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Investigation of the Structural and Functional Dynamics of the
TIM23 Protein Import Machinery

Ketan Malhotra, Ph.D.
University of Connecticut, 2016

The biogenesis of the majority of mitochondrial proteins depends on the efficient
functioning of the Translocase of the Inner Mitochondrial Membrane 23 (TIM23)
complex. In this body of work, we investigate the structure, interactions, and
functional dynamics of the subunits involved in the initial steps of precursor
protein transport: the central channel-forming component Tim23 and the central
receptor Tim50. Using a combination of in organello analyses and model
membrane systems, this work uncovers a central role for the anionic
phospholipid cardiolipin in regulating site-specific Tim23-Tim50 interactions.
Moreover, using fluorescence-based and other biochemical and biophysical
approaches, we show that the receptor domain of Tim50 (Tim50™°) displays an
inherent affinity for cardiolipin-containing membrane bilayers, where we identify

the importance of a conserved B-hairpin loop in mediating the membrane

OIMS OIMS

insertion activity of Tim50™>. Further analyses of the Tim50™ -cardiolipin
interaction reveal membrane-mediated structural changes in the receptor domain
of Tim50. Additionally, by performing small-angle X-ray scattering analysis, we
also generate the first envelope structure of the full-length Tim50™S. Homology
modeling and molecular dynamics simulations based on our structural insights

suggest bilayer-interactive sites that are confirmed experimentally. High-



resolution fluorescence mapping shows membrane potential (AW, )-dependent
structural changes and aqueous exposure of the channel-facing transmembrane
segment (TMS) 2 of Tim23. Finally, using crosslinking-based approaches, this
study also compares the substrate-regulated Tim23-Tim50 interactions both in
organello and in model-membrane systems. Together, these findings
demonstrate the roles played by the AW, and by cardiolipin in maintaining the
structural and functional integrity of the core subunits of the TIM23 complex,
thereby providing unique insights on the mechanisms of Tim23 channel gating

and polypeptide transport.
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Chapter 1

Introduction: Mitochondrial Protein and Cardiolipin Biogenesis



1.1 Protein Import Pathways of Mitochondria

Organelles are the membrane-bound subcompartments of eukaryotic cells that
impart specificity and division of multiple cellular functions. Moreover, if we think of
organelles as individual “factories” then proteins would be considered as the “workers”.
More than half of the proteins synthesized in the cytosol are transported into or across
the membranes to reach their final destination (Schmidt et al., 2010). Therefore, it is
imperative to understand the mechanisms that operate to make sure the proteins reach
their final destination correctly. The Mitochondrion (plural mitochondria), also popularly
known as the “energy factory”, imports more than 99% of its proteins (~1000 in yeast
and ~1500 in humans), which are encoded by nuclear DNA and synthesized on
cytosolic ribosomes (Chacinska et al., 2009). The dependence of mitochondria on the
supply of proteins from the cytosol is widely attributed to its prokaryotic origin, which
resulted in the transfer of most of its protein-encoding genes to the nuclear genome
(Dolezal et al., 2006). Moreover, morphing of the “bacterial endosymbiont” to the
present day “mitochondrion” meant retaining the double membrane character typical of
gram-negative bacteria. To carry out the process of protein import in an efficient
manner, mitochondria have evolved complex protein translocating machineries that
reside in its two membranes, namely the Translocase of the Outer Membrane (TOM)

complex and the Translocase of the Inner Membrane (TIM) complexes.



Broadly, the protein import pathways in mitochondria can be divided into four types.
The TOM complex of the outer membrane (OM) forms the common entry gate for the
majority of precursor proteins before they follow specialized routes to reach their final

destination (Figure 1.1). The four pathways can be described as follows:

Presequence Translocase Pathway

The presequence translocase pathway is responsible for importing the majority of
mitochondrial proteins (Mokranjac & Neupert, 2010). Proteins imported by the
presequence translocase pathway are characterized by the presence of a cleavable
presequence that acts as a signaling element. The inner membrane (IM) machinery of
this pathway is formed by the TIM23 complex, from where the preproteins are either
laterally inserted into the IM or transported across the bilayer into the mitochondrial
matrix. The latter process also requires the presence of the Presequence translocase-
Associated Motor (PAM) complex (Figure 1.1-1.2). Moreover, a couple of recent
investigations into the import of helical membrane proteins in the OM implicated the
presequence translocase pathway for its involvement (Song et al., 2014; Wenz et al.,

2014).



Carrier Pathway to the Inner Membrane

Proteins imported through the carrier pathway contain multiple transmembrane
segments (TMSs) that are chaperoned by the Hsp70 and Hsp90 proteins in the cytosol
and by the Tim9-Tim10 complex of the intermembrane space (IMS). The final insertion
of proteins being transported through this route is mediated by the TIM22 complex of
the IM (Figure 1.1). The main group of proteins following the carrier pathway is formed

by the metabolite carriers such as ADP and ATP carrier (AAC) (Schmidt et al., 2010).

Transport Pathways for the Outer Membrane Proteins

Outer membrane proteins fall into two main class of proteins, B-barrel and a-
helical as compared to the presence of only a-helical proteins in the IM. The OM
proteins are synthesized as non-cleavable precursors carrying internal targeting signals.
Amongst them, the a-helical proteins mostly act as receptors and are membrane-
anchored by one or more TMSs. The B-barrel proteins or the pore-forming proteins
comprise of multiple TMS B-strands. The import pathway for B-barrel proteins have
been well characterized and involve the TOM complex, IMS chaperones and the Sorting
and Assembly Machinery (SAM) complex of the OM. Insertion of the OM proteins with
multiple a-helical proteins is facilitated by Mim1 together with Mim2 (Figure 1.1). As
pointed out earlier, insertion of at least some of the single-pass a-helical membrane
proteins is catalyzed by the presequence translocase machinery of the IM along with

subunits of the TOM complex (Endo et al., 2011; Schulz et al., 2015).



Redox-Mediated Pathway of the Intermembrane Space

Proteins destined to the IMS contain characteristic cysteine motifs and are
transported mostly through the oxidative Mitochondrial Intermembrane space Assembly
(MIA) machinery (Figure 1.1). The MIA pathway involves oxidation of cysteine residues
to form an intermediate disulfide-linked precursor-Mia40 complex before releasing the

mature folded form of proteins into the IMS (Chacinska et al., 2009).

SAM
COMPLEX COMPLEX
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The four major mitochondrial protein import pathways are depicted as
(A-D) along with the partially characterized pathway for the OM a-helical proteins using
the mitochondrial import (MIM) complex (gray) of the OM. Most of the preproteins enter
mitochondria through the TOM complex via channel-forming Tom40 (green). From there
preproteins take different sorting routes. TIM23 complex (yellow) is the IM machinery for
the presequence translocase pathway (A), which is involved in either lateral insertion of
membrane proteins or transport of soluble proteins across the IM along with the PAM
complex (orange) (discussed in more detail in Figure 1.2). The carrier pathway (B)
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Figure 1.1 Protein Import Pathways of Mitochondria



imports proteins with multiple TMSs into the IM. The hydrophobic TMSs of preproteins
are chaperoned in the IMS by the small TIMs (light purple) (Tim9-Tim10 and Tim8-
Tim13). Finally, these proteins are inserted into the IM by the AW,-dependent carrier
translocase of the IM, TIM22 complex (blue). The precursors of the outer membrane -
barrel proteins are imported by the TOM complex and TIM chaperones, and are
inserted into the OM by the sorting and assembly machinery (SAM) complex of the OM
(orange, C). Cysteine-rich substrates are translocated in a reduced conformation and
imported by the mitochondrial IMS import and assembly (MIA) machinery together with
Erv1 into the IMS (light green, D) (Harbauer et al., 2014).

1.2 The Presequence Translocase Machinery of the IM or the TIM23

Complex

The presequence translocase of the IM (TIM23 complex) (Figure 1.2) is
considered the most modular of all the translocases present in mitochondria, as it is
found to associate with protein complexes from three out of four mitochondrial
subcompartments; the TOM complex of the OM, the PAM complex and the Oxa
machinery in the matrix, and the AAC complex as well as respiratory chain complexes
lll and IV of the IM (Mokranjac & Neupert, 2010). Moreover, the TIM23 complex is also
known to utilize two different energy sources, namely the membrane potential (AWn,)
across the IM and matrix ATP to carry out its protein import activity. Hence, it does not
come as a surprise that the TIM23 machinery is also considered as one of the most

complicated translocase machineries in mitochondria.



The TIM23 complex is involved in the import of most of the matrix-directed as
well as inner membrane proteins, and mainly recognizes preproteins with an
amphipathic presequence at the amino-terminus (Figure 1.2). These cleavable
presequences are also considered as the classical type of mitochondrial targeting
sequences. Their typical length varies from 15 to 50 residues and are amphipathic, with
one face primarily composed of positively charged amino acid residues while the other
dominated by hydrophobic residues. Overall they carry a net charge of +3 to +6. The
presence of positively charged residues in the presequences is known to be critical for
the electrophoretic pulling effect exerted by the AW, across the IM (matrix negative)
(Turakhiya et al., 2016). Moreover, the amphipathicity imparts signature properties to
the preproteins that are recognized by the receptor proteins of the TOM and TIM23
translocases. Presequences directed towards the mitochondrial matrix are
proteolytically removed by the dimeric mitochondrial processing peptidase (MPP) upon
their import. Preproteins directed towards the IM on the other hand contain an additional
stop-transfer signal, which is also the transmembrane segment of the mature protein.
The stop-transfer signal is 16-18 residues long found adjacent to the matrix-targeting
signal, which arrests translocation in the IM with the preproteins being laterally released
into the lipid phase. In such cases, the matrix-targeting signal is cleaved by MPP

following the integration of proteins into the IM (Chacinska et al., 2009).



