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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 (Tim50IMS) displays an 

inherent affinity for cardiolipin-containing membrane bilayers, where we identify 

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

insertion activity of Tim50IMS. Further analyses of the Tim50IMS-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 Tim50IMS. Homology 

modeling and molecular dynamics simulations based on our structural insights 

suggest bilayer-interactive sites that are confirmed experimentally. High- 
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resolution fluorescence mapping shows membrane potential (ΔΨm)-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 ΔΨm 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 
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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.  
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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). 
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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, β-barrel and α-

helical as compared to the presence of only α-helical proteins in the IM. The OM 

proteins are synthesized as non-cleavable precursors carrying internal targeting signals. 

Amongst them, the α-helical proteins mostly act as receptors and are membrane-

anchored by one or more TMSs. The β-barrel proteins or the pore-forming proteins 

comprise of multiple TMS β-strands. The import pathway for β-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 α-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 α-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). 
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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). 

 

 

 

 
Figure 1.1 Protein Import Pathways of Mitochondria 
 

The four major mitochondrial protein import pathways are depicted as  
(A-D) along with the partially characterized pathway for the OM α-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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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 ΔΨm-dependent carrier 
translocase of the IM, TIM22 complex (blue). The precursors of the outer membrane β-
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 

III 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 (ΔΨm) 

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.  
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 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 ΔΨm 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).  
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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 (Tim50IMS). 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 Tim50IMS with the Tim23IMS 

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 (Ieva 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 

(Δ𝜇H+) 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 ΔΨm 

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).  
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The highly modular character of the TIM23 translocase is best characterized by 

its ability to exist in two different translocation competent states. TIM23SORT 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 III 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 TIM23MOTOR 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-Čeleketić et al., 2008). 

It is also possible that the two translocation-competent states exist in a state of 

equilibrium, where the Tim23SORT 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 ΔΨm 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 
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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 (Tim23IMS) 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 Tim23IMS 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 

myriad substrates that it recognizes. This inherent flexible nature makes Tim23IMS well 

suited to carry out receptor functions.  A prominent role for the Tim23IMS 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 

ΔΨm. This Tim23IMS 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 Tim23IMS (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, Tim23IMS 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, 

where residues 53 and 58-61 on the Tim23IMS were found to experience chemical shifts 

in the presence of Tom22IMS (Bajaj et al., 2014a).   
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In the IM, Tim23IMS is reported to interact with both Tim50IMS and Tim21IMS of the 

TIM23 complex. The predicted coiled-coil region in the Tim23IMS (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 Tim23IMS 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 Tim23IMS 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 Tim23IMS to be Tim50 interactive (Bajaj et al., 2014a).  

 

According to a recent NMR analysis, the Tim21 interactive sites on Tim23IMS 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, Tim23IMS engages with presequence-

carrying preproteins either alone or in complex with the Tim50IMS (Schulz et al., 2015). 

The presequence binding sites on Tim23IMS 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 Tim23IMS 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 Tim23IMS 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 
(Tim23IMS, 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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1.4  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 (Ψo) 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 (ΔΨm) (Haines, 2009). Thus, CL is an important 
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constituent of the energy-transducing membranes where it helps maintain the 

transmembrane ΔµH+ 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 (Böttinger et al., 2015; 

Claypool & Koehler, 2012; Joshi et al., 2009; Li et al., 2015; Mileykovskaya & 

Dowhan, 2009; Planas-Iglesias 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-Martínez 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-Iglesias 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.  
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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 31P-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 (pK1~2-4 and pK2>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, 2H-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 II (HII) 

phase structures under cerain conditions, including low pH, presence of divalent cations 

and binding to basic proteins. The HII 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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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 
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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. 

 

 

 

 
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 (Δcrd1) 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 Δcrd1 

strain (Jiang et al., 2000). However, the study also detected a decrease in the ΔΨm 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 (TIM23SORT) 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 Δtam41 mutant yeast cells displayed phenotype similar to the one 

known for cells deficient in CL synthesis (Δcrd1) (Kutik et al., 2008). Subsequently, it 

was revealed that Δtam41 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., 
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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.  

 

 

 
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 1. 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) com-
prise roughly half of the bilayer thickness, (B) Lateral pressure profile. Bilayer pressure (π) is
composed of repulsive lateral pressure profiles in the headgroup and acyl chain regions and inter-
facial tension at the polar/nonpolar interface originating from the hydrophobic effect (Marsh,
2007), (C) Dielectric profile. The multilayer dielectric (ε) 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 ε 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 struc-
tural 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,
Ladokhin, Jayasinghe, & Hristova, 2001).
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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 (π) 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 (ε) 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 ε 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-I), which binds to phospholipid bilayer via its C-
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terminal lipid-binding domain rich in amphipathic α-helices. Two copies of this protein 

wrap around the serum phospholipids to form scaffolds of disc like structures ~10 nm in 

diameter. ApoA-I 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-I, 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 (Glück 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 β-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 15N TROSY-HSQC spectral quality of integrin αIIB 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 (Öjemyr 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 (Wadsäter 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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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 α-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, Ø = 9.8 nm) and MSP1E1 (Ø = 
10.6 nm), MSP1E2 (Ø =11.9 nm), and MSP1E3 (Ø = 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 nm2). 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 nm2 
and the monounsaturated lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC, 16:0/18:1 PC) has an area of 0.70 nm2. 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 120,000Å~ (Long et al., 2013). Figure adapted 
from (MALHOTRA & Alder, 2014). 
 

