Micelle-Catalyzed Domain Swapping in the Cytoplasmic
Domain of E. coli Rhomboid Protease

Jason Ka-Cheong Kwok

Thesis Submitted to the
Faculty of Graduate and Postdoctoral Studies
University of Ottawa
In partial fulfillment of the requirements for the
M.Sc. degree in the

Ottawa-Carleton Chemistry Institute

© Jason Ka-Cheong Kwok, Ottawa, Canada, 2014



Abstract

Domain swapping is a mechanism of protein oligomerization whereby subunits
exchange identical structural elements with each other. This type of interaction is important
in a number of biologically important processes, including the regulation of enzyme activity,
the modulation of molecular recognition and in the development of some protein deposition
diseases. Domain swapping can be promoted by exposure to chemical denaturants, high
temperatures, or redox reagents, although these factors can deviate greatly from conditions
encountered in vivo. Moreover, in some cases these conditions can alter the monomer-
oligomer equilibrium or even promote the formation of alternate domain-swapped oligomers.
In contrast, we have found that it is possible for detergent micelles to be used as a catalyst in
the domain-swapping interaction involving the N-terminal cytoplasmic domain of E. coli
GlpG rhomboid protease. Our results show that hexadecylphosphocholine micelles can
catalyze domain swapping of NGIpG by lowering the Gibbs free energy of the kinetic barrier
by 12 kcal/mol, while preserving the equilibrium populations of monomer and dimer.
Micelle charge and size were found to be important for this catalysis, which involved the
formation of a partially unfolded micelle-bound intermediate containing significant
secondary structure. Overall, the results from this work reveal how detergent micelles can
affect the energy landscape of domain swapping for NGIpG, and provide insight into the
potential ability of local irregularities in lipid membrane environments to play a role in

domain swapping in vivo.
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Chapter 1: Introduction
1.1 Domain Swapping

Domain swapping is an unusual mechanism of protein oligomerization whereby
protein subunits exchange identical structural elements with each other (1). Each subunit of
the oligomer, called a protomer, is structurally identical to the monomer, but is made up of
more than one polypeptide. Swapped elements can range in size from a single alpha helix or
beta strand to a globular domain, with the swapped element typically coming from the N- or
C-terminus. Regions of the domain-swapped oligomer that connect protomers are referred to
as hinge loops, and are often in a turn conformation in the monomer to allow intramolecular
interactions with the rest of the polypeptide, but are in an extended state in the domain-
swapped oligomer. While domain-swapping interactions are relatively rare, crystal structures
of domain-swapped states have been determined for more than 60 proteins to date (1).

Although the structures of many domain-swapped proteins have been determined,
questions have been raised as to whether this oligomerization mechanism is biologically
relevant, as some domain-swapped states have been obtained under physiological conditions,
while others can only be obtained by exposure to conditions that may not be biologically
relevant. For example, the x-ray crystal structure of the domain-swapped dimer of
cyanovirin-N was solved at low pH, yet cyanovirin-N would not be expected to encounter
low pH conditions in vivo (2). In contrast, some proteins have been shown to undergo
domain-swapping interactions in vivo, such as T7 helicase, phosphoenolpyruvate mutase, T4
endonuclease, and BS-RNase, suggesting that domain swapping interactions can have
biological relevance (3—5). For example BS-RNase can form a domain-swapped dimer that,
unlike the monomer, exhibits allosteric ribonuclease activity and is necessary for antitumour

activity (3, 6, 7). In addition, there are also examples of proteins whose domain-swapped



forms have not been observed in vivo, but can still form domain-swapped oligomers in
solution conditions that could be found in physiological systems. For example, RNase A can
form a domain-swapped dimer at pH 6.5 and 37°C (3, 8), and its domain-swapped state
exhibits higher enzyme activity on RNA than does its monomeric state (9). Similarly,
diphtheria toxin forms a domain-swapped dimer at low pH that resembles the acidic
conditions in endosomes, and has also been crystallized in its domain-swapped state in
complex with its receptor (3, 10). Altogether, these examples show that domain swapping

can occur in vivo, and in some cases can regulate enzyme activity or molecular recognition.

1.2 Domain Swapping and Deposition Diseases

Domain swapping is also implicated in the development of some protein deposition
diseases that are caused by the formation of amyloid or non-amyloid fibrils (11). All amyloid
fibrils comprise proteins with beta strands that stack perpendicularly to the fibril axis in an
arrangement referred to as a cross-beta spine. Domain swapping has been proposed to be
involved in the pathological self-assembly of amyloid fibrils by cystatin C, B2-
microglobulin, prion protein (PrP). The cross-beta spines of amyloid fibrils formed from
these domain swapping proteins comprise hinge loops that adopt beta strand conformations
in the domain-swapped oligomer. Alternatively, some domain swapping interactions appear
to play a role in the formation of non-amyloid polymers, such as the z-mutant of a1-
antitrypsin that is associated with serpinopathies (12).

The first protein that was shown to form amyloid fibrils through domain swapping
was cystatin C (Fig. 1.1). The crystal structure of its domain-swapped dimer was solved for
the full length protein and for N-terminally truncated variants produced by limited

proteolysis (13, 14). These structures showed that the hinge loops in both domain-swapped



dimers form beta sheets, and that the dimers could stack on top of each other such that
hydrogen bonds formed between beta sheets of protomers from adjoining dimers (Fig. 1.1)
(15). More evidence suggesting that domain swapping interactions are involved in cystatin C
fibril formation was provided by experiments showing inhibition by disulphide bridged

mutations that prevent domain swapping (16).

Figure 1.1: Crystal structure of the domain-swapped dimer of full-length human
cystatin C (PDB ID 1TLJ) (15). One subunit is colored in orange, and the other is colored in
blue. The secondary structural elements of the orange subunit are labeled. The swapped
elements include al, B1, and B2. The hinge loop is formed from loop BL, which connects 2
and 3. Amyloid fibrils have been proposed to form from stacking of cystatin C dimers, such
that backbone amide hydrogen bonds form between B5 strands from different dimers and
side chain hydrogen bonds form between Q48 (Q48 in the orange subunit and Q48’ in the
blue subunit) of 2 from different dimers (15).

B2-microglobulin (Fig. 1.2) and hamster PrP can each self-assemble into amyloid
fibrils through domain swapping (17, 18). Interestingly, each of these proteins possesses a
disulfide bond between its swapped element and the other polypeptide in the protomer, and
domain swapping for both of these proteins has been proposed to be induced by redox
processes. Both f2-microglobulin and hamster PrP are thought to form amyloid fibrils

through open-ended domain swapping, with the hinge loops associating to form cross-beta-



spines. Reduction of the disulfide bond involving the swapped element converts the protein
into an open intermediate state that subsequently undergoes re-oxidation to form either

dimers or higher-order oligomers by open-ended domain swapping.

Figure 1.2: Crystal structures of f2-microglobulin. (A) Monomeric f2-microglobulin
(PDB ID 1LDS) (19) possesses an intramolecular disulfide bridge (beige sticks) between
C25 of BB and C80 of BF. Under reducing conditions, the disulfide bridge is disrupted,
thereby freeing BF, along with BE and BG, for exchange with another subunit. (B) Domain-
swapped dimer of f2-microglobulin (PDB ID 3LOW) (17). One subunit is colored in red,
and the other is colored in blue. The swapped elements and the hinge loop of the red subunit
are labeled in white. The swapped elements include BE, BF and BG, and the hinge loop
comprises loop L4. Intermolecular disulfide bridges between C25 and C80° and between
C25’ and C80 are shown as beige sticks.

Given the roles of domain swapping in the regulation of protein function and the

nucleation of some protein deposition diseases, there has been increasing interest in



identifying physiologically relevant conditions that can enhance the propensity for a protein
to form domain-swapped oligomers. Linked to this is the potential impact of these conditions
on the free energy landscape and mechanism of domain swapping, an issue that I seek to

address in this thesis.

1.3 Factors Affecting Domain Swapping Propensities

To understand the propensity for a protein to undergo domain swapping, it is helpful
to consider the relative free energies, and hence stabilities, of the monomer and the domain-
swapped oligomer. The monomer and the domain-swapped oligomer are usually similar in
their stabilities because both states possess nearly identical structures (3). From a
thermodynamic perspective, domain swapping may be conducive to nucleation events that
precede the formation of amyloid fibrils. The nucleation event involves the slow formation
of a dimer, followed by growth of the fibril. Due to its thermodynamic stability, a domain-
swapped dimer has the potential to serve as a long-lived nucleus for fibril growth (20).

The stability of a domain-swapped oligomer relative to that of the monomer is
measured by the change in Gibbs free energy, AG®, which depends on the enthalpy and
entropy changes (AH® and AS°, respectively) according to:

AG®° = AH° — TAS®

Since the interactions between the swapped element and the rest of the protein are
identical in both the monomer and the domain-swapped oligomer, the exchange of the
swapped element should not affect the enthalpy of the system. However, enthalpy changes
can occur if novel interactions form between hinge loops or between protomers in the

domain-swapped oligomer (3). The entropy is generally expected to decrease upon domain



swapping, due to the significant drop in the number of translational and rotational degrees of
freedom resulting from the association of two polypeptide chains (3).

In addition to these fundamental considerations, results from a number of studies
have shown that the structure of the monomer has significant influence on domain swapping
propensity. Specifically, the hinge loop length, hinge loop sequence, and potential for cross-
talk with residues outside of the hinge loop can influence the free energy of domain
swapping (21). For example, shortening the hinge loop in some structures promotes domain
swapping, since shorter hinge loops impose strain in the monomer that could be relieved by
domain swapping, as was observed for p13sucl, ckshs2, and staphylococcal nuclease (21—
24). In other cases, domain swapping can be promoted by lengthening the hinge loop. For
example, the insertion of a polyglutamine sequence in the hinge loop of chymotrypsin
inhibitor 2 (CI2) gave rise to domain-swapped dimers and higher-order oligomers (25). In
this case, it was proposed that the insertion increased the flexibility of the hinge loop, thereby
favoring domain swapping. This idea was also supported by experiments showing that
polyalanine and polyglycine insertions could further increase the propensity for CI2 to
domain swap.

Besides the hinge loop length, specific amino acid residues in the hinge loop can
influence domain swapping propensity. In particular, proline can impart strain in either the
monomer or the domain-swapped oligomer, depending on its position in the hinge loop
relative to the other structural elements (22). For example, in the case of p13sucl, it was
determined that P90 and P92, two proline residues in the hinge loop, imposed strain in the
monomer and the domain-swapped dimer, respectively (22). Substitution of either proline

with alanine was found to alleviate the strain, thereby shifting the equilibrium toward the



state with less strain. Additionally, domain swapping of p13sucl, Ckshs1, CV-N, and Protein
L was promoted by substitution of their hinge loop residues with proline (21-23, 26, 27).
Domain swapping propensity may also be influenced by cross-talk between hinge
loop residues and regions outside the hinge loop (21, 28). Since the hinge loop is the only
region of the protein that changes in conformation during domain swapping, any remote
influence on the relative stabilities of the monomer and domain-swapped oligomer should be
communicated through the hinge loop. Based on this premise, Schymkowitz et al have
proposed that the domain swapping propensity of p13sucl depends on the sensing of hinge
loop strain by residues elsewhere in the protein, as evidenced by a shift in the monomer-
dimer equilibrium that resulted from alanine substitutions in the beta sheets flanking the
hinge region (28). The mutated residues included Glu 86 and Ile 94, which are adjacent to
the hinge loop, and also residues that contribute to the phosphate binding site, namely, Arg
39 and Arg 99 (Fig. 1.3). Also, phosphate binding was found to shift the equilibrium toward
the monomer. To test whether the hinge loop had a role in sensing ligand binding and
translating it into a change in the monomer-dimer equilibrium, the authors mutated proline
residues in the hinge loop and measured the equilibrium constant for dimerization before and
after the addition of ligand. For these mutants, no difference in the monomer-dimer
equilibrium was observed before and after ligand binding, confirming that the hinge loop
proline residues are indeed necessary for translating ligand binding at remote sites into a shift

in the monomer-dimer equilibrium.