The core subunits of the TIM23 complex comprise three essential membrane-
embedded proteins: Tim50, Tim23, and Tim17 (Figure 1.1-1.2). Tim50 is a receptor
protein with a C-terminal receptor domain that faces the IMS (Tim50™S). Tim50 is the
first component of the IM to receive the emerging preproteins from the TOM complex of
the OM (Rahman et al., 2014). Moreover, the association of Tim50™® with the Tim23"™®
receptor domain is known to enhance the protein transport function of the TIM23
translocase (Gevorkyan-Airapetov et al., 2009; Mokranjac et al., 2009; Tamura et
al., 2009b). Tim23 is the central component of the TIM23 complex, which also
contributes to the channel formation along with Tim17 (MALHOTRA et al., 2013).
Additionally, recent evidence has shown that another IM-embedded subunit of the
presequence translocase, Mgr2, is capable of interacting with precursor proteins
triggering speculation of its involvement in the channel formation (leva et al., 2014).
Gating of the presequence translocase channel is necessary to maintain the
permeability barrier of the IM, which in turn helps maintain the electrochemical potential
(Aun+) across the IM. The process of gating the IM channel is intricate and tightly
regulated, and is performed by the collective action of several factors, including the AW,
across the IM, as well as interactions with Tim50 and Tim17. Additionally, the
presequence-carrying substrates are also known to gate the channel, where there
presence elicits the opening of the conduction pore (Meinecke, 2006; Truscott et al.,

2001).



The highly modular character of the TIM23 translocase is best characterized by
its ability to exist in two different translocation competent states. TIM235°FT refers to the
Tim21-containing core complex, which directs preproteins to be laterally inserted into
the IM. Additionally, Tim21 is also required for the coupling of the TIM23 translocase
with the TOM complex of the OM as well with respiratory chain complexes Il and IV
(Chacinska et al., 2010; 2005). Moreover, it was shown that Mgr2 is required for
binding of Tim21 to the core complex, imparting regulation to the process of membrane
sorting of preproteins as well as TIM23-TOM coupling (Gebert et al., 2012). The
second state called the TIM23"°T°R or TIM23-PAM is associated with subunits of the
PAM complex, but lacks Tim21. The function of this particular translocation state is to
transfer hydrophilic proteins into the mitochondrial matrix driven by the ATP powered
motor complex in the mitochondrial matrix (Chacinska et al., 2009). On the contrary,
there have been reports that suggest the existence of the TIM23 translocase machinery
as a single entity associated with the motor machinery (Popov-Celeketi¢ et al., 2008).
It is also possible that the two translocation-competent states exist in a state of
equilibrium, where the Tim23%°RT complex is used for the transfer of preproteins from
the TOM complex and then the TIM23-PAM machinery is used for translocation into the

matrix (Schmidt et al., 2010).
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Figure 1.2 Protein Import by the The Presequence Translocase Pathway

Preproteins (purple string) carrying a positively charged amphipathic
presequence (blue) at the N-terminus pass through the TOM complex, which acts as a
common entry route for most of the mitochondrial proteins. Tom40 is the pore-forming
subunit of the TOM complex. Once the presequence-carrying preproteins enter the
TIM23 channel in the inner membrane, they are either laterally inserted into the IM
(membrane proteins) or transported across the IM into the matrix (soluble proteins).
Lateral insertion of preproteins requires presence of just the AW, across the IM as
energy source. For transport of soluble proteins, TIM23 requires an additional action of
ATP-coupled PAM machinery. The amphipathic presequences for both membrane and



soluble proteins are finally cleaved by mitochondrial processing peptidase (MPP)
(Chacinska et al., 2009).

1.3 Interactive Sites on Tim23

Tim23 has a bipartite domain organization comprising a soluble intrinsically
disordered receptor domain facing the IMS (Tim23™S) and a well-folded C-terminus
membrane-resident channel domain. The C-terminal domain of Tim23 is divided into
four TMSs forming a substrate- and voltage-sensitive channel, where TMS1 and TMS2
have been shown to interact with preproteins in transit through the aqueous lumen
(Alder et al., 2008a; Alder et al., 2008b). Moreover, a high-resolution fluorescence-
based approach identified TMS2 as one of the helices facing the aqueous lumen of the
protein-conducting channel (Alder et al., 2008a). As a central receptor- and channel-
forming component, Tim23 is involved in a host of interactions both within the complex
and outside the complex via its different segments. Here we make an attempt to build a
map of the interactive partners of different Tim23 regions, as well as provide residue

level information of those interactions wherever possible (Figure 1.3).
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IMS Domain

The receptor domain of Tim23 in Saccharomyces cerevisiae consists of the N-
terminal 96 residues of Tim23 and is probably the most promiscuous of all the Tim23
regions. The Tim23™® is intrinsically disordered as was demonstrated by nuclear
magnetic resonance (NMR) studies (la Cruz et al., 2010), and its flexibility enables it to
interact with multiple binding partners of the protein import machineries as well as the

3MS \well

myriad substrates that it recognizes. This inherent flexible nature makes Tim2
suited to carry out receptor functions. A prominent role for the Tim23™® was discovered
when it was found that it is essential for protein import and forms a dimer via heptad
leucine repeat motif present in the C-terminus (residues: 50-96) in the presence of the
AW, This Tim23™® dimer was then proposed to act as a receptor for the incoming
preproteins, dissociating upon contacting the presequences (Bauer et al., 1996).
Moreover, by using cysteine substitution analysis another study reported crosslinking-
detected dimerization of imported monocysteine Tim23 (N43C) with endogeneous
Tim23 proteins (Alder et al., 2008b). The N-terminal region of Tim23™® (residues: 1-50)
was found to be exposed at the surface of the OM, giving rise to a two-membrane
spanning model for Tim23, which could in principle form translocation contact sites with
the TOM complex (Donzeau et al., 2000). Indeed, Tim23™® was found to interact with
Tom22 by in vivo crosslinking analysis at position 41 (Tamura et al., 2009b). NMR
analysis confirmed the interaction between the IMS domains of Tim23 and Tom22,

3IMS

where residues 53 and 58-61 on the Tim2 were found to experience chemical shifts

in the presence of Tom22'™° (Bajaj et al., 2014a).
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In the IM, Tim23™S is reported to interact with both Tim50™® and Tim21™S of the
TIM23 complex. The predicted coiled-coil region in the Tim23™® (residues: 61-83)
(Bauer et al., 1996) is known to play a critical role in mediating interactions with the
partner receptor domain of Tim50, where residues 64, 71 and 78 comprising the

hydrophobic face of the putative coiled-coil on the Tim23™®

were shown to be directly
involved in mediating Tim23’s interaction with Tim50 (Tamura, et al., 2009b). Moreover,
mutation of residues Y70 and L71 to alanine was found to abrogate Tim23-Tim50
interaction (Gevorkyan-Airapetov et al., 2009). Similarly, crosslinking-based
interaction analysis in organello found Tim23 residue 80 to be proximal to Tim50 (Alder
et al., 2008b). NMR-detected shifts in the Tim23™S in the presence of Tim50 construct

comprising the core and the presequence binding domain (residues: 164-476) found

residues 1-7 and 56-92 on the Tim23™® to be Tim50 interactive (Bajaj et al., 2014a).

According to a recent NMR analysis, the Tim21 interactive sites on Tim23™® are
broadly mapped to three distinct regions, residues 1-7, 68-74, and 90-96, all of which
carry an aspartic residue positioned two residues downstream from an aromatic residue
(Bajaj et al., 2014a). As a receptor domain, Tim23™® engages with presequence-
carrying preproteins either alone or in complex with the Tim50"™® (Schulz et al., 2015).
The presequence binding sites on Tim23™® were found to lie in the C-terminal half of
the receptor domain (residues: 51-96), the same region that mediates Tim23
dimerization (Bauer et al., 1996). This was confirmed by NMR analysis, which mapped

the presequence binding domain from residues 71-96 (la Cruz et al., 2010). However,
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crosslinking-based interaction between Tim23™® and model substrate pSu9-DHFR
revealed binding of substrate to almost the entire surface of the receptor domain (Alder,

Jensen, & Johnson, 2008a).

In addition to the binding partners described above, the Tim23™® domain has
also been shown to mediate interaction with Tim17 of the TIM23 complex, where Tim50
interactive residues 64, 71, and 78 were also found to be crosslinked to Tim17 (Tamura
et al., 2009b). Moreover, NMR analysis also found the Tim23 receptor domain to be
membrane-interactive in a cardiolipin-dependent manner, where signals from N-terminal
residues 1-12 and 29-46 were highly attenuated in the presence of cardiolipin-

containing membrane bilayers (Bajaj et al., 2014b).

