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EPIGRAPH

The best way out is always through.
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ABSTRACT OF DISSERTATION

Uncovering Allostery in a Uniquely Folded Metalloprotein

by

Elizabeth Leigh Baxter

Doctor of Philosophy in Chemistry

University of California, San Diego, 2013

Professor Patricia A Jennings, Chair

Proteins are linear chains of amino acids that self-assemble, or "fold", into 3-
dimensional structures which perform tasks in organisms. Nature has selected for
sequences which fold quickly and efficiently into their functional structure. While it is

important for organisms to have proteins which fold efficiently, it is essential that
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proteins also perform their function. These two evolutionary pressures are sometimes in
conflict, and perfect optimization of both folding and function may not always be
possible. For example, a mutation which slows folding may be selected for if it enhances
protein function, therefore increasing the fitness of the organism. As a result, regions of a
protein that contribute to slow folding may be critical for function.

Identifying regions that contribute to slow folding may be an effective way to
predict and identify sites that are critical to a proteins function. This dissertation uses this
approach to characterize mitoNEET, a protein which is implicated in diabetes, aging,
cancer, and obesity. MitoNEET was discovered because it unexpectedly binds the
commonly prescribed diabetes drug Pioglitazone. The protein is a uniquely folded
homodimer, and each protomer coordinates two [2Fe-2S] clusters. These iron-sulfur
clusters are capable of electron transfer, and the cluster itself may be transferred to
acceptor partner proteins. Understanding how this protein regulates its metal centers is
critical for better drug design.

We used structure-based models to simulate the folding of mitoNEET, and
observed that a loop far removed from the metal center creates a constraint which slows
the folding of the protein. We predicted that this region was evolutionarily conserved,
and that mutations to this site would disrupt the function of the protein. To test this
theory, we used mutagenesis to introduce perturbations at this site. We observed that
changes to this loop alter the rate of cluster transfer, cluster decay, and the redox
potential. This result is striking because properties of metal centers are traditionally

thought to be controlled by the small fraction of amino acids which directly surround

XVi



them. Our work challenges this paradigm, and we feel it opens the door to more

intelligent drug design for this class of proteins.
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Chapter 1

Introduction



DIABETES AND MITONEET

As of 2011, The Center for Disease Control estimates that 25.8 million people in
the United States have diabetes, with type 2 diabetes comprising between 90-95% of
these cases (1). Type 2 diabetes is typically caused by obesity and a lack of exercise, and
is characterized by high blood glucose levels as a result of insulin resistance (2, 3).
While there are many drug treatments available for type 2 diabetes, a class of insulin
sensitizing agents known as Thiazolidinediones (TZDs) are some of the most commonly
prescribed.

TZDs are high affinity ligands for the transcription factor peroxisome proliferator-
activated receptor subtype y (PPARY) (4), and for years the predominantly held paradigm
was that the beneficial effects of these drugs are exerted through activation of PPARy (5-
7). Unfortunately many of the side effects of TZD’s are also PPARy mediated.
Activation of PPARy in collecting duct tissue directly increases expression of the
epithelial Na+ channel y (ENaC-y), resulting in the increased fluid retention commonly
observed with TZD treatment (8), and collecting duct PPARy knockout mice are
protected against increases in body weight and plasma volume expansion associated with
TZDs (9). Tissue specific PPARy knockout mice show resistance to the increased
adiposity (10, 11) and hepatic steatosis (12) associated with the TZD rosiglitazone.

To further complicate things, recent evidence suggests that some of the insulin
sensitizing effects of TZDs are exerted in a PPARy independent manner. Some of the
effects of TZDs occur too quickly to be dependent on PPARy -mediated transcription
events (13), and the ability of TZDs to activate PPARY is not predictive of its efficacy as

an insulin sensitizing agent (14-16). Additionally, studies with muscle, liver, and adipose



tissue PPARy knockout mice show that TZDs are able to exert beneficial effects
independent of PPARy binding, and TZDs designed to be PPARy-sparing TZDs
(PsTZDs) are able to ameliorate insulin resistance and inflammation in obese mice (17).
These studies suggest alternate molecular targets exist for TZDs, and by targeting these
specifically many of the side effects associated with PPARy activation can be avoided
7).

In 2004 an alternate target was identified for the commonly prescribed TZD
pioglitazone, or Actos as it is more commonly known. Colca et al. identified a 17kda
protein which specifically cross-linked a radiolabeled photoaffinity derivative of
pioglitazone (18). This protein was named mitoNEET based on the fact that it was
localized to the mitochondrial fraction of rodent brain, liver, and skeletal muscle, and
because it has a rare “NEET” sequence in its C-terminus (18). The protein has a
predicted transmembrane sequence in its N terminus, and mitochondrial fractionation and
protease sensitivity experiments show that the protein is localized to the outer
mitochondrial membrane (OMM), with a soluble domain exposed to the cytosol (19).
Optical and electron paramagnetic spectroscopy studies demonstrated that the protein
contains a [2Fe-2S] cluster, making it the first discovered iron containing protein
localized to the OMM (20).

Unsurprisingly, mitoNEET and its homologues are critical in health and disease.
MitoNEET is strongly implicated in diabetes; in addition to binding a type 2 diabetes
drug target, mouse studies have demonstrated that varying expression levels of
mitoNEET regulates insulin sensitivity as well as lipid homeostasis (21). In mice fed a

high fat diet, overexpression of mitoNEET in adipocytes resulted in greater expansion of



adipose tissue and weight gain than in their nontransgenic littermates (21). Despite the
marked obesity observed in the overexpressing mice, insulin sensitivity was preserved
when compared to their counterparts (21). Additionally, overexpression of mitoNEET
blocked transport of iron in to the mitochondria, and by doing so inhibited electron
transport (21). Reduction of mitoNEET expression enhances mitochondrial respiratory
capacity and reduces the weight gain associated with a high fat diet. While these mice
are thinner, they experience heightened oxidative stress and glucose intolerance (21).

In addition to expressing MitoNEET (encoded by the gene CISD1) humans
express two other mitoNEET like proteins, Naf-1, (encoded by CISD2) and Miner2
(encoded by CISD3). Mice with a deficiency in Naf-1 show signs of accelerated aging,
including blindness, muscular degeneration, and mitochondrial degeneration and
autophagy (22). A mutation in CISD2, the gene encoding Naf-1, is causative of wolframs
syndrome (23). The symptoms of wolframs syndrome include diabetes insipidus,
diabetes mellitus, optic atrophy, and deafness (24, 25). A single base pair transversion in
the encoding gene CISD2 causes a splicing error which results in a truncated form of
Naf-1 (23). The truncated form of Naf-1 lacks the domain which coordinates the [2Fe-
2S] cluster, resulting in an apo-protein.

When the crystal structure of mitoNEET was solved, it was revealed that the
protein had a completely unique fold among the pdb database (26-28). (Figure 1.1) As
such, the protein became the defining member of the CDGSH iron sulfur domain (CISD)
family of proteins, of which the consensus sequence is C-X-C-X,-(S/T)-X3-P-X-C-D-G-
(S/AIT)-H. This family of proteins has been conserved throughout evolution and

members are seen in eukaryotes, archaea, and bacteria. MitoNEET is homodimeric, with



Beta Cap
Domain

Cluster - ,
} Binding Cys-72
Domain

)

Nes = \ / S -

Cluster Binding Domain Helical Turn Cluster Binding Domain

Figure 1.1: Structural organization and domain topology of mitoNEET

A) Ribbon diagram of mitoNEET colored by chain, showing the location of the beta cap
domain and the cluster binding domain. B) The [2Fe-2S] cluster is coordinated by 3
cysteines and one histidine. C) Splay diagram of mitoNEET colored by chain. The beta
cap domain consists of a beta sandwich composed of two three stranded beta sheets.
Each beta sheet is composed of two strands from one protomer and a third strand from
the second protomer.



each protomer coordinating a [2Fe-2S] cluster (Figure 1.1). The two protomers
intertwine via an unusual strand swap to form two domains, a beta cap domain which
consists of two three stranded beta sheets sandwiched together, and a cluster binding
domain which coordinates the [2Fe-2S] clusters. (Figure 1.1) Other members of the
CDGSH family of proteins exhibit variations to this topology (29). For example, the
arrangement of strands and the number of strands in the beta cap domain may vary, and
one monomeric structure has been characterized. However, all structures characterized to
date have two conserved, opposing cluster binding pockets in the cluster binding domain,
and a beta sandwich (26-31).

The metal centers in the CDGSH family of proteins are of particular interest. The
majority of [2Fe-2S] clusters have either a rieske type 2Cys-2His coordination, or a
ferredoxin like 4Cys coordination. MitoNEET and other CDGSH family members
coordinate their [2Fe-2S] clusters with 3 cysteines and 1 solvent exposed histidine (26-
31). (Figure 1.1B) MitoNEET’s [2Fe-2S] clusters have been shown to be transferrable
(32, 33), redox active, and labile, suggesting multiple possible functional roles for
mitoNEET. The protein is capable of cluster transfer in vitro and in vivo, and TZD
binding blocks this process (32, 33). The clusters have a redox potential of +25 mV at pH
7.0, however the redox potential decreases with increasing pH (34, 35).  This sensitivity
to the cellular environment suggests that mitoNEET may play a role as a sensor. The pH
sensitivity may be attributable to the solvent exposed coordinating histidine, which can
be protonated at low pH (36, 37). Strikingly, TZD binding also modulates the redox

potential of the protein (35).



Since mitoNEET is not only a new drug target, but also has a completely unique
fold, it is essential to understand how its structure regulates the properties of its [2Fe-2S]
clusters, and thus, its function. In order to accomplish this, we turn to energy landscape
theory and Structure-Based Models.

ENERGY LANDSCAPE THEORY

It’s been estimated that if a random amino acid chain were to fold by sampling all
possible configurations, it would take roughly the age of the universe for it to find its
correctly folded structure (38). In reality, many proteins are observed to fold on the order of
seconds. Energy landscape theory addresses this discrepancy by suggesting that
organisms have evolved to express proteins which fold in a funneled fashion with
minimal frustration (39-41). (Figure 1.2A, B) In minimally frustrated sequences,
interactions between amino acids in the native structure are mutually attractive and thus
stabilizing to the native state (40). As proteins organize in to structures in the search for
the native state, structures that are similar to the native state are stabilized by the
attractive force between native amino acid pairs and the energy of the system is reduced.
Non-native interactions are kept to a minimum, so that structures dissimilar to the native
state have fewer attractive interactions and are higher energy. Thus, native interactions
guide the folding process to the correct native state resulting in a funneled landscape with
few energetic traps.

Energy landscape theory provides the foundation for a class of molecular
dynamics hamiltonians called Structure-Based Models (SBMs). In a SBM, structural
data derived from a crystal structure or NMR structure is included in the Hamiltonian to

provide a bias towards the native basin. Bonds, angles, and dihedrals in the model are set



so that the lowest energy state is that which is present in the native state. Depending on
the type of SBM, pairs of atoms or residues that are in close proximity in the native
structure are assumed to be native interactions and are assigned an attractive force, while
non-native interactions are assigned a short range repulsive term. By imposing a native
bias and excluding non-native interactions, these simplified models effectively use the
principal of minimal frustration to model a funneled energy landscape. Because SBM’s
ignore energetic frustration, they are able to capture geometric constraints in folding and
reflect the intrinsic difficulty in folding to a particular shape. These models have
successfully captured the free energy barriers to folding and the folding mechanism of
many systems (42-47).

SBMs have also proven applicable in furthering our understanding of the
functional dynamics of proteins (48-51). This is because protein folding and protein
function are linked, and functional information is contained in the ruggedness of the
folding funnel (Figure 1.2 C). A simple way to understand the link between folding and
function is from an evolutionary standpoint. While it is important for organisms to have
proteins that fold quickly and efficiently, it is essential to the survival of the organism
that proteins also perform their function. These two evolutionary pressures are
sometimes in conflict, and perfect optimization of both efficient folding and function
many not always be possible. The resulting energy landscape is still funneled, but may
include frustration in the form of local energetic traps or roughness in the funnel.
(Figurel.2C)

As a result, residues in a proteins sequence that impact folding efficiency may

have been evolutionarily conserved, or even selected for. For example, a random



Figure 1.2: Funneled energy landscapes

A) A representation of a random search of conformational space in which the sampled
configurations do not funnel the protein closer to the native state. B) A perfectly
funneled energy landscape, in which all sampled configurations guide the folding towards
the native basin. C) A rugged funneled landscape, in which some of the sampled
configurations exist as traps, or local energetic minima. D) A funneled landscape in
which a higher energy functional state is accessible under native conditions. These
states may sometimes be accessed during folding as part of an alternate pathway.
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mutation in a protein sequence may result in a protein which folds faster, but the same
mutation may also compromise the function of the protein, and therefore the fitness of the
organism. Alternately, a mutation which compromises folding may be selected for if it
enhances the function of the protein and the fitness of the organism. A recent study
showed that energetic frustration in proteins co-localizes with cofactor binding sites,
suggesting that stability in these regions was compromised for function (52). Another
example of this phenomenon is seen in WW domain proteins. Mutations to functional
loops are able to speed up folding at the expense of function, and in some cases remove
the barrier to folding completely (53, 54).

