true: GroES™ was in syringe A and GroES™ was in syringe B. Both
experiments used a 5-fold excess of GroES in syringe B. This had the consequence of
using much more fluorescent material in the association experiments than in the

dissociation experiments, making it impossible to perform the two experiments at the
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same instrumental settings (specifically PMT). In order to directly compare amplitudes
and rates, the traces were normalized. Association and dissociation experiments were
always performed during the same experimental session, so that conditions were as close
to identical as possible. Figure 5-2 shows a schematic of the experimental set-up.

Unless otherwise stated, the conditions for experiment were as follows. The
asymmetric complex was formed using 40 uM GroEL and 40 uM GroES in 20 mM Tris,
pH 7.5, 10 mM MgAc, 100 mM KAc, 2 mM DTT, and 300 uM ATP. This was allowed
to incubate for 30 minutes or more at room temperature, so that all the ATP was
converted to ADP. The solution was then desalted on a PD-10 column equilibrated with
20 mM Tris, pH 7.5, 10 mM MgAc, 100 mM KAc, and 2 mM DTT in order to remove
excess nucleotide and any ADP bound to the trans ring, which is freely exchangeable.
ADP could then be added back to the solution, if desired, with a final concentration of 15
uM ADP and 3 uM GroEL. This constituted the solution used in syringe A. Syringe B
contained 15 uM competitor GroES (5-fold excess over GroEL and GroES in syringe A)
and 4 mM ATP in the same buffer as used in syringe A. Both solutions were degassed on
0.2 um filters prior to use. The solutions from each syringe were mixed 1:1 in the flow
cell and acceptor emission (maximum at 519 nm) was followed over time using a 530 nm
cut-off filter.

For each condition measured, oversampling was used to reduce the amount of
noise in the signal. This is a feature where the instrument takes data every 40 psec, and
then averages several consecutive readings to give a total of 1000 data points. To also
reduce noise, several traces were averaged to obtain the final trace shown. The number

of traces used in the average depended on the time being monitored. Measurements less
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Figure 5-2: Schematic of Stopped Flow Experiment This set-up is similar to
experimental designs used previously [20, 49]. The asymmetric complex was formed by
combining GroELP, GroES™, and ATP in a buffered solution of 20 mM Tris, pH 7.5, 10
mM MgAc, 100 mM KAc, and 2 mM DTT. All of the ATP was consumed over the
course of 30 minutes at room temperature. The complex was then desalted on a PD-10
column to remove excess nucleotide from the solution and the trans ring of GroEL"-
GroES™ complex. The ADP in the cis ring remains trapped. Before adding the desalted
complex to syringe A, ADP may be added back at the desired concentration. Syringe B
contained 4 mM ATP, GroES®, and where noted, denatured substrate protein, in the same
buffered solution as syringe A. The solutions were rapidly mixed 1:1 in the flow cell,
where emission from the acceptor fluorophor could be monitored over time. The set-up
as shown here is for association reactions. Dissociation can be monitored by switching
the GroES used to make the asymmetric complex and in syringe B.
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than 0.2 sec contain 8-12 traces, whereas measurements at 5 sec contain 5-8 traces. It is
possible to hold the pneumatic pressure on the syringes for traces of 5 sec or less. This
was done whenever possible, since traces without the pressure held often contained slight
interferences. The dead time of the instrument, as stated in the accompanying
instrumental documentation, is approximately 1 msec. For this reason, data collected
before 3 msec were not used.

5.2.3 GroEL versus GroES Competitor Experiments These experiments were
designed to test for the existence of symmetric complexes by examining whether the
presence of GroES in the challenge solution stimulated dissociation of the cis ring. For
this set of experiments, the syringe A solution was prepared exactly as described in
section 5.2.2. Syringe B contained either 15 uM GroEL" or GroES™" along with the
other components previously described. Because symmetric complexes are favored when
the ADP concentrations are low, we also tried utilizing an ATP regeneration system
consisting of 13 units of rabbit muscle Type VII pyruvate kinase (Sigma) and 2 mM PEP
in addition to the other components in syringe B. To test whether increasing amounts of
substrate protein affected the traces, acid-denatured MDH (0.11 uM) was added to
syringe A and allowed to reach equilibrium.

5.3 Results

5.3.1 GroES Association to the Trans Ring is Diffusion Limited The FRET pair
used in this study, [AEDANS labeled GroEL E315C and F5M labeled GroES 98C, come
within approximately 36A when GroES is bound to GroEL. Previous experiments
verified that energy transfer is responsible for the signal change in donor and acceptor

channels upon ATP binding to the trans ring of a GroELP-GroES* complex [20, 49].
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Thus, the binding of GroES” to the frans ring of a GroELP-GroES™ asymmetric complex
should result in an increase in acceptor fluorescence.