Figure 1.3: Crystal structure of domain-swapped dimer of p13sucl (PDB ID 1SCE)
(29). One subunit is colored in orange, and the other subunit is colored in blue. The
secondary structure elements of the orange subunit are labeled. The swapped element
comprises 34 and the hinge loop consists of B3-B4. E86 and 194, both shown as green sticks
in the orange subunit, are proposed to sense hinge loop strain since mutation of either residue
to alanine alters the monomer-dimer equilibrium. The phosphate binding site includes R39
and R99, which can also sense hinge loop strain. In the domain-swapped dimer, R39 (orange
stick) and R99’ (blue stick) come from different subunits. Binding of phosphate shifts the
monomer-dimer equilibrium toward the monomer.
1.4 Domain Swapping Mechanisms

Although the structural similarity between the monomer versus the protomer in a
domain-swapped oligomer gives rise to similar stabilities, several intramolecular interactions
between the swapped element and the rest of monomer must be disrupted for exchange to
occur; therefore, large activation energies are often associated with domain swapping. As
such, it has been suggested for many domain-swapping interactions that the protein must first
unfold before it can undergo domain swapping, although the extent of unfolding that is

required seems to depend on the protein (21). In cases where the swapped element cannot

fold independently, partial or complete unfolding of the protein must occur prior to



association, with this interaction being required for refolding to occur. Furthermore, the
extent of unfolding required also depends on the location of the swapped element.
Specifically, when the swapped element does not make significant contributions to the
hydrophobic core, only partial unfolding is required, as was proposed for domain swapping
by barnase, which swaps two alpha helices at its N-terminus (30). By contrast, if the swapped
element forms an integral part of the protein hydrophobic core, then complete unfolding of
the protein is thought to be required, and the association must occur between fully denatured
polypeptides that concomitantly associate and refold. This mechanism for domain swapping
was proposed for p13sucl since its swapped element is a beta strand that forms part of a beta
sheet located in the hydrophobic core of the folding nucleus (22). Complete unfolding was
also proposed in the mechanism for domain swapping of the N-terminal domain of CD2
because its protomers are composed of beta sheets formed from highly intertwined intra- and

intermolecular beta strands (31).

1.5 Domain Swapping Conditions

Since domain swapping often involves protein unfolding and refolding, denaturing
conditions, or reagents that disrupt interactions between a swapped element and the rest of
the protein, should facilitate the exchange of structural elements. For example, the formation
of domain-swapped dimers of Fisl and Stefin A could be facilitated with the use of
denaturing conditions, such as high concentrations of chemical denaturants or high
temperatures (32, 33). However, these denaturing conditions do not resemble physiological
environments. Moreover, as amyloid and non-amyloid fibrils of domain-swapped proteins
continue to be characterized, it is important to be aware of the conditions that are used to

induce fibril formation because the use of non-physiological conditions could give rise to



alternate aggregates that do not actually exist in vivo. For example, the formation of amyloid
fibrils of hamster PrP was induced by exposing samples to reducing agent, chemical
denaturants, and salt, promoting the in vitro conversion of monomeric hamster PrP into an
open intermediate. The slow removal of these additives is required for subsequent formation
of higher order assemblies (18). Although the disulfide bond is important for the infectivity
of PrP, no biological factors or conditions have been proposed to provide the redox
environment necessary to promote the formation of the open intermediate (1, 18). Also, the
high concentrations of guanidine hydrochloride and salt result in conditions that do not
resemble those encountered in physiological systems. Therefore, it is still not known whether
the PrP amyloid fibrils produced in this manner are related to the aggregates associated with
Creutzfeldt-Jakob disease (1).

The potential problem of non-physiological domain swapping forced by denaturing in
vitro conditions is perhaps best characterized in a study of the Z-mutant (G324L) of al-
antitrypsin that is associated with one of the serpinopathies (12). This mutant gives rise to a
non-amyloid polymer that accumulates in hepatocytes, thereby causing liver cirrhosis.
Studies support a model for polymerization involving open-ended domain swapping, where
the reactive center loop from one subunit interacts with a B-sheet from another subunit (34).
In 2008, Yamasaki and co-workers solved the crystal structure of a domain-swapped dimer
of another serpin, antithrombin, and proposed a different model for the polymerization based
on the structure (35). According to this model, polymerization still involves open-ended
domain swapping, but the swapped element was proposed to be a beta hairpin consisting of
the reactive center loop and B5 of B-sheet A, rather than just the reactive center loop itself.
This model was later rejected based on the results from experiments using synthetic peptides,

limited proteolysis, monoclonal antibodies, and ion mobility-mass spectrometry to
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investigate the structure of the polymeric intermediate (12). It is believed that the use of
guanidine to promote antithrombin polymerization resulted in the formation of the alternate
polymer, which could not be recognized by the monoclonal antibody that binds only the
pathological polymers of al-antitrypsin. On the other hand, the polymer that was recognized
by the antibody was consistent with the structure involving the swap of just the reactive

center loop.

1.6 E. coli Rhomboid Protease and its N-terminal Cytoplasmic Domain (NGIpG)

Given the influence of local environment in triggering domain swapping events,
particularly in disease-related proteins, it would be useful to identify conditions of
physiological relevance that have the potential to induce this type of interactions. Not only
would this improve understanding of mechanisms of pathological protein misfolding events,
but it could also form the basis for the development of new strategies for inhibition of these
interactions. My thesis has focussed on the ability of a membrane-mimetic detergent micelle
to alter the free energy landscape for domain swapping. The system that I have used for
these studies is the cytoplasmic domain from the E. coli GlpG rhomboid protease (ecGlpG).

Previously, the Goto lab discovered that the N-terminal cytoplasmic domain of E. coli
rhomboid protease (NGIpG), an intramembrane serine protease, could form a domain-
swapped dimer (36). Moreover, domain swapping of NGlpG was found to be catalyzed by
hexadecylphosphocholine (Fos16) detergent micelles. Since detergent micelles can resemble
local irregularities in lipid bilayers, they may have physiological relevance as factors that
induce domain swapping in vivo. By studying the effect of Fos16 detergent micelles on the
kinetics and thermodynamics of domain swapping of NGlpG, insights into the mechanism of

action of similar biological factors on domain swapping can be obtained.
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The domain studied in this thesis comes from the rhomboid family of intramembrane
serine proteases, a group of proteins involved in a wide range of biological functions,
including cell signalling, host cell invasion by apicomplexan parasites, and mitochondrial
remodeling (37). These proteases each possess at least six transmembrane helices that form a
hydrophilic cavity where the serine-histidine catalytic dyad is located (38). In addition to the
transmembrane segments, many rhomboid proteases also possess extramembranous domains.
In the case of the E. coli GlpG rhomboid protease, this domain is NGIpG, an N-terminal
cytoplasmic domain composed of a three-stranded anti-parallel B sheet flanked by two o
helices (Fig. 1.4) (39). The functional relevance of NGlpG remains unknown; its removal
from full-length GIpG does not alter the ability of this rhomboid to cleave model substrates
(36). However, it is not yet known whether NGlpG plays a role in E. coli GlpG cleavage of
native substrates, since no biologically relevant target has yet been identified (40).
Interestingly, the activity of the human rhomboid RHBDL2 on thrombomodulin has been
shown to require the cytoplasmic domain (41), raising the possibility that NGlpG could play

a similar role.

Figure 1.4: Solution NMR structure of the lowest energy conformer of monomeric
NGIpG (PDB ID 2LEP) (39). The swapped elements include a2 and B3, and the hinge loop
comprises the B2-f3 turn. The hinge loop residues Q31 (light green), H32 (dark green), N33
(turquoise), and Q34 (light green) are shown as sticks.
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During the preparation of samples for structure determination of the isolated NGIpG,
the domain was found to elute from the size exclusion chromatography column in both
monomeric and dimeric states (36). However, when either of the states was isolated and re-
applied to the column at room temperature, no conversion to the other state was observed,
suggesting that these two states were kinetically trapped. Consistent with this, it was found
that the isolated monomer or dimer would convert to the other state if exposed to elevated
temperatures. By measuring rate constants for exchange at several temperatures in the 45°C-
60°C range, the activation energy for dimerization was found to be ~80 kcal/mol.. The large
activation energy suggests that the NGlpG dimer is formed from a domain-swapping
interaction.

To explore this possibility, 2D "H-""N HSQC spectra were acquired on monomeric
and dimeric NGlpG and average amide chemical shifts differences calculated for each
residue (36). The largest chemical shift changes were found in residues H32, Q34, S35, and
D36 localizing to a turn between the second and third beta strand (Fig. 1.4). No other residue
showed a significant change in chemical shift, indicating that the local chemical environment
of the monomer and dimer was identical for all residues outside this turn. This pattern of
chemical shift changes was also highly consistent with a domain-swapping interaction. To
confirm the domain-swap, the dimer interface of NGlpG was characterized by recording a
NOESY experiment selective for intermolecular contacts (42). This experiment showed
intermolecular NOE signals involving a2 and 3, suggesting that these secondary structure
elements comprise the swapped element, with the f2-B3 turn serving as the hinge loop.

To obtain atomic resolution detail to this domain-swapped dimer, the solution NMR
structure of the dimer was determined (36). However, prior to final refinement of this

structure an x-ray crystal structure of dimeric NGlpG became available, showing good
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agreement with our calculations (Fig. 1.5). In the case of the crystal structure, the region
between B2 and B3 was resolved in a B-strand conformation, forming novel intermolecular
and intramolecular hydrogen bonds that are not present in the monomer. In the case of the
NMR structure, only very low B-strand propensity was predicted for backbone secondary
shifts, suggesting that this additional -strand structure may not be very stable in solution.
The extended nature of the structure in this region made it difficult to precisely define its
conformation from NOEs. Consequently, it is not known whether the hinge loops are

structured in solution.

Figure 1.5: Dimer structure of NGIpG. Lowest energy conformer of the solution NMR
structure of dimeric NGIpG shown on the left, with one subunit colored in dark blue and the
other subunit colored in light blue. Superposition of the solution NMR structure with the x-
ray structure (PDB ID 4HDD) (40) of dimeric NGlpG (purple) shown on the right.

An understanding of the structure, dynamics, and interactions of the hinge loops will
provide clues as to what factors might affect the relative stabilities of monomeric and dimeric
NGIpG, and is therefore one of the objectives of this thesis. In particular, heteronuclear
{'"H}-">N NOEs can be used to assess the conformational flexibility of the hinge loops
relative to the rest of the structure (43). In addition, backbone amide hydrogen exchange

experiments can be done to provide a measure of the stability of backbone hydrogen bonds
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(44), and to determine whether any differences exist between the domain-swapped and
monomeric states. Regions of the protein that show changes in hydrogen bond stability
outside of the hinge loop region will help to account for the observed propensity for domain
swapping by NGIpG.