TMSs 1 and 2

The membrane-bound TMS1 and TMS2 have been shown to interact with
presequence-carrying preproteins where crosslinking analysis using substituted
cysteines along the entire surface of the two TMSs were mapped proximal to the
substrate in transit (Alder et al., 2008a). Additionally, fluorescence-based approaches
identified the channel-facing residues 152-153, 155-156, 160, and 163-164 in TMS2
moving to a more non-polar environment in the presence of substrate (Alder et al.,
2008a). Therefore this face of the helix appears to face the aqueous channel lumen and

be in contact with translocating polypeptides. Moreover, by performing mutational
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analysis, residues 105, 107, 109 and 111 of TMS1 were found to be important for Tim23
homodimerization as well as substrate interaction, highlighting for the first time role of
TMS1 in promoting self-association (Pareek et al., 2013). Interestingly, the N-terminus
of TMS1 was also found to interact with the soluble receptor domain of Tim50 where the
same study also identified a specific helical face of TMS1 to be interacting with Tim17
(Alder et al., 2008b). Finally, using coimmunoprecipitation-based detection method,
residues 149 and 153 on TMS2 were found to be important for Tim17 association and

substrate interaction (Pareek et al., 2013).

Matrix- and IMS-Facing Loops

Coimmunoprecipitation- and crosslinking-based interaction analysis identified
matrix-facing loop1 between TMS1 and TMS2 to be involved in mediating interactions
with the components of the motor machinery, where position 127 on loop1 was found to
be proximal to Tim44 (Banerjee et al., 2015; Ting et al., 2014). Additionally, positions
138-139 were shown to be important for recruitment of Tim17 and Tim21 to the core
complex. Similarly, IMS-facing loop2 and extreme C-terminus were found to be

important for the association of Tim21 to the core complex (Pareek et al., 2013).
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Figure 1.3 Tim23 Interactome

Topology diagram of Tim23 (yellow) in the mitochondrial inner membrane. Tim23
is divided into distinct regions broadly comprising of the soluble receptor domain
(Tim23™S, residues: 1-96 in S.cerevisiae) and membrane bound C-terminus (residues:
97-222), which is further divided into four transmembrane segments (T1-T4) and matrix-
and IMS-facing loops (L1-L3, C-term). The interactive partners of Tim23 are mentioned
corresponding to the specific Tim23 binding site.
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14 Cardiolipin and Mitochondrial Function

Cardiolipin  (CL; 1,3-bis(sn-3’ -phosphatidyl)-sn-glycerol) is an anionic
phospholipid found in the energy-conserving membranes of bacteria and eukaryotes
that couple the proton-motive force generated by the proton pumping activity of the
complexes of the electron transport chain with endergonic processes such as ATP
synthesis and substrate transport (Paradies et al., 2014). The dimeric structure of CL
makes it unique amongst most of glycerophospholipids, containing two negatively
charged phosphatidate head groups joined together by a central glycerol moiety and
four acyl chains instead of two (Figure 1.4). As a major anionic lipid of energy-
transducing membranes, its contribution to the process of energy conversion appears to
be manifold. First, it is involved in the stabilization of complexes involved in oxidative
phosphorylation and their assembly into higher-order supercomplexes, which in turn
leads to efficient ATP production (Arias-Cartin et al., 2012; Chaban, Boekema, &
Dudkina, 2014; Mileykovskaya & Dowhan, 2014; Paradies et al., 2014). Second, due
to its anionic character and appreciable content in the energy-conserving membranes, it
also contributes to the interfacial surface potential (¥,) of the bilayers in which it
resides. Therefore, cardiolipin is a critical component of the electrostatic profile of the
membrane. Third, the ability of the two phosphatidyl headgroups in CL to form a
resonance-stabilized acid-anion pair through hydrogen bonding with the 2’-hydroxyl of
the central glycerol bridge is suggested to allow CL to act as a proton trap in the bilayer,
which in turn can buffer the proton pool across the energy-conserving membranes

contributing to the membrane potential (AW,) (Haines, 2009). Thus, CL is an important
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constituent of the energy-transducing membranes where it helps maintain the

transmembrane Apn.+ in bacteria as well as eukaryotes.

Most of the CL in a eukaryotic cell is associated with mitochondrial membranes,
especially the IM where its biosynthesis takes place (Claypool & Koehler, 2012). For
this reason, CL is called the signature phospholipid of mitochondria where it is present
at a concentration of ~15-20 mol% of total lipids (Alder NN, 2011). In addition to the
involvement of CL in the energy transduction process in mitochondria, it also plays
important roles in regulating several mitochondrial processes such as apoptosis,
mitophagy, iron-sulfur cluster biogenesis, translocation by mitochondrial creatine and
nucleoside diphosphate kinases, and preprotein translocation (Bottinger et al., 2015;
Claypool & Koehler, 2012; Joshi et al., 2009; Li et al., 2015; Mileykovskaya &
Dowhan, 2009; Planas-lglesias et al., 2015). Moreover, biogenesis of several
membrane proteins in the IM as well as the OM is known to be dependent on the
presence of CL (Brandner et al., 2005; Claypool et al., 2008; Gebert et al., 2009).
Many studies have also implicated CL in regulating mitochondrial dynamics by
controlling processes such as fission and fusion (Ban et al., 2010; DeVay et al., 2009;
Montessuit et al., 2010). CL has also been shown to be important for maintaining
mitochondrial cristae morphology by regulating the assembly of ATP synthase into
higher order oligomers, as well as the assembly of a conserved mitochondrial contact
site and cristae organizing system (MICOS) complex in the IM (Acehan et al., 2011;
Friedman et al., 2015). Moreover, CL is important for maintaining mitochondrial DNA

stability especially under stressful conditions (Luévano-Martinez et al., 2015). In all its
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roles, CL specifically interacts with a range of integral and peripheral membrane
proteins where recent structural and computational studies have made significant
progress in elucidating the nature of protein binding sites that interact with the
headgroup and acyl chain region of CL (Planas-lglesias et al., 2015). Due to its
involvement in a myriad of mitochondrial processes, aberrant CL metabolism results in
various diseases, including diabetes, cardiovascular disease, neurodegenerative
disease, and the multisystem disorder called Barth Syndrome (Chicco & Sparagna,

2007; Gaspard & McMaster, 2015; Jefferies, 2013).

Figure 1.4 Chemical Structure of Cardiolipin

Chemical structure of tetraoleoyl cardiolipin (TOCL, 1°,3"-bis[1,2-dioleoyl-sn -
glycero-3-phospho]-sn -glycerol). Cardiolipin has a unique structure with two 1,2-diacyl
phosphatidate moieties esterified to the sn-1 and sn-3 positions of a central glycerol
bridge. As a result, each CL molecule has four acyl chains and two ionizable phosphate
headgroups at physiological pH.

19



1.5 Cardiolipin Structure and Physiochemical Properties

Unlike other naturally occurring glycerophospholipids, CL has a unique dimeric
structure with four fatty acids linked to the peripheral hydroxyl groups of a 1,3-
bis(glycerol-3’-phosphoryl)-glycerol backbone (Figure 1.4). Despite the apparent
symmetry of structure, cardiolipin has two chemically distinct phosphatidyl moieties,
owing to the two chiral centers in the headgroup glycerol, each of which is in the R
configuration (Schlame, Rua, & Greenberg, 2000). As a result, the two phosphate
groups have different chemical environments as was demonstrated by *'P-NMR
resonance spectra (Powell & Jacobus, 1974). Hence, the dimeric structure of CL helps

confer unique physical and chemical properties that are vital for its function.

The CL polar head group contains two phosphodiester moieties, which, in
principle, should both be negatively charged at physiological pH. However, a model by
Haines and colleagues point to the presence of a resonance-stabilized acid-anion
headgroup structure in which the protonated state of one phosphate oxygen atom is
stabilized by hydrogen bond interactions with the secondary hydroxyl of the central
glycerol (Figure 1.5) (Haines, 1983). This model has implications for the function of CL
as a component of the energy-conserving membranes where the headgroup region of
CL can act as a proton reservoir for proton-pumping respiratory enzymes. The support
for this model came from comparisons of pH titrations between CL and its 2’-deoxy form
(lacking the 2’-hydroxyl group), which revealed disparate ionization constants for the

two phosphates (pKi~2-4 and pKy>8.5) (Kates et al., 1993). Moreover, it was
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hypothesized that equal lengths of the four acyl chains could stabilize the bicyclic
structure (Haines, 2009). However, ?H-NMR spectroscopic studies on CL within the
bilayer indicate that the headgroup glycerol of CL is parallel to the bilayer surface, and
is motionally constrained to engage in inter- and intra-molecular hydrogen bonding
interactions except with water and ions present at the surface of the lipid membranes
(Allegrini, Pluschke, & Seelig, 1984). This has given credence to the second model
where experimental evidence from several laboratories (including our laboratory;
Sathappa and Alder, unpublished) has shown that that the two phosphodiester
moieties in CL are negatively charged under physiological conditions (Figure 1.4)
(Lewis & McElhaney, 2009; Malyshka & Pandiscia, 2014; Olofsson & Sparr, 2013;
Tarahovsky, Arsenault, & MacDonald, 2000). The presence of two negative charges
on CL in turn has implications on controlling processes such as polymorphic phase
behavior, establishment of membrane curvature, charge-charge interactions with

peripheral and integral membrane proteins, and headgroup coordination of ions.