The basic experimental design was similar to that used in the previous
experiments [20, 49]. The asymmetric complex was formed and desalted as described.
This was then loaded into syringe A of the stopped-flow instrument, with a final GroEL
concentration of 3 pM. Syringe B contained GroES” (usually at a 5-fold excess) and 4
mm ATP in the same buffered solution as used in syringe A. When mixed 1:1, GroES*
binds to the #rans ring, causing an increase in the observed signal. Since GroES™ is in
excess over the GroES", a small adjustment to the final signal is observed over long time

traces as the system proceeds past the initial turnover and reaches equilibrium (Figure

5-3).
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Figure 5-3: Long Time Course Association Data Binding of GroES” to an asymmetric
complex of GroELP-GroES™ causes an increase in acceptor fluorescence. The small
decrease observed after ~5 seconds is due to the equilibrium between GroES® and
GroES™ after the first turnover. The linear decline is due to a gradual quench of the
fluorophor.
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Previous experiments found that binding of GroES” to GroELP tetradecamers in
the presence of ATP was fast and bimolecular, with a rate constant of 5 x 10’ M's™ [20,
40]. However, they found that the kinetics of GroES” binding to the frans ring of
GroELP-ADP bullets was independent of concentration [20]. Because the rate of
association also matched the rate of dissociation, the authors concluded that GroES could
not bind to the #rans ring of GroEL until the cis ligands, particularly the cis GroES, had
departed.

Here, a limited pseudo first-order experiment was performed, where the
concentration of GroELP and ATP was held constant and the concentration of GroES*
rings in syringe B was varied between a 5-fold and 10-fold excess over asymmetric
complexes. The asymmetric complex, GroELP-GroES™, was desalted prior to being
loaded into syringe A. The association reaction was complete after 0.2 seconds. Eleven
traces for each condition were averaged and then fit to a double exponential equation

using Sigma Plot 8.0. The rate constants obtained from these fits are shown in Table 5-1.

S5x 7.5x 10x
Kobs (1) | 51.00 £2.96 | 75.71 £ 3.85 | 96.06 + 4.52
Kobs (2) [ 11.19£2.68 | 10.64 £2.05 | 12.00 £ 1.72

Table 5-1: Observed Rate Constants at Variable GroES* Concentrations

Only one of the observed rate constants varied with concentration. This was plotted, as
shown in Figure 5-4, and a bimolecular rate constant of 4.6 x 10’ M™'s™ was derived from
a linear regression of the data. This value is nearly identical to results obtained by

previous researchers for GroEL® tetradecamers alone, but is in contrast with the result
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measuring association to the trans ring of the GroELP-GroES™ asymmetric complex
[20]. Our results clearly indicate that association under these conditions is bimolecular

and diffusion limited [109].
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Figure 5-4: GroES Association is Diffusion Limited A limited, pseudo first-order
experiment in which the GroELP and ATP concentration were maintained at 1.5 uM and
2 mM, respectively, while the concentration of competitor GroES”* was varied. A plot of

the pseudo first-order rate constants (kops) versus the concentration of competitor GroES*
in rings is shown. The bimolecular rate constant obtained from the linear regression is

46x10°M's™",

5.3.2 Comparing the Kinetics of Association and Dissociation Previous studies
in our lab have shown that the rate limiting step in the dissociation of GroES from the cis
ring of the asymmetric complex is the release of ADP from the trans ring [49]. We
wanted to examine whether this was also true for GroES association to the frans ring, and
whether the addition of SP or the removal of exchangeable ADP from the #rans ring had
the same effects on association as it does for dissociation. The only difference between
the experimental set-ups for association and dissociation was the GroES used to form the

starting asymmetric complex and as a competitor in syringe B. For association, GroES™"
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is used to make the complex, and GroES” is the competitor. The reverse is true for
dissociation (see Figure 5-1). ADP was added to syringe A at a concentration of 15 uM,
while substrate protein (acid denatured a-LA) was added to syringe B at a concentration
of 1.1 uM, a 5-fold excess over asymmetric complexes. Substrate protein was added to
syringe B to prevent equilibrium binding effects. All experiments were performed with
100 mM KAc. Because association and dissociation could not be measured at the same

PMT voltages, the averaged traces were normalized and then plotted (Figure 5-5A).

1.0 fae o0 . -ADP -SP
L ..,o
_ o8} °e
E s f ’, +ADP -SP
& 5 osl +ADP +SP
k-] ° I
8 8
N i
o= © 04}
: : 7
= [<] L ).o
2 Z o2l e’
- P~ O
o
0.0 esiiie
. L A AR e A i I e L
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Time (sec) Time (sec)

Figure 5-5: Association and Dissociation Data, ZADP and £SP, at 100 mM and 10
mM K" The kinetics of GroES binding and release are strongly affected by ADP, SP,
and K". The place where the horizontal line crosses the data marks the mean residence
time for GroES binding or release. The fact that association and dissociation have the
same mean residence times is coincidental. As revealed in the previous experiment, the
rate of association is bimolecular and dependent on the concentration of free GroES. A)
Data taken at 100 mM K'. B) Data taken at 10 mM K.