One of the most unique aspects of NGlpG domain swapping was the observation that
rates of interconversion between monomer and dimer could be significantly accelerated by
the addition of detergent micelles (36). In particular, NMR spectroscopy and SEC
experiments both showed that the micellar state of hexadecylphosphocholine (Fos16), which
has a critical micelle concentration (CMC) of 13 uM as reported by Anatrace, could
accelerate domain swapping without changing the apparent affinity for dimer formation.
This is the first known example of micelle-catalyzed domain swapping, with no other
demonstrations of catalysis for domain swapping yet described. However, several questions
still remained from this study. Specifically the kinetics and thermodynamics of the micelle-
accelerated domain swapping of NGIpG had not been quantitatively measured. In addition,
the properties of the micelle (e.g. size, charge) that are important for this phenomenon had
not been well characterized. This information should provide insight into the mechanism of
micelle-catalyzed domain swapping, and potential physiological factors that could induce
domain swapping. Therefore, one of the goals of this thesis is to address these questions,
providing a more detailed mechanistic description of micelle-catalyzed domain swapping for

NGIpG.

1.7 Thesis Goals
NGlpG undergoes a domain-swapping interaction that can be catalyzed by Fos16

micelles. Critical to our understanding of this process is the solution state structure of the
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dimer, and information about the energetics, physical requirements and intermediates
involved in this process. To address these issues, my thesis has focussed on these
experimental objectives:
e Obtain NMR data required to refine the solution NMR structure of dimeric NGIpG.
¢ (Quantitate the amount of energy that is lost from the activation barrier to domain
swapping when the reaction is catalyzed by Fos16 micelles
e Determine the properties of the micelles that are important for the acceleration of
domain swapping.
e Characterize the structural properties of the micelle-bound intermediate formed
during micelle-accelerated domain swapping.
The results of this study are expected to provide insights into how detergent micelles alter
folding energy landscapes to accelerate domain swapping. Since detergent micelles resemble
certain lipid membrane environments, such as local lipid irregularities or phase boundaries of
lipid rafts, the micelle properties that accelerate domain swapping may have physiological
relevance. Also, an understanding of the mechanism by which detergent micelles accelerate
domain swapping might provide insights into how lipid-like environments might stabilize
intermediates that form domain-swapped dimers or oligomers of higher order assemblies.
Since this work involves the use of solution NMR and CD to characterize the
structures of the dimeric and micelle-bound intermediate state of NGlpG, some of the basic

theory behind these biophysical techniques will be introduced in the following section.
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1.8 Theoretical Background for NMR and CD Experiments

1.8.1 Investigating Protein Dynamics on the Picosecond to Nanosecond Timescale by
Solution NMR

Protein dynamics can be classified by the timescales within which particular protein
motions occur (43). On the picosecond to nanosecond timescale, side chain motions, loop
movements, and molecular rotation are most relevant. Nuclear spin relaxation measurements
on this timescale can therefore be used to evaluate the flexibility of loop regions relative to
the rest of the protein. In this work, one of these types of measurements, namely the
heteronuclear nuclear Overhauser enhancement (hnNOE) was performed on monomeric and
dimeric NGIpG to study the flexibility of the hinge loop in NGlpG relative to the rest of the
protein. The "N {'H} NOE arises from magnetization transfer from a 'H to "N nucleus due
to dipole-dipole interactions (43). The transfer of magnetization depends on the distance
between the spins and the extent of motion experienced by the spins (45). In the case of an
amide proton that is directly bonded to an '°N atom, the distance between the two spins is
fixed at a distance that allows strong dipole-dipole interactions between them. The efficiency
of magnetization transfer that gives rise to the hnNOE can be modulated by motions of the
N-H bond if they are faster than the timescale of molecular reorientation rates; in the case of
proteins in aqueous solutions, this is the picosecond to nanosecond timescale. Internal
motions that occur on these timescales can give rise to large and negative steady-state
hnNOE values, while smaller extents of internal motion or loop flexibility give rise to
positive hnNOE values.

Experimentally, steady-state hnNOE values are obtained by measuring NMR signal

intensities in a "H-""N HSQC spectrum acquired after irradiation of protons and taken as a
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ratio to those from a control experiment run without irradiation (45). For proteins that
possess little motion on the nanosecond to picosecond timescale, magnetization transfer is
less efficient and the ratio is close to 1. For amides that possess more motion on this
timescale, magnetization transfer is more efficient, and the resulting peak intensities and
ratios are decreased, with the maximal effect observed for protein motions that are faster than

0.1 ns.

1.8.2 Hydrogen Exchange Experiments

NMR spectroscopy was also employed to measure rates of backbone amide hydrogen
exchange with solvent deuterium (44). Hydrogen exchange occurs across timescales ranging
from milliseconds to hours and weeks (46). Hydrogen exchange experiments can be
performed to determine the stabilities of backbone amide hydrogen bonds. Solvent-exposed
hydrogen bonds are generally less stable and therefore more likely to be disrupted, giving
rise to a state that would allow exchange with solvent deuterium. By contrast, hydrogen
bonds in parts of the protein that are buried in the hydrophobic core are generally less
susceptible to disruptions, being stabilized by multiple interactions. Nonetheless, local
conformational fluctuations will still be possible that temporarily disrupt the hydrogen bond

and allow exchange with the solvent such that:

kopen k

ex

NH NHppe, — ND

closed
close

where NHcjoscq 1S an amide that is engaged in a hydrogen bond, NH,pe, is an amide whose
hydrogen bond has been disrupted, and ND is the amide after its hydrogen is exchanged with

a deuteron from the D,O solvent (44). ko, 1s the rate constant for local fluctuations that
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disrupt the amide hydrogen bond, k.. is the rate constant for local fluctuations that allow
the hydrogen bond to re-form, and k., is the rate constant for hydrogen exchange with the
solvent. The propensity for local opening fluctuations that disrupt amide hydrogen bonds is
given by the equilibrium constant K, , where

k
Ko _ ‘open

kclose

In practice, the hydrogen exchange rate is characterized by an observed rate constant,
kobs, Which is measured experimentally (44). The extent to which an amide hydrogen is
protected from exchange is given by the protection, PF, which is obtained by dividing ks
by the intrinsic rate constant,k;,; , as follows:

PF = kobs

Kint
kine 1s the hydrogen exchange rate constant for an amide hydrogen that is completely
exposed to the solvent and is not engaged in a hydrogen bond. k;,; is sensitive to local
sequence context, but can be can be calculated with an online tool called SPHERE

(http://www.fccc.edu/research/labs/roder/sphere/). An amide hydrogen with a higher

protection factor is more protected from exchange than an amide hydrogen with a lower
protection factor.
If an amide is mainly engaged in a hydrogen bond at equilibrium, then ks s related

t0 Kopen, Kclose, and ke, as follows (44):

k _ kopenkex
obs (kclose + kex)

Depending on the magnitude of k.jose Versus that of k,, hydrogen exchange can be classified

in one of two regimes (44). One regime is termed EX2, which is typically encountered when
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the pH is less than 8. Under this condition, the hydrogen exchange rate is pH-dependent, and
kelose 18 greater than k., allowing the observed rate constant to be simplified as.

kopenkex

kops = = KoKex

kclose

In this case, K, is the inverse of PF. That is,

PF = —
=%

The other regime is termed EX1, which is encountered at high pH. Under this condition, the
hydrogen exchange rate is pH independent, and k., is greater than ks, such that the opening
and closing fluctuations limit the rate of hydrogen exchange.
kops = kopen

In this work, the EX2 regime will be used to study hydrogen exchange, as the pH of the
buffer will be less than 8.

Hydrogen exchange rate constants can be obtained by acquiring a series of '"H-""N
HSQC spectra on a protein just after introduction into a deuterated buffer. As each residue
exchanges its amide hydrogen with a deuteron from the D,O solvent, the intensity of its
corresponding peak in the HSQC spectrum will decrease, since this NMR experiment does
not detect “H. For each residue that can be seen in the HSQC spectrum, the peak intensity
reduction as a function of time can be fit to a first order exponential decay to give the
exchange constant. These are then used to calculate protection factors, allowing the

identification of regions of high and low local conformational stability.

20



1.8.3 Circular Dichroism (CD) Spectroscopy

CD spectroscopy is a type of absorption spectroscopy useful for characterizing the
secondary or tertiary structure of proteins (47). CD is the differential absorption of left and
right circularly polarized light by chiral molecules, and is measured in units of ellipticity. For
proteins, the arrangements of peptide bonds in secondary structures gives rise to chirality
(48). To facilitate the comparison of CD results, the ellipticity is often converted to units of
mean residue ellipticity (MRE), which normalizes the ellipticity by peptide bond
concentration, and represents the average ellipticity for any residue within the protein
sequence.

In this work, CD spectroscopy was used to estimate secondary structure content for
monomeric and dimeric NGlpG. Each class of secondary structure gives rise to a
characteristic CD spectrum. Specifically, an alpha helix gives rise to a spectrum with
characteristic minima at 222 nm and 208 nm, while the spectrum of an anti-parallel beta
sheet has a minimum at 218 nm and a maximum at 195nm (48). This allows secondary
structure content to be estimated through the use of deconvolution algorithms with a
reference library of spectra from proteins of known structure (48, 49). Typically, a linear
combination of spectra from these proteins from the reference library is used to reproduce the
experimental spectrum. The success of these methods tends to improve when reference
libraries contain a large database of proteins, ideally from a similar structure class to the
protein being analyzed (50).

In addition to secondary structure determination, CD spectroscopy can also be used to
assess the thermal stability of a protein, which is quantified by the transition midpoint of the
melt, Ty, and the enthalpy change for unfolding, AH,, (51). This type of analysis can be done

on a protein of interest by monitoring the evolution of its ellipticity at a single wavelength as
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a function of temperature. In the simple case of a monomer with only one melt transition, the

thermal unfolding curve consists of a pre-transition baseline, a transition with an inflection
point, and a post-transition baseline (51). The inflection point represents the transition
midpoint of the melt, Ty, and the width of the transition is inversely related to AHy,. Since
the entropy change, AS,,, at the transition midpoint is the ratio of AHy, to Ty, its magnitude
can be inferred by comparing the width of the transition to how far the inflection point lies

along the temperature axis (51, 52).
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Chapter 2: Materials and Methods
2.1 NGIpG Expression

E. coli BL21(DE3) cells (Novagen) were transformed with a pET-30a vector
encoding NGIpG (residues 1-61 of ecGlpG) followed by a Leu-Glu sequence and a C-
terminal hexahistadine tag (36), as previously described (53). A single transformed colony
was inoculated into 100 mL of LB media or M9 minimal media (47.9 mM Na,HPO,, 22.0
mM KH,POy4, 8.5 mM NaCl, 1 mM MgSO,, 0.1% (w/v) p-glucose, 100 uM CacCl,)
containing NH4Cl, 0.01% (v/v) MEM vitamin (Gibco) or LB media, and 50 pg/mL
kanamycin. The culture was incubated overnight at 37°C with shaking at 220 rpm. Following
overnight incubation, the culture was added to 1 L of fresh LB media or M9 minimal media
containing '°N-labelled NH4Cl, 0.01% (v/v) MEM vitamin (Gibco) or LB media, and 50
pg/mL kanamycin, and incubated again at 37°C and 220 rpm. To monitor culture growth, the
optical density of the culture was measured at 600 nm using an Ultrospec 2100 pro
UV/Visible (Biochrom). The culture was grown to an optical density of 0.5-0.7, and then
NGIpG expression was induced by addition of 1 mL of 1 M isopropyl p-D-1-
thiogalactopyranoside (IPTG) to the culture. The culture was incubated for another 4 hours at
37°C, and then cells were harvested by centrifugation for 10 minutes at 4°C and 4,800xg
using an Avanti J-E centrifuge (Beckman Coulter). Following centrifugation, cell pellets
were removed and stored at -20°C until purification. Prior to induction of NGlpG expression,
a 500 pl aliquot was removed for expression analysis by sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE). The aliquot was centrifuged for 2 minutes
at 16,000xg using a 5415D Centrifuge (Eppendorf) to pellet the cells. The cell pellets were
then resuspended in SDS-PAGE loading buffer (50 mM Tris-Cl at pH 6.8, 10% (w/v)

glycerol, 2% (w/v) SDS, 0.01% (w/v) bromophenol blue, and 2% (w/v) B-mercaptoethanol).
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2.2 Purification of NGIpG

Purification of NGIpG was performed as previously described (36). Briefly, a cell
pellet from 1 L of cell culture was thawed on ice and resuspended in 25 mL of harvest buffer
(25 mM phosphate buffer at pH 6.5, 150 mM NaCl, and 10 mM imidazole). One EDTA-free
protease inhibitor tablet (Roche) containing 4-(2-aminoethyl)-benzenesulfonyl fluoride was
dissolved in the suspension. The suspension was sonicated with 1 second on and 1 second off
pulses for 1 minute at 50% power on ice using a Sonic Dismembranator Model 500 (Fisher
Scientific). The lysate was incubated on ice for 10 minutes, followed by a second round of
sonication. Cell debris were removed from the soluble fraction by centrifugation for 20
minutes at 4°C and 16,000xg using an Avanti J-E centrifuge (Beckman Coulter). The soluble
fraction was applied to a column containing 3 mL of nickel-nitrilotriacetic acid (Ni-NTA)
resin (Novagen) that had been equilibrated with harvest buffer. The flow-through was
collected and re-applied to the column to maximize the yield of NGIpG. The column was
washed with 20 mL of harvest buffer, and then NGlpG was eluted with 3 x 10 mL of elution
buffer (25 mM phosphate buffer at pH 6.5, 150 mM NaCl, and 250 mM imidazole). 50 uL
aliquots were taken from the flow-through, wash, and elution fractions and mixed with 50 pL
of SDS-PAGE loading buffer.