The sharing of a single glycerol molecule by two phosphatidyl moieties imparts
structural features in CL, which distinguishes it from other glycerophospholipids.
Because of the sharing of the central glycerol moiety by two phosphatidate head group,
the cross-sectional area of the headgroup relative to the area occupied by the acyl
chains is significantly smaller than those of diacyl glycerophospholipids such as POPC
(PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), POPS (PS, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine) and PG. The small size of the polar headgroup in

turn leads to an increase in the lateral pressure and transition temperature (Lewis &
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McElhaney, 2009). It also confers CL the propensity to form inverted hexagonal Il (HII)
phase structures under cerain conditions, including low pH, presence of divalent cations
and binding to basic proteins. The HIl phase is a hallmark for non-bilayer forming lipids
with a conical geometry (van den Brink et al., 2004). Under physiological conditions,
the possibility of existence of non-bilayer structures in lipid bilayer diminishes due to the
repulsive forces acting between the anionic headgroups (Tarahovsky et al., 2000).
However, under certain conditions like the ones stated above there is a possibility for
the formation of non-lamellar structures. Besides the CL headgroup, the volume
occupied by the hydrophobic acyl chains also plays a determining factor in the phase
behavior of CL, where addition of one acyl chain to CL produces acylcardiolipin, which
strongly favors the HII phase, whereas removal of one acyl chain produces
monolysocardiolipin (MLCL), which favors the lamellar phase (Powell & Marsh, 1985).
Moreover, the conversion of cardiolipin from lamellar to non-lamellar phase is
speculated to be involved in modulation of cristae structure leading to the formation of
membrane contact sites (Friedman et al., 2015; Kim et al., 2004). This has
implications for mitochondrial functions such as apoptosis and protein transport (Epand

et al., 2002; Horvath et al., 2015).
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Resonance | Structure

Figure 1.5 Resonance-Stabilized Headgroup of Cardiolipin

Model of the bicyclic resonance-stabilized headgroup structure of cardiolipin
proposed by Haines and colleagues (Haines, 2009). According to this model, the 2’-
hydroxyl group engages in strong hydrogen bonding interactions with phosphate
moieties resulting in distribution of a single negative charge in the headgroup region
under physiological conditions. Figure adapted from (Haines, 2009).
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1.6 Cardiolipin Biosynthesis and Remodeling in Yeast

In yeast, CL biosynthesis occurs through several steps of conversion and
modification of phosphatidic acid (PA) by a chain of enzymes located in the IM (Figure
1.6). PA, synthesized in the Mitochondrial Associated Membrane (MAM) of the
endoplasmic reticulum (ER), is trafficked across the IMS via the Mdm35-stabilized Ups1
lipid transfer protein into the IM (Watanabe et al., 2015; Yu et al., 2015). Following its
transfer, de novo synthesis of CL is initiated by the conversion of PA is to CDP-
diacylglycerol (CDP-DAG) by the cytidylyltransferase Tam41 (Tamura et al., 2013).
Alternatively, CDP-DAG can be synthesized by Cds1 in the ER that is then transported
to the IM though the contribution of this route to CL synthesis is considered to be
miniscule (Kuchler et al., 1986). CDP-DAG and glycerol 3-phosphate are then
converted to PG phosphate (PGP) by Pgs1 and then to PG via dephosphorylation by
Gep4 (Chang, Heacock, & Clancey, 1998; Osman et al., 2010). Both these enzymes
are predicted to be located on the matrix-facing side of the IM. Moreover, their location
is in agreement with the proposed initiation of CL synthesis on the matrix-exposed
leaflet of the IM (Joshi et al., 2009). The synthesis of immature form of cardiolipin,
characterized by random assortment of saturated acyl chains, is initiated by cardiolipin
synthase Crd1, which performs the condensation of PG and CDP-DAG (Schlame &
Haldar, 1993). This is followed by the remodeling cycle to produce mature form of CL,
and is performed by CL-specific phospholipase Cld1, which removes an acyl chain to
generate a remodeling intermediate monolyso-CL (MLCL) (Beranek et al., 2009). The

acyl-CoA independent transacylase tafazzin (Taz1) then transfers an acyl chain from

24



donor phospholipid, usually PC or POPE (PE, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine), to MLCL to regenerate the tetraacyl CL (Xu et al., 2006). It has
been shown experimentally that all fatty acyl chains in CL are amenable to remodeling
(Xu et al., 2003). Moreover, cycles of deacylation and reacylation yield CL with an acyl
chain composition that is species- and tissue-specific and enriched in unsaturated fatty

acids, predominantly palmitoleyl (16:1) and oleoyl (18:1) (Schlame et al., 2005).

In wild-type yeast 90% of CL fatty acyl chains are unsaturated (Baile, Whited, &
Claypool, 2013). Moreover, despite the diversity of fatty acid combinations possible for
this tetraacyl lipid, only a few types of unsaturated acyl groups are actually represented
for CL within a given organism or tissue type (Schlame et al., 2005). Furthermore, the
importance of the tafazzin-mediated remodeling process is underscored by the fact that
mutations affecting the X-linked TAZ gene in humans cause a multisystem disorder
called Barth syndrome. To date, approximately 150 nonsense or missense mutations
have been identified in the TAZ gene that cause Barth syndrome characterized by
cardiac and skeletal myopathies, cyclic neutropenia, growth disturbance, and fatalities
in young males (Clarke et al., 2013). Mutations or knockout of the TAZ gene affects the
level of unsaturated CL species, where it has been shown to cause 75% decrease in CL
content with a subsequent increase in the level of MLCL (Baile, Lu, & Claypool,
2014a; Gaspard & McMaster, 2015). As a result, Barth syndrome patients are found to
have abnormal mitochondrial ultrastructure and destabilized respiratory
supercomplexes (Gu et al., 2004; McKenzie et al., 2006). However, it was shown in

yeast that halting the remodeling process at the initiation stage resulting in accumulation
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of unremodeled form of CL did not show any apparent mitochondrial defects compared
to the wild-type species with remodeled CL (Baile, Lu, & Claypool, 2014a). Hence, the

physiological importance of CL remodeling remains poorly understood.

Endoplasmic Reticulum

MAM

¢ Mitochondria-ER contact sites

oM
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Mitochondrion
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Figure 1.6 Cardiolipin Biosynthesis and Remodeling in Yeast

The synthesis of CL in the mitochondrion is initiated as phosphatidic acid (PA),
synthesized in the Mitochondrial Associated Membrane (MAM) of the endoplasmic
reticulum (ER), is trafficked across the IMS via membrane contact sites between
mitochondria and ER (Mitochondria-ER contact sites) and Mdm35-stabilized Ups1 lipid
binding protein. The de novo synthesis of CL in yeast mitochondrial IM includes
enzymatic steps involved in the synthesis of unremodeled form of CL followed by a
remodeling pathway to generate a remodeled and mature form of CL. Tam41 (red) is
localized towards the matrix-facing side of the IM and catalyzes the conversion of PA to
cytidine diphosphate-diacylglycerol (CDP-DAG), and was first reported to be involved in
maintaining the integrity of the TIM23 complex (Tamura et al., 2006). This is followed
by the formation of phosphatidylglycerolphosphage (PGP) from CDP-DAG and glycerol
3-phosphate by Pgs1. Further, dephosphorylation of PGP by Gep4 yields
phosphatidylglycerol (PG). PG then enters the step for the synthesis of unremodeled
form of CL catalyzed by cardiolipin synthase (Crd1) followed by remodeling pathway
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initiated by the CL-specific lipase Cld1, which removes an acyl chain to generate
mololyso-CL (MLCL). The acyl-CoA independent transacylase Taz1 then transfers an
acyl chain from a donor phospholipid to MLCL, thereby regenerating the tetraacyl CL.
Cycles of deacylation and reacylation yield CL with an acyl chain composition that is
species- and tissue-specific and enriched in unsaturated fatty acids. Synthesis and
remodeling enzymes in orange indicate those subject to genetic knockouts in this study
(Chapter 4).

1.7 Cardiolipin and Mitochondrial Protein Import

The first experimental evidence suggesting a role for CL in mitochondrial protein
import came from studies demonstrating the importance of anionic phospholipids in
unfolding of precursor proteins and subsequent transport, as well as inhibition of protein
import in yeast cells treated with doxorubicin, a drug targeting anionic phospholipids
(Eilers, Endo, & Schatz, 1989; Endo & Schatz, 1988; Endo, Eilers, & Schatz, 1989).
Subsequently, it was shown that yeast cells lacking cardiolipin synthase (Acrd?) were
partially defective in protein import in both fermentable as well as non-fermentable
media (Jiang et al., 2000). This finding was considered to be significant for CL-
mediated protein import, as even the increased levels of PG in yeast grown in non-
fermentable media could not overcome the protein import defects seen in the Acrd1
strain (Jiang et al., 2000). However, the study also detected a decrease in the AWy, in
the absence of CL, which plays a direct role in mediating preprotein transport
(MALHOTRA et al., 2013). A more direct role for CL in the functioning of the TIM23
complex was established by later studies using in vitro reconstitution methods where it

was shown that the reconstitution of a functional motor-free form of presequence
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translocase (TIM23°°RT) in liposomes required the presence of cardiolipin (van der

Laan et al., 2007).