Figure 5-5A demonstrates a number of the principles derived from previous
experiments: 1) removal of ADP from the trans ring results in a nearly 3,000-fold
stimulation in the rate of GroES release from the asymmetric complex, 2) even a
relatively small amount of the weak binding a-lactalbumin provides a noticeable rate

stimulation [49]. What it also shows is that association and dissociation are nearly mirror

images of each other. The line drawn across the mid-point of the y-axis represents the

95



mean residence time (MRT) for GroES binding or release. Within error, the intersections
of all the traces, +tADP and +SP, coincide with the MRT. Previous studies have
examined the kinetics of association and dissociation in order to determine if symmetric
complexes are formed [20]. The theory was that if association preceded dissociation,
then most likely footballs are formed as part of the reaction cycle [20]. However, this
reasoning is not viable because, as demonstrated in the previous section, association is a
bimolecular process and therefore depends on the concentration of free GroES. Thus, the
fact that the association and dissociation traces have identical mean residence times in
these experiments is purely coincidental and depends on the experimental set-up. What it
does demonstrate is that the association event is affected by the removal of ADP and the
presence of SP in the same manner as dissociation.

5.3.3 The Effects of K" on Association and Dissociation Experiments were
performed exactly as described in the previous section except that the asymmetric
complex was desalted into buffer containing 10 mM K. Ionic strength was kept constant
through addition of TMA. The result (Figure 5-5B) is that the MRT measured in the
absence of ADP increased approximately 4-fold, and the MRT in the presence of ADP
decreased approximately 300-fold, compared to traces at 100 mM K (Figure 5-4A). It
should be noted that the effect in the presence of ADP is dependent on the concentration
of ADP added back to the desalted complex. In this case, the final ADP concentration
after mixing 1:1 in the stopped flow was 7.5 uM. Previous work shows that at slightly
higher concentrations of ADP (15 uM), changing the potassium concentration from 100
mM to 10 mM results in only a 10-fold decrease in MRT (J. Grason, unpublished results).

Thus, the balance between allosteric ligands is delicate. Substrate protein had very little
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effect at 10 mM K, but again, was not present in saturating amounts. Table 5-2
compares the mean residence times at both K concentrations. A direct comparison of
traces at the two potassium concentrations in the presence and absence of ADP is shown

in Figure 5-6.
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Figure 5-6: The Effects of K' on Mean Residence Time, +tADP As discussed in
Chapter 4, the nucleotide binding affinity is directly proportional to the [K']. Association
and dissociation data at 100 mM K" (+ADP and —~ADP) and 10 mM K" ( and

) are shown.

Sample (ADP, SP) 100 mM K (sec) 10 mM K (sec)
0.015 0.065
A+ 0.015 0.050
+,- 50.00 0.150
++ 6.00 0.150

Table 5-2: Comparison of Mean Residence Times at 100 mM and 10 mM K"
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5.3.4 Utilizing GroEL Traps to Study Symmetric Complex Formation One way
of examining the issue of football formation is to determine whether GroES binding to
the trans ring is a requirement for GroES dissociation from the cis ring. If this is the
case, as might be expected if symmetric complexes are part of the reaction cycle, then
dissociation should be slower (if it occurs at all) when the asymmetric FRET complex is
challenged only with ATP and no competitor GroES. However, in order to visualize a
change in the FRET signal, there must either be competitor GroES™, or some way of
sequestering the GroES” once it has been released from GroELP. This problem was
solved by the Rye group, where they utilized GroEL™ as a trap for GroES” once it was
released into solution [20]. In their experiment, they found that GroEL"™ and GroES™
traps yielded identical kinetics. We repeated their experiment, both in the presence and
absence of 20 uM ADP. Asymmetric complexes were prepared for dissociation
experiments as previously described. ADP was added back to the desalted complex to a
final concentration of 20 uM. Because GroEL could not easily be added to syringe B,
which contains the ATP, it was added to syringe A at a concentration of 15 uM for the
GroEL" trap traces. For consistency, competitor GroES" was also added to syringe A
for GroES™ trap traces at the same concentration. Syringe B contained 4 mM ATP in 20
mM Tris, pH 7.5, 10 mM MgAc, 100 mM KAc, and 2 mM DTT.

In the absence of ADP (Figure 5-7A), the kinetics using GroEL and GroES traps
were nearly identical. However, in the presence of ADP (Figure 5-7B), the reaction
clearly proceeded faster in the presence of excess GroES™ as opposed to the GroEL trap.
It is difficult to understand why footballs would be forming in one scenario (+ADP) and

not the other (-ADP). We were concerned that the difference seen with ADP was not due
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Figure 5-7: Monitoring Dissociation Using an EL and ES Trap, £tADP An excess of
either GroEL™" or GroES™ can be used to sequester or out compete the GroES*, allowing
the dissociation reaction to be monitored over time. If symmetric complexes are forming
as an intermediate in the GroEL reaction cycle, it is expected that the rate of dissociation
will be dependent on the concentration of GroES. A) ADP was removed from the trans
ring. The MRT using the GroEL and GroES trap is roughly the same, approximately 15
msec. B) A small amount of ADP was added back to the frans ring of the asymmetric
complex. Now, the MRT varies using the two different traps: 75 sec for the GroEL"
trap, and 50 sec for the GroES™ trap.

to the presence of symmetric complexes, but rather the scavenging of contaminating
substrate protein from the trans ring of the FRET complexes. Since GroEL" was added
to syringe A, there was plenty of time for the solution to reach equilibrium prior to
mixing in the stopped-flow. As revealed in section 5.3.2, the effect of substrate protein is
most apparent when ADP is present, and this might explain why the two conditions
yielded different results.