An alternate way to understand the link between folding and function is to realize
that proteins perform their function on the same landscape that they fold on. In energy
landscape theory, the native state exists as an energetic minimum at the bottom of the
folding funnel. The “native state” of a protein is a bit of a misnomer because it implies
that there is only one accessible state under native conditions, when in fact many proteins
have multiple functional states accessible under native conditions. In some systems these
functional states exhibit much greater degrees of disorder than the energetic minimum of
the protein and can be represented as higher energy local minima which may be accessed
from the lowest energy state (55) (Figure 1.2D). After a protein makes its way to the
native state, it performs its functional motions at the bottom of this funnel, and
periodically accesses higher energy functional states. Because these states may be short
lived and disordered they may be difficult to characterize using traditional techniques
such as circular dichroism or x-ray crystallography. In many systems these functional

states are also accessed during the folding process, and may show up as folding
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intermediates (55) or as alternate pathways in folding. Therefore characterizing the
folding landscape of a protein can give us important clues about the functional motions
and functional states of a protein.

Identifying regions which contribute to slow folding may be an effective way to
predict and identify sites which are critical to a proteins function. Furthermore, a
thorough characterization of the folding landscape of a protein, including the traps,
intermediates, and alternate pathways may provide information about the functional
states and functional motions of the folded protein.  This dissertation seeks to make
predictions about the structure function relationship in mitoNEET using energy landscape
theory and structure based models, and validates these predictions with experimental

data.
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General Methods
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INTRODUCTION

In order to characterize the relationship between folding and function in
mitoNEET, we use a combined theoretical and experimental approach. All simulations
were performed with SBMs run with the GROMACS, however the Hamiltonian used
varies between a coarse grained C, model or an all-atom model depending on the type of
simulations. To simulate the folding of mitoNEET, we used a coarse grained C, model
with the [2Fe-2S] cluster modeled implicitly. Simulations of the native basin dynamics
and the functional motions of the protein were performed with an all-atom Hamiltonian.

Experimental work includes site directed site directed mutagenesis of mitoNEET,
and expression and purification of mitoNEET and apo-ferredoxin. Crystallographic
studies were used to examine whether mutagenesis to mitoNEET resulted in structural
changes. UV-visible spectroscopy was used to characterize changes to the properties of
mitoNEET’s [2Fe-2S] clusters upon mutagenesis.
GENERAL METHODS
Coarse Grain Structure-Based Modeling

All MD simulations were performed using the GROMACS software package
(56). Simulations were performed using a SBM in which the crystal structure of the
protein is the lowest energy state. In the coarse grained C, model, each residue is treated
as a single bead located at the C, position, and interactions occur between residues, rather

than individual atoms. The functional form of the C, Hamiltonian is:
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V= z & (r—1my)?% + z gg (0 —6p)* + z epFp (¢ — ¢o)

bonds angles backbone

IO RIC NI

contacts non-—contacts

12

Native contacts are determined using the SBMs in GROMACS (SMOG) Web
server (57) with the Contacts of Structural Units (CSU) software (58). The distance
between beads is given by r, and the native distance between contacts is given as Gij.
Residues that are not determined to be in contact are defined as non contacts, and are
assigned a hard wall interaction with a radius of onc = 4A. Native bond lengths between
C, beads are represented by ro. Three body angles are represented by 6 and four body
angles are represented by ¢. The backbone potential Fp is:

Fo(#) = [1 - cos(#)] +3 (1~ cos(3¢)

The coefficients for each term are scaled so that & = 100, g9 = 40 sp = ec= enc = €
=kg. For simplicity, the [2Fe-2S] cluster was not modeled in with beads in the C, model,
instead the cluster was included implicitly by the contacts present between the cluster
coordinating residues.
All-Atom Structure Based Modeling

In the all-atom potential, all atoms are modeled as beads, with the exception of

hydrogen atoms. The functional form of the all-atom Hamiltonian is:
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V= z g (r—rm)? + Z gg (0 —6p)*+ 2 & (X —Xo0)®

bonds angles impropers

planars
0ij 12 0y 6
+ z eppFp(P) + z escFp (@) + z &c [(T) _2(7) ]
backbone sidechain contacts
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In this equation, 1o represents the distances between atoms considered “in
contact” in the native state, as defined by the crystal structure of the protein. In the all-
atom model, atoms are said to be in contact if they are within 6A from each other.
Additionally, our model employs the Shadow algorithm; to be considered in contact,
there must not be any other atoms in between the contact pair, they must be able to “see”
each other (59). Atoms considered not in contact are assigned a hard wall interaction
with a radius of onc = 2.5A. Native bond lengths between atoms are represented by ro.
Three body angles are represented by 6 and four body angles are represented by ¢.

Improper dihedrals, represented by %, maintain side chain planarity and backbone

chirality. The backbone and side chain terms are scaled so that the ratio ‘ZLB IS set to 2.
SC

Y e

is set to 2.
Y. EBBt+X Esc

Similarly, the dihedral and contact terms are scaled so that the ratio

Finally, the stabilizing energy is set so that Y, e + ). €gp 2. €&sc = €Ngroms- Additional
coefficient scaling is &, = 100¢, g9 = 20¢, & = 10g enc = £ =kgT*=1. For ring planarity,
&=10s
Bacterial Growth and Expression of MitoNEET

Plasmids containing the soluble domain of mitoNEET or Naf-1 in kanamycin

resistant bacterial expression vector pET-28a(+)(Novagen) were obtained from Andrea



16

Conlan. The expression vectors contain an N-terminal thrombin cleavable histidine tag.
Point Mutations were made with full plasmid PCR using overlapping primers (IDT
Technologies) containing the mutation of interest.

Plasmids were transformed in to BL21-CodonPlus(DE3)-RIL cells (Stratagene).
Cell stocks containing the expression vector of interest were grown in LB supplemented
with 30 pg/mL kanamycin and 34 pg/mL chloramphenicol at 32°C. At an OD600 of 0.3,
10mM FeCls was added to a final concentration of 0.75mM. Protein expression was
induced with ImM IPTG at an OD600 of 0.8 and cells were allowed to grow at 25°C for
an additional 10-15 hours. Cells were harvested by centrifugation at 4,000 RPM for 15
minutes. Harvested cells were resuspended in sonication buffer (25mM Tris-HCI pH8,
5mM Imidazole, 300mM NaCl) and lysed by sonication. The cell lysate was cleared by
centrifugation for 30 min at 13000 rpm and the supernatant was added to Ni-NTA resin
(Qiagen) and allowed to batch bind for 30 minutes at 4°C. The resin was washed with
10x volume of wash buffer (25mM Tris-HCI pH 8, 30mM Imidazole, 300mM NaCl) and
then equilibrated in thrombin cleavage buffer (25mM Tris-HCI pH 8.0, 150mM NacCl,
2.5mM CaCl2). The His-tag was cleaved with thrombin for 10-15 hours at 4°C, and an
additional 4 hours at 25°C. The protein was eluted with wash buffer and purified with
cation exchange chromatography (HiTrap, GE Healthcare).
Spectroscopy and Crystal Growth

All UV-Visible absorption spectroscopy was performed on a Cary50 spectrometer
(Varian Inc, Palo Alto CA) equipped with a temperature controlled cell (T = 35°C).

Crystals were grown at 19.6°C using the vapor diffusion method on CrystalClear

D Strips 96 well sitting drop plates (Douglas Instruments). PEG 3000 was used as the
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precipitating agent and the buffer used was 100mM Tris-HCI pH 8 and 100mM NacCl.
Crystal samples were soaked for 1 minute in 100mM Tris-HCI pH 8, 40% PEG 3000,
then flash frozen to 77K in liquid nitrogen. Samples were shipped at 77K to SSRL in a
SSRL supplied cassette system.

All Structures were visualized with Pymol.
Expression and Purification of Apo-Ferredoxin

Cell stocks containing the ferredoxin expression vector in BL21-BE3 E. Coli cells
were obtained from Rachel Nechushtai. The petF gene encoding mFd — the ferredoxin
encoding gene of Cyanobatrium Mastigocladus laminosus (60) was contained in bacterial
expression vector pET-20b. The expression vectors contain an N-terminal thrombin
cleavable histidine.

Cells were grown in TB supplemented with 100 ug/mL ampicillin at 37°C.
Protein expression was induced with 1ImM IPTG at an OD600 of 0.6 and cells were
allowed to grow at 25°C for an additional 10-15 hours. Cells were harvested by
centrifugation at 4,000 RPM for 15 minutes. Harvested cells were resuspended in
sonication buffer (20mM Tris-HCI pH8, 5mM Imidazole, 5mM MgCl;) and lysed by
sonication. The cell lysate was cleared by centrifugation for 30 min at 13000 rpm and the
supernatant was added to Ni-NTA resin (Qiagen) and allowed to batch bind for 30
minutes at 4°C. The resin was washed with 10x volume of wash buffer (20mM Tris-HCI
pH 8, 15mM Imidazole, 50mM NaCl). The resin was then resuspended in elution buffer
(20mM Tris-HCI pH 8.0, 150mM Imidazole, 300mM NaCl) and the suspension was left
to precipitate on a nutator for 30 min at 4°C. The protein was then eluted. The elution

was diluted 3X with 20mM Tris-HCI pH 8.0, and then purified with anion exchange
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chromatography (HiTrap, GE Healthcare). The apo-protein eluted as the second peak
and was collected and repurified using a Sephacryl S-100 size exclusion column. (GE

Healthcare)
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ABSTRACT

MitoNEET is a recently identified drug target for a commonly prescribed diabetes
drug, Pioglitazone. It belongs to a previously uncharacterized ancient family of proteins
for which the hallmark is the presence of a unique 39 amino acid CDGSH domain. In
order to characterize the folding landscape of this novel fold, we performed
thermodynamic simulations on MitoNEET using a SBM. Additionally, we implement a
method of contact map clustering to partition out alternate pathways in folding. This
cluster analysis reveals a detour late in folding and enables us to carefully examine the
folding mechanism of each pathway rather than the macroscopic average. We observe
that tightness in a region distal to the iron—sulfur cluster creates a constraint in folding
and additionally appears to mediate communication in folding between the two domains
of the protein. We demonstrate that by making changes at this site we are able to tweak
the order of folding events in the cluster binding domain as well as decrease the barrier to

folding.
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INTRODUCTION

MitoNEET is a recently identified outer mitochondrial membrane protein that
unexpectedly binds the commonly prescribed type Il diabetes drug Pioglitazone (18-20).
It is now recognized as a new drug target in diabetes therapy as opposed to the traditional
PPARYy therapeutics (61). Mis-splicing of Naf-1, the structural homolog of mitoNEET,
results in the rare disease Wolfram syndrome that initially presents with diabetes and
rapidly progresses to blindness and early death (23). In addition, Naf-1 appears to play a
significant role in aging and associated diseases. MitoNEET and Naf-1 possess a unique
homodimeric fold with a CDGSH iron-sulfur cluster binding domain and a strand
swapped beta cap (20, 26-28, 30, 62). Because regulating the activity of this new drug
target is an area of high interest, investigation of the folding and possible allosteric
modulation of function in this family is now a major research focus.

Energy landscape theory indicates that proteins have evolved to fold in a funneled
fashion with minimal frustration (39-41). Because energetic frustration is sufficiently
small, much of the heterogeneity in folding is dominated by the geometric constraints of
the native structure. As a result, SBMs are capable of capturing the main features of the
transition state and intermediates formed during folding for many proteins (42-47). In
addition, our analysis of the bottlenecks in folding have led to a deeper understanding of
regulatory mechanisms operating in specific proteins. This led us to the hypothesis that
functional regions in proteins may add roughness to the landscape because they are under
separate evolutionary pressure than areas used for efficient folding. For example,
structure-based simulations with adenylate kinase demonstrated that the introduction of

frustration induced conformational transitions associated with enzymatic catalysis
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through specific unfolding, or cracking (48, 49). Folding simulations with Csk and IL-1p
successfully captured long range communication to functional sites (50, 51). Therefore
folding studies provide a unique approach to explore the functional landscape of
biomolecules.

As a first step toward defining not only the folding but also potential points of
regulation in the NEET family, we initiated theoretical structure-based folding studies. A
common approach to analyzing large quantities of data from structure-based simulations
IS to examine macroscopic averages at a point along a reaction coordinate, such as Q.
However, many proteins can access multiple routes to folding (63-67). In these systems,
this approach can become problematic because averaging over multiple pathways can
obscure the actual folding events in each route. In these cases it is useful to examine
reaction coordinates transverse to Q, but because the folding funnel is highly
multidimensional, it is difficult to know which reaction coordinates to examine. We
implement a scheme to investigate the dimeric transition state in SBMs by clustering
contact maps. Clustering provides us with an efficient way of compacting and visualizing
this high-dimensional space in two dimensions, enabling us to efficiently sort data and
identify alternate folding routes that make up this ensemble. It also proves especially
effective for handling averaging over duplicate pathways that result from symmetry in
multimeric systems. We show that in mitoNEET, the average transition state ensemble is
misleading when compared with the transition state ensemble after clustering.
Additionally, clustering reveals the presence of a detour late in folding.