Nickel-affinity purified NGlpG was concentrated to ~1.5 mL in an Amicon Ultra
centrifugal filter device (Millipore) with a 3 kDa molecular weight cut-off (Millipore) by
centrifugation at 4°C and 4,000xg using a Spinchron 15R centrifuge (Beckman Coulter). The
concentrated sample was subjected to size exclusion chromatography (SEC) using a
Superdex-75 10/300 GL column on an AKTA FPLC (GE Healthcare). NGlpG was eluted in

filtered and degassed FPLC buffer (25 mM phosphate buffer, 150 mM NaCl, 100 uM EDTA,
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pH 6.5) at a flow rate of 0.5 mL/min, and fractions corresponding to peaks representing

monomeric or dimeric NGIpG were collected and pooled.

2.3 SDS-PAGE

SDS-PAGE analysis was performed to verify expression of NGIpG and to assess its
purity following purification. Polyacrylamide gels were cast with a 5% stacking phase (5%
(w/v) 37.5:1 Acrylamide/Bis-acrylamide, 0.12 M Tris pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v)
ammonium persulfate, 0.1% (v/v) TEMED) and a 15% resolving phase (15% (w/v) 37.5:1
Acrylamide/Bis-acrylamide, 0.38 M Tris pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium
persulfate, 0.04% (v/v) TEMED). The gel was placed in a Mini-PROTEAN electrophoresis
cell (Biorad), to which Tris-Glycine SDS running buffer (25 mM Tris, 190 mM glycine, and
3.5 mM SDS) was added. Samples in SDS loading buffer were heated at 100°C for 5
minutes, and then 10 pL of each sample was loaded. 2.5 uL of an EZ-Run Prestained Rec
Protein Ladder (Fisher) was also run to allow determination of sample molecular weights.
Gels were run at 180 V for 55 minutes, stained with Coomassie blue stain (50% (v/v) MeOH,
0.1% (w/v) Coomassie brilliant blue, 10% (v/v) acetic acid), and destained with destaining

solution (40% (v/v) MeOH, 10% (v/v) acetic acid).

2.4 Determination of Protein Concentration

The protein concentrations of samples were determined using the BCA Protein Assay
(Thermo). A series of standards was prepared from a 2 mg/mL stock of BSA (Thermo). 50
pL of each standard or sample was mixed with 1 mL of BCA reagent containing reagent A

(200 mM sodium carbonate, 120 mM sodium bicarbonate, 30 mM bicinchoninic acid, 10
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mM sodium tartarate , and 0.1 M sodium hydroxide) (Thermo) and reagent B (4% cupric
sulfate) in a 50:1 (v/v) ratio (Thermo). Samples were incubated at 37°C for 30 minutes, and
the absorbance at 562 nm measured at room temperature using an Ultrospec 2100 pro

UV/Visible (Biochrom).

2.5 Circular Dichroism Spectroscopy

All CD spectroscopy experiments were performed on a Jasco J-815 CD instrument
equipped with a PFD-4258S Peltier temperature controller. All samples were placed in a 0.1
cm quartz cuvette (Hellma). Prior to each set of experiments, the cuvette was cleaned by
soaking it in nitric acid overnight, and extensively washing with water the following
morning. The cuvette was then rinsed with 70% (v/v) ethanol and dried under a stream of
argon gas. The detergent Fos16 (Affymetrix) was dissolved in 25 mM phosphate buffer, 150
mM NaCl, 100 uM EDTA, pH 6.5 on the same day that CD spectra were acquired.

Observed ellipticities were converted into units of mean residue elliptcity (MRE)

according to:

90 S
Oumre = Né)l [eq.1]

where Oy rg 1s the mean residue ellipticity, ®,,; is the observed ellipticity, N is the number
of backbone peptide bonds in the protein, C is the concentration of the protein in dmol/cm’,
and [ is the path length of the cuvette in centimeters (48).

A ~50 uM stock of monomeric NGIlpG was prepared, its concentration verified by
BCA assay, and stored at 4°C until the day CD spectroscopy was performed. For each set of
experiments, CD spectra were acquired on:

1) 25 mM phosphate buffer, 150 mM NaCl, 100 uM EDTA, pH 6.5
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2) 20 mM Fos16 in the same buffer as 1).
3) 5-7 uM NGlIpG in the same buffer as 1).
4) 5-7 uM NGlpG in the same solution as 2).
The NGIpG concentration was kept at ~5 - 7 uM to minimize the tendency for dimerization
during the experiment. (The extent of dimerization should be <1 % given a K4= 0.4 mM).
Spectra were acquired at 45°C from 200 nm to 250 nm, with a scan speed of 20 nm/minute, a
data pitch of 0.5 nm, a response time of 8 seconds, a bandwidth of 1.00 nm, and 8
accumulations.

To estimate the secondary structure content of NGIpG in the presence or absence of
Fosl16, the spectra were baseline-corrected and analyzed using CDPro (49), which includes
three methods for secondary structure calculation: SELCON3, CDSSTR, and CONTIN (49,
50). Secondary structure estimation of NGIpG in the presence/absence of Fos16 was
performed using all three methods and a reference set of 43 soluble proteins (SP43) (50). The
output of each calculation was provided as percentages of six forms of secondary structure:
regular helix, distorted helix, regular strand, distorted strand, turns, and unordered. For each
output, the regular and distorted forms of each of the helix and strand classes of secondary

structure were summed and outputs from the three calculations averaged.

2.6 Thermal Denaturation Experiments

Thermal denaturation experiments on monomeric NGlpG were monitored by CD.
Before each experiment, a CD spectrum was acquired at room temperature as described in
the previous section. Thermal unfolding of monomeric NGlpG was monitored from 20°C to

100°C at 222 nm, with a ramp rate of 1.0°C/minute (in the absence of Fos16) or 2.0°C/minute
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(in the presence of Fos16), a sampling temperature of 0.2°C, an equilibration time of 0.2
minutes, a response time of 0.25 seconds, and a bandwidth of 1.00 nm. Refolding was then
carried out from 100°C to 20°C using the same parameters that had been used for the
unfolding experiment. Unfolding and refolding curves were found to overlap, confirming
reversibility. Reversibility was also confirmed by comparing CD spectra of NGIpG before
and after the cycle of thermal denaturation and refolding.

The thermal unfolding transition usually consists of a pre-transition baseline, a
transition with an inflection point, and a post-transition baseline (51). To determine the
transition midpoint of a melt (Ty,), and the enthalpy change for thermal unfolding (AH,,), the

thermal curve can be fit to the following equation:

(Yn + mp T)+ (yq + mg T)K
Oppbs = d d [eq. 2]

1+K

where O,y 1s the ellipticity at any temperature T, y,, and y4 are the y-intercepts of the
native and unfolded states, respectively; m,, and my are the slopes of the pre- and post-melt
transitions; and K is the equilibrium constant for the transition at temperature T, determined

from the van’t Hoff equation (54, 55):

e O E 03

Tm
where R is the gas constant.

Since the fit depends on parameters of both pre- and post-transition baselines, these
equations cannot be used to determine T, and AH,,, from thermal unfolding curves that are
missing either baseline. However in these cases, the T, and AH,,, for unfolding can still be
determined by fitting the differential form of the thermal curve, as the equations used for the

fit do not require baseline parameters (52). In this method, the average slope of the thermal

unfolding curve (%) can be fit to:

28



d(@ops)
_dTb = Af(1-f)T? [eq. 4]
where A is a correction factor, and f is the fraction of denatured protein at temperature T

calculated using (52):
f=—— [eq. 5]

The average slope of the thermal unfolding curve was taken over 2 degree intervals.

2.7 Domain Swapping Rate Measurements

Monomeric NGlpG was prepared as a 0.26 mM stock and divided into 100 uL
aliquots. The following detergents were tested for their effects on the rates of domain
swapping: dodecyl maltoside (DDM), and decyl-, dodecyl- tridecyl- and hexadecyl-
phosphocholines (all from Affymetrix) (Table A.1). All detergents were dissolved in 25 mM
phosphate buffer, 150 mM NaCl, 100 uM EDTA, pH 6.5 on the day the exchange assay was
initiated. 5 puL of the detergent stock was mixed with each 100 uL aliquot of monomeric
NGIpG so that the final protein concentration was 0.25 mM. Aliquots were incubated at 45°C
in a Mastercyler Personal thermal cycler (Eppendorf), and an aliquot was removed at various
time points and placed on ice for ~5 minutes to quench the monomer-dimer interconversion.
Subsequently, 100 puL of the quenched aliquot was subjected to SEC at room temperature
using a Superdex-75 10/300 GL column on an AKTA FPLC (GE Healthcare), and the peaks
on the SEC profile integrated using Unicorn FPLC software to determine the relative
populations of monomer and dimer.

The relative populations of monomer and dimer were plotted as a function of time,
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and the interconversion was found to follow first-order kinetics for a reversible system

consisting of monomer (M) and dimer (D) states (36):

ki

M+M

k.

Starting from the monomeric state, the loss of monomer over time could be described by the
following integrated rate equation:

M= feq + (f" — feq)e™* [eq. 6]
where f is the fraction of monomeric NGIpG at any time t, f% is the fraction of

monomeric NGIpG at equilibrium, f is the initial fraction of monomeric NGIpG, and k., is
an observed rate constant for monomer-dimer exchange and is the sum of the forward and
rate constants, as follows:

Keyw =2k + k_4 [eq. 7]
where k; and k_; are first order rate constants for dimerization and dimer dissociation,
respectively.

The forward and reverse rate constants could be determined by combining eq. 7 with the

equilibrium-constant expression for dimer dissociation,

k_
Ka= "o [eq. 8]

where K, is the equilibrium constant for dimer dissociation.