We performed the experiment again, this time adding the GroEL and GroES trap
to syringe B. Because the ATP would be consumed by the GroEL over time, we also
included an ATP regeneration system, similar to that used in the steady-state ATPase
assay described in chapter 2. This time, syringe B contained 15 uM GroEL"" or GroES™"
and 4 mM ATP as before, but also 2 mM PEP and 13 units of pyruvate kinase. Once

again, in the presence of ADP, the GroEL"" trap yielded slower kinetics (data not shown).
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To test whether the difference was, in fact, due to substrate protein being
transferred to the GroEL trap, the experiment was repeated again, this time with a small
amount of denatured MDH added to syringe A (0.5x compared to EL;4). If the difference
in observed rates using the two traps were due to scavenged substrate protein, one would
expect the difference to be even greater when SP was added. MDH is a relatively tight
binding protein which might simulate the kind of protein that would remain bound to
GroEL after purification. As shown in Figure 5-8, while the MRT of the GroEL trap
remains about the same in the presence of additional MDH, the MRT using the GroES
trap is significantly decreased. This strongly suggests that the disparity in mean
residence times observed when using the two traps is due, at least in large part, to the
presence of contaminating substrate. Moreover, it demonstrates that ligand release from

the cis ring does not require GroES association to the trans ring.
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Figure 5-8: Adding Denatured Substrate Protein to the GroEL and GroES Trap
Experiments It was conjectured that the difference in half-times using the EL and ES
traps shown in Figure 5-7 B was due to contaminating substrate protein being scavenged
from the trans ring of the asymmetric complex by the excess GroEL in the trap. Here, a
small amount of denatured malate dehydrogenase (0.5x compared to GroEL4) is added
to syringe A. While the MRT using the GroEL trap remains about the same (70 sec), the
half-time for the GroES trap decreases significantly (25 sec).
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5.3.5 Testing for Symmetric Complexes Using a Steady State FRET Analysis
We considered the possibility that we had not detected formation of symmetric
complexes because they could only be observed under steady state conditions, whereas
all the previous experiments were performed under pre-steady state conditions. Some
researchers have conjectured that ATP hydrolysis cannot occur in the cis ring until ADP
has departed from the trans ring [110]. However, the evidence for this conclusion is
rather tenuous, and we considered the possibility that the cis ring in our experiments
contained ADP instead of ATP. There is some evidence to support this conclusion.
Rates obtained from previous work with the FRET system match very well with those
obtained in the steady state ATPase assay [49]. Thus, the resting state complex used in
the FRET experiments must include ATP hydrolysis in the cis ring, or the rates between
the two assays would not match. This relates to the formation of symmetric complexes
since it was discovered that the symmetric complex is asymmetric with respect to
nucleotide [59]. This means that symmetric complexes would not be able to form in pre-
steady experiments because ADP is present in both the cis and frans rings.

We decided to examine the FRET signal of an asymmetric complex under steady
state conditions in the presence of ATP and an excess of GroES®, but with no competitor
GroES"'. The idea behind this experiment was that the FRET signal should increase over
time, beyond the starting point, if symmetric complexes were forming in the steady state,
since a second GroES* would be added to the opposite ring. A control with a buffer
challenge (no ATP) would be performed for comparison.

Asymmetric complexes were formed using 40 pM GroELP, 60 uM GroES” (a 3-

fold excess of GroES rings over 14-mers), and 300 uM ATP. The complex was
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incubated for 30 minutes to exhaust the ATP and then split into two samples: one was
desalted while the other was not. Each was diluted to a final concentration of 3.1 uM
GroEL and loaded separately into syringe A. This was then challenged with either 4 mM
ATP or buffer alone. Material that was not desalted showed no change in signal, even
over 500 second time traces, either with the control or the ATP challenge (data not
shown). However, the desalted material (Figure 5-9) displayed a rapid decrease followed
by a relatively slow rise, which gradually leveled off above the starting signal. The
decrease can be attributed to the initial dissociation event as ATP binds to the trans ring
and initiates release of the GroES” from the cis ring. The increase, which begins before
the dissociation event is complete, proceeds past the starting point when monitored for 1
second (Figure 5-9A). In order to ensure that the apparent increase beyond the starting
point was not due to missing amplitude in the initial fast phase, traces were taken for 0.2
seconds (Figure 5-9B). The shorter time course data indicates there is some missing
amplitude in the longer time course data, but that the steady state equilibrium probably
exists slightly beyond the starting signal. What is clear from this experiment is that
dissociation of the cis GroES takes place before association to the trans ring begins, due
to the fact that the excess of GroES” available to bind the frans ring is now only a 2-fold
excess, instead of the 5-fold excess used in previous experiments. This supports the
conclusion that the reciprocal dissociation and association events observed in the
previous experiments is accidental. Based on the time scale of this event, it is not
surprising there was no change in the +ADP sample. Dissociation of all the ADP occurs
on the hundreds of seconds timescale, while the association takes less than a second. In