In the past few years several studies have suggested an intimate link between
the biogenesis of mitochondrial phospholipids and proteins (Gohil & Greenberg, 2009).
By performing initial screening of essential mitochondrial proteins with unknown
functions, it was revealed that translocator assembly and maintenance protein 41
(Tam41) plays an important role in the assembly and functioning of the TIM23
machinery (Figure 1.6-1.7) (Gallas et al., 2006; Tamura et al., 2006). Interestingly,
closer examination of Atam41 mutant yeast cells displayed phenotype similar to the one
known for cells deficient in CL synthesis (Acrd7) (Kutik et al., 2008). Subsequently, it
was revealed that Afam41 mutant cells lack the presence of both CL and PG,
suggesting regulation of Tam41 in the biosynthesis pathway of CL at the level of CDP-
DAG synthase (Kutik et al., 2008). Altogether, these findings suggest that Tam41 is
involved in protein import via its regulation of CL synthesis in yeast cells. Moreover,
later studies also implicated IMS proteins, Ups1p and Ups2p, in regulating CL levels in
an antagonistic manner. Consequently, it was shown that defects in Ups1p expression,
which acts as a transport protein for CL precursor PA, lead to defects in mitochondrial
protein import via altered assembly of the subunits of the TIM23 complex and its
aberrant association with the PAM machinery of the mitochondrial matrix (Figure 1.6-
1.7) (Tamura, 2009a). Moreover, lipid-binding analysis performed on TIM23 subunits
have revealed inherent affinities for the matrix-facing Tim44 as well as for the IMS-

facing Tim23 receptor domain for CL-containing bilayers (Figure 1.7) (Bajaj et al.,

28



2014b; Marom et al., 2009; Weiss et al., 1999). Thus, growing evidence suggests
direct involvement of constituents of the CL biosynthesis pathway and mitochondrial
protein import via CL binding and stabilization of the components of the presequence

translocase machinery.

Even though CL is synthesized in the IM and is present in appreciable quantities,
there have been reports that identified the presence of CL in the OM (Gebert et al.,
2009; Alder NN, 2011). Interestingly, CL was also shown to be involved in the
biogenesis of proteins of the OM, where it was demonstrated that CL deficiency altered
the assembly of the OM protein import complexes (Gebert et al., 2009). Moreover, a
link between defect in protein transport and Barth syndrome was revealed by the
identification of Barth syndrome-like illness known as dilated cardiomyopathy with ataxia
(DCMA). DCMA is caused by mutations in the DNAJC19 gene that shares similarity with
fungal Pam18 involved in protein import as a component of the motor machinery on the
matrix side of the IM (MacKenzie & Payne, 2007). Just like patients afflicted with Barth
syndrome, patients with DCMA are known to suffer from debilitating conditions like
cardiomyopathy, cerebral ataxia and elevated levels of 3-methylglutaconic acid. This
similarity with clinical phenotypes of Barth syndrome patients suggests that defects in
Tim23-mediated protein import and defects in CL remodeling have similar effects at the
molecular level. Future studies involving comprehensive structural and functional
analyses of the components involved in the biogenesis of mitochondrial proteins and
phospholipids will help paint a better picture of the intricate relationship between the two

seemingly different pathways. Moreover, a solid knowledge base of the relationship
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between the two systems will help in the diagnosis of different pathological conditions

associated with defective protein and lipid transport.

TIM23
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Figure 1.7 Cardiolipin-Regulated Interactions of the Mitochondrial Presequence

Translocase

Yeast deficient in cardiolipin (red) has been shown to affect the interaction
between Tim23 and other complex subunits (green), including the PAM machinery on
the matrix-facing side of the inner membrane and Tim17 and Tim21 in the inner
membrane (Gallas et al., 2006; Kutik et al., 2008; Tamura et al., 2006; Tamura et al.,
2009a). Additionally, the C-terminus of Tim44 and the extreme N-terminus of Tim23
receptor domain (blue) are known to directly interact with CL-containing membrane
bilayers (Bajaj et al., 2014b; Marom et al., 2009; Weiss et al., 1999).
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Chapter 2

Introduction: Advances in the Use of Nanoscale Bilayers to Study

Membrane Protein Structure and Function

Derived from: Malhotra K.M. and Alder N.N. (2014) Advances in the use of nanoscale
bilayers to study membrane protein structure and function. Biotechnol. Genet. Eng. Rev.

(1-2): 79-93, doi: 10.1080/02648725.2014.921502.
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2.1 Introduction

Eukaryotic cells are complex and highly organized entities designed to perform
specialized functions. In order to carry out its activities while maintaining cellular
homoeostasis, the cell contains defined boundaries surrounding its surface and the
subcellular organelles called membranes. In addition to maintaining numerous
microenvironments by tightly regulating the transport of materials within and across the
semi-permeable bilayer, biological membranes are also sites of many cellular activities
ranging from signaling to energy production. Hence, it does not come as a surprise that
much of the cellular energy produced is used to help maintain various membrane

components, which gives membranes their unique character.

Biological membranes are distinct within a eukaryotic cell, which provides them
with the ability to support a wide array of specialized functions. They are dynamic and
inherently complex, contains a host of biomolecules that interact with each other in a
controlled manner to translate into a particular function. The lamellar bilayer of biological
membranes is an aggregate of lipids stabilized by noncovalent interactions. A given
biomembrane is composed of a defined collection of lipids, each with distinct features,
including molecular geometry (cylindrical, cone, and inverted cone), head group identity
(variable size and charge distribution), and acyl chain properties (variable lengths and
degrees of saturation). Together, these attributes define fundamental features of the
bilayer such as lateral pressure, polarity, and lipid tail mobility profiles (Figure 2.1) as

well as elastic properties, curvature, and polymorphic behavior. The lipid bilayer is also
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the natural milieu of integral membrane proteins (IMPs). IMPs comprise almost 30% of
all gene products and active targets of nearly half of current pharmaceutical drugs
(Wallin & Heijne, 1998). Despite their importance, the underlying mechanistic aspect of
many of the IMPs remains enigmatic due to difficulties in purifying them in large
amounts and in a soluble form, making them recalcitrant to solution based biophysical
techniques. Owing to the inherent complex nature of the membrane environment, it is
extremely difficult to study the role of individual interactions within the context of native
biological membranes. The advent of artificial model-membranes offers an attractive
solution to those problems. By offering conditions closely mimicking that of native
membranes sans the complexity, model-membranes have been widely used to study a
range of membrane residing interactions, which mainly include protein-protein and lipid-
protein interactions. The field of model-membrane systems has evolved considerably
over the years offering an extensive insight into the behavior of membrane components
under different conditions. Both conventional and non-conventional membrane systems

have been employed to study specific or different roles adopted by those components.

The solubilization of membranes with nonionic surfactants (detergents in the
vernacular) has traditionally been the means by which IMPs were isolated and
characterized. Detergents commonly used for this purpose include DDM, Triton X-100,
and those of the Brij series. Indeed, the nonpolar domains of detergents shield the
aggregation-sensitive regions of IMPs; however, the resulting micellar structures do not
recapitulate the physiochemical properties of the lamellar bilayer from which the
proteins were extracted (Figure 2.1). Hence, IMPs in detergent micelles are prone to

altered conformational dynamics, misfolding, and loss of function (Seddon, Curnow, &
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Booth, 2004). By contrast, liposomes, vesicles composed of synthetic lipid bilayers, are
good mimetics of the native lamellar membrane. However, the large size of
proteoliposomes (IMP-containing liposomes) makes them unsuitable for many
spectroscopic techniques due to light scatter and low rotational mobility; they offer poor
control over the oligomeric state of the IMPs, leading to inhomogeneous samples; and
their vesicular nature precludes experimental access to both sides of the bilayer. To
circumvent these issues, researchers have employed bicelles, phospholipid bilayers
encircled by a rim of high-curvature short chain lipids or surfactants. Bicelles provide the
lamellar environment of a native membrane while being small enough for techniques
such as solution NMR. However, bicelles can be inherently unstable and the specific
combination of lipids required for their synthesis may not be commensurate with the

lipid requirements of the reconstituted IMPs.