For all detergents, k., was measured over a range of micelle concentrations, and a linear

relation was established between k,, and micelle concentration, as follows:
ko,—k,[micelle] [eq. 9]

where k, is a second order rate constant for the reversible monomer-dimer exchange and is

equal to the slope of the linear relation.
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k; is the sum of second order forward rate constant, k; ¢, and the second order reverse rate

constant, k, ,. for dimerization and dimer dissociation, respectively.

kz == kz’f + kZ,T [eq 10]

2.8 Thermodynamics of Fos16-Catlayzed Domain Swapping
The activation enthalpy and activation entropy for Fos16-accelerated dimer
association were determined by fitting k, for the forward or reverse reactions obtained at

21°C, 30°C, 35°C, and 45°C to the Eyring equation:

k2 _ _ AMfH° | A4S° | kg
ln(?)_ rr T R T [eq. 11]

where k, is the second order rate constant for domain swapping, Tis the temperature,
At HCis the activation enthalpy, A$ S°is the activation entropy, R is the gas constant, kg is
Boltzmann’s constant, and h is Planck’s constant. The activation enthalpy and entropy were
used to calculate the activation Gibbs free energy, using the Gibbs free energy equation:

At G° = Af H°—TA% S° [eq. 12]
Similarly, the enthalpy and entropy changes for Fos16-catalyzed domain swapping were
determined by fitting the dissociation constants, K, obtained at 21°C, 30°C, 35°C, and 45°C
to the van’t Hoff equation:

Ky = -2+ = [eq. 13]

where AH® and AS° are the enthalpy and entropy changes for dimer dissociation.
The enthalpy and entropy changes were used to determine the change in Gibbs free energy,
AG®, as follows:

AG® = AH° — TAS® [eq. 14]
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2.9 NMR Spectroscopy
All NMR experiments were performed on a Varian Inova 500 spectrometer equipped with a
triple resonance probe. All spectra were processed using NMRPipe (56) and analyzed in

NMRView] (57)

2.10 Backbone Amide Hydrogen-Deuterium Exchange

*H/H exchange experiments were initiated by buffer exchange of a sample of NGIpG
in a monomeric or dimeric state. A 500 uL sample of 1-2 mM "N-labeled NGlpG in 25 mM
phosphate buffer, 150 mM NaCl, 100 uM EDTA, pH 6.5 was applied to a NAP-5 column
(GE Healthcare). The sample was then eluted in 1 mL of the same buffer made in 99.9%
D,0, such that the final protein concentration was 0.5-1mM.

Acquisition of "H-""N HSQC spectra started approximately 10-15 minutes after
buffer exchange was completed. The spectra were acquired at 298 K, with 11 (3)
experiments 45 minutes in duration, followed by 6 (13) experiments 90 minutes in duration
for the monomer (dimer). The decay of integrated peak volumes was fit using non-linear
least-squares fitting to extract proton exchange constants. Amide proton protection factors
were calculated by dividing intrinsic exchange rate constants estimated by the program
SPHERE (http://www.fccc.edu/research/labs/roder/sphere/) with experimentally determined

proton exchange constants (58, 59).

2.11 Heteronuclear steady-state {IH}lsN NOE
Heteronuclear steady-state {'H}'’N NOEs for the '*N-labeled monomer or dimer

were acquired at 500 MHz. TROSY -based methods were used to increase the sensitivity and
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resolution of NOE measurements (60). The experiment included 3 s of presaturation
preceded by a recycle delay of 3 s for the NOE experiment, and a 6-s recycle delay for the
reference experiment (61, 62). Duplicate NOE and control spectra were recorded in an
interleaved manner, using 64 transients, and spectral widths of 7017 Hz with 1024 complex
points in F2 ('H) and 1580.7 Hz with 100 complex points in F1 (*°N). Steady-state NOEs
were calculated from the ratio of peak intensities from spectra with and without proton

saturation, and errors were estimated from variations measured in duplicate spectra.

2.12 Determination of K4 for binding of Fos16 micelles to monomeric NGlpG

A 46 uM stock of monomeric NGlpG was prepared in 25 mM phosphate buffer, 150
mM NaCl, 100 uM EDTA, pH 6.5. A fresh 12 mM stock solution of Fos16 was prepared and
used to make a series of duplicate samples containing ~5 uM NGIpG and 0 — 10 mM Fos16.
Binding of NGIpG to Fos16 micelles was monitored by CD, with spectra being acquired as
described above. The MRE at 222 nm, which changed significantly upon micelle binding,
was divided by the MRE at 217 nm, which showed little change upon micelle binding, and

the ratio was used to determine the fraction (f3) of NGIpG bound:

Tr—T9o

fo = [eq. 15]

Tmax~To0

0
where r = 222
®217

, To 1s the ratio of MREs in the absence of micelles, and 7;,,,, is the ratio of

MREs when NGlIpG is completely bound to the micelles.
A binding isotherm was obtained by plotting f,, as a function of the Fos16 micelle

concentration, which was calculated as follows:

[Fos16]- cmc

[Micelle] = [eq. 16]
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Where cmc is the critical micelle concentration, (13 uM), and N is the aggregation number
(178).

Since the concentration of NGIpG used was similar to the equilibrium constant for
dissociation of monomeric NGlpG from Fos16, K, the dissociation constant was determined

by fitting the isotherm to the following quadratic equation (63):

. _ - 2_ i
fb _ ([NGlpG]+[Micelle]+K 4) \/([NGLZIES]GZO[GM]welleHKd) 4[NGLpG][Micelle] [eq. 17]
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Chapter 3: Results
3.1 Protein Expression and Purification

Expression and purification of monomeric and dimeric NGlpG was done using
established methods and monitored by SDS-PAGE and SEC (39). Overexpression of NGlpG
in E. coli cells was confirmed by the presence of an intense band on an SDS-PAGE gel at ~8
kDa, the approximate molecular weight of monomeric NGIpG (36) (Fig. 3.1A, Lane 3).
Following cell lysis by sonication, His-tagged NGIpG was purified by affinity
chromatography and then by SEC.

For affinity chromatography, the cell lysate containing NGIpG (Fig. 3.1, Lane 4) was
applied to a nickel affinity column. Binding of NGIpG to the nickel affinity column was
confirmed by the absence of NGIpG in the flow-through (Fig. 3.1A, Lanes 5 and 6).
Subsequently, the bound NGlpG was washed with buffer containing 10 mM imidazole to
remove unwanted proteins. Most NGIpG had remained bound to the column during the wash,
as confirmed by the presence of only a faint band at ~8 kDa in lane 7 (Fig. 3.1A). Other
bands in lane 7 are also weak in intensity, indicating that most contaminating proteins were
not bound to the column but had instead already been removed in the flow-through (Compare
lanes 5, 6 and 7). Lastly, NGIpG was eluted from the column with buffer containing 250 mM
imidazole, as revealed by the presence of a single, intense band in lane 8 at ~8 kDa (Fig.

3.1A).
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Figure 3.1: Expression and purification of NGIpG. A) Coomassie-stained SDS-PAGE gel.
Lane 1: Molecular weight ladder; Lane 2: Whole cell lysate from pre-induction; Lane 3:
Whole cell lysate ~4 hours after induction with IPTG; Lane 4: Soluble fraction from lysate
applied to nickel column; Lanes 5 and 6: First and second flow-through from nickel column;
Lane 7: Wash with 10 mM imidazole; Lane 8: Elution with 250 mM imidazole; Lane 9: SEC
fractions corresponding to the peak for monomeric NGIlpG; Lane 10: SEC fractions
corresponding to the peak for dimeric NGlpG. The molecular weight of monomeric NGlpG
is ~8 kDa (36). B) Example of SEC profile during purification of NGlpG using Superdex-75
10/300 GL column, monitored by absorbance at 280 nm. SEC was carried out in 25 mM
phosphate buffer, 150 mM NaCl, 100 uM EDTA, at pH 6.5. Two peaks at elution volumes of
12.5 mL and 15 mL correspond to monomeric and dimeric NGIpG, respectively (36).
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Following elution from the nickel column, NGlpG was subjected to a second round of
purification by SEC (Fig. 3.1B). NGIpG was applied to a Superdex-75 10/300 GL column,
and the absorbance of the effluent was monitored at 280 nm. The SEC profile comprises two
intense peaks at elution volumes of ~15 mL and ~12.5 mL, corresponding to the molecular
weights of monomeric and dimeric NGIpG, respectively (36). The SEC fractions
corresponding to both the lower and higher molecular weight species appear as single,
intense bands at ~8 kDa on an SDS-PAGE gel, indicating that the higher molecular weight

species is a non-covalent, homodimer of NGlpG.

3.2 NGIpG is Stable in the Temperature Range over which Monomer-Dimer Exchange
was Conducted.

At room temperature, NGlpG converts slowly into a domain-swapped dimer, taking
several days to reach equilibrium (36). The slow conversion makes it difficult to study the
kinetics and thermodynamics of the interaction. To facilitate the measurement of rate and
equilibrium constants, domain swapping was accelerated by conducting monomer-dimer
exchange assays at higher temperatures (45°C, 50°C, 55°C, and 60°C) (36). However, at
elevated temperatures proteins are more susceptible to denaturation. To see whether NGIpG
remains stable from 45°C to 60°C, its melting temperature (T,,) was determined from
analysis of thermal unfolding and refolding curves obtained by CD spectroscopy (Fig. 3.2).
The Ty, is the temperature at which 50% of a protein population is thermally denatured and is
represented as the midpoint of the transition between upper and lower baselines of a thermal
unfolding/refolding curve. Since the thermal unfolding/refolding curve lacks an upper
baseline in the temperature range of 20°C -100°C (Fig. 3.2A), the T,, was instead determined

by fitting the differential unfolding curve by eq. 4 (Fig. 3.2B). The fraction of NGlpG
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unfolded and the equilibrium constant at each temperature were determined using eq. 3 and
eq. 5 and by estimating the values of AHy, and Ty,,. The fit yielded a T,,, of ~90°C, and the
fraction of NGIpG denatured at 45°C, 50°C, 55°C, and 60°C was estimated to be less than
1x10'6, 5x10'6, 3x107, and 1x10*. These low fractions indicate that NGIpG essentially
remains folded in the temperature range over which the monomer-dimer exchange was
performed. Based on the fit, it was also possible to determine thermodynamic values for
unfolding. For monomeric NGIpG, the enthalpy change for unfolding, AH,,, was found to be
70 £ 10 kcal/mol, and the entropy change for unfolding, AS, at the melting point was found

to be 193 + 28 cal/ (K mol).
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Figure 3.2: Thermal denaturation of monomeric NGlpG A) Thermal denaturation curves
for 5 uM monomeric NGIpG in the absence (blue) and presence (green) of 2.5 mM Fos16.
The ellipticity at 222 nm was monitored by CD spectroscopy. The buffer used for CD
contained 25 mM phosphate buffer, 150 mM NaCl, 100 uM EDTA, at pH 6.5 B) Differential
thermal unfolding curve for 5 uM monomeric NGIpG in the absence of Fos16. Differential
ellipticities (d®/dT) were determined from the thermal unfolding curve for NGIpG in the
absence of Fos16 in (A). A Ty, 0of 90°C and a AH,, of 70£10 kcal/mol were obtained by
fitting the differential unfolding curve to eq. 4 with a scaling factor of A=4.1 x 10°. All
error bars represent the standard deviation of the average d®/dT for 300-340 K temperature
range. The parameters obtained from fitting of the differential curve were used with eq. 2 to
fit the thermal denaturation curve in (A) for illustration purposes.
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3.3 The Picosecond to Nanosecond Dynamics of the Hinge (31-34) Region in NGIpG are
Similar to those in the Structured Domains.