this case, it would be nearly impossible to detect the change.
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Figure 5-9: Looking for Symmetric Complex Formation Using Steady State FRET
GroEL® was incubated with a 3-fold excess of GroES® and ATP. The ATP was allowed
to exhaust and the sample was split, one which was desalted and the other which was
used directly (i.e. with ADP present on the trans ring). This was then challenged in the
stopped flow with either ATP (red traces) or buffer (blue traces). The material which was
not desalted had no change in signal (data not shown). This shows the result in the
absence of ADP at A) 1 second and B) 0.2 seconds.
5.4 Discussion

5.4.1 GroES Association and Dissociation Are Tightly Coupled Events GroEL
is a highly efficient nano-machine which functions as a two-stroke motor, where the two
rings are 180° out of phase with one another [21]. Thus, events leading to the dissociation
of the cis ligands should also facilitate association of the incoming GroES to the trans
ring. The results show that actions which drastically reduce the MRT for dissociation
also reduce the time for association, and vice versa. This supports the model of the
GroEL reaction cycle shown in Figure 5-1 [49]. Removal of the trans ring ADP primes
the asymmetric complex for dissociation. This is supported by the fact that gel filtration

alone is enough to cause a slow dissociation of the asymmetric complex (J. Grason,

unpublished results). SP stimulates cis dissociation (and also #rans association) by
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shifting the equilibrium of the #rans ring subunits toward the T state, which has a lower
affinity for nucleotide and hastens removal of the ADP [49].

To this point, the nature of the allosteric signal responsible for cis ligand release
has not been known. The results here suggest the signal is likely to be an event common
to both association and dissociation. The GroEL trap results indicate that GroES
association to the trans ring is not required for cis disassembly. Thus, the signal
transmitted between the rings must be an event that occurs between ATP binding and
GroES association. Previous experiments in our lab with GroEL'"** demonstrated that the
cis ring GroES could be released even when the #rans ring was locked in the T state (G.
Curien, unpublished results). Moreover, the mutation R197C/E386C, which eliminates a
key inter-subunit salt bridge that stabilizes the T state, greatly impairs the release of
GroES and ADP from the cis ring [49]. This leaves ATP binding to #rans ring in the T
state conformation, or an unidentified event preceding it, as a likely candidate for the
allosteric signal.

5.4.2 The Effects of Potassium The effects of potassium on GroES association
are similar to those reported for dissociation [49]. When ADP has been removed from
the trans ring, increasing the potassium from 10 mM to 100 mM results in an
approximately 4.5-fold decrease in the mean residence time (Figure 5-6). Since the ADP
has been removed, subunits in the trans ring are expected to be in the T state, as
evidenced by the value of the allosteric constant reported in Chapter 4 and elsewhere
[50]. The difference between the binding affinities for the T state at 10 mM and 100 mM
potassium, determined from fits in Chapter 4, is approximately 5.5-fold, where binding is

favored at the higher concentration of potassium. Thus, the reduction in the mean
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residence time at 100 mM K is directly related to the higher binding affinity for ATP. In
the presence of trans ring ADP, the situation is more complicated; increasing the
potassium concentration from 10 mM to 100 mM results in a significant increase in the
mean residence time. Here, the effect is due to a higher affinity for the ADP at the higher
potassium concentration, resulting in a longer residence time. The magnitude of this
result cannot be directly compared to the values for kg at the two potassium
concentrations for several reasons: 1) the derived constants are for ATP, not ADP, 2) the
constants were derived for GroEL in the absence of GroES, and 3) the mean residence
time will be affected by ADP release and ATP binding, both of which are affected by the
potassium concentration.

The effects of substrate protein at the two potassium concentrations are shown in
Figure 5-5A and B. Substrate protein shifts the equilibrium of subunits in the trans ring
to the T state, which has a lower affinity for nucleotide than the R state. Thus, at high
potassium concentrations, there is a significant stimulation in GroES release as the ADP
is discharged more quickly. But at low potassium concentrations, the affinity for
nucleotide in both the T and R states is significantly reduced, such that the stimulatory
effect of substrate protein essentially disappears.

5.4.3 The Evidence for Symmetric Complexes Although the studies here did not
show a kinetic requirement for symmetric complex formation, it cannot be ruled out that
such particles form. Indeed, in light of the multiple experiments that have chronicled
their existence, it would be hard to argue otherwise. The difficulty is that if such
complexes form due to association of ATP and GroES preceding dissociation of the cis

ligands, such a complex would be extremely transitory. In the presence of ADP, the rate
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limiting step in the GroES association and dissociation reactions is the release of ADP
from the trans ring. Thus, the majority of the mean hemicycle time is spent as an
asymmetric complex. In this case, it is difficult to imagine they would make up a
significant fraction of the total population as reported [18, 111]. Since reciprocity was
observed between association and dissociation under a variety of conditions, including
conditions of high K" and low ADP (which presumably favors the formation of
footballs), it is difficult to reconcile such a high percentage of symmetric particles. The
slight increase in signal in Figure 5-9A above the starting point suggests they might be
forming in the steady state. A final possibility is an off-pathway mechanism, where ATP
and GroES bind to the trans ring once ADP has departed, but before it has relaxed to
back to the T state and sent the signal for cis dissociation.