The most recent advances in the development of model membrane systems
have been with nanoscale bilayers that are stabilized by annuli of amphipathic proteins
or copolymers. These experimental systems allow for the reconstitution of IMPs and
protein complexes into stable and monodisperse lamellar bilayers of precisely defined
lipid composition. In this chapter, we review progress in the development of these
nanoscale bilayers and highlight key examples of their use in the investigation of IMP

structure and function using solution-based biochemical and biophysical techniques.
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Figure 2.1 Physiochemical Properties of Lamellar Bilayer

The lamellar lipid bilayer of biological membranes is an anisotropic arrangement
of lipid monolayers with many physiochemical gradients along the bilayer normal (z-
axis), as shown for this representation of a phosphatidylcholine bilayer. A. Bilayer
dimensions. The thickness of a typical hydrocarbon core, defined by the alkyl chains of
both leaflets, is ~ 3 nm. The thermal thickness of the combined interfacial regions (polar
head groups and waters of hydration) comprise roughly half of the bilayer thickness, B.
Lateral pressure profile. Bilayer pressure (11) is composed of repulsive lateral pressure
profiles in the headgroup and acyl chain regions and interfacial tension at the
polar/nonpolar interface originating from the hydrophobic effect (Marsh, 2007). C.
Dielectric profile. The multilayer dielectric (€) profile includes a very low dielectric core in
the hydrocarbon center flanked by regions of intermediate dielectric followed by a steep
gradients in the polar headgroup region toward high € values similar to bulk water
(Nymeyer & Zhou, 2008), D. Acyl chain order profile of hydrocarbon chains.
Measurements of segmental order parameter (S) reveal consistently high order for
several chain segments near the headgroup followed by progressively greater disorder
(lower anisotropy) toward the bilayer center (Seelig & Seelig, 1974), and E. Time-
averaged probability distributions of water and principal lipid structural groups for the
thermally disordered fluid bilayer in the liquid crystalline phase, based on X-ray and
neutron scattering profiles (phos, phosphate; glyc, glycerol backbone) (White, 2001).
Figure adapted from (MALHOTRA & Alder, 2014).

2.2 Nanodiscs

Nanodiscs are soluble nanoscale phospholipid bilayers that were first
synthesized in the lab of Stephen Sligar (Bayburt, Grinkova, & Sligar, 2002), and have
been used ever since as the membrane system of choice by many for carrying out
biophysical characterization of IMPs. Nanodiscs are modeled on the structure of high-
density lipoprotein (HDL) particles, which comprise of a scaffolding protein surrounding
the phospholipid bilayer and function to transport mainly cholesterol from living tissues
to liver for excretion (Atkinson & Small, 1986). The major protein component of HDL

particles is apolipoprotein A-I (apoA-l), which binds to phospholipid bilayer via its C-
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terminal lipid-binding domain rich in amphipathic a-helices. Two copies of this protein
wrap around the serum phospholipids to form scaffolds of disc like structures ~10 nm in
diameter. ApoA-l has also been shown to form discoidal particles with synthetic
phospholipids. Similar to the HDL particles, nanodiscs contain membrane scaffolding
protein (MSP) derived from apoA-l, retaining only its C-terminal lipid-binding region,
which is able to form a belt like structure around the phospholipid bilayer (Segrest et
al., 1999). Specifically, two molecules of MSP1 or one molecule of its fusion product,
MSP2, was shown to give rise to disc like bilayer structures of roughly the same size as
HDL particles (~ 10 nm in diameter) enclosing 160 phospholipid molecules (80 lipid

molecules per leaflet) (Figure 2.2A).

The process of nanodisc assembly begins with mixing cholate-dissolved
phospholipids with MSP of desired length. This is followed by detergent removal either
with the help of adsorbent hydrophobic beads (Bio-Beads SM-2, BioRad or Amberlite
XAD-2, Sigma-Aldrich) or dialysis against an appropriate buffer. As the detergent is
being removed around the phospholipids, the hydrophobic regions of the amphipathic
MSP start interacting with the lipids leading to the formation of soluble nanoscale lipid
bilayers (Bayburt et al., 2002). For membrane protein reconstitution into the nanodiscs,
the protein of interest is solubilized with the detergent of choice and added to the MSP
and phospholipid mix as described above, followed by detergent removal (Bayburt &
Sligar, 2010). Alternatively, cell-free synthesis of IMPs in the presence of nanodisc

particles have also lead to their successful incorporation (Lyukmanova et al., 2012).
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Target protein reconstitution via detergent removal is mostly derived by protein-lipid

interaction and lipid-lipid interaction as the detergent is being removed.

One of the numerous advantages of using nanodiscs as membrane system is
that it offers unhindered access to both the leaflets, allowing molecules in the solution to
interact with both sides of the reconstituted membrane components. This is in contrast
to other conventional membrane systems like liposomes or supported-bilayers, which
allow access to only the cis side of the membrane. The presence of a protein scaffold,
MSP, forming the boundary of these nanoscale particles offers numerous other
advantages. The presence of MSP helps confer stability to the system, which is an
additional bonus over conventional membrane systems like liposomes that are
inherently unstable. It also ensures that the nanodisc preparations are homogenous,
precise and reproducible over a wide range. The size of the discoidal particle is
dependent on the size of the protein scaffold. Denisov et al. showed this by designing
MSP variants of different lengths that resulted in nanodiscs of different diameters
ranging from 9.5 to 12.8 nm. This technical advancement has enabled researchers to
study membrane proteins of various sizes using this system. In fact, it has also been
shown that the monomeric or multimeric state of membrane proteins reconstituted into
nanodiscs can be controlled using MSPs of different sizes. The presence of scaffold
protein contacting the lipids in the outer rim of the discs also gives rise to boundary
lipids, which help them closely mimic the gel-to- liquid phase transitions seen in
biological membranes (Shaw, McLean, & Sligar, 2004). Thus, reconstitution of

membrane proteins into nanodiscs helps keep the protein in solution and provide a
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native-like membrane environment with a control over the oligomerization state of the

protein.

Nanodisc reconstitutions have been used for two-dimensional solution NMR-
based studies on the structures and functional dynamics of many IMPs, including the
voltage-sensing domain of the potassium channel KvAP (Shenkarev & Lyukmanova,
2010), the mitochondrial voltage-dependent anion channels VDAC-1 (Raschle et al.,
2009) and VDAC-2 (Yu et al., 2012), and the membrane-spanning segment of the CD4
receptor (Gluck et al., 2009). In an effort to further improve the quality of NMR spectra
of nanodisc-reconstituted samples, recent work has been aimed toward engineering
smaller bilayers by systematic reduction of the MSP belt size, resulting in discs with
shorter rotational correlation times. The truncation of MSP1D1 by selective removal of
internal helices allowed for the reconstitution of bR and the B-barrel OmpX into
nanodiscs as small as 6.3 nm in diameter, making them accessible to multidimensional
NMR analysis and higher resolution structure determination (Hagn et al., 2013). In a

related study, C-terminal truncations of MSP down to seven helical repeats rendered

improved (SN TROSY-HSQC spectral quality of integrin a||B incorporated into

nanodiscs, particularly for transmembrane residues (Puthenveetil & Vinogradova,
2013). Interestingly, both studies identified lower size limits for nanodiscs: below a
certain MSP length threshold, discs lacked stability or began to form heterogeneous

samples containing larger particles.
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Nanodiscs have also been extensively used to study the lipid-dependent activity
of membrane-bound oxidoreductases. For example, mitochondrial succinate:quinone
oxidoreductase reconstituted into nanodiscs of different lipid composition revealed a
critical role for the anionic phospholipid cardiolipin in promoting holoenzyme stability
and redox activity (Schwall, Greenwood, & Alder, 2012). Another complex of the
electron transport chain, cytochrome c¢ oxidoreductase, was reconstituted into
nanodiscs and subjected to microsecond resolution measurements of proton-coupled
electron transfer, revealing an accelerated rate of proton uptake in comparison to
detergent-solubilized enzymes (Ojemyr et al., 2012). Several studies have also
examined electron transfer mechanisms of the diflavin cytochrome P450 reductase
(CPR) and its native redox partner CYP3A4, a drug-metabolizing member of the
cytochrome P450 superfamily. These monotopic IMPs of the endoplasmic reticulum
mediate the transfer of electrons from NADPH to organic substrates. Using
spectroelectrochemical titrations, Sligar and co-workers analyzed the redox potentials of
microsomal CYP3A4 and CPR reconstituted into nanodiscs of different lipid
composition, finding that membrane insertion shifted the midpoint potentials of the
FAD/FMN (CPR) and heme (CYP3A4) to significantly more positive values in a manner
that was influenced by the presence of anionic phospholipids (Das & Sligar, 2009; Das,
Grinkova, & Sligar, 2007). These studies demonstrated that the electrostatic field of
the bilayer is critical in tuning the redox potentials of these enzymes to make electron
transfer thermodynamically feasible. This effect may underpin the recently reported
increase in CYP3A4 coupling when reconstituted in the presence of anionic

phospholipids (Grinkova et al., 2013). As another experimental approach, neutron
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reflectometry was employed to monitor redox-dependent structural transitions of
nanodisc-bound CPR aligned at the water—silica interface, suggesting that NADPH
reduction promoted a compact conformation as a potential mechanism to prevent off-
pathway electron transfer (Wadsater et al., 2012). Technical advances in monitoring
individual enzyme turnover events of nanodisc-bound CPR (Laursen et al., 2014)
forecast future single molecule strategies using nanodics to explore discrete functional

states of such oxidoreductases and other MPs.