The structures of monomeric and dimeric NGlpG have both been solved by solution
NMR. The structure of the dimer was solved by defining the dimeric interface with distance
constraints derived from intermolecular NOEs (42). However, few intermolecular NOEs
were found between the hinge loops, thereby limiting the global precision of the NMR
ensemble of the 20 lowest energy dimer structures. The scarcity of intermolecular NOEs
between the hinge loops is expected, given the extended and solvent-exposed nature of the
hinge loops. However, the low precision could also be due to enhanced motions of the hinge
loops relative to the structured domains. Loop motions could occur on the picosecond to
nanosecond timescale, which can be probed through NMR nuclear spin relaxation
experiments (43). For this purpose, hnNOEs were measured for the monomeric and dimeric
states of NGlpG (Fig. 3.3). The magnitude of the hnNOE is inversely related to the rate and
extent of site-specific internal flexibility and loop motions on the ns to ps time scale. We
found that the mean hnNNOE was 0.63 + 0.13, and that the majority of residues, including
those in the hinge region, are within one standard deviation of this mean. Since hnNOEs of
NGlpG are similar throughout its sequence, the low precision of the NMR ensemble is likely
not a consequence of enhanced loop motions but instead results from the scarcity of
intermolecular NOEs in the hinge loops.

Based on a van’t Hoff analysis previously done in the absence of micelles (36), the
AS° for domain swapping of NGlpG was found to be -26.2 + 1.4 cal/K/mol (Fig. 3.4, white
data points). While the association of two monomer subunits decreases the entropy, it is also
possible that AS® is influenced by any changes in the picosecond to nanosecond dynamics

associated with domain swapping. To see whether domain swapping alters the picosecond to
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nanosecond dynamics of NGIpG, hnNOEs were acquired on the monomer and compared
with those for the dimer (Fig. 3.3) The mean residue hnNOE for the monomer was
0.68%0.13, which is identical within standard deviation to that for the dimer. Additionally,
domain swapping does not significantly alter the dynamics of each residue, as indicated by
the similar hnNOE:s for respective residues in both the monomer and the dimer. Since the
dynamics of NGIpG are unaffected by domain swapping, the AS° associated with domain

swapping is mainly due to the association of two monomer subunits (36).
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Figure 3.3: Steady-state heteronuclear {'H}-">’N NOEs for monomeric and dimeric
NGIpG. {'H}-""N NOEs were acquired at 500 MHz and 298 K for '°N-labelled monomeric
(grey) and dimeric (black) NGlpG in 25 mM phosphate buffer, 150 mM NaCl, 100 uM
EDTA, and pH 6.5. The height of each bar represents an average of {'H}-'"N NOEs from
duplicate acquisitions on the same sample. Each error bar represents the standard deviation
of the average {'H}-"°N NOE for the corresponding residue. The mean residue { H}-"’N
NOEs for the monomer and dimer are 0.63+0.13 and 0.68+0.13, respectively.
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3.4 Backbone Amide Hydrogen-Deuterium Exchange

The entropic penalty associated with domain swapping in the absence of additives is
compensated by an enthalpy decrease (AH® = -15 kcal/mol) (Fig. 3.4, white data points) (36),
which is generally attributed to interactions that form exclusively within the dimer between
hinge loop residues or between structured domains from different subunits. The structured
domains of the NGIpG protomers are too far apart to engage in additional intermolecular
interactions outside the domain swap, as confirmed by the absence of intermolecular NOEs
between these regions (42). On the other hand, the side chains of Q31 and N33 from the
extended hinge loops of the dimer appear to be close enough to engage in inter- and intra-
molecular hydrogen bonds (Fig. 3.5) that are unlikely to occur in the monomer, whose hinge
loop folds back on itself such that Q31 and N33 are unable to interact with each other (Fig.
1.4). These hydrogen bonds might account for part of the enthalpy decrease associated with

domain swapping.
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Figure 3.4: Van’t Hoff analysis for domain swapping of NGIpG in the absence (white)
and presence (grey) of Fos16. All measurements were performed in 25 mM phosphate
buffer, 150 mM NaCl, 100 uM EDTA, at pH 6.5. The plot shows the relation between K4 and
temperature in the 318-333 K (294-318 K) range for domain swapping in the absence
(presence) of Fos16. Each data point represents an average of K4 values obtained
individually from at least two separate samples. Each error bar represents the standard
deviation of the average In(K)4. Linear regression to the van’t Hoff equation gave AH® and
AS° of -13.4+0.4 kcal/mol and -26.2+1.4 cal/K/mol, respectively.
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Figure 3.5: Solution NMR structure of dimeric NGIpG. The hinge loop residues Q31,
H32, N33, and Q34 from both subunits are shown as sticks. Potential intra- and
intermolecular hydrogen bonds are shown as black, dashed lines. (Inset) Closer view of the
hinge loop residues and hydrogen bonds from both subunits.

To see how hydrogen bonding affects local conformational stability throughout NGIpG,
hydrogen exchange experiments were performed on NGIpG to determine protection factors,
which quantify the extent to which amide hydrogens are protected from exchange with the
solvent (64). Higher protection factors indicate greater protection from exchange and hence
greater local stability. Examples of HSQC acquired on dimeric NGlpG before and after
exchange into deuterated buffer are shown in Figure 3.6A. Peaks for 26 backbone amides
remain following exchange into D20. These peaks correspond mainly to residues in the 3
sheet (ex: W38 and V37 of B3, T28 and Q30 of B2, I4 of 1) and to regions of the a helices
that are less exposed to the solvent (ex: V48 and L52 of a2, F16 and M20 of al). For each
residue, the time-dependent decay in signal intensity was used to determine a rate constant
for exchange, which was converted to a protection factor by dividing the observed rate
constant by the intrinsic rate constant for exchange. As shown in Fig. 3.6Bii, protection
factors in the dimer are highest in B3, the hydrophobic face of al, and 2. Similar results
were obtained for the monomer (Fig. 3.6Bi), in that the same three secondary structural

elements possess high protection factors. However, a few differences in
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Figure 3.6: Measurement of hydrogen exchange protection factors. (A) 2D 'H-"N
HSQC spectra at 25°C of 0.5-1 mM dimeric NGIpG in 25 mM phosphate buffer, 150 mM
NaCl, 100 uM EDTA, at pH 6.5 before (black) and at the first time point (~10-15 minutes)
following exchange into D,0O (red). Backbone amide peaks are labelled. Peaks corresponding
to hinge loop residues are labelled in green. (B) Hydrogen exchange protection factors (PF)
mapped onto the solution NMR structures of 1) monomeric and i1) dimeric NGIpG.
Protection factors greater than 7, 6, 5, and 4 are shown in purple, dark blue, teal and cyan,
respectively. 1i1) Changes in protection factors due to domain swapping are mapped onto the
structure of the dimer. Increases in protection factors greater than 1 are shown in red.
Decreases in protection factors with magnitudes greater than 1 are shown in blue. The rest of
the residues have protection factors that change by a magnitude of less than 1, or were too
fast to be measured (grey).
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protection factors can be observed between the monomer and the dimer. These differences
localize to B3, Q30 of B2, and D41 of a2 (Fig. 3.6Biii), suggesting that domain swapping
increases the protection factors and hence conformational stabilities in these regions. Since
the protomers in the domain-swapped dimer are structurally identical to the monomer, the
increased stabilities in these regions might be associated with hydrogen bond formation

between Q31 and N33 in the dimer.

3.5 Determination of Rate Constants and Kinetic Order for Fos16-Accelerated Domain
Swapping.

At 45°C, domain swapping of 0.25 mM monomeric NGIpG reaches equilibrium in ~2
days (36). When the same concentration of monomeric NGlpG was incubated with 2.5 mM
Fos16 at the same temperature, equilibrium was reached in less than 10 minutes (Fig. 3.7 A,
B). The dimer had formed by domain swapping, as confirmed by a 2D 'H-""N correlation
HSQC spectrum that had previously been acquired on NGlpG at 25°C following a one hour
incubation of the monomer with 2.5 mM Fos16 (36). Besides the monomer and the dimer,
other states were not observed by SEC (Fig. 3.7A), indicating that Fos16 does not promote
the formation of higher order aggregates or trap detergent-bound intermediates that are stable

under the conditions used for SEC.
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Figure 3.7: Dimerization kinetics of 0.25 mM NGIpG in the presence of 2.5 mM Fos16
(~14 pM micelles) at 318 K.

(A) Size exclusion chromatography profiles showing a decrease in monomeric NGlpG and
increase in dimeric NGlpG at 0, 30, 60, 120, 200, 300, and 600 seconds. Elution volumes for
the dimer and monomer are ~12.5 mL and ~15 mL, respectively. The buffer used for
monomer-dimer exchange and for SEC contained 25 mM phosphate buffer, 150 mM NaCl,
100 uM EDTA, at pH 6.5. SEC was performed at room temperature. (B) Kinetic profile
showing time-dependent changes in the relative monomer (blue data points, blue trace) and
dimer (red data points, red trace) populations determined from peak areas in SEC profiles.
(C) Demonstration of linear relationship between pseudo-first order rate constant, &y, for
monomer-dimer exchange and concentration of Fos16 micelles. 4., obtained at Fos16 micelle
concentrations of 6 uM, 14 uM, and 84 uM were (9.3+1.1) x 107 s, (2.88+0.03) x 107 5™,
and 0.17 s™. The slope of the line is a second order rate constant, & ., equal to 2.02 mM™'s™.
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To quantify the rate and extent of domain swapping in the presence of Fos16, the

peak areas from the SEC profiles were used to construct a kinetic profile representing the

depletion of monomer over time (Fig. 3.7B). The kinetic profile was fit to an integrated rate

equation for a first order, reversible two-state system, from which a first order rate constant

of 0.034 £ 0.010 s™' was obtained (Table 3.1). By comparison, the rate constant for domain

swapping in the absence of Fos16 is (2.0 + 0.4) x10™ s”'; thus, this concentration of Fos16

enhances the rate of domain swapping by ~1700 fold. Using the relative populations of the

monomer and dimer states at equilibrium, a dissociation constant of 0.35 + 0.05 mM was

obtained, which is equivalent to the K4 of 0.36 £ 0.01mM obtained in the absence of Fos16

(Table 3.1). Therefore, Fos16 increases the domain swapping rate at 45°C without altering

the extent of dimerization.

Table 3.1: Effect of additive on pseudo-first order rate constant for domain swapping at

318K.

First order rate constants were obtained for domain swapping of NGIpG in the presence of
2.5 mM additive (1M for urea).

Additive Kgq (mM) ko 5 Fold acceleration
None 0.36 +0.01 (2.0+0.4) x107 1

Fosl6 0.35+0.05 0.034 +0.010 1700
LPPG 0.68 +0.03 0.044 +0.016 2200

DDM 0.48+0.13 (12 +2)x107 6.0

Urea 0.71 +£0.02 (8.9 +1.0)x10” 4.5
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To quantify the influence of Fos16 on the domain swapping rate, pseudo-first order
rate constants were determined over a range of Fos16 concentrations (Fig. 3.7C). For any
detergent, increasing the detergent concentration above its critical micelle concentration
increases the number of micelles rather than the number of free detergent molecules in
solution. For Fos16-accelerated domain swapping, the rate constants were found to increase
linearly with detergent concentrations above the CMC, suggesting that the increase in rate
was due to an increase in micelle concentration rather than the free detergent. Further, the
linear relationship between k., and Fos16 concentration indicates that the rate is first order
with respect to Fos16 micelles. The slope of this line yields a second order rate constant, &,
of 2.0 mM's”, which indicates that one micelle and one NGIpG monomer or dimer

participate in the rate-limiting step of this process.