Clustering enables us to carefully examine the folding mechanism of mitoNEET.

We observe that a helical turn in the top of the beta cap domain introduces frustration in
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folding. Additionally, we see communication between the beta cap domain and the
cluster binding domain. Rigidity in the beta cap domain creates a constraint for how the
rest of the protein folds, and this results in backtracking in loop 1 in the cluster binding
domain. We demonstrate that we can modulate the behavior of the cluster binding
domain by making changes at the top of the beta cap domain. By destabilizing a set of
contacts in loop 2 at the top of the beta cap domain, we can relieve backtracking in the
cluster binding domain. Additionally, this drops the barrier to folding, suggesting that this
structural feature introduces frustration in folding.
RESULTS
Structure of MitoNEET and Nomenclature

MitoNEET is a homodimeric Fe-S protein with a novel fold (26-28). Each
protomer consists of three B-strands (B1, B2, and B3), an alpha helix (al), and four loops
(L1, L2, L3, and L4). Moving from the N to C terminus they are ordered L1, 1, L2, 32,
L3, al, L4, B3. Together the two protomers intertwine to form two domains, a beta cap
domain and a cluster binding domain (Figure 3.1). The cluster binding domain
coordinates two redox active 2Fe—2S cluster (20, 34, 35). Each of the two cluster cradles
is formed from loop 3 and helix 1 of a single protomer. The coordination is unusual in
that each of the clusters are coordinated by three cysteines and one histidine. The beta cap
domain consists of two beta sheets. Each beta sheet is composed of 2 and 3 from one
protomer and B1’ from the other protomer, arranged in the order B1’ B3 B2. This strand
swap of B1’ intertwines the two protomers and creates a helical turn across the top of the

beta cap domain in L2 (Figure 3.1). In an effort to understand the functional
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Figure 3.1: Structural organization and domain topology of mitoNEET

(A) Protomers aligned with the sequence. Highlighted regions correspond to the loops,
helices, and beta strands in mitoNEET. (B) Splay diagram showing the location of the
helical turn in the beta cap domain. (C) Ribbon diagram of mitoNEET colored by chain.
The beta cap domain consists of a beta sandwich composed of two three-stranded beta
sheets. Each beta sheet is composed of two strands from one protomer, and a third strand
from a second protomer.
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implications of the strand swap we now explore the mechanism of assembly of this
protein.
Mechanism of Assembly—Coupled Folding and Dimerization.

SBMs have proven to be informative in the mechanism of assembly of a number
of proteins (45, 68, 69). For example, we explain the rop dimer switch between syn and
anti structures as a dual basin landscape that corresponds to distinct but related structures
(70, 71). The unusual strand swap in mitoNEET creates a large interface surface between
the two protomers. This led us to ask: Does the strand swap introduce constraints into the
mechanism of assembly? In order to determine the mechanism of assembly of
mitoNEET, we performed molecular dynamics simulations using a SBM.

The free energy surface of assembly for the mitoNEET dimer is projected onto
three reaction coordinates; two corresponding to the folding of each protomer, and the
third corresponding to protomer association (Figure 3.2A). Qa represents the number of
contacts formed in monomer A, Q4 represents contact formation in monomer A, and Q,
represents the number of interface contacts formed. Moving along the reaction coordinate
Qa (or Q4) we see that when Q; is low, only a subset of Qa or Q4  contacts can be formed.
It is only when a significant number of interface contacts are formed that an increase in
the number of monomer contacts can be seen. The dimerization transition is broad,
suggesting that there may be more than one population of structures in the transition
state. It may be that multiple pathways to dimerization are present but are unable to be
resolved using this particular set of reaction coordinates. This will be investigated in the
next section. Analysis of the free energy barrier to folding (Figure 3.2B) indicates that

folding and dimerization are highly cooperative with no obvious populated intermediates.
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Figure 3.2: Free energy surface for the assembly of mitoNEET

(A) The free energy is projected on the reaction coordinates Qprotomer As Qprotomer a>, and
Qunterface- A contour of the free energy as a function of Qa and Qa: is plotted at eight
different values of Q,. (B) Free energy is plotted as a function of Q at T
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Taken together this initial analysis suggests that the folding and assembly of mitoNEET
is coupled and dimerization is obligatory. That is, the formation of individual protomers
A and A'is only allowed upon binding. In addition, the 8 kt barrier is high for a protein of
this size and suggests that traps along folding routes exist.

Clustering Uncovers The Folding Route.

The presence of traps during folding and assembly was investigated by
performing a detailed analysis of the transition state ensemble. The probability of specific
native contact formation in the transition state (Q =0.4) is shown Figure 3.3A. This
ensemble average view suggests that the transition state is diffuse and unstructured.
However, examination of individual trajectories between the folded and unfolded basins
indicates that transitions appear to choose between one of two pathways, and the
averaging over these two pathways is responsible for the appearance of an unstructured
transition state.

An accurate description of the folding process requires efficient separation of alternative
routes. To this end, we implement a method for clustering structures in the transition state
by their associated contact maps (described in detail in Methods). The resulting similarity
network for Q =0.4 is shown in Figure 3.3B. Two distinct clusters are observed,
suggesting that two different ensembles are populated in the transition state. The
probability of native contact formation for these two clusters at Q = 0.4 are provided in
Figure 3.3 C and D. In contrast to the initial contact map generated for the ensemble
where the two alpha helices appeared to form together and all beta sheets appeared
relatively unstructured, clustering reveals contact formation between 2" and B3’, 1 and

B3’, as well as contacts within helix al’. In the second cluster, the same contacts are
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Figure 3.3: Cluster analysis of mitoNEET at Q = 0.4

(A) Probability of specific contact formation at Q = 0.4, represented with color on a
contact map. White and yellow represent a lower probability of contact formation and
orange and dark read represent a higher probability of contact formation. All native
contacts are plotted in black across the diagonal for reference. (B) Similarity network for
Q = 0.4. Red nodes represent contact maps for individual snapshots in completed
transitions at Q = 0.4. Blue edges represent similarity between nodes. Shorter edges
represent higher similarity between snapshots. (C) Probability of specific contact
formation for each cluster. Structural features are circled in blue. In the top cluster, al’,
B2°-B3’, and B1-B3° form. (D) In the bottom cluster, al, f2-B3, and f1’°-B3 form.
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formed but in the complementary protomer (f2 and 3, f1’ and B3, and al). In fact, at
Q = 0.4 only a single dominant route is present; however, the symmetry of the multimeric
system creates a duplicate pathway distinguishable only through naming of the individual
protomers. A structural representation of the fraction of native contact formation by
residue at Q=0.4 is plotted in Figure 3.4. After clustering the transition state is
composed of one sheet from the beta sandwich and one half of the cluster binding
domain. Half of the protein forms by the transition state and structural elements from
both protomers are involved in the nucleation step. At Q = 0.6 (Figure 3.5) a third cluster
appears that represents an alternate folding route. Here residue contact formation between
the two protomers is symmetric. L1 and L1’ within the cluster binding domain are
disordered, while the entire beta cap domain is well formed (B2 and B3, f1’ and B3, B2’
and B3’, B1 and B3’, L2, and L2").

Rigidity in the Beta Cap Domain Forces Backtracking in Distal Sites.

The formation of native contacts within the protein is not uniform across the
molecule. We therefore partitioned and analyzed the behavior of specific subsets of
contacts (Figure 3.6A) within the protein as it folds to more carefully examine the order
of events. We then plot the progression of these subsets of contacts (Qpar) as a function of
the total number of contacts in the native fold (Qwtar) (Figure 3.6 B and C). We observed
that formation of contacts in a helical turn in L2, L1, and the late-forming beta sheet (32
and B3, B1’ and B3) are interdependent. That is, contacts found in the helical turn (plotted
in red) form early in the folding process, while contacts found in L1 (plotted in blue)
form in a nonmonotonic manner, and those within the beta sheet (plotted in green) begin

to populate after contact formation in L1 peak. These latter contacts (blue) exhibit a
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0.0 Residue Formation 0.98

Figure 3.4: Transition state structure of mitoNEET

(A) MitoNEET colored by chain for reference. (B) Residue contact formation for
mitoNEET at Q =0.4. P(Qi,Qca) is the probability that the set of contacts involving
residue i, Qi, are formed at a given Qca. P(Qi,Qca) was calculated for each cluster and
represented with a color scale on the structure of mitoNEET. White and yellow residues
represent decreased residue formation, and red and black represent higher residue
formation. In the transition state half the beta sandwich forms (1, B3’, and $2’) and one
half of the cluster binding domain are formed.
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behavior called backtracking, a signal of frustration in folding. Backtracking is the
forming, breaking, and reforming of native contacts as the protein proceeds to the folded
state. The formation of contacts in the late forming beta sheet appears to be coupled to
backtracking. As L1 contacts begin to break, the formation of these contacts begins, and
then plateaus just as contacts in L1 begin to form again. In the similarity network at

Q =0.6 (Figure 3.5) we see a third cluster appear that represents an alternate folding
route present in 29% of complete folding/unfolding transitions. This detour in folding is
the backtracking route. The second beta sheet comes together so that both beta sheets in
the beta cap domain and the helical turns are well formed; however, in this process L1
twists away from the helix and cluster-binding region, breaking contacts that had formed
earlier in folding.

To test if early formation of the helical part of L2 creates a constraint for how the
second half of the protein folds, we performed a second set of simulations in which we
destabilized this structural feature by removing three contacts in the helical turn and
relaxing five dihedral angles. Relaxing this helical turn reduces the barrier to folding
(Figure 3.6D). We looked for changes in the folding mechanism by again plotting Qpar Vs
Quotar TOr the same groups of contacts in this new set of simulations. Formation of L1
plateaus at Q =0.45, at which point beta sheet 2 begins to form. However, the
backtracking observed in WT mitoNEET is abolished. Taken together, these data indicate
that stabilization of the helical turn (beta cap domain) impedes final formation of the

native homodimer.



32

Figure 3.5: Cluster analysis reveals late detour in folding
(A) Similarity network at Q =0.6. The presence of a third cluster highlighted in yellow
represents a detour in folding. (B) Residue contact formation for middle cluster at

Q=06
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Figure 3.6: Dynamic coupling between the beta cap domain and cluster binding
domain.

(A) Contacts to be examined are drawn on to the structure and grouped by color. Red
lines represent contacts within and near the helix in L2, green lines represent contacts in
the beta sheet (B1, B3’, B2’), and blue lines represent contacts between L1 and the cluster
binding domain. (B) The average fraction of these subsets of contacts formed as a
function of Q. Contacts in and near the helix in the turn form early. Contacts between
L1 and the cluster binding domain begin to form but backtrack. Contacts in L2 and the
beta sheet are dynamically coupled to contacts in L1 and begin to form as L1 begins to
reform contacts after backtracking. (C) The average fraction of groups of contacts formed
as a function of Q after destabilization of contacts in L2. Contacts between L1 and the
cluster binding domain begin to form but backtrack. For reference, contacts between L1
and the cluster binding domain are plotted before destabilization as a light blue dotted
line. Contacts in the beta sheet are still coupled to contacts in L1 and begin to form as
contacts in L1 plateau. (D) Overlay of the free energy barriers for mitoNEET (in black)
and mitoNEET with contacts (shown in red in A) and dihedrals relaxed (in red).
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DISCUSSION
Cluster Analysis of the Transition State.

Often the approach to analysis of the transition state in molecular dynamics
simulations is examination of the average transition state ensemble. Although useful for
comparing to experiments, this approach can obscure the presence of multiple routes and
the actual order of folding events. This is not only problematic for proteins that can
access multiple pathways but also for symmetric multimeric systems. In addition, the
amount of data generated for adequate sampling of transition states and intermediates
during folding requires an efficient method for categorizing the multiple states sampled
over hundreds of trajectories. To tackle this problem we implemented a method for
clustering snapshots of populated states by scoring the similarity of associated contact
maps. This method results in an efficient and robust way of visualizing and understanding
complex folding landscapes. In our current study clustering revealed heterogeneity in the
transition state and population of multiple routes in the folding of mitoNEET. This
complexity in folding is obscured by the standard analysis. Thus, this methodology is not
only superior for folding studies but also will be highly useful in characterizing local
cracking and functional dynamics associated with regulation of activity in biomolecules.
Synchronization in Folding, Backtracking, and Frustration.

Despite being a symmetric homodimer, folding is asymmetric with each protomer
contributing to early formation of one structural half. That is, when viewing the protein
with a plane bisecting the beta sandwich, this plane crosses a loop (L2) with a helical turn
that creates a swapped loop (L1) and strand (B1) between the two beta sheets. This swap

tethers together the two protomers within each structural half, coupling folding and
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dimerization. An unswapped structure would necessarily have more intra vs inter beta
strand contacts within each sheet, allowing for more independent folding of each
monomer. The swap forces contacts between residues that are on different protomers,
therefore not close in sequence, to be part of the transition state for folding. This leads to
increased cooperativity. It may be that the geometry and short length of L2 helps to
enforce this strand swap by preventing the association of strand B1 with B3, and B1’ with
B3’, thus preventing the monomers from forming independently.