Taken together, these studies demonstrate that nanodiscs are excellent
platforms for solution-based structural studies and for precisely determining the effects
of different lipids on IMP structure and function. They also serve to emphasize the point
that lipid composition is a critical component in the experimental design of such model

membrane-based analysis.
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Nanodisc " SMALP / Lipodisq

Figure 2.2 Nanoscale Lipid Bilayers

A. Nanodiscs (left, upper panel) are lipid discoids bound by two copies of the
MSP polypeptide, each one containing amphipathic a-helices (11 or 22 residues in
length) that are separated by proline and glycine residues. Commonly used MSP
variants include MSP1 (with 10 amphipathic helices, @ = 9.8 nm) and MSP1E1 (9 =
10.6 nm), MSP1E2 (J =11.9 nm), and MSP1E3 (& = 12.9 nm), containing one, two, and
three 22-mer helical inserts in the center of the MSP1 unit, respectively (Denisov et al.,
2004; Schuler et al., 2013). Left, lower panel, electron micrograph of MSP1E3-bound
nanodiscs at a magnification of 180,000 x (Schwall et al., 2012). Right panels, top-
down schematics showing that the number of lipids per nanodisc depends on the MSP
length and the cross-sectional area occupied by each lipid. MSP1 nanodiscs are
approximately 10 nm in diameter, producing a lipid bilayer disc with a diameter of 8 nm
(bilayer area = 50.2 nmz). In the liquid crystalline phase, the disaturated lipid 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 16:0/16:0 PC) has an area of 0.54 nm?
and the monounsaturated lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC, 16:0/18:1 PC) has an area of 0.70 nm? In agreement with experimental
measurements, MSP1 discs contain approximately 78 DMPC lipids and 68 POPC lipids
per leaflet. The bilayer thickness of nanodiscs containing DPPC or POPC, measured by
SAXS, is ~5.6 nm and ~4.6 nm, respectively, and B. SMALPs/Lipodisqs® (upper panel)
are lipid discoids bound by the styrene maleic acid copolymer containing styrene and
maleic acid groups in molar ratios of 3:1 or 2:1. Lower panel, electron micrograph of 3:1
SMA-bound discs at a magnification of 120,000A~ (Long et al., 2013). Figure adapted
from (MALHOTRA & Alder, 2014).
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2.3 SMALP’s/Lipodisq®

More recently, lipid bilayers stabilized by rings of the copolymer styrene maleic
acid (SMA) have been developed under the nomenclature styrene maleic acid lipid
particles [SMALPs (Knowles, Finka, Smith, & Lin, 2009)] or Lipodisqs® (Orwick,
Judge, & Procek, 2012; Orwick-Rydmark, Lovett, & Graziadei, 2012) (Figure 2.2B).
Lipodisg® technology is based on nanosized lipid-polymer assembly, which as a
proprietary of Malvern Cosmeceutics Ltd., is used as a biodegradable method to target
hydrophobic compounds to dermal tissues (Tonge SR, Patent GB2426703). This novel
technology has also recently found its way for application in membrane protein
solubilization and characterization. The lipid-polymer particle assembly is based on the
property of amphipathic polymers (amphipols) to associate hydrophobically when the
pH of the environment is changed, which in turn brings about conformational changes in
the polymer structure (Tonge & Tighe, 2001). Those changes are known to promote
formation of secondary structures, with hydrophobic and hydrophilic moieties occupying
opposite faces in the polymers, an effect known as hypercoiling (Popot, 2010). This
structural heterogeneity of amphipols can be brought to use as a surfactant detergent
molecule or lipid associating amphipathic protein (e.g. MSP), which can bind around the
membranes leading to the formation of nanometer sized lipid assemblies. The ability of
amphipols to form such assemblies was probably first demonstrated in the case of
Poly(2-ethacrylic acid) (PEAA), which was found to bind to the surface of dipalmitoyl-sn-

phosphatidylcholine (DPPC) liposomes (Kusonwiriyawong et al., 2003).
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SMALPs/Lipodisq® preparation was described to result from mixing of a
copolymer prepared from a 3:1 molar ratio of styrene to maleic acid (3:1 SMA) (Figure
2.3), and dimyristoyl-sn-phosphatidylcholine (DMPC) in a ratio of 1.25:1.0 (w/w) that
resulted in a population of monodispere particles having an average size of 9 nm
(Orwick et al., 2012). Characterization of properties of lipid molecules within Lipodisq®
particles revealed a non co-operative gel to liquid crystalline phase transition, most
likely due to the lateral pressure exerted by the copolymer on the lipid molecules.
Further, EPR studies showed the pressure being exerted mostly on lipid tail molecules

while the molecules at the center were free from any restrictions.

Amphipols were originally designed to keep the membrane proteins in a soluble
form after their detergent extraction from biological membranes. Since then, they have
been widely used to maintain the solubility and activity of a variety of membrane
proteins. As a means of reconstituting IMPs into soluble discs, the SMA copolymer has
been shown to extract both a-helical and B-barrel proteins directly from DMPC vesicles
into polymer-bound particles that contained both the protein and lipid, and retained
native protein function (Knowles et al., 2009; Orwick et al., 2012; Orwick-Rydmark et
al., 2012). This approach allows for the single-step extraction of IMPs directly from
bilayers in a manner that obviates the requirement for detergents; therefore, there is no
potentially problematic step involving detergent removal prior to disc formation.
Moreover, because bilayers are stabilized by polymer, not polypeptide, there is no
additional protein signal that must be deconvoluted from the target protein during

analysis. On the other hand, in contrast to nanodiscs, the lipid content of the polymer-
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bound discs is constrained to that of the originating membrane. Moreover, as of yet,
there is no clear means of systematically adjusting the diameters of SMA-bound

particles based on polymer size alone.

A further application of this technology is the reconstitution of IMPs from native
cellular membranes directly into SMA-bound particles. It was recently reported that the
SMA copolymer solubilized mitochondrial membranes, enabling the reconstitution of the
multisubunit respiratory complex IV into polymer-bound lipoprotein particles in a manner
that retained the redox activity of the holoenzyme (Long et al., 2013). Subsequently,
SMA has been shown to extract a wide range of IMPs, including photoreaction center,
tetrameric potassium channel, KcSA, and ATP-binding-cassette (ABC) transporters
from the membranes of prokaryotic as well as eukaryotic expression systems (Dorr et
al., 2014; Gulati et al., 2014; Swainsbury et al., 2014). In all the cases, IMPs

reconstituted in SMALPs were found to be more stable than in detergent micelles.

Spectroscopic techniques such as Pulsed EPR double electron-electron (DEER)
resonance spectroscopy provide distance measurements between paramagnetic
centers up to 80 A apart. bR and KCNE1 reconstituted into SMALPs/Lipodisqs®
revealed high-quality DEER-detected distance distributions between selectively
incorporated spin labels (Orwick-Rydmark et al., 2012; Sahu et al., 2013), forecasting
the applicability of this technique to other IMPs in obtaining distance constrains for
modeling, and in determining structural dynamics and ligand associations. Recent
advances in the electron microscopy (EM) detection technology have transformed it as
a forefront technique for determining structure of membrane proteins at near atomic

resolution (Callaway, 2015). The use of SMALPs to purify membrane proteins offers an
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excellent opportunity to carry out structural studies of IMPs in a native-like membrane
environment. Recent negative stain-and cryo-EM analysis of SMALP-bound membrane
transporters, Pgp and AcrB (Gulati et al., 2014; Postis et al., 2015), testifies the
currently untapped potential of combination of these two techniques. EM-based
structural analysis of SMALP-solubilized IMPs offers a lucrative alternative to X-ray
crystallography, especially for membrane proteins that have resisted years of
crystallization efforts. Moreover, it offers an opportunity to look at structural changes in

membrane proteins accompanying changes in the lipid composition.
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Figure 2.3 Synthesis of SMA Copolymer

Schematic representation of the synthesis of styrene-maleic acid anhydride
(Reaction 1) and the preparation of styrene-maleic acid (Reaction 2). The 3:1 SMA
copolymer results from forging together hydrophobic styrene and hydrophilic maleic acid
groups. Figure adapted from (Dorr et al., 2016).
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2.4 Conclusions

Nanoscale bilayers represent the next frontier in the study of MP structure and
function. The solubility, stability, and monodispersity of these model membranes
coupled with their facile synthesis make them widely applicable to solution-based
studies of IMPs that have a broad range of structural complexities. This point is
confirmed by the recent studies on IMP structure, protein— protein interactions, and
protein— lipid interactions that have been covered in this chapter. Nanodiscs, having
been in development for over a decade, have the proven ability to functionally
reconstitute IMPs in a controllable oligomeric state and with a user-defined lipid
composition. The SMALP/Lipodisq® system as a means of detergent-free IMP
reconstitution is, by contrast, a relatively nascent technology whose full range of
applications has yet to be explored. In this regard, future modifications of the SMA
copolymer (size, pendant group stoichiometry and functionalization with molecular tags)
will likely be useful in the development of novel experimental applications. In addition to
their utility in basic research, these nanoscale bilayers have vast potential for applied
technologies, including the development of biocompatible systems for hydrophobic drug
delivery and diagnostic applications (Murakami, 2012; Ng et al., 2013; Numata et al.,
2013), nanoelectronic devices (Goldsmith et al., 2011; Ham et al., 2010), and

multiplexed sensor arrays to detect protein interactions (Sloan et al., 2013).
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Chapter 3

Reconstitution of Tim23 into Nanodiscs Using Cell-Free Expression-

Based Approaches

Derived from: Malhotra K. and Alder N.N. (in revision) Reconstitution of mitochondrial
membrane proteins into nanodiscs by cell-free expression. Methods in Molecular