3.6 Determination of Thermodynamic Parameters for Fos16-Catalyzed Domain
Swapping.

To determine the enthalpy and entropy changes, AH® and AS°, for domain swapping
of NGIpG in the presence of Fos16, a van’t Hoff analysis was carried out by measuring the
K, values for Fos16-accelerated domain at 21°C, 30°C, 35°C, and 45°C (Fig. 3.4, grey
points). Based on the analysis, AH® and AS° were found to be -13.4 + 0.4 kcal/mol and -26.2
+ 1.4 cal/K/mol, respectively. These values are identical to the corresponding AH® and AS°®
for domain swapping of NGIpG in the absence of Fos16 (Fig. 3.4, white points), suggesting
that Fos16 micelles function as catalysts and therefore accelerate domain swapping of
NGIpG without changing the free energy difference between the monomer and the dimer. In

addition, the van’t Hoff analysis yielded a linear relation between the Ky and temperature in
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the 21°C to 45°C temperature range, indicating that unfolding and other temperature-
dependent processes do not occur from 21°C to 45°C.

If Fos16 is a catalyst for domain swapping, it should accelerate domain swapping by
lowering the free energy for activation. To determine the extent to which Fos16 lowers this
barrier, an Eyring analysis was performed by measuring rate constants at 30°C, 35°C, 45°C,
and 60°C and then fitting the data points to obtain the activation parameters A+H°, A$S°, and
AFGP® (Fig. 3.8). Based on the analysis, AFH°and A+S°for Fos16-catalyzed domain swapping
were found to be 20.1 £ 1.5 kcal/mol and 16.4 + 5.0 cal/K/mol, which are both considerably
less than the respective values of 73.2 £ 0.9 kcal/mol and 147.1 £ 2.8 cal/K/mol obtained for
domain swapping in the absence of Fos16 micelles (Table 3.2). The lower activation
enthalpy for domain swapping in the presence of Fos16 micelles might arise from stabilizing
interactions that form between the micelle and NGIlpG, while the lower activation entropy is
indicative of the entropy cost that comes from the association of NGlpG with the micelle.
Together, these contributions lower the free energy of activation, A+G°®, at 45°C by ~12

kcal/mol.
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Figure 3.8: Eyring plot for NGlpG dimer association (white) and dissociation (black) in
the presence of Fos16. All measurements were performed in 25 mM phosphate buffer, 150
mM NaCl, 100 uM EDTA, at pH 6.5. The rate constant k£ used in this analysis represents the
second order forward or reverse rate constant in the 294-318 K range. Each data point
represents an average obtained from two independent samples. The activation enthalpy and
entropy for dimerization and dimer dissociation determined from the linear fit are listed in
Table 3.2.

Table 3.2: Activation parameters for NGlpG monomer (M) association and dimer (D)
dissociation of NGIpG in the absence and presence of Fos16.

No Detergent Fos16
2M—->D D—->2M 2M—->D D—->2M
1

AH 73.2+£0.9 85.0+ 1.7 20.1£1.5 26.1£04
(kcal/mol)

A'S? 147.1+2.8 185.7+5.3 164+5.0 373+£1.2
(cal/K/mol) T T T T
i o 0

A'Gatds C 265+13 259424  149+22  142+0.5
(kcal/mol)
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3.7 Investigation of the Effects of Detergent Size and Charge on Domain Swapping

While the results of the Eyring analysis indicate that Fos16 micelles catalyze domain

swapping, the micelle properties important for catalysis had not been investigated. For this

purpose, the influences of two physical properties, namely micelle size and charge (Fig. 3.9,

Table 3.1), were examined by measuring and comparing rate constants for domain swapping

promoted by detergents with different chain lengths and head groups. As shown in Figure
3.9, increases in phosphocholine detergent alkyl chain length and hence micelle size were
found to increase the second order rate constant for reversible monomer-dimer exchange.
Negatively charged micelles were also found to accelerate domain swapping since 1-
palmitoyl-2-hydroxy-sn-glycero-3-[phosphor-rac-(1-glycerol)] (LPPG) (Table A.1), an
anionic detergent containing a 16-carbon acyl chain, enhanced domain swapping by 2200-
fold (Table 3.1). However, the nonionic detergent DDM (Table A.1) only gave rise to a 6-
fold acceleration, indicating that the presence of a charge in the detergent head group is

necessary for increasing the domain swapping rate.

50



ks (s-' mM-1)
- - h
[} h o}
]-
Iy

S
tn

10 12 14 16
Fos-n
Figure 3.9: Correlation between alkyl chain length of phosphocholine detergents and

second order rate constant for domain swapping at 318 K.
Second order rate constants were determined for reversible monomer-dimer exchange in the
presence of phosphocholine detergent.
3.8 Characterization of the Micelle-Bound Intermediate State of NGIpG

Since Fos16 micelle-catalyzed domain swapping is first order with respect to NGlpG
and Fos16 micelles (Fig. 3.7), a single subunit of monomeric NGIpG and a single Fos16
micelle participate in the transition state of the rate-limiting step for dimerization. If the
association occurs before the rate-limiting step, it may be possible to isolate the micelle-
bound state of NGIpG and to characterize the affinity of the association. To investigate this
possibility, Fos16 micelles were titrated into monomeric NGlpG and the effect was
monitored at 45°C using CD spectroscopy. To ensure that changes in the CD signals were
due to binding of monomeric NGIpG to Fos16, the concentration of monomeric NGlpG was
kept low (~5 uM) to minimize the influence of dimer formation on the CD spectrum (less
than 3% dimer at equilibrium predicted at this concentration). The CD spectrum of
monomeric NGIpG changed upon addition of excess Fos16 (20 mM Fos16) (Fig. 3.10), with

a significant increase in intensity at ~208 nm, suggesting a significant change in secondary

structure. Secondary structure content prediction based on these spectra indicate that the
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association of monomeric NGlpG with a Fos16 micelle results in a 10% gain of alpha helix

content, concomitant with 7% and 3% decreases in beta strand and coil contents, respectively

(Table 3.3).

[®lyre (Mmdeg cm? dmol1) x 10-*

200 210 220 230 240 250
Wavelength (nm)

Figure 3.10: CD spectra of ~5 pM monomeric NGIpG in the absence (solid line) and
presence (dashed line) of 20 mM Fos16 (~110 pM micelles) at 318 K. Buffers for CD
spectroscopy contained 25 mM phosphate buffer, 150 mM NaCl, 100 uM EDTA, at pH 6.5.

Table 3.3: Secondary structure content of monomeric NGIpG in the absence and
presence of 20 mM Fos16 (~110 mM micelles) at 318 K. Each value represents an average
of mean percentages determined individually from two independent samples calculated from
three algorithms (SELCON3, CDSTTR, and CONTIN).

a p Turn Random
NGIpG 35 £3 17 £1 19 £1 29 +1
NGIpG + Fosl6 42 +£2 10 £1 19 £1 26 £1
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To assess the accuracy of the secondary structure content predictions, the secondary
structure content of monomeric NGlpG, as predicted from its CD spectrum, was compared
with values determined from the Define Secondary Structure of Proteins (DSSP) algorithm,
which calculates secondary structures of proteins based on their atomic coordinates (65).
The DSSP algorithm predicts that the solution NMR structure of NGIpG (PDB ID 2LEP)
possesses 42% helix character and 21% beta sheet character (65). By comparison, the
secondary structure of monomeric NGIpG, determined from analysis of its CD spectrum,
consists of 35% a helix character and 17% [ strand character (Table 3.3). Although analysis
of the CD spectrum results in an underestimation of a helix and P strand character, the CD
and DSSP methods both predict that NGlpG possesses twice as much o helix character as
strand character.

To verify the stoichiometry of the association and to determine the affinity of the
interaction between monomeric NGIpG and Fos16 micelles, a binding isotherm was plotted
using the molar ellipticity values from the titration and fit to eq. 17. The isotherm was found
to consist of a single saturation point (Fig. 3.11), confirming that one NGIlpG associates with
only one Fos16 micelle. Moreover, a K4 of 2.8 uM was obtained from the quadratic fit of the
isotherm, corresponding to a AG® for binding of approximately -8 kcal/mol. This value is
comparable in magnitude to the 12 kcal/mol stabilization of the transition state for domain
swapping in the presence of Fos16 micelles, suggesting that catalysis of domain swapping is
due predominantly to stabilizing interactions that form from the association of NGIpG with a

Fos16 micelle.
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Figure 3.11: Titration of Fos16 micelles into ~5 pM monomeric NGIpG at 318 K. The
fraction of NGlpG bound to Fos16 micelles was determined based on ratios of mean residue
ellipticities at 222 nm to 217 nm. Each data point represents an average of fraction bound
values determined from individual measurements on two separate samples. Each error bar
represents a standard deviation of the average fraction bound. The binding isotherm was fit
to eq. 17, from which a K4 0f 2.8 uM was obtained.

3.9 Tertiary Interactions in the Micelle-Bound Intermediate

To assess the thermal stability of the micelle-bound intermediate, a thermal
denaturation analysis was performed on monomeric NGlpG in the presence of 2.5 mM
Fos16. As shown in Figure 3.2B, the thermal unfolding curve does not exhibit an upper
baseline or a cooperative melting transition, suggesting that there is no cooperativity for
thermal unfolding. This would indicate that the secondary structural elements of the micelle-
bound intermediate are not stably associated with each other, but instead are bound to the

micelle in a stable interaction that is not disrupted by the increase in temperature.
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Chapter 4: Discussion
4.1 Insights into the Solution Structure of NGlpG

In this work, NMR data was obtained to determine if the solution structure of dimeric
NGlIpG is flexible in the hinge domain region. Although the solution structure of the NGlpG
dimer is superimposable with the crystal structure, the hinge loops adopt a beta strand
conformation in the crystal structure, whereas the hinge loops are not well-defined in the
solution structure. This may be due to the extended nature of the hinge loop, which could
limit the number of observed NOEs, or that the hinge loops are more dynamic in solution
than in crystal form. As such, heteronuclear {'H}-'"N NOEs were measured to see whether
the low precision was caused by enhanced internal flexibility of the hinge loops relative to
the protomers. The results show that heteronuclear NOEs in the hinge loop residues have
magnitudes that are similar to those in the rest of the domain-swapped dimer, suggesting that
the low precision of the ensemble does not result from enhanced internal flexibility of the
hinge loops on the nanosecond to picosecond timescale. However, these residues might have
enhanced motions on a longer timescale, such as those that are more typically seen in inter-
domain motion or protein folding (43). This has been seen in the domain-swapped dimer of
cyanovirin-N, since the protomers adopt different relative orientations in the solution and
crystal structures, with enhanced conformational mobility of the hinge loop being detected
on the microsecond time scale (26). Specifically, dimerization gave rise to line broadening of
peaks corresponding to the hinge region in the NMR spectrum. However, no obvious line
broadening is apparent in hinge loop residues in the HSQC spectrum of the dimer (Fig. 3.6A,
black peaks), suggesting that there may not be significant inter-domain flexibility in the

dimer.
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To better understand the difference in stabilities of the monomer and the dimer we
also performed backbone amide hydrogen exchange experiments monitored by solution
NMR. The results show that the protection factors in 2 and B3 are higher in the dimer than
in the monomer (Fig. 3.6B) reflecting an increase in local conformational stability. Given
that the protomer structures in the dimer are structurally identical to the monomer, the
increase in the stability of the hydrogen bonds between 2 and 3 may result from the
formation of hydrogen bonds between the hinge loops in the dimer. For example, domain
swapping of NGIpG appears to enhance the potential for hydrogen bond formation between
side chains in the hinge loop (e.g. between Asn33 and GIn31) that would not be possible in
the monomer (Fig. 3.5, Fig. 1.4). As has been observed in other cases (28), these changes in
the hinge loop interactions may be sensed outside of the hinge region, such as in 2 and 3.
These changes in stability, along with the loss of translational and rotational entropy that
arises from the association of two polypeptides to form one complex, result in a domain-
swapped dimer that is ~5 kcal/mol more stable than the monomer at 45°C in terms of Gibbs

free energy.