Immediately following the transition state, as the downhill process initiates,
rearrangement of the remaining structural features occurs. Sometimes these pieces pack
in the wrong order and require backtracking as they search for the final structure.
Interestingly, we observe that the swapped loops are involved in trapping and repacking
during backtracking. That is, early formation of contacts in L1 and L2 result in a trap in
folding where it is geometrically difficult for the remainder of contacts to form. In order
for the second half of the beta cap domain to finish folding, the cluster binding domain
must partially open up, and the swapped loop must break contacts with the cluster-
binding domain. Weakening contacts in L2 relaxes some of the tightness of the beta cap
domain. We see in these simulations that the barrier to folding drops and backtracking in
the cluster-binding domain is relieved. This suggests that L2 is responsible for frustration
in folding and that changes there can translate to the cluster-binding domain. The rop in
barrier height is not a result of a decrease in backtracking, both are a result of decreased
trapping. Thus, the swapped strands and associated loops contribute to both the

nucleation process (transition state) and subsequent backtracking during final packing.
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Allosteric Coupling of the Beta Cap Domain and Cluster-Binding Domain.

While evolution selects for robust folders, it must do this while conserving and
selecting for function. This competition between selection for efficient folders and
function can introduce frustration and prevent a landscape from becoming perfectly
funneled (72, 73). It’s been observed that functional regions of many proteins do not aid
in folding and may in fact interfere with it. For example, functional loop mutations in
WW domain proteins speed up folding at the expense of function, and in some cases they
remove the barrier to folding completely (53, 54). It is possible, then, that frustration in
the folding landscape can give us important clues about which structural features are
important for function. Previous work done with the beta trefoil family of proteins
demonstrated that a functionally important beta bulge was involved in backtracking and
responsible for the slow folding of the IL-1p family of proteins (47, 50, 74). It is possible
that in mitoNEET evolution has kept this frustration in L2 because this structural feature
is functionally important. We observe that rigidity in the beta cap domain forces
backtracking of the swapped loop in the cluster binding domain, demonstrating that there
IS communication between the two domains. The beta cap domain could function as an
allosteric control site, modulating cluster insertion, assembly, or electron transfer. It
would be interesting to determine experimentally if this element of geometric frustration
in L2 is linked to functional regulatory properties of mitoNEET.

CONCLUSION

We used a SBM to characterize the folding landscape of mitoNEET. The folding

mechanism uncovered in this landscape reveals communication between distal regions of

the protein. We see that because of the strand swap, folding and assembly is cooperative
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and dimerization precedes final folding. The individual monomers cannot independently
fold then associate. We partition alternate routes in folding by clustering transition state
contact maps. This efficiently separates out duplicate pathways caused by the symmetry
of the dimeric system, and it reveals an alternate route late in folding. A careful
examination of the folding mechanism reveals a region of frustration in loop 2 at the top
of the beta cap domain, and that folding of the beta cap domain is dynamically coupled to
the cluster binding domain. Tightness in the beta cap domain creates a constraint for how
the rest of the protein folds, which results in backtracking in L1 in the cluster-binding
domain. We demonstrate that by destabilizing a set of contacts in loop 2 at the top of the
beta cap domain, we can relieve backtracking in the cluster-binding domain and drop the
barrier to folding by a few KkT.
SPECIAL METHODS

The contact map gives all possible interactions between a given residue and the
other residues in a given structure. Contacts are identified using the Contacts of Structural
Units software package (CSU) (58) on the crystal structure of mitoNEET stored in PDB
ID 2QH7 (26). Because of slight asymmetries in the crystal structure, 14 contacts were
generated that were not symmetrical between the two monomers. To simplify the model
we remove these 14 unsymmetrical contacts. The resulting contact map consisted of 98
intramonomer contacts for each of the two monomers and 132 interface contacts for a
total of 324 contacts.

A coarse grained SBM is used to represent the protein as described previously
(42). In this model, each residue is represented by its Ca atom, and only interactions

present in the contact map (between residues in the native state) are considered.
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Nonnative interactions are not considered, and so energetic frustration is not included in
this model. In our coarse grained folding studies the iron—sulfur cluster is implicitly
included in the contacts present between cluster binding residues. Simulations were
performed using Version 3.3.3 of the GROMACS software package (56). The integrator
used was stochastic dynamics. The Berendsen algorithm was used with the coupling
constant of 2. The time step z was 0.0005. Each monomer was temperature coupled
separately. Simulations were performed at folding temperature. Half of the simulations
were started from the folded dimeric conformation, and half were started from unfolded
and unbound monomers. A harmonic potential with an offset of 17 A was applied to the
center of mass of each monomer to hold the two monomers together.

We use the fraction of native contacts formed in a given snapshot of the protein as
the reaction coordinate. (Qc, is the fraction of natively interacting residue pairs whose ca

atoms are within 1.2 times their native distance.) A contact is formed between Ca atoms |

and j if " i <12 iiwhere re iiis the pair distance in the native state. Qa represents the
contacts formed in protomer A, Qa represents contacts formed in protomer A, and Q,
represents interface contacts between the two monomers. Qpart is calculated as the fraction
of contacts formed within a specific subset of contacts at a given value of Qqotal.

Cluster analysis was performed as follows. All snapshots in the transition state at
Q =0.4 were represented with a contact map. Each representative contact map was
internally compared using the logic gate xnor. If two structures had the same native
contact formed or the same native contact not formed, a point was added to the similarity
score between the two structures. If one structure had a contact formed that the other did

not, this was considered dissimilar and no point was added to the score. Higher scores
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indicate higher similarity between contact maps, and therefore higher similarity between
snapshots of the transition state. The highest possible score was 324, one point for each
possible contact in the native state. A threshold value of 200 was set, meaning that in
order for two structures to be considered similar, they must have 200 out of 324 native
contacts in common. Similarity networks were created for different values of Q near the
transition state and were visualized using the edge weighted spring embedded layout
algorithm in Cytoscape (75, 76).
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ABSTRACT

MitoNEET is a recently identified diabetes drug target that coordinates a
transferable [2Fe-2S] cluster, and additionally contains an unusual strand swap. In this
manuscript, we use a dual basin SBM to predict and characterize the folding and
functionality of strand swapping in mitoNEET. We demonstrate that a strand unswapped
conformation is kinetically accessible and that multiple levels of control are employed to
regulate the conformational dynamics of the system. Environmental factors such as
temperature can shift route preference toward the unswapped pathway. Additionally we
see that a region recently identified as contributing to frustration in folding acts as a
regulatory hinge loop that modulates conformational balance. Interestingly, strand
unswapping transfers strain specifically to cluster-coordinating residues, opening the
cluster-coordinating pocket. Strengthening contacts within the cluster-coordinating
pocket opens a new pathway between the swapped and unswapped conformation that
utilizes cracking to bypass the unfolded basin. These results suggest that local control
within distinct regions affect motions important in regulating mitoNEET’s [2Fe-2S]

clusters.
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INTRODUCTION

The mitoNEET family of [2Fe-2S] proteins are key regulators of health and
disease (18-20). Targeting these proteins for drug design has gained considerable interest
in the last few years. An important challenge in targeting these proteins is that they do not
contain a classical binding pocket and their mechanisms of regulation are only now being
uncovered. We recently reported that mitoNEET can act as a cluster transfer protein (33)
and that long-range communication within the protein can regulate the cluster-binding
domain (77). Uncovering the physical basis for this long-range communication is an
important first step toward understanding the structure-function relationships within this
protein family.

MitoNEET is composed of two protomers (shown in purple and green, Figure 4.1)
which intertwine via a swapped strand (B1) and loop (L1) to form a f-cap domain and a
cluster-binding domain (26-28, 62) (Figure 4.1). Loop 2 (L2) leads in to the swapped
strand and tethers the two structural halves of the protein together. We reported that the
structural elements involved in strand swapping contribute to geometric frustration in
folding and mediate communication between the -cap and cluster-binding domain (77).
Specifically, early formation of contacts in L2 slows folding. This behavior led us to ask,
could L2 regulate strand swapping, and is the frustration we observe a consequence of
strand swapping in dimeric mitoNEET?

In this system, geometric constraints dominate the landscape over energetic
effects, and SBMs capture the overall characteristics of the landscape (77). Multiple basin
SBMs are powerful tools that simulate energy landscapes in systems that undergo

conformational changes or multimeric association reactions. These models revealed
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Figure 4.1: Structural organization and domain topology of mitoNEET

Protomers are individually colored in purple and green for clarity. (A) Protomers aligned
with the sequence. Highlighted regions correspond to the loops, helices, and B-strands in
mitoNEET. (B) Splay diagram of native mitoNEET. (C) Splay diagram of simulated
unswapped mitoNEET showing the swapping of strand 1 and loop 1 mediated by the
rearrangement of L2. Ribbon diagram of native mitoNEET (D) and simulated unswapped
mitoNEET (E).
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the underlying mechanisms of conformational transitions (49, 78), protein aggregation
(79), and domain swapping (80), and additionally have been shown to successfully
predict domain swapped structures (46). Recently, we used a dual funneled landscape to
explain the unusual kinetic behavior of the rop-dimer system resulting from two distinct
and competing conformations (71, 81). Drawing from this success, we undertook a study
of the exciting new diabetes drug target mitoNEET that is known to transfer its cluster
under oxidative stress conditions. In this study, we test the hypothesis that cluster-binding
properties affect quaternary structure via long-range communication. One advantage of
dual basin SBMs is that they allow us to construct and examine the behavior of
conformations that are functionally important but may not be fully amenable to
experimental structural characterization.

We used a dual basin SBM to investigate the role of strand swapping in
mitoNEET. We demonstrate that although the unswapped conformation is kinetically
accessible, it is thermodynamically less stable. The loop responsible for frustration in
folding plays a significant role in thermodynamically destabilizing the unswapped
structure relative to the native swapped structure, thus regulating strand swapping.
Additionally, we see that the unswapped conformation transfers strain to the cluster-
binding pocket that results in opening of the cluster-binding pocket and possibly
facilitates cluster release. Tightening the contacts between cluster-coordinating residues
results in switching from the unswapped conformation to the native swapped structure.
These results suggest that not only is a strand unswapped structure accessible, but that it

may play an important functional role in cluster transfer and release.
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RESULTS

MitoNEET is a homodimer in which the two protomers intertwine to form a [3-cap
domain and a cluster-binding domain. Each protomer (colored in green and purple for
clarity) contains three p-strands, an alpha helix, and four loops (Figure 4.1). The cluster-
binding domain is composed of L1, L3, al, and L4, and contains two [2Fe-2S] clusters,
each with a 3Cys-1His coordination. The B-cap domain consists of two [-sheets
sandwiched together. Each B-sheet is composed of three B-strands; two B-strands from
one protomer (B2 and B3), and the third B-strand from the second protomer (f1’) leading
to a strand swapped configuration. L2 follows the swapped strand (B1’) and loop (L1') in
sequence, tethering the two f-sheets into the 3-sandwich, and contributes to frustration in
the folding of this protein. This topology raises the question of whether L2 plays a
regulatory role in strand swapping, and could the frustration we observe be a result of this
regulation?

To address these questions, we created a dual funneled landscape comprised of
both the native swapped structure and constructed unswapped structure using a SBM. In
our model, we introduced additional contacts into strand 1 and L1 to allow for an
alternate strand unswapped structure. Specifically, residues in strand 1 and L1 that make
intraprotomer contacts are now allowed to make the corresponding interprotomer
contacts, and residues that make interprotomer contacts are allowed to make
intraprotomer contacts. In the native state of mitoNEET, strand 1 and L1 are swapped
between the two structural halves so that they make interprotomer contacts with strand 3’
and loop 4' (Figure 4.1 B and D). The additional contacts allow strand 1 to make

intraprotomer contacts with strand 3 and L1 to make intraprotomer contacts with loop 4
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(Figure 4.1 C and E), allowing each B-sheet to form entirely from one protomer, in the
order B1, B3, B2. B-Strand 1 is no longer required to swap between the two structural
halves, and L2 has the option of wrapping underneath a (-sheet instead of stretching
between the two -sheets. In addition, we created a single basin model in which only the
unswapped conformation is accessible in order to better examine the folding of this
protein.
Mechanism of Assembly

It is informative to first compare the folding of the strand unswapped
conformation with that of the native, which we recently reported (77). Results from
simulations in which only the strand unswapped conformation is accessible is plotted as
the free energy as a function of Q. In Figure 4.2A. At the folding temperature of the
native swapped dimer (Tsy)), the barrier for unswapped conformation is higher than that
for the native swapped conformation, and the folded basin is destabilized. At the folding
temperature of the unswapped conformation (Trw)), the barrier to folding is significantly
lower than that observed for the native structure at Tyny and peaks at a higher Qoa. In
Figure 4.2B, a free energy surface of assembly for the unswapped conformation is
presented. Qa represents contact formation in protomer A, Qs represents contact
formation in protomer A, and Q, represents protomer—protomer interface contact
formation. At Q,=0.4 interface contact formation, two basins are visible, one
corresponding to high Qa and low Q4 and the second corresponding to low Qa and high
Q4. This signature indicates that one protomer may begin folding independently of the
other, and the formation of interface contacts between the two protomers helps nucleate

the folding of the second protomer. It is only when a number of interface contacts are



47

A Truy= 0.95Tx) B unswapped 9 C native i1
16 Tru) 3 o Tew 10
144 unswapped Tp) b 7 g
12 S 0.8 ¢ 08 i

£ 10 native 0.6l 5 0.61 5
n ; k

=<8 Ty Qr 4 Qp 4
g 0.4 - 3 04 3
2 6l ) ; , 5
: 0.2 - . 1

4 0.24 g oo o 1 2 _ il 1

T — 3 1 p— P .