Although the GroEL and GroES traps did not conclusively demonstrate formation
of “footballs,” it did highlight the importance of sample preparation and experimental
conditions. This experiment becomes an exquisitely sensitive method for determining the
degree of substrate contamination. The fact that others observed no difference in the
traces using the two traps [20], however, does not indicate that their preparations are
especially clean. On the contrary, we believe one reason the results from our lab differ so
dramatically from those previously reported is that our preparations are significantly less
contaminated with substrate protein due to the acetone precipitation step in the GroEL
purification [49]. However, their experiments were performed at 10 mM K, where
substrate protein, as shown in Figure 5-5B, has very little effect. It becomes clear that
understanding the consequences of the various allosteric effectors is critical to

experimental design and interpretation.
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Chapter 6

Summary and Final Discussion
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Examining the allosteric properties of a large, macromolecular assembly such as
GroEL can be overwhelming. Not only are there interactions to account for within and
between the rings, but there are also a host of allosteric ligands: ATP, ADP, SP, K",
Mg®", and GroES [51]. Yet it is a complex array of allosteric interactions that allows for
such exquisite control of many biological systems and makes GroEL a particularly
interesting model for study. A nested cooperativity model was proposed to explain the
steady-state kinetics of ATP hydrolysis by GroEL [50]. The model made two
assumptions: 1) ATP could be bound and hydrolyzed only by the R state, and 2) the
activity of subunits in the R state of a RR ring is less than the activity of subunits in the R
state of a TR ring. The primary goal of the work presented in this dissertation was to
examine the fine details of this model and to test its applicability with allosteric ligands
such as potassium, which had not been previously addressed.

Previous studies with GroEL"* (G. Curien and G. Lorimer, unpublished results),
along with work presented in Chapter 3, support the broad outlines of the nested
cooperativity model. Subunits within a ring transition from the T to R state in a
concerted fashion, in accordance with the MWC model. The principle of negative
cooperativity was supported by mutants that lacked an opposing ring (SR1) or were
deficient in inter-ring signaling (GroEL"*™); no decrease in ATPase activity at higher
concentrations of ATP was evident for either mutant (Figures 3-8A and 3-15).

However, in the process of confirming the concerted nature of allosteric
transitions within a ring, it became apparent that the T state not only bound ATP, it
hydrolyzed it at a rate similar to that of the R state (Figure 3-12). This led to the

development of a new set of equations for nested cooperativity where the exclusive
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binding assumption was not invoked. Moreover, the results with potassium, both from
the fitting and from the FRET experiments detailed in Chapter 5 and elsewhere [49],
reveal that the other assumption of the original nested cooperativity model is also
unnecessary. Negative cooperativity is not due to a difference in the k., of the various
allosteric conformations, but is a direct result of the time it takes for ADP to dissociate
from the trans ring [49]. The corollary to this is that conditions which enhance the R
state thereby decrease the rate of ADP dissociation from the #rans ring and slow the rate
of steady state turnover. Fits to the ATPase data collected at various potassium
concentrations revealed that potassium affects the binding affinity for ATP without
altering the allosteric equilibrium constant, L (Figures 4-6 and 4-9). Increasing the
binding affinity for nucleotide has the result of increasing the population of rings in the R
state, thereby inhibiting the release of ADP from the trans ring. ATP hydrolysis in the
cis ring is unaffected (J. Grason, unpublished data). Thus, it now becomes clear why
potassium alters the Vi,.x of GroEL and not SR1; the result is a direct reflection of the
decreased negativity cooperativity as the concentration of potassium is lowered (Figure
4-7). In the absence of a second ring, potassium exerts no effect (Figure 4-5). Likewise,
substrate protein shifts the equilibrium to the T state, which has a lower affinity for
nucleotide, thus speeding release of ADP from the trans ring and stimulating the overall
rate of hydrolysis. Again, this effect is seen only with GroEL and not SR1 (Figure 3-8B).

The results of the FRET experiments in the presence of various potassium
concentrations and substrate protein can be explained similarly. Conditions which speed
the dissociation reaction also increase the rate of association (Figure 5-5). This is

because the key event, ATP binding to the T state of the trans ring, is a prerequisite for
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both dissociation and association. It makes sense that visiting the T state should be an
obligatory part of the reaction cycle. The T state has a higher affinity for unfolded
substrate protein and the role of the chaperonin is to capture and refold such proteins.
Thus, ATP binding to the T state serves three purposes: 1) it is likely the allosteric signal
transmitted between the rings that allows for cis ligand release, 2) it induces the
formation of the R state in the trans ring, a necessary step for GroES association, and 3)
it captures substrate protein, and in the process of switching to the R conformation, pulls
the substrate binding sites apart (Figure 1-4).