Biology.
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3.1 Abstract

The TIM23 complex is highly intricate machinery, composed of 11 known
subunits that come together to perform protein import in the IM of mitochondria. Tim23
is the central component of the TIM23 complex, whose functions as a receptor and a
protein-conducting channel are under tight control via interactions with the subunits
within the complex as well as multiple factors outside the complex. So far, the studies
on the Tim23 protein have focused on its interactions and functions in the context of an
active complex in mitochondria, precluding more detailed information about the
contribution of individual mitochondrial components on the functioning of this protein. In
this study, we present optimized methods for reconstituting full-length Tim23 in model
membranes, termed nanodiscs. This reductionist system is used for characterizing
Tim23 interactions with the components within the TIM23 complex as well as outside
the complex in the mitochondrial IM. We show that cell-free translated Tim23 is capable
of reconstitution into nanodiscs in both co-translational and post-translational manner,
and that this protein assumes a proper topology upon reconstitution. By reconstituting
an in vitro translated membrane protein into nanodiscs, this methodology offers a
platform for directly characterizing membrane protein functions in isolation, and its

interactions with the individual membrane-resident components.
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3.2 Introduction

Integral membrane proteins are one of the most sought after drug targets in the
pharmaceutical market (Sanders & Myers, 2004) while also being the least understood
and most challenging class of proteins for structural and functional studies. One of the
major bottlenecks in the study of membrane proteins is to recreate the lipid bilayer; a
highly dynamic and chemically complex two-dimensional amphipathic environment,
which imparts stability to the overall structure of membrane proteins. Most of the
membrane proteins are produced in very low amounts within a cell, thus making it
difficult to carry out structural and functional studies within their endogenous milieu. On
the other hand, overexpression of recombinant membrane proteins often results in
cytotoxicity, misfolding and aggregation. Moreover, conventional methods for
membrane protein purification are dependent on the use of detergents, which can
destabilize membrane proteins, thereby affecting their function. This chapter describes
procedures that leverage the technical advantages of cell free biosynthetic systems with
advances in the use of nanoscale lipid bilayers for the expression and functional

reconstitution of a mitochondrial membrane protein.

Cell-free protein translation systems are based on biosynthetic machinery that is
isolated from metabolically active cells with relatively low amounts of endogenous
messenger RNA (mRNA). The most commonly used lysates include those from rabbit
reticulocytes, from bacterial cells, and from wheat germ embryos. These lysates include
the components essential for translation: ribosomes, transfer RNA (tRNA), aminoacyl

tRNA synthetases, and translation initiation and elongation and termination factors. In
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cell-free translation reactions, these lysates are supplemented with mixtures that
enhance protein translation, including energy generating systems and amino acids.
Some systems entail programming the reaction with plasmid or linear DNA that encodes
the protein of interest and from which mRNA transcripts are synthesized by endogenous
RNA polymerases. In other systems, purified mRNA transcripts that are prepared during

a separate in vitro transcription reaction are added to the cell-free translation.

Cell-free protein synthesis reactions confer several advantages over
conventional expression systems (e.g., in live Escherichia coli, yeast, or insect cells),
particularly for the expression of membrane proteins. Most notably, because living cells
are not involved in the reaction, cell free systems avoid the potential cytotoxicity of
expressing hydrophobic proteins, plasmid instability, and issues associated with cellular
protein trafficking and membrane integration, all of which can result in low protein yield
(Junge et al.,, 2011; Sachse et al., 2014). Moreover, because cell-free expression
systems are open, they allow for unrestricted experimental access to the reaction for the
inclusion of additives such as cofactors and probes for site-specific protein labeling
(e.g., with fluorescent or EPR probes). Of course, the native milieu of a membrane
protein is a lipid bilayer, and several strategies have been utilized that provide additives
that mimic the nonpolar membrane environment within cell-free systems for proper
folding and stability of translated proteins. By one approach, reactions contain mild
nonionic detergents that are compatible with the biosynthetic machinery and allow for
the cotranslational stabilization of membrane proteins in proteo-micelle complexes
(Junge et al., 2011; Klammt et al., 2005). In addition, synthetic surfactants including

organic amphipathic polymers (amphipols), fluorinated surfactants, and designed
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peptide surfactants have been shown to stabilize membrane proteins produced by cell-
free translation (Bazzacco et al., 2012; Blesneac et al., 2012; Corin et al., 2011;

Wang et al., 2012).

Recent advances in model membrane systems have provided new mechanisms
for the reconstitution of membrane proteins into a lipidic environment. By comparison
with the above hydrophobic additives, such model membranes allow proteins to fold into
physiologically relevant lamellar lipid bilayers and can satisfy requirements of specific
lipid interactions for membrane protein function (Andersen & Koeppe, 2007; Cross et
al., 2013; Lee, 2004). Cell-free reconstitution strategies for membrane proteins have
been reported using liposomes, spherical lipid vesicles of different diameter (Hovijitra
et al.,, 2009; Kalmbach et al., 2007; Long et al., 2012; Moritani et al., 2010) and
bicelles, discoidal assemblies of lipids with outer edges of short-chain lipid or detergent
(Durr et al., 2012; Lyukmanova et al.,, 2012; Uhlemann et al., 2012). However,
nanoscale lipid bilayers belted by rings of amphipathic protein or co-polymers have
emerged as excellent membrane mimetics for experimentation due to their small size,
stability, monodispersity, and wide range of compatible lipids (MALHOTRA & Alder,
2014; Chapter 2 of this study). Most notable for cell-free translation systems,
nanodiscs — discoidal nanoscale lipid bilayers that are stabilized by annuli of
amphipathic polypeptides — allow for the reconstitution of membrane proteins into
lamellar bilayer systems that are amenable to solution-based biochemical, biophysical
and structural analysis. Developed originally by Sligar and colleagues, nanodiscs
comprise bilayers of synthetic or naturally derived lipids enclosed by engineered

variants of apolipoprotein A-1, termed membrane scaffold protein (MSP) (Bayburt et
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al., 2002; Bayburt & Sligar, 2003; Denisov et al., 2004). Nanodiscs have most widely
been used for the reconstitution of overexpressed and purified membrane proteins, as
recently reviewed (Schuler et al., 2013). However, several groups have recently shown
the utility of nanodiscs in the reconstitution of membrane proteins synthesized by cell-
free systems (Cappuccio et al., 2008; Henrich et al.,, 2015; Katzen et al., 2008;
Lyukmanova et al., 2012; Proverbio et al., 2013; Roos et al.,, 2012; Yang et al.,
2011). In this regard, multiple reconstitution strategies have been reported, including the
cotranslational insertion of membrane proteins into pre-assembled nanodiscs added to
the translation reaction and the simultaneous formation of nanodiscs and the target

membrane protein.

In this chapter, we discuss the cell-free synthesis and nanodisc reconstitution of
Tim23, the central subunit of the TIM23 protein transport complex of the mitochondrial
inner membrane. We provide procedures and results for co-translational assembly of
Tim23-containing nanodiscs (wherein Tim23 is synthesized in the presence of pre-
formed nanodiscs) as well as for post-translational assembly (wherein pre-synthesized
Tim23 is added to nanodisc assembly reactions). Moreover, using fluorescence
spectroscopy-based approaches, we show that the conformation of Tim23 assembled

into nanodiscs is a topologically correct one.
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3.3 Results

Tim23 Reconstitution into Nanodiscs

To carry out nanodiscs reconstitution of the integral membrane protein Tim23
using different approaches, a series of steps were followed (Figure 3.1). The
preliminary steps involved PCR amplification of Tim23 DNA coding regions using
plasmid selected from our SP6-based plasmid library encoding for the full-length Tim23
(wild-type or monocysteine mutants) from Saccharomyces cerevisiae (Appendix A,
Table A.1). This was followed by in vitro transcription to generate Tim23 mRNAs
(Appendix A, Table A.2), as well as purification of membrane scaffolding protein,
MSP1E3D1, for nanodisc preparation (Figure 3.1). For the post-translational mode of
Tim23 integration, first, mMRNA encoding for the full-length wild-type Tim23 protein was
used to program wheat germ-based in vitro translation reactions in the presence of
energy generating system and all twenty amino acids, where methionine was replaced
with radiolabeled [*°S] methionine (Appendix A, Table A.5). This was followed by
addition of the translation mix to a reaction containing components for nanodisc
preparation i.e. 6X-histidine tagged membrane scaffold protein (MSP) and detergent-
solubilized native lipid mix containing either 100 mol% POPC (16:0/18:1) or 80 mol%
POPC and 20 mol% CL (18:1) (Appendix A, Table A.7). Following detergent removal
via BioBeads, the nanodiscs were eluted using Ni**-NTA affinity chromatography
(Appendix A, Table A.4) and the different fractions were analyzed using SDS-PAGE.

The presence of MSP in the coomassie blue stained gel fractions was used as a
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diagnostic tool for the presence of nanodiscs in those fractions as shown by earlier
studies (Schwall et al., 2012). This was followed by autoradiography to detect the

presence of [>°S]Tim23.

For our co-translational approach, the translation reaction was carried out in the
presence of preformed nanodiscs (Appendix A, Table A.5), and subjected to a second
round of affinity purification followed by SDS-PAGE analysis (Figure 3.1). For both the
co-translational and the post-translational mode of [*>S]Tim23 incorporation, we saw
[<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>