24 unswapped J ﬂ 60'8 ?, “0 60.8

T . 0.8 04"
0+ . f(y 0.8 0.6 0.4 s S . % X N
50 100 150 200 250 300 .24 0250 027 QA 0. g QA
Qtotal (number of contacts) Qa

Figure 4.2: Single basin modeling

(A) Free energy is plotted as a function of Q at Ty for native mitoNEET (black) and
unswapped mitoNEET at Ty (blue) and at Tryy, or 0.95 Tgny (red). The unswapped
structure is Kinetically accessible, but thermodynamically unstable at the folding
temperature of the native protein. Free energy surface for the assembly of unswapped
mitoNEET at Ty, (B) and native mitoNEET at Tsny (C). The free energy is projected on
to the reaction coordinates Q protomer A, Q protomer A, and Q interface. A contour of
the free energy as a function of Qa and Q4 is plotted at seven different values of Q.
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formed that the folding of the second protomer begins. This folding mechanism differs
from that of the native swapped dimer, where dimerization is coupled to protomer
formation and no folding of individual protomers is observed. (Figure 4.2C).
Dual Basin Simulations

Figure 4.3A shows the free energy surface of the dual basin simulations at Tr) as
a function of two coordinates, Qy and Qu. Qn represents the total number of contacts
formed in the native configuration, and Qy represents the total number of contacts formed
in the unswapped conformation. Two major populations are observed. The basin at low
Qu and Qy represents the unfolded ensemble, and the basin at intermediate Qu and high
Qn corresponds to the native swapped configuration. At high Qu and intermediate Qy, a
small population is present that represents the unstable unswapped configuration. In an
effort to explore the formation of the unswapped configuration, we performed
simulations at 0.98 Tin). The resulting free energy surface is plotted in Figure 4.3B.
Under these conditions we enhance the population of species at high Qu and low Qy,
corresponding to the unswapped configuration. Below 0.98 Ty, it is difficult to get
sufficient thermodynamic sampling, however as temperature decreases, the unswapped
structure becomes more kinetically accessible. At 0.9 Tyny, 45% of trajectories starting
from the unfolded state transition to the unswapped configuration. Taken together these
results indicate that, although the unswapped structure is thermodynamically less stable,
it is kinetically accessible.
Destabilization of Geometrically Frustrated L2 Increases the Population of the
Unswapped Configuration.

Geometric frustration in L2 mediates communication between the B-cap and the
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Free energy profiles for dual basin simulations of mitoNEET. (A) Simulations performed
at the folding temperature of native mitoNEET with all native contacts and dihedrals.
Two basins are present corresponding to native mitoNEET and the unfolded state. The
unswapped configuration is accessible, but is unstable at Tr). (B) Analysis of folding of
native and unswapped mitoNEET with a dual basin simulations performed at 0.98 Ty of
native mitoNEET. A third basin is present corresponding to the unswapped configuration.
(C) Dual basin simulations performed at Tr) With relaxation of contacts and dihedrals in
L2 allow the formation of the unswapped configuration.
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cluster-binding domain in the native dimer (77). This frustration leads to communication
with distal residues that backtrack, or locally unfold, and contribute to regulation of
global motions. To examine the effect that frustrated L2 has on the landscape of the
native and unswapped structures, we removed tertiary contacts and relaxed dihedrals in
this region and then repeated dual basin simulations at Tyny. Our results indicate that the
native configuration is still preferred, but relaxing L2 increases the accessibility and
stability of the unswapped configuration (Figure 4.3C).

Strand Unswapping Activates an Alternate Site of Communication in the Cluster-
Binding Region.

The protein must completely unfold to move between the native swapped and
unswapped structures in the SBM where all contacts are uniform, therefore, it is essential
to understand the mechanism of unfolding of the respective structures. To address this
question, we examined the mechanism of unfolding for the unswapped (Figure 4.4 A-C)
and native (Figure 4.4 D-F) conformation in single basin landscapes. As described
previously (77), we analyzed the behavior of individual contacts within one protomer and
then partitioned them based on the order in which they unfold. For clarity we show a
splay diagram of one protomer colored by groups of contacts to be examined with the
second protomer shown in gray (Figure 4.4 A and D) and a ribbon diagram colored by
groups of contacts to be examined with a surface rendition of the second protomer in gray
(Figure 4.4 B and E). Regions shown in black are not plotted and are given for reference.
We then plot the fractional population of these subsets of contacts (Qpar) as a function of

the total number of contacts in the protein during unfolding (Qwta) (Figure 4.4 C and F).
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Figure 4.4: Single basin modeling: the order of unfolding for the unswapped and
native configuration of mitoNEET

Order of unfolding for the unswapped and native configurations of mitoNEET within one
protomer. The unswapped configuration of mitoNEET (A and B) and native configuration
(D and E) are colored by groups of contacts examined. Pink represents contacts present in
loopl, green represents contacts present in the B-sheet (B2, B3, B1, and B2, B3, p1’), blue
represents contacts within the cluster-binding pocket and between the two pockets.
Regions in black are not plotted and are shown for reference. The average fraction of
these subsets of contacts formed as a function of Q. for the unswapped configuration
(C) and the native configuration (F). In both cases, the cluster-binding pocket is the last
to unfold. In the native configuration, contacts in L1 exhibit backtracking. These contacts
break early but begin to reform as the PB-sheet breaks, and finish breaking late in
unfolding. In the unswapped configuration, backtracking is lost. Contacts in L1 are the
first to unfold followed by contacts in the f-sheet.
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Contacts within the cluster-binding pocket and between the two cluster-binding pockets
(plotted in blue) are the last to unfold in both models. As reported previously (77), we
observe backtracking in L1 (plotted in pink) in the native conformation. That is, L1
begins to break early in unfolding, then reforms contacts, then subsequently breaks again
later in unfolding. The backtracking in the cluster-binding domain is coupled to the
unfolding of the [B-sheet (plotted in green) in the P-cap domain, demonstrating
communication between the two domains. In the unfolding of the unswapped
conformation, backtracking is lost in L1. Instead, L1 appears to initiate unfolding
followed closely by the unfolding of the -sheet.

The loss of a backtracking signal in the unswapped conformation does not
necessarily suggest that communication between domains has been lost. Although the
formation of all individual contacts are possible within our model, we observe that strain
from strand unswapping introduces competition between contact formation in different
regions. Specifically, the short length of L2 prevents the simultaneous formation of all
contacts between B1 and B3, and B2 and B3 in the unswapped configuration. In the case
that all contacts are formed between 1 and B3, L2 pulls on B2, thus destabilizing some
contacts between B2 and 3, resulting in destabilization of the B-sheet (plotted in green)
in the unswapped simulations, which on average has only 85% contact formation in the
folded basin. This strain appears to translate directly in to the cluster-binding pocket. The
majority of contacts in the cluster-binding region are able to form completely in the
folded state, however, in the unswapped configuration, the two contacts between the

cluster-coordinating residues are only formed 80% of the time in the folded basin. These
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results suggest that strand unswapping shifts the site of communication in the cluster-
binding domain from L1 to the cluster-coordinating residues.
Stabilizing Cluster-Binding Contacts Triggers Switching.

In an effort to address the mechanism of interconversion between the unswapped
and the native swapped conformation, we examined the time-dependent evolution of
structure within each individual trajectory. Example trajectories plotted as Q as a function
of time are shown in Figure 4.5. Contacts specific to the unswapped and native swapped
structures are plotted in red and black, respectively. Contacts that are not involved in
strand swapping and are common between the two structures are given in blue. Plotted in
Figure 4.5A is an example trajectory in which mitoNEET starts in the unswapped
conformation (red), completely unfolds, and then refolds into the native swapped
conformation (black). The shared contacts (blue) that describe the global structure must
completely unfold to move from the unswapped to the native swapped conformation.
That is, only after complete unfolding of the unswapped conformation will the native
strand swapped structure form. Therefore complete unfolding is required to move
between the native and unswapped basins.

In our single basin simulations, we observed communication between the B-cap
and the cluster-coordinating residues in the unswapped conformation. The majority of
contacts in the cluster-binding region are able to form completely in the folded state,
however, two contacts between the coordinating residues are only formed 80% of the
time in the folded basin. These residues follow 2 in primary sequence and are positioned
perpendicular to B2 in the tertiary structure. Therefore, optimal placement of B2 likely

influences the orientation of the cluster-binding residues. Likewise, cluster coordination
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Figure 4.5: Tightening cluster contacts triggers switching by cracking

Sample trajectory of dual basin simulations at Ty (A). Contacts specific to the native
configuration are plotted in black, and unswapped contacts are plotted in red. Contacts
that define the global fold and are shared between the two configurations are plotted in
blue. The unswapped conformation must completely unfold before the native
conformation can form. (B) Sample trajectory of dual basin simulations at Tsy)y with
cluster-binding contacts tightened. MitoNEET is able to switch from the unswapped
conformation to the native without completely unfolding. Cracking in shared contacts
relieves strain and preserves the global fold.
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geometry may influence packing of strands within the B-sheet. To test the role of these
cluster-coordinating contacts in strand swapping, we introduce heterogeneity into our
dual basin model by strengthening the cluster-coordinating contacts. At the folding
temperature of the unswapped conformation Tyy), or 0.95 Tyy), we observe switching
without fully unfolding between the native and unswapped structures. Specifically, 29%
of trajectories that fold in to the unswapped configuration first are now able to switch into
the native configuration without completely unfolding. An example of a switching event
is shown in Figure 4.5B. Contacts shared between the two structures (plotted in blue) do
not completely unfold, rather they exhibit a behavior called cracking, or local unfolding
in response to local stress in conformational transitions (49, 82, 83). Here cracking
preserves the global fold by relieving stress associated with the repositioning of B1 and
L1. For comparison, low temperature simulations (0.9 Tf), 0.95 Ts), 0.98 Tsn)) were run
without these contacts strengthened, and switching behavior is not observed at any
temperature. Therefore, changes in stability of the [2Fe-2S] cluster may be an essential
regulator of conformational dynamics within the protein.

DISCUSSION

Frustration in Folding a Necessary Consequence of Regulating Conformational
Balance.

In a previous study, we identified L1 and L2 as interesting regions of frustration
in mitoNEET. We reported that, for folding directly into the native structure of
mitoNEET, a subset of contacts exhibit backtracking (77). That is, these contacts form
early in folding, but to complete folding they break to relieve geometric frustration, and

reform later. More importantly, we demonstrated that L2 in the B-cap domain controls the
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backtracking behavior of L1 in the cluster-binding domain, thus mediating
communication between the two domains. By relaxing L2, we were able to remove
backtracking in L1 and decrease the barrier to folding. An important question is why has
mitoNEET evolved this frustration in L2?

In our present study, we introduce the same relaxation of contacts and dihedrals in
L2 that previously decreased the barrier to folding, however, we do this in a dual basin
landscape. Relaxing this loop destabilizes the native configuration and allows the
unswapped conformation to be significantly populated at Tr) (Figure 4.3C). In contrast,
when L2 is geometrically constrained, the unswapped configuration is significantly
destabilized relative to the native conformation (Figure 4.3A), suggesting that L2
functions as a regulatory hinge loop for the strand swapping of Bl and L1, thus
controlling the association of 1 with B3, and B1 with B3’. A more relaxed loop would
result in a faster folding protein, but the additional geometric constraint imposed by L2 is
necessary for regulating the balance between strand swapped conformers.

Although the structuring of L2 biases the folding of mitoNEET toward the native
structure, the unswapped structure is not forbidden. At 0.98 Tyn), we see that the
unswapped conformation becomes accessible, and in low-temperature kinetic runs we
demonstrate that route preference can be significantly shifted toward the unswapped
folding pathway, suggesting that the route preference and conformational balance are

dynamic and sensitive to environmental control.
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Tightening Cluster-Binding Pocket in Unswapped Conformation Opens Switching
Pathway.