Chapter 5 also explored the possibility of symmetric complex formation.
Although the literature has offered ample evidence for their existence (negatively stained
and cryo-EM images as well as analytical ultracentrifugation) [105, 107, 108], there is no
explanation for how this occurs in the reaction cycle postulated in Figure 5-1. Based on
the criteria that symmetric complexes are asymmetric with respect to the nucleotide
present in each ring [59], this leaves only three mechanisms for their formation. First,
because the rate of association is dependent on the concentration of free GroES (Figure 5-
4), it is possible that association could precede dissociation and lead to the formation of a
symmetric complex, where the cis ring contained ADP and the ¢rans ring contained ATP.
However, while this event is on-pathway and can be accounted for in the reaction cycle in
Figure 5-1, the relative amount of time spent in this configuration would be extremely
short. Since researchers have reported populations consisting of more than 50%
“footballs” [18], this does not seem the likely mechanism for their formation. Likewise,
if complexes are formed in the steady state by GroES adding to the ADP-bound form of

the trans ring before ATP had been hydrolyzed in the cis ring, the fraction of symmetric
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complexes would again be small. This means the most likely mechanism is an oft-
pathway, nonproductive one where ATP and GroES add to the trans ring once ADP has
departed, but before the ring has relaxed back to the T state. This mechanism also makes
sense in light of the dependence on K™ and ADP concentrations. It has been reported that
low K" and high ADP disfavor formation of symmetric complexes [16]. If the
concentration of ADP were high, it would likely out compete ATP for rebinding to the
unoccupied R state. Low potassium would decrease the affinity of both nucleotides,
increasing the chance that the ring would relax to the T state before ATP and GroES
could bind. This off-pathway mechanism, however, makes it unlikely that substrate
protein would be trapped inside both rings simultaneously, as has been reported [105].
The new model of nested cooperativity presented here is consistent with the data
collected by this lab and underscores the necessity of scrupulous experimental set-up and
design. Much of the GroEL data in the literature is confusing and contradictory because
allosteric ligands, especially contaminating substrate protein, have not been accounted
for. A new model also presents an opportunity for further experimentation and
refinement. It would interesting to apply the equations presented in Chapter 4 to various
GroEL mutants to see if the derived parameters continue to match with experimental
results. Applying these equations in the presence of GroES would also be useful to see if
the value for L,’, which describes the allosteric equilibrium of the trans ring of the
asymmetric complex, differs significantly from its previously reported value [64].
Further study is also needed to verify our hypothesis that ATP binding to the trans ring is

the allosteric signal transmitted between the rings, perhaps by making use of a GroEL
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D83C/K327C/D398A triple mutant, which could be locked in the T state with chemical
cross-linkers but would not be capable of hydrolyzing ATP.

The model of nested cooperativity presented here proposes a novel look at
negative cooperativity and offers fresh insights into the role played by allosteric ligands
such as substrate protein and the potassium ion. The mean residence times obtained from
the FRET experiments here and previously [49] make clear that, in the absence of
substrate protein, the chaperonin conserves its fuel (ATP) and spends most of its time in
the resting state. However, in the presence of substrate protein, the rate of turnover is
accelerated nearly 17 fold and approaches the speed limit, that is the time it take for ATP
to be hydrolyzed in the cis ring [49]. Thus, the chaperonin is designed in a way that
allows for the maximum number of turnovers in the presence of SP, with the timing
device for the system located on the trans ring. This is consistent with the iterative
annealing mechanism, which advocates that the efficiency of the machine increases with

multiple turnovers [44, 70].
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Appendix: Derivations of Equations for Nested Cooperativity

All the equations used to fit the data in Chapter 4 have been previously described
[50]. However, due to an error in the published derivation, the equations are derived in
full here. An excellent reference for the algebraic treatment of allosteric models is the
Biophysical Chemistry text by Cantor and Schimmel [112].
A.1 Equations for the Single Ring

Interactions within a single ring of GroEL are modeled according to MWC
theory, meaning that all the subunits move in a concerted motion such that subunits
within a ring must be either in the T state or R state [52]. The MWC model makes a
number of assumptions:

1) Each protomer (in this case, a single subunit) contains a unique ligand binding

site.

2) The two conformational states, T and R, are defined by a reversible

equilibrium. The affinity for ligand in each of these states may be different.

3) The binding affinity is determined solely by the conformational state of the

subunit, and not on the occupancy of neighboring sites.

With this in mind, the microscopic dissociation constants can be defined for ATP
binding to the T and R states as kr and kg, respectively. The ligand is presumed to bind
preferentially to one state over the other, in this case, the R state, such that kt # kg. The
binding equilibria for the R state can be defined as follows:

R, +F=R,
R, +F=R,
R,+F=R, ..andso on, until
R,+F=R,
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R represents the macromolecule, which is defined here as the single ring of GroEL in the
R conformation, and contains n sites for the ligand F. In this case, n equals 7, and F is
ATP. However, this describes the microscopic species present after each successive
round of ligand binding. For example, there are seven different microscopic species that
are possible upon the binding of 1 ATP molecule to a ring containing seven binding sites,

as shown in Figure A-1.