4.2 Micelle Catalysis in NGlpG Domain Swapping

One of the most novel aspects of NGIpG domain swapping is the catalysis of this
process that can be achieved through the use of zwitterionic detergent micelles. While a few
proteins have been shown to undergo domain swapping that could be promoted by
detergents, catalysis by micelles has never previously been demonstrated. For example,
although domain swapping of Bax was induced by the non-ionic detergents Triton X-100 and
Nonidet P40 (Table A.1), it was not shown whether dimerization was due to micelles or the

free detergent, or if the equilibrium constant for dimerization was preserved (66, 67). In
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another case, domain swapping of Bet v4 could be accelerated in the presence of SDS (Table
A.1) (68); however, only sub-micellar concentrations were required. Furthermore,
approximately 10% of Bet v4 formed aggregates rather than domain-swapped dimers under
these conditions. Unlike these examples, domain swapping of NGlpG could be catalyzed by
Fos16 micelles without undergoing aggregation.

Although not yet explored, it is possible that the use of micelles to accelerate domain
swapping may be applicable to other proteins, particularly if they have already been shown
to have some propensity to interact with micelles or lipid vesicles (32, 69-72). A promising
candidate is saposin C (SapC), a protein that is involved in destabilization and fusion of
acidic vesicles (71). Monomeric SapC forms a bundle of 5 a helices that binds to SDS
micelles in an open conformation, with two of the a helices being displaced to expose the
hydrophobic core that interacts with the micelle surface (70). Interestingly, the structure of
the micelle-bound monomer is highly similar to the structure adopted by each subunit in a
crystal structure of the SapC domain-swapped dimer (71). Based on this structure the authors
proposed that SapC may have encountered endogenous yeast lipids during expression in P.
pastoris to give rise to the domain-swapped structure captured in the crystal. It is noteworthy
that the micelle-bound intermediate state of SapC is similar to that of NGlpG, in that both
proteins undergo an increase in helix content and experience disruptions of tertiary
interactions. These similarities raise the possibility that micelles can be generally useful for
the catalysis of domain swapping, particularly if the protein of interest has some propensity
to interact with lipid bilayers or micelles.

Another domain-swapping protein that has some propensity for membrane binding is
the cytoplasmic domain of the membrane protein Fisl (Fis1ATM), which forms a domain-

swapped dimer that is necessary for activity (32). Slow exchange between oligomeric states
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could be overcome by raising the temperature above ~45°C, or by treatment with >4 M
guanidinium, although these conditions gave rise to significantly different populations of
monomeric and dimeric states. The ability of Fis1ATM to reversibly bind to lipid
membranes (69) raises the possibility that detergent micelles could catalyze domain
swapping while maintaining the free energy difference between monomeric and dimer states,
a hypothesis that remains to be explored in the future. Overall, the potential for micelles to be
used as catalysts of domain swapping has been an underappreciated phenomenon. The
results of this thesis have the potential to expand the arsenal of tools to facilitate the study of

domain-swapping interactions.

4.3 Mechanism for Micelle-Catalyzed Domain Swapping of NGlpG

During the characterization of NGIpG domain swapping kinetics, it was found that
dimerization is first order with respect to NGlpG. Therefore, the rate-limiting step does not
involve the association of monomeric subunits, but rather requires some high barrier
activation event in a single monomer (36). This has been seen in other cases, for example
domain-swapping dimerization of cyanovirin-N, where the rate-limiting step was proposed to
involve unfolding (73). In the case of NGIpG it is not yet known whether complete unfolding
is necessary for domain swapping. However, the free energy of unfolding can be estimated
based on the thermal denaturation data obtained on monomeric NGlpG. AH,, and AS,, for
unfolding of NGIpG at the transition midpoint (T, = 90 + 2°C) was found to be 70 = 10
kcal/mol and 193 + 28 cal/(mol K), respectively (Fig. 3.2). If it is assumed that AH,, and AS,,
are temperature-independent then AG® for unfolding at 45°C would be 9 kcal/mol,
corresponding to ~0.00008% of NGlIpG in the unfolded state under these conditions. In this

case, if unfolding is the rate-determining step then the activation barrier to unfolding should
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be the same height as the barrier for domain swapping. However, entropy is temperature-
dependent, while enthalpy varies with the heat capacity, a variable that also depends on
temperature. Consequently, it is not possible to directly compare the enthalpy and entropy of
unfolding at the melting temperature to the activation enthalpy and entropy of domain
swapping determined at lower temperatures. Instead it would be necessary to determine AG®
for unfolding at 45°C, for example through titration of NGlpG with chemical denaturants,
such as guanidine hydrochloride (74). If the unfolded state is also similar to the transition
state for domain swapping, then this free energy difference would be expected to be similar
to the activation free energy for domain swapping. However this may not be the case, since
most proteins have only small free energy differences between folded and unfolded states.
Nonetheless, the transition state for unfolding may be the same as that for domain swapping,
a possibility that could be explored in future experiments by measuring folding/unfolding
rates for NGIpG, along with an Eyring analysis.

In the presence of micelles, domain swapping remains first order with respect to
NGIpG, and also first order in micelle concentration, indicating that the transition state must
involve both species (Fig 4.1). Based on our measurements of Fos16 micelle binding affinity,
this interaction is quite favourable, with a AG® of -8 kcal/mol for complex formation. This is
a benefit for micelle catalysis since high concentrations of the micelle catalyst are not
required for rate enhancement (75), as we have observed in our experiments. In addition,
binding is associated with conformational changes, both at the secondary and tertiary
structure levels. Specifically, there is an increase in alpha helix content, along with decreases
in B strand and random coil contents that occur upon binding of the monomer to Fos16
micelles (Table 3.3). It is likely that these secondary structure elements are not stably

associated in a compact globular state since the thermal denaturation of NGIpG in the
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presence of Fos16 micelles did not show evidence of a cooperative transition. Despite these
structural characterizations, it is important to note that the secondary structure prediction was
performed using a standard set consisting only of soluble proteins (50). However, the
micelle-bound state may also exhibit characteristics of a membrane protein, as NGlpG
interacts with the micelle in a partially unfolded state with a potentially exposed hydrophobic
core. If so, this would make the secondary structure prediction less valid. Future studies
should focus on characterizing the structure of the micelle-bound state using higher

resolution techniques, such as NMR spectroscopy.

| 25

Free Energy (kcal/mol)

Reaction Coordinate

Fig. 4.1: Free energy landscape for domain swapping of NGIpG at 45°C in the absence
(black) and presence (red) of Fos16 micelles. The free energy difference between the
monomer (M) and dimer (D) is ~5 kcal/mol. Domain swapping involves a high-energy
intermediate, I*, which is formed when the activation barrier (~25 kcal/mol) is overcome. In
the presence of Fos16 micelles, the activation barrier for domain swapping is lowered by ~12
kcal/mol.

The results of our Eyring analysis in the presence and absence of Fos16 micelles
show that the micelle may bind more tightly to the transition state than the intermediate state,
since the decrease in activation energy (~12kcal/mol) is larger than the energy of binding the

partially unfolded intermediate (~8 kcal/mol). The results of the Eyring analysis also reveal

that rate acceleration comes from a significant decrease in the activation enthalpy for domain
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swapping. Since micelle charge appears to influence the rate of micelle-accelerated domain
swapping, it is likely that electrostatic interactions comprise some part of this stabilization.
However, the large amount of entropy that is gained in the transition state for uncatalyzed
domain swapping is significantly reduced by micelles. This is not unexpected since the
association of two species will reduce the translational and rotational degrees of freedom
available to the system. However, it is also possible that the higher order of the micelle-
catalyzed transition state reflects a more compact state than the uncatalyzed pathway. Since
detergent tail length affects the rate of domain swapping, it is possible that smaller micelles
impose a more restrictive environment for the NGIpG transition state, thereby decreasing the
activation entropy for micelle-accelerated domain swapping. Although the effects of
detergent charge and size on the activation enthalpy and activation entropy were not directly
tested in this study, this is an interesting aspect of micelle-catalyzed domain swapping that

could be pursued in the future.

4.4 A Chaperonin-Like Mechanism of Catalysis

Structural analysis of the micelle-bound state of NGIpG showed a high degree of
secondary structure that did not undergo a cooperative thermal transition, suggesting a
partially unfolded state for the micelle-bound protein. This ability of the micelle to at least
partly unfold NGlIpG is reminiscent of the action of chaperonins, which also unfold
kinetically trapped folding intermediates (76—78). In particular, FRET studies have shown
that binding of misfolded intermediates to chaperonins such as GroEL/GroES results in
disruption of non-native interactions (78, 79). Given the stabilities of monomeric and dimeric

NGIpG, either of these two states can be considered kinetically trapped intermediates. Fos16
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micelles help to free these trapped intermediates by disrupting tertiary interactions to form a
partially unfolded state that is primed for domain swapping.

The ability of micelles to act in a chaperonin-like manner is novel, and distinct from
previous studies that used micelles to function as protein chaperones (80, 81). In those
studies, micelles were used to bind proteins that were completely denatured by exposure to
harsh conditions such as high temperatures or chemical denaturants. The designed micelles
did not have any propensity to bind the folded state or induce unfolding on their own. Instead
the primary function of these micelles was to bind and sequester the unfolded state to prevent
aggregation. However, because the interaction with the unfolded state was strong, micelle
removal through exposure to detergent-binding reagents (80), or enzymatic systems that
disrupted the micelle structure (81), was required to allow polypeptide release under
refolding conditions. That is distinct from micelle catalysis of NGlpG domain swapping,
since detergent removal was not required to achieve acceleration of domain swapping. This
was demonstrated by the NMR spectrum of NGIpG in the presence of micromolar quantities
of detergent micelles, with the pure monomeric species giving rise to the dimeric species at
an accelerated rate (36). If the micelle interaction with NGlpG was too strong, then the
micelles would be expected to become saturated with protein, and unable to release protein

for the domain-swapping interaction.

4.5 Relevance of Micelle-Catalyzed Domain Swapping to Fibril Formation

An intriguing possibility that is raised by the results from this thesis is that lipid-
protein interactions may nucleate domain swapping in some protein deposition diseases.
Many amyloid fibrils are formed from open-ended domain swapping, including fibrils of

PrP, B2-microglobulin, al-antitrypsin (12,17,18). Fibril formation usually occurs over
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several years and involves a lag phase followed by a growth phase. The lag phase is
associated with the formation of a nucleus that seeds the formation of aggregates. In the case
of cystatin C, the nucleus is formed from its domain-swapped dimer (13). Since the results
from my study show that domain swapping can be accelerated by detergent micelles, it is
also possible that some regions of lipid membranes may promote nucleation. Specifically,
local deformations in lipid bilayer structure that increase solvent exposure of the
hydrophobic phase, as might be seen in regions of significant membrane curvature or by
hydrophobic mismatch at phase boundaries of lipid rafts may have some propensity to bind
proteins in a partially denaturing manner. As shown in this thesis, the energetic barrier for
domain swapping could be lowered through this interaction, potentially nucleating the
formation of amyloid fibril formation, and accelerating the development of amyloidosis. The
electrostatic and steric properties of the micelles that are important for the catalysis of
domain swapping of NGIpG could also be important for protein-lipid interactions that result
in rate enhancement of fibril formation in vivo. Ultimately, the structural and energetic
characterization of the micelle-bound state of NGIpG presented in this thesis has the
potential to facilitate the rational design of therapeutics that inhibit fibril formation involving

domain swapping oligomers in the future.
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Appendix
A.1 Tables
Table A.1: Chemical structures of detergents
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