In contrast to the native folding pathway, which requires coupled folding and
dimerization, the unswapped folding pathway allows protomers to form more
independently of each other prior to dimerization (Figure 4.2 B and C). Because proteins
are monomeric emerging from the ribosome, and unfolded proteins are more vulnerable
to degradation, prefolding of the unswapped monomer may provide a degree of
protection until a partner is produced. In our perfectly homogenous SBM, if the
unswapped dimer is formed first, the protein must fully unfold before it can find the
native swapped configuration (Figure 4.5A). However real proteins have heterogeneity in
contact strength, and mitoNEET likely experiences dynamic heterogeneity near the [2Fe-
2S] cluster. In vivo tightening in the cluster pocket may arise as a result of the formation
of a disulfide bond between C72 and C83, protein or drug binding, or cluster assembly
and insertion. Tightening cluster-binding contacts in our model opens a switching
pathway previously unavailable. This route provides an additional level of
conformational control by facilitating strand swapping without complete unfolding. As
strand 1 and L1 switch from the unswapped position in to the native swapped position,
the global fold exhibits cracking but remains intact (Figure 4.5B). An intriguing
possibility is that the strain in L2 facilitates cluster assembly or insertion into the
unswapped structure by pulling open the cluster-binding pocket via B-strand 2, thus
increasing the accessibility of the cluster-coordinating residues. Switching may then
provide a convenient mechanism for preserving the coordination of the [2Fe-2S] cluster

while moving from the unswapped structure to the more thermodynamically stable native
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structure (Figure 4.2A). Alternatively, the preferred pathway between the unswapped and
the native conformation may be through complete unfolding, and switching may be a fail-
safe mechanism activated in response to accidental cluster insertion into the unswapped
conformation. In this case, switching would be a better alternative to complete unfolding
which could release toxic free iron into the cell.

Evolution of Functional Control Through Geometric Frustration.

MitoNEET and Naf-1 are distinct drug targets (18, 23, 84), and their crystal
structures reveal a dimeric and strand swapped topology in which each protomer contains
one CDGSH domain that coordinates a [2Fe-2S] cluster (26-28, 30, 62). Recently,
homologous structures from archaea and bacteria have been released that show
significant permutations in the B-cap domain. These structures include a monomeric
structure containing tandem CDGSH domains and two strands per P-sheet, a dimeric
strand unswapped structure with four strands per B-sheet, and a dimeric strand swapped
structure with five strands per B-sheet (29). These permutations raise the question of how
and why dimerization and strand swapping evolved in this class of proteins. It has been
proposed that frustration in folding is the result of conservation of functional residues
(50, 53, 54, 74, 85). Local energetic frustration is present near the binding sites of many
proteins (52), and the functional regions of some proteins have been shown to be
responsible for decreased stability (72, 73, 86), folding traps (50, 74), long-lived partially
folded intermediates (87), and misfolding (88). An intriguing idea is that frustration has
been engineered into proteins throughout evolution. The NEET family of proteins may

have evolved different strand swapped folds to maintain careful control of [2Fe-2S]
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cluster release and conformational balance in the presence of changing environmental
conditions.
CONCLUSION

We used a dual basin SBM to predict and characterize the folding and
functionality of strand swapping in mitoNEET. Our results show that multiple levels of
control regulate the conformational dynamics of this system. A loop which was
previously identified as contributing frustration to folding acts as a regulatory loop
destabilizing the unswapped conformation relative to the native conformation. Local
tuning of contacts in this loop reverses this effect, increasing the accessibility of the
unswapped conformation. Additionally, route preference is shifted toward the unswapped
folding pathway by modulating temperature. We demonstrate that not only is a strand
unswapped structure accessible, but also that strand unswapping preferentially
destabilizes contacts opening the cluster-binding pocket. Tightening these local contacts
opens an alternate route between the unswapped conformation and the native swapped
conformation that bypasses the unfolded basin. This local control of global structure and
dynamics offers a powerful mechanism to evolve multiple functional states with a single
protein sequence.
SPECIAL METHODS

A coarse-grained SBM was used to model the protein as described previously
(34), in which each residue is represented by its C* atom. Our model consists of native
interactions in addition to some nonnative interactions to model domain swapping as
described below. These nonnative interactions introduce some additional frustration into

the system not normally present in purely SBMs. In our coarse-grained studies, the iron-
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sulfur cluster is implicitly included in the contacts present between cluster-binding
residues. Simulations were performed using version 3.3.3 of the GROMACS software
package (56). The integrator used was stochastic dynamics. The Berendsen algorithm
was used with the coupling constant of two. The time step = was 0.0005. Each protomer
was temperature coupled separately. A harmonic potential with an offset of 20 A was
applied to the center of mass of each protomer to hold the two protomers together.

Native contacts were identified using the SBMs in GROMACS (SMOG) Web
server (57) with a Contacts of Structural Unit contact map (58) and were assigned
interaction distances based on the crystal structure of mitoNEET stored in PDB ID 2QH7
(26). Slight asymmetry in the crystal structure results in 14 unsymmetric contacts
between the two protomers. To simplify our model, we removed these 14 contacts from
the set of native contacts. To model a dual funneled landscape with domain swapping,
additional contacts were introduced in strand 1 and L1 in both chains. For each
intraprotomer contact present between residues i in p1 and L1 and j in chain A (i"in p1’
and L1’ and j in chain B), the identical interprotomer contacts between residues i in p1
and L1 of chain A and j in chain B were created using the original intraprotomer
interaction distances. Likewise, for all interprotomer contacts present between residues i
in 1 and L1 of chain A and j in chain B, the corresponding intraprotomer contacts
between residues i in B1 and L1 of chain A and j in chain A were added. The resulting
contact map consisted of 92 interprotomer contacts and 34 intraprotomer contacts
specific to strand unswapping, 92 interprotomer contacts and 34 intraprotomer contacts
specific to native strand swapping, and 40 interprotomer contacts and 158 intraprotomer

contacts common to both the native strand swapped and strand unswapped structure.
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The symmetry in multimeric systems such as mitoNEET can create duplicate pathways
distinguishable only through naming of the individual protomers, and averaging over
these pathways can obscure the actual order of folding events. To address this problem,
we used Cytoscape (75) to cluster transition state structures as described previously (77)
and to examine the order of folding events within a cluster.
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ABSTRACT

Metalloproteins (MPs) comprise one-third of all known protein structures. This
diverse set of proteins contain a plethora of unique inorganic moieties capable of
performing chemistry that would otherwise be impossible using only the amino acids
found in nature. Most of the well-studied MPs are generally viewed as being very rigid
in structure, and it is widely thought that the properties of the metal centers is primarily
determined by the small fraction of amino acids that make up the local environment.
Here we examine both theoretically and experimentally whether distal regions can
influence the metal center in the diabetes drug target mitoNEET. We demonstrate that a
loop (L2) 20A away from the metal center exerts allosteric control over the cluster
binding domain, and regulates multiple properties of the metal center. Mutagenesis of L2
results in significant shifts in the redox potential of the [2Fe-2S] cluster, and orders of
magnitude effects on the rate of [2Fe-2S] cluster transfer to an apo-acceptor protein.
These surprising effects occur in the absence of any structural changes. An examination
of the native basin dynamics of the protein using all-atom simulations shows that twisting
in L2 controls scissoring in the cluster binding domain, and results in perturbations to one
of the cluster coordinating histidines. These allosteric effects are in agreement with
previous folding simulations that predicted L2 could communicate with residues
surrounding the metal center. Our findings suggest that long-range dynamical changes in

the protein backbone can have a significant effect on the functional properties of MPs.
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INTRODUCTION

Metalloproteins (MPs) comprise nearly one third of all known protein structures
and are classified by their unique inorganic moieties. Examples are the copper-containing
cupredoxins, iron-sulfur proteins, nickel-containing hydrogenases, and numerous others
(89-91). The incorporation of metals allows for thousands of new biological catalysts,
capable of performing chemistry that would otherwise be impossible using only the
amino acids found in nature. The widely-held view of MPs is that the properties of the
metal centers are primarily dictated by the “inner sphere” which consists of the directly
coordinating ligands and to a lesser extent local residues which can influence both the
electrostatic environment as well as the hydrophobic residues which can act like wires
and funnel electron density (92). The redox properties of MPs tend to be influenced by
only a small fraction of the amino acids in the protein, generally those directly bonded to,
or in close proximity to, the metal center (93). Indeed, it has been shown that the local
scaffold of a metallic redox center can by chemically synthesized to mimic the active site
of the protein and in many cases the electron transfer properties of these metalloproteins
can be reproduced and better understood in these simplified ligand environments (92).
Iron-sulfur (FeS) cluster-containing proteins make up the largest class of MPs and are
major players in human health and disease (94). They play critical roles as electron
transfer proteins in processes such as photosynthesis, cellular respiration, nitrogen
fixation (95, 96), and catalysis (89). The newest member of the FeS cluster protein
family, mitoNEET, is a uniquely folded homodimeric [2Fe-2S] protein with each
monomer bearing a single [2Fe-2S] cluster (26-28) (Figure 5.1A). The clusters are ligated

in a rare 3Cys-1His coordination sphere (Figure 5.1B), where the single His is critical for
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function (33, 62) and drug binding (97). MitoNEET is a target of the thiazolidinedione
(TZD) class of anti-type Il diabetes drugs and is the first known FeS protein to be
targeted by drug binding (18). We discovered that mitoNEET functions as a cluster
transfer protein and can donate its cluster to an apo-acceptor protein and into
mitochondria under oxidative stress conditions (33). These stress conditions are
commonly found in patients with diabetes (98, 99). TZD binding blocks cluster transfer
in vitro and iron overload in vivo, a condition commonly associated with type Il diabetes
(33). An interesting hypothesis is that abrogation of mitochondrial iron overload by
treatment of cells with small molecules such as TZDs is a result of changes in
mitoNEET’s cluster properties and is an active area of inquiry.

We recently used energy landscape theoretical studies to investigate the factors
that govern cluster properties in mitoNEET (77, 100). Briefly, energy landscape theory
indicates that proteins fold in a funneled fashion with minimal frustration, with the native
state and functional fluctuations occurring towards the bottom of this funnel (39, 41).
Because proteins are active on the same landscape that they fold on (55), their functional
motions may introduce ruggedness in to the folding landscape. For example, functional
loop mutations in WW domain proteins speed up folding at the expense of function, and
in some cases remove the barrier to folding completely (53, 54). Additionally, energetic
frustration in proteins co-localize with cofactor binding sites (52). Simulations with the
beta trefoil family of proteins demonstrated that strain in a functionally important beta
bulge was responsible for the slow folding of the family (47, 50, 101). Thus, identifying

residues that contribute frustration in folding may be an effective way to predict and
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identify important sites for protein-protein interactions as well as new binding regions for
potential drug targets.

Whether energy landscape theory can predict functional control in metalloproteins
IS an open question. We used this theory together with SBMs (42, 102, 103) to
investigate the landscape of mitoNEET and predicted a loop distal to the [2Fe-2S] cluster
(L2) constrains folding and controls the motions of cluster binding domain. We
hypothesized that, despite being ~20 A removed from the [2Fe-2S] cluster, this frustrated
loop region may function as an allosteric control site, regulating functional properties of
the [2Fe-2S] moiety (77). In our current study we test this hypothesis by experimentally
introducing perturbations into this distal loop (Figure 5.1A) and analyze the properties of
the [2Fe-2S] cluster. Point mutations as well as insertion of new residues in L2
significantly reduce cluster stability, and can accelerate mitoNEET cluster transfer to
apo-acceptor proteins by a factor of 15 fold. These perturbations in L2 also shift the
redox potential by up to ~60mV indicating that long-range effects regulate cluster
stability, cluster transfer, and electron transfer potential in this system. A common
interpretation of these results would be that mutation alters the structure of the protein,
especially the cluster-binding region. Strikingly, the crystal structures of the mutant
proteins show no changes in overall fold or in the cluster-binding domain. The only
difference observed is in a single mutant protein with the necessary elongation of the
distal loop upon insertion mutagenesis. Taken together with native-basin simulations we
suggest correlated motions between L2 and the protein scaffold provides distal allosteric

control of the [2Fe-2S] cluster and is an interesting site for targeting with drug design.
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RESULTS
Perturbations in the L2 Region Induce Long-range Changes in the Redox Potential
of MitoNEET’s [2Fe-2S] Cluster