Figure A-1: The Microscopic Species Possible with One Ligand Bound to the Single
Ring. Each subunit within the ring is represented by a circle. The subunit with ATP
bound in colored cyan. If only one ATP is bound, there are seven different
conformations which describe the microscopic state.

The number of microscopic species is defined by Q, ;, which describes the number of
microscopic forms that make up R;, or put another way, the number of distinct ways i

ligands can be arranged on n sites:

n!

(=)
The more familiar macroscopic equilibrium constant, K, can be distinguished from the

microscopic constant, k, by the statistical factors, Q,;:

By defining the dimensionless constant a as [F]/kg, then the equilibrium expressions for

the R state become:
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R, +F=R, K, =1/7k, =[R_ ][FV[R,] [R,]1=7[R, Jo

R, +F=R, K,=7/21lk, =[R,][FV[R,] [R,]=21[R, Jo.’
R,+F=R, K, =21/35k, =[R,][F/[R,] [R,]=35[R Jo’
R,+F=R, K, =35/35k, =[R,][FI/[R,] [R,]=35[R Jo*
R,+F=R, K,;=35/21k, =[R,][F/[R,]  [R,]=21[R Jo’
R, +F=R, K, =21/7k, =[R,][FV[R,] [R,]=7[R Jo°
R,+F=R, K., =7k, =[R,][FV/[R,] [R.]= [R, Jo’

Similar expressions may be derived for the T state. In order to express the T state
equilibria in the same terms used for the R state equilibria, two new constants are
defined. The ratio between the two dissociation constants is kr = kr/c, and the
conformational equilibrium between the T and R state in the absence of ligand is L =
[To)/[Ro]. Thus, the T state equilibria are defined as follows:

T+F=T, K, =1/7k, =[T,][FI/[T,] [T]=7L[R,]Jca
T+F=T, K, =7/21k, =[T]J[FV/[T,] [T,]=2IL[R,]c’a’
T,+F=T, K, =21/35k, =[T,][F/[T,] [T,]1=35L[R, ]c%a’
T,+F=T, K, =35/35k, =[T,][FV[T,] [T,]=35L[R, Ic’a’
T,+F=T, K, =35/21k, =[T,][FV/[T;] [T,]=2IL[R,]c%a’
T,+F=T, K, =21/7k, =[T,][F)/[T,] [T,]=7L[R, Jc’a®
T,+F=T, K, =7k, =[T,][FV/[T,] [T,]= L[R, ]c'a’

The fractional saturation, y,., with respect to F is defined as:

. Y iR+ Y AT)
BRI DINCSED W]

where the numerator represents the total occupied sites and the denominator is the total

number of sites. These terms are defined from the T and R state equilibria equations:
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,
D (R)=[R,](1+70 +2l0.* +350° +350.* + 21a° + 70’ +a.”) =[R, ](1+a)’

ST = LR, )1+ )
S iR)=a - (R)=TIR el +0)"

i i=0

> i(T) = TLR, Jeor(1+c0t)’

Substituting these expressions into the equation for fractional saturation, and using the

relationship: y,. =V /V__where V, and V. are the initial and maximal velocities,

Equation 1, as presented in Chapter 4, is obtained. This describes the binding of ATP to

a single ring using MWC formalism, assuming ATP can bind to both the T and R states.

- Viu(l+a)® +V, Lea(l1+ca)’
’ (I1+a) + L1 +ca)

A.2 Equations for Nested Cooperativity in the Double Ring

Interactions between the rings proceeds sequentially, according to KNF theory
[53]. The equilibria between the various allosteric states in the double ring can be
represented by:

L L [TR] [RR]
TT = TR = RR whereL, = L, =
T YITT] O [TR]

The fractional saturation again is defined as the total occupied sites divided by the total

available sites:

DL HTT)+Y ) i(TR)+) i(RR)
2N[X,(TT)+ X (TR)+ X (RR)

F

N refers to the number of subunits in a ring, such that 2N = 14. Thus, the terms are

defined similarly as in the case of the single ring:
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SUIT) =TT 104 c) S (TR)=[TR J1+0)* (+c)’ 3 (RR,)=[RR,](1+ )"

i=0

%i(T]}) = 2Nca[TT, ](1+ con )™ %i(RRi) =2Na[RR J(1+a )™

Y i(TR) =a[TR, ][ N(1+a)"" (1+ca)" +eN(1+a)" (1+c)*™ |

i=0
In order to express all concentrations in terms of TT, [TR] =L,[TT] and [RR] =
L,L,[TT]. As before, a =[F]/kgr and kr =kg/c. Substituting these expressions into the

above equation for fractional saturation, the reduced equation becomes the one presented

in Chapter 4:

. Vppeo(1+ COL)13 +0.5Vpa L (1 +(x)6(1 + ca)7 +0.5Vppea L (1 -t-oc)7 1+ coa)6 +VRro L Ly (1 +OL)13

o

(1+ca)14 +L1(1+oc)7 (1+coc)7 +L1L2(1+a)14
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