Mutagenesis of several residues in the L2 region (Figure 5.1A, blue spheres) led
to significant changes in the redox potential (Ew ) of the protein's cluster (Figure 5.1C).
We used optical spectroelectrochemical titrations (34) to measure redox potentials of
various L2 mutants. We mutated Met62 and Asp67 to Gly in order to relax L2 and allow
greater flexibility in the beta cap domain. These M62G and D67G mutants showed Ey ;
decreases of -12 mV and -14 mV, respectively, from the WT Ey 7 value of +26 + 3 mV
(34). Importantly, these shifts are ionic strength independent and suggest that factors
other than electrostatics control the redox properties. Therefore, we introduced an
aromatic group in the L2 region that would potentially stabilize L2 with increased
hydrophobic packing between protomers. We found that this mutation induced an even
greater shift in Ey 7 value which is 28 mV less than WT. We also found that reducing
flexibility of residue 66 by replacing Gly with Ala (G66A) shifted the Ey7 ~ -25 mV.
The G66A/D67A double mutant was designed to increase the helicity of the L2 region
and interestingly lead to the largest Ey 7 shift from the WT protein of ~44mV (-18 + 3
mV for G66A/D67A compared to +26 + 3 mV). Finally, opposite changes in Ey 7 were
induced by the choice of residue inserted at position 68 in the amino acid sequence.
Insertion of alanine (A68 Insert) led to a positive increase in the Ey; value to +43 £ 7
mV. Alanine is known to be a helix maker and as a result we wanted to determine
whether the insertion of a helix breaker, such as threonine, would induce similar or

opposite changes in the Ep 7. We found that insertion of threonine (T68 Insert) caused
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Figure 5.1: Mutagenesis of distal residues in L2 result in both positive and negative
shifts in the [2Fe-2S] cluster redox potential at pH 7 (Em.7)

(A) Mutated residues in L2 are colored in blue on the structure of mitoNEET. (B) The
[2Fe-2S] cluster is coordinated by 3 cysteines and 1 histidine. (C) Em 7 values for WT
mitoNEET and L2 mutants span a range of ~60 mV. Ey 7 values are adjusted to standard
hydrogen electrode (SHE) values, with errors indicated by cross bars. Wild type is shown
in black, and controls are shown in grey.
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decrease in Ey 7, to a new value of -5 £ 4 mV, which is 31 mV less than the WT. These
long range redox changes are observed despite the fact that the mutated residues are
between 18A and 26 A away from the [2Fe-2S] cluster, as measured both intraprotomer
and interprotomer. To test whether mutagenesis of any region of the protein is capable
of resulting in redox changes, we introduced two additional mutations as controls, K55R
and H58D. In both cases, the shift in redox potential is under 5mV, despite the fact that
these mutations are 7.5, and 9.7 A away from the [2Fe-2S] cluster (Figure 5.1). Taken
together, our results show that residues in the L2 region (Figure 5.1A shown in blue) can
communicate with the distally located cluster binding region of the protein and change
cluster redox properties.
The L2 Region Strongly Influences the Cluster Transfer Function of MitoNEET as
well as the Innate Stability of its [2Fe-2S] Cluster

We discovered that mitoNEET functions as a [2Fe-2S] cluster transfer protein
(33). Having shown that allosteric changes in the L2 region are able to affect redox
properties (Figure 5.1), we hypothesized that L2 may also play an important role in
cluster transfer. Both the M62G and L65F show significant increases in cluster transfer
(Figure 5.2A) compared to that observed for the WT protein. The largest shift was seen
in the M62G mutant, which transferred over 10-fold faster than the WT (Figure 5.2A).
Conversely, cluster transfer is slowed in the G66A, D67G, and G66A/D67A mutant
proteins. Finally, both the A68 and T68 insertion mutations showed very similar transfer
rates to one another (Figure 5.2A), even though they induce opposite shifts in Eyz
(Figure 5.1C). We conclude that the L2 region is able to dramatically affect protein

function through allosteric effects on the distal [2Fe-2S] clusters.
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Figure 5.2: The L2 region strongly influences [2Fe-2S] cluster transfer function of
mitoNEET as well as cluster stability.

(A) Transfer of the [2Fe-2S] cluster from mitoNEET and L2 mutants to apo-ferredoxin.
Cluster transfer experiments were performed aerobically at 35°C at pH 8.0 using 100 uM
mitoNEET or L2 mutants and 100 uM apo-Ferredoxin in 50 mM Bis-tris and 100 mM
NaCl. (B) Stability of mitoNEET’s [2Fe-2S] cluster compared to L2 mutants. Cluster
stability measurements were performed aerobically at 35 °C. Loss of the [2Fe-2S] cluster
was measured over time as a decrease in absorbance at 458 nm. Studies were performed
using 40 uM mitoNEET or L2 mutants in 100 mM Bis-tris and 100 mM NaCl, pH 7.0.
Wild type is shown in black and controls are shown in grey.
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In addition to cluster transfer, the [2Fe-2S] cluster in mitoNEET may be
important for binding to other proteins and small molecule effectors. Besides inhibiting
cluster transfer, TZDs are known to stabilize mitoNEET’s cluster against release (26). As
mitoNEET’s cluster stability is dramatically affected by drug binding (26), it is also
important to examine the effect that L2 mutants have on cluster stability. We assayed our
loop mutants for cluster stability by monitoring loss of mitoNEET’s 458 nm absorbance
peak over time as described previously. We found that all L2 mutations caused lower
stability in the [2Fe-2S] cluster (Figure 5.2B). However, cluster transfer rates do not
correlate with cluster stability, indicating that allosteric effects can influence interactions
important for cluster transfer and protein stability, although these two effects are
independent of one another. Figure 5.2 also includes data for the K55R and the H58D
mutations, which show no change in either cluster transfer rates or cluster stability from
Wt. We have summarized our findings on the influence of L2 residues for redox
potential, cluster transfer, and cluster stability in Table 1.

The Structural Integrity of the Protein is Maintained Upon L2 Mutation

In order to determine whether the L2 mutation effects on cluster properties were
the result of conformational rearrangements in the protein, we initiated structural analyses
and subsequently obtained crystal structures for the G66A/D67A, A68 Insert, M62G, and
D67G mutant proteins and compared them to the WT structure (26-28) (Figure 5.3).
Overall, the entire structural fold remains intact upon mutation in L2. In all cases the
cluster binding domain of the mutant protein is superimposable with that of the WT
protein (Figure 5.3A, B). Only small local changes are observed in the L2 region as a

result of the necessary accommodation upon insertion of a residue between residues 67



Table 5.1: Cluster Properties of L2 Mutants

Mutant Emz(mV) Decay half-time Transfer half-time at
(min) 100 pM (min)

WT +26+3 50004500 185+15
M62G +14+3 160+30 14+1
L65F -2+3 500480 7748

G66A +1+4 30004300 300+60

D67G +12+2 2400+100 378+40

G66A/D67A -18+ 3 1700+200 223+44

A68 Insert +43+7 720150 147+26

T68 Insert 5+3 13004100 153112
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Figure 5.3: Structural analysis of L2 mutants show no conformational changes

(A) Crystal structures of the G66A/D67A (pdb id: 4F2C), A68 Insert (pdb id: 4EZF),
M62G (pdb id: 4F28), and D67G (pdb id: 4F1E) mutants are overlaid with WT
mitoNEET. (B) An overlay of the cluster binding domains and the cluster coordinating
ligands show that the cluster coordinating pockets of all L2 mutants are superimposable
with that of WT mitoNEET. (C) The UV-visible spectra of all 7 L2 mutants are identical
to that observed for WT. The absorption spectra reports on the environment near the
[2Fe-2S] cluster.
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and 68 to make the A68 insertion (Figure 5.4A). The D67G mutation crystallized with a
completely different set of crystal packing interactions suggesting that the lack of
conformational changes is not a result of crystal packing forces. For example, in the
D67G structure a packing interaction exists between Lys68 and Asp64, however this
packing interaction is not observed in the WT structure. Therefore, mitoNEET is well
folded and robust to mutation. We also measured the optical spectrum of the L2 mutants
to probe for possible cluster binding changes in the proteins that were not crystallized.
We found that all seven L2 mutants have absorption spectra identical to that observed for
WT (Figure 5.3C). This is important as we have found that replacement of the cluster-
coordinating His87 ligand led to noticeable changes in the visible region (19, 62)(Figure
5.4B) and also that mutations that affected the pKa of His87, namely Lys55, led to small
but measureable optical shifts of ~3 nm near the signature 458 nm absorption peak (34).
The absence of any spectral shifts taken together with crystallographic analyses indicates
that mutations do not alter the overall fold or the cluster binding environment.

All-Atom Simulations Demonstrate Communication Between L2 and the Cluster
Coordinating Histidine.

To probe possible mechanisms of cluster property regulation, we investigated the
fluctuations of the WT protein in the native basin with SBM simulations. These models
are based on energy landscape theory (39) and accurately describe the native state
ensemble fluctuations of many systems (49, 103-107). We performed simulations with
an all-atom SBM with interactions present in the crystal structure as stabilizing, and with
one energetic basin describing the folded state. To examine possible mechanisms

whereby distal regions exert control over the [2Fe-2S] cluster, we examined the motions
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Figure 5.4: Structural heterogeneity in related mutants
(A) An overlay of L2 in the A68 Insertion mutant (pink) with wild type(black). (B) The

UV-visible spectra of WT protein (black) compared to the shifted spectra of the H87C
mutation (purple).
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within the native basin and plotted correlated motions in a covariance matrix (Figure 5.5).
The covariance matrix is overlaid with a contact map of the protein in black squares for
clarity. Regions of correlated motions are plotted in red, circled, and mapped on to the
protein to designate intra (Figure 5.5A,C) and inter-protomer (Figure 5.5B,D) covariance.

The distribution of correlated motions on the protein shows that the L2 region is
motionally coupled to regions on the opposite end of the protein. Aside from residues
that are in direct contact with each other, regions towards the center of the protein show
little correlated motion. In order to further characterize these motions, we use principle
component analysis to extract the large scale collective motions from the trajectory. The
collective motions of the Ca atoms for the first eigenvector are plotted in Figure 5.6 with
10 superimposed frames from a movie of the first eigenvector. The initial starting frame
is colored white, with each subsequent frame moving from white to red for protomer A,
and white to blue for protomer B. From the top view, the protein exhibits a torsional
motion with L2, and L2g twisting together at the top of the beta cap domain in the
foreground, and the cluster binding domain moving in the opposite direction in the
background. (Figure 5.6A) The side view of the protein (Figure 5.6B) shows that the
twisting of the beta cap domain results in scissoring in the cluster binding domain, where
ala and L1g move together opposite of alg and L1a. Interestingly, the [2Fe-2S] clusters
appear to be a pivot point for these motions, so that the entire protein rearranges around
the cluster binding region. Much of the cluster coordinating pocket, including the
coordinating cysteines, exhibit little motion relative to the rest of the protein, however the

Ca atom for the coordinating histidine exhibits a much larger range of motion. (Figure
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Figure 5.5: Covariance matrices show correlated motions between L2 and the
cluster binding domain

Spatial cross correlation matrix showing correlated motions between Co atoms within a
single protomer (A) and between the two protomers (B). Regions of positive covariance
are circled and are shown as purple spheres on the protein in C and D. Panel C shows
intraprotomer covariance between L2a and L1a, L2a and B34, and L1 with ala, and

panel D shows interprotomer covariance between L1g, and L2a, L2 and alg and B3a
with alg.
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5.6C) Because the coordinating histidine is positioned at the bottom of a1, it scissors with
al away from the cluster coordinating pocket in response to twisting in L2.
DISCUSSION

In conventional systems, the properties of metalloproteins are controlled by local
ligand environment. Complex biological systems include an additional control involving
the use of strain to exert long-range coupling (50, 64). A simple analogy for this type of
control is a clothes pin, where a strained spring is necessary for regulating clasp and
release. Pinching a clothes pin at one end rearranges everything around a central pivot
point and induces the largest motions at the opposite end of the structure. In mitoNEET,
twisting or “pinching” of L2 triggers scissoring at the bottom of the cluster binding
domain, so that ala and L1g scissor against alg and L1~ The [2Fe-2S] cluster is
positioned at the pivot point of these motions, and much of the cluster binding pocket,
including the cluster coordinating cysteines exhibit little motion. However, twisting of
L2 causes the entire protein to rearrange around the metal center, and results in the
coordinating histidine swinging away from the metal center (Figure 5.6). Mutations that
alter the flexibility, or expand or collapse L2 may alter the degree to which the
coordinating histidine moves. This rearrangement of the protein backbone (Figure
5.6A,B), especially at the coordinating histidine (Figure 5.6C), may account for the
measured redox shifts (Figure 5.1) and more importantly the order of magnitude increase

in the rate of cluster transfer to an apo-acceptor protein (Figure 5.2).
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Top View

Figure 5.6: Twisting in L2 controls swinging of His87

(A)10 Frames from the collective motions of the Ca atoms for the first eigenvector are
superimposed.  The initial starting point is colored white, with each subsequent frame
moving from white to red for protomer A, and white to blue for protomer B. From the
top view, the protein exhibits a torsional motion with L2 and L2’ twisting together at the
top of the beta cap domain in the foreground, and the cluster binding domain moving in
the opposite direction in the background. B) The side view of the protein shows that the
twisting of the beta cap domain results in scissoring of al and L1’ with a1’ and L1 in the
cluster binding domain, with the [2Fe-2S] cluster acting as a hinge point. C) The
backbone of the cluster coordinating pocket and the coordinating cysteines shows little
movement, however the coordinating histidine swings open in response to twisting in L2.
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A protein going through such hinging motions may move through energetically
less favorable states. It has been proposed that partially unfolded states may compete
energetically with some of these higher energy states, relieving strain (49). This local
unfolding, or cracking (49), is important for the activity for many proteins, and indeed
there are cases where the addition of denaturant can speed up enzymatic activity (108-
110). In mitoNEET, cracking may be an essential part of the cluster transfer mechanism.
An apo-acceptor protein could pinch L2, which would result in displacement of residues
in al and L1 in the cluster binding domain (Figure 5.6). This displacement could create
strain on the protein, causing it to “crack” open and increase accessibility of the metal
center which may lead to decreased cluster stability or enhanced cluster transfer.
However, it is important to note that cluster stability and transfer efficiency are not
necessarily linked(33). In the present studies all L2 mutations increase cluster decay
rates. However, not all mutations speed up cluster transfer. Mutations to residues 62, 65,
and 68 all increase cluster transfer (Figure 5.2A), however, mutations to residues 66 and
67 slow down cluster transfer despite being destabilizing, suggesting different
mechanisms governing cluster stability vs. transfer. One hypothesis for this is that all
mutations increase cracking in L1 and al and thus increase decay rate; however, residues
66 and 67 may be important for the binding interaction with apo-acceptor proteins. The
largely negative charge on the surface of the beta-cap may be a docking site for a
mitoNEET protein partner, and judging by the major functional effects that perturbation
of the L2 region indeed have on its cluster properties, we postulate that this is likely the

case.
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CONCLUSIONS

We use a combination of experimental techniques and structure-based simulations
to test the hypothesis that a distal loop in mitoNEET acts as regulatory control region for
the [2Fe-2S] cluster (100). Mutagenesis to L2 results in significant destabilization of the
[2Fe-2S] cluster, and can either abrogate or accelerate cluster transfer by factor of up to
15 fold. Additionally, these perturbations to L2 20A from the [2Fe-2S] cluster result in
significant redox potential, thus demonstrating that the L2 region is able to distally
regulate functional properties of the protein found in the cluster binding domain. As the
most dramatic mutations do not involve charged amino acids, the observed shifts in redox
potential over the 20A distance cannot be due to electrostatic effects. Crystal structures
obtained for several mutants show that the cluster binding domains of the mutant proteins
are superimposable with that of the WT protein, indicating that these effects are also not
the result of a long range conformational change. Using structure-based simulations we
propose a mechanism of communication in which twisting in L2 triggers scissoring in the
cluster binding domain, and results in displacement of the coordinating histidine. This
long range allosteric control of the metal center suggests that many other MPs may in fact
require full use of their uniquely evolved scaffolds to perform complex biological tasks.
Taken together, this work provides a new foundation for investigating how metal centers
in metalloproteins are influenced by the global motions and expands our understanding
beyond the control of simple electron transfer by distal mutations (111). This approach is
critical for designing new therapeutics for targeting this class of [2Fe-2S] proteins as well

as de novo design of new metalloproteins (112, 113).
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SPECIAL METHODS

Protein expression and purification—Over-expression and purification of the
soluble fragment of mitoNEET (aa33-108) and L2 mutants was performed as outlined
previously (33). Purification of apo-ferredoxin was performed as outlined previously
(114).

Cluster transfer Kkinetics, potentiometric redox titrations, and cluster stability
measurements

All UV-Visible absorption spectra were measured from the near UV to the near
IR (300 — 800 nm) on a Cary50 spectrophotometer (Varian Inc. Palo Alto CA) equipped
with a temperature-controlled cell.

Cluster transfer experiments were performed similarly to previous reports (33).
Cluster transfer experiments were performed aerobically at 35 °C at pH 8.0 using 100 uM
mitoNEET or L2 mutants and 100 uM apo-ferredoxin in 50 mM Bis-tris 100 mM NaCl.
The samples were covered with mineral oil (Hampton Research) to prevent losses due to
evaporation. Transfer rates were obtained by following the (423 nm) / (458 nm) ratio
corresponding to loss of the mitoNEET 458 nm peak and emergence of the holo-
ferredoxin 423 nm peak with time as described previously (33). Data were fit to a single
exponential rise and initial transfer rates were determined by taking the slope of the
exponential fit in the first 15 minutes.

Optical potentiometric redox titrations were performed as outlined previously
(34). Briefly, experiments were performed anaerobically at 25 °C under an argon
atmosphere using 50 uM mitoNEET or L2 mutants in 100 mM Bis-tris 100 mM NacCl in

the presence of mediators to facilitate efficient electron transfer between the protein and



83

Ag/AgCI reference electrode (Microelectrodes Inc. Bedford NH). Sodium dithionite
(Sigma-Aldrich) was titrated in via syringe to reduce the [2Fe-2S] clusters. After
mitoNEET was fully reduced, the protein was re-oxidized by titrating in 10 pL of fixed
aliquots of ambient oxygen. Optical scans (300 - 800 nm) were performed following each
addition of dithionite or oxygen. Optical potentiometric redox titration data were fit to the
Nernst equation as described previously (34).

Cluster stability measurements were performed aerobically at 35 °C. Cluster loss
was measured over time as a decrease in absorbance at 458 nm. Studies were performed
using varying concentrations of mitoNEET and mutants in 100 mM Bis-tris 100 mM
NaCl at pH 7.0.

Crystallization, X-Ray Data Collection, and Refinement

Crystallizations from purified preparation of the mitoNEET G66A/D67A, A68
Insert, M62G, and D67G mutants were performed using conditions to those previously
described (115). Crystals that were cooled to cryogenic temperatures were screened for x-
ray diffraction at SSRL (116) using the Stanford Automated Mounter (117) operated by
Blu-Ice (118). X-Ray diffraction data to resolutions of 1.19 A, 1.6A, and 2.4 A for the
A68 Insert mutant, the M62G, and D67G respectively were collected at 100K and a
wavelength of 0.9795 A at SSRL BL 9-2 with the data recorded on a Rayonix MX325
CCD imaging plate detector. For the G66A/D67A mutant, data were collected at 100K
and a wavelength of 0.97964 A at SSRL BL 7-1 with the data recorded on a ADSC
Quantum 315R CCD detector. Indexing, integration, and scaling were performed using
MOSFLM (119) and SCALA (120) for the G66A/D67A and M672 mutants; and

XDS/XSCALE (121) for the A68 Insert and D67G mutants. Diffraction data from the
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G66A/D67A, A68 Insert, and M62G mutants were indexed in an orthorhombic space
group P2,212; with cell dimensions similar to that previously reported for the wild type
(115). The D67G mutant was crystallized in a new orthorhombic crystal form, space
group P2;2:2; with unit cell dimensions of a=56.4 A b=110.9 A ¢=207.3 A. Molecular
replacement and crystallographic refinement was carried out using the previously-
determined coordinates of mitoNEET (PDB ID 2gh7) (115) as a starting model.
Molecular replacement was performed using PHASER (122). Refinement was
implemented with BUSTER (123) for the M62G and D67G mutants; and PHENIX (124)
for the G66A/D67A and A68 Insert mutants. Interactive model building and electron
density display between rounds of refinement was accomplished using COOT (125). To
aid in the modeling of multiple conformations, the program gFit that models disecrete
heterogeneities in electron density maps was used (126). Data collection and refinement
statistics are shown in Table S2.

The atomic coordinates of the L2 mutants have been deposited in the Protein Data
Bank. The A68 Insert was deposited under PDB ID code 4EZF, the M62G was deposited
under PDB ID code 4F28, the G66A/D67A mutant was deposited under PDB ID 4f2c,
and the D67G mutant was deposited under PDB ID code 4F1E.
All-Atom Simulations

The  Structure-based MOdels in  Gromacs (SMOG) Web tool

(http://smog.ucsd.edu)(57) was used to generate an all-atom structure-based force field

from the crystal structure of mitoNEET stored in Protein Data Bank ID 2QH7 (26). The
shadow algorithm was used to identify native contacts (59). Simulations were performed

using version 4.0.5 of the GROningen MAchine for Chemical Simulations (GROMACS)


http://smog.ucsd.edu/
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software package (56). The integrator used was stochastic dynamics. The time step t was
0.0005. Each protomer was temperature coupled separately.
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Table 5.2: x-ray data collection and refinement statistics

Mutant A68 Insert D66G M62G G66A/D67A

Wavelength (A) | 0.9795 0.9795 0.9795 0.9795

Resolution (A) 1.19 2.40 1.55 1.35

Space Group P2:2:21 P2:2:2, P2:2:2, P2:2:21

Unit Cell a=39.63 a=56.40 a=41.33 a=45.63

Dimensions (&) | b=55.36 b=110.86 b=56.60 b=51.96
c=58.92 c=207.29 c=59.11 c=59.02

Total Reflections | 392,189 316,697 290,174 284,487

Unique 41,819 51,596 20,449 31,045

Reflections

Multiplicity 9.4(5.9)" 6.1(4.2)" 14.2(8.3)" | 9.2(4.5)"

Completeness 98.8(98.8)" |99.5(99.5)" [99.1(99.1)" |98.3(85.1)"

(%)

Rimerge 5.0(75.1)" [6.9(71.7)' [4.7(88.6)" |6.9(65.7)"

Rineas 5.3(82.4)' |7.5(81.9)" |4.8(945)" |7.7(80.6)"

Mean 1/o(1) 19.8(2.3)" [ 15.1(2.00' |245(2.0) |16.8(1.8)"

Refinement

Resolution (A) 1.19 2.40 1.55 1.35

Reflections 41,740 51,524 20,401 30,975

Rwork (%) 16.5 19.3 21.6 15.3

Riree (%) 16.7 22.7 24.9 18.1

rms bond length

deviation (A) 0.009 0.010 0.010 0.008

Rms bond angle | 1.67 1.14 1.07 1.53

deviation

(degrees)

no. atoms 1301 9244 1094 1308

no. solvent 133 89 84 185

mean B-factor 19.3 74.0 50.0 17.4

(A%

Value in parentheses corresponds to the value for the highest resolution shell
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The goal of this dissertation was to use signals of frustration in folding as an
assay for regions of functional importance in a newly discovered diabetes drug target
with a unique fold. To this end, we used Structure-Based Models to characterize the
folding and functional landscapes of mitoNEET. Through careful analysis of the folding
mechanism of the protein, we were able to identify a loop distal from the [2Fe-2S] cluster
which creates a constraint in the folding of the protein. We predicted that although this
site slows folding, it was specifically conserved, or even selected for, because it conferred
a functional advantage. The metal center in mitoNEET makes mitoNEET an
advantageous protein to study because the properties linked to it’s function are easily
monitored, allowing us to test this hypothesis experimentally.

We were able to demonstrate that point mutations to this loop resulted in changes
to the properties of the [2Fe-2S] cluster from 20A away. In traditional systems,
properties of metal centers are controlled by the small fraction of amino acids directly
surrounding the metal center. The sensitivity of mitoNEET’s metal centers to
perturbations in a distal loop suggests a structure fine tuned to facilitate allostery. It may
be that partner proteins interact with mitoNEET through loop 2, and information is
transmitted to the metal centers upon binding. As this diabetes drug target is better
characterized, it will be interesting to see whether any binding partners and drugs interact
with Loop 2, and what effect they have on the cluster properties.

Nature is often efficient and elegant in its design, and there are many examples of
proteins which perform more than one function. Likewise, loop 2 plays more than one
role in mitoNEET’s structure. In chapter 4, we saw that not only is a strand unswapped

conformation of mitoNEET accessible, but also that loop 2 regulates the conformational
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balance. Strikingly, loop 2 functions as a conformational switch which can be activated
by cluster insertion, suggesting that information between Loop 2 and the cluster is
transmitted both ways. This switching mechanism in mitoNEET may be a part of a
failsafe mechanism to prevent the release of toxic free iron, or part of mitoNEET’s
cluster insertion mechanism.

While this paper was under review, a study published 4 new structures from the
CDGSH domain family of proteins. All four structures exhibited variations in the
number of strands in the beta cap domain, as well as permutations in the arrangement of
the strands. One of these structures exhibits a strand unswapped conformation, in which
each structural half is composed of a single protomer, instead of being composed of two
protomers as is seen in mitoNEET. The beta cap domain in the strand unswapped
structure differs from both the native strand swapped structure of mitoNEET as well as
the unswapped structure; the arrangement of strands is different, and in fact the beta cap
domain is composed of 8 strands instead of the 6 strands seen in mitoNEET. It does
however confirm that strand unswapping is possible within this family of proteins, and
supports the possibility that mitoNEET may access its own strand unswapped
conformation.

Permutations in the beta cap topology may act to differentiate the function of
different family members. We saw that point mutations in the beta cap domain of
mitoNEET are able to alter cluster properties, therefore it is possible that structural
rearrangements of this domain result in metal centers with a wider range of stabilities and
redox potentials. Changes in beta cap topology may also differentiate between potential

binding partners, as well as alter how it interacts with binding partners. In Chapter 1 we
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introduced the idea that mutations which constrain folding may be selected for if they
confer a functional advantage to the organism. The wide variations in the beta strand
topologies within the CDGSH family of proteins may be an example of this phenomenon,
and we look forward to seeing a more extensive characterization of this family of

proteins.
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