hydrophobic faces of the amphipathic helices make contact with the acyl chains of each
leaflet and the hydrophilic faces of the helices are oriented toward the polar solvent.
Because the MSP length determines the circumference of the resulting nanodiscs, it was
shown early on that disc diameter could be modulated by the selective addition or
removal of α-helical segments from the MSP (Denisov, Grinkova, Lazarides, & Sligar,
2004); to date, nanodiscs with diameters ranging from 8 to 17 nm have been reported
using MSPs of different lengths. The tunable nature of nanodisc diameter is an impor-
tant feature, as it allows MPs with different numbers of transmembrane segments and
oligomeric states to be reconstituted along with lipids. The structure and composition of
nanodiscs has been confirmed using a host of techniques including small-angle X-ray
scattering (SAXS), atomic force microscopy, direct measurements of lipid to MSP stoi-
chiometry, and molecular dynamics (Schuler, Denisov, & Sligar, 2013). Depending on
the hydrocarbon chain and lipid cross-sectional area, the thickness and total numbers of
lipids per nanodisc match the dimensions expected of a pure lipid bilayer (Figure 2(A)).

K. Malhotra and N.N. Alder
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B�� �SMALP / Lipodisq
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Figure 2. Nanoscale lipid bilayers. (A) Nanodiscs (left, upper panel) are lipid discoids bound by
two copies of the MSP polypeptide, each one containing amphipathic α-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, Ø – 9.8 nm) and MSP1E1 (Ø – 10.6 nm), MSP1E2 (Ø – 11.9
nm), and MSP1E3 (Ø – 12.9 nm), containing one, two, and three 22-mer helical inserts in the cen-
ter 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 nm2). 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 nm2 and the monounsaturated lipid
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 16:0/18:1 PC) has an area of 0.70 nm2.
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 120,000× (Long et al., 2013).
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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). 

Lipodisq® 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 α-helical and β-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 (Dörr 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 Å 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. 

 

 

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 (Dörr 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).  

 

 

 

 



	
   48	
  

 

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 

(Dürr 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, mRNA 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 [35S] 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 Ni2+-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 [35S]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 [35S]Tim23 incorporation, we saw 

[35S]Tim23 co-eluting with MSP1E3D1, indicating that Tim23 does get incorporated into 

nanodiscs (Figure 3.2). Moreover, omission of MSP from the reaction resulted in >90% 

of [35S]Tim23 falling off the affinity column into the flow-through (Appendix A, Table 

A.3; Figure 3.3). These results indicate that elution of Tim23 is indeed dependent on 

the formation of MSP-derived discoidal-bilayer structures. The assembled structure of 

Tim23 into nanodiscs will henceforth be denoted as Tim23-ND. 
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Figure 3.1 Protocol Flowchart for the Assembly of Tim23 into Nanodiscs 

Flowchart depicting steps for the reconstitution of Tim23 into nanodiscs using in 
vitro translation including: Preparation of wheat germ extract, In vitro transcription, 
Preparation of MSP, Co- and post-translational nanodiscs assembly, and SDS-PAGE 
analysis. 
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Figure 3.2 Tim23 Co-Elutes with MSP  

Analysis of nanodisc assembly and purification for A. post-translational 
assembly, and B. co-translational assembly. Samples were resolved by SDS-PAGE on 
12% gels and visualized by radioisotope scanning (upper gels) to image [35S]Tim23 and 
by coomassie staining (lower gels) to detect MSP. Individual flow through, wash, and 
elution fractions are indicated. ND denotes the final combined fraction (elution 1 + 
elution 2), concentrated to 500 µl. 

 

 

 

 

 

Figure 3.3 Lipid-Only Nanodiscs [35S]Tim23 Reconstitution 

Loading the reaction on a Ni2+-NTA column resulted in >90% [35S]Tim23 falling 
off the column in the flow-through (“FT”) in the absence of MSP protein. This control 
demonstrates the specificity of the Tim23 reconstitution reaction. 
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Tim23 Assumes Correct Topology in Nanodiscs 

After confirming the reconstitution of Tim23 into nanodiscs, we went further and 

asked whether Tim23 assembles within the nanoscale discoidal bilayer in a proper 

topological fashion. To address that question, we used our cell-free fluorescence 

labeling approach (Alder et al., 2008a; MALHOTRA et al., 2013; Chapter 5 of this 

study) to label Tim23 with the environment-sensitive probe, NBD, at specific sites 

(Figure 3.4A). Specifically, we used monocysteine Tim23 mRNA constructs, encoding 

for cysteine at position 24 (IMS) and position 111 (TMS1), to program our in vitro 

translation reactions in the presence of NBD-Cys-tRNAcys (Appendix A, Table A.6). 

Following the post-translational reconstitution method for incorporating Tim23 into 

nanodiscs, we monitored the emission spectra of the NBD fluorophore at those two 

positions independently. NBD is used as an excellent probe, to report the 

microenvironment of a specific site (Alder et al., 2008; Malhotra et al., 2013; Chapter 

5 of this study). The spectral properties of NBD are dependent on the polarity of the 

environment, wherein an aqueous environment NBD shows a lower steady-state 

emission intensity and red shift in its wavelength of maximum emission (λem max) 

compared to when it is in a non-polar medium. Monitoring the emission spectrum of 

NBD at the two Tim23 residues revealed about ~2.5X higher emission intensity of the 

probe positioned in TMS1 compared to the probe facing the aqueous IMS domain. 

Moreover, NBD at the membrane-exposed site displayed a blue shift in λem max relative 

to the probe in the IMS site (Figure 3.4B). These results suggest that Tim23 assumes a 

proper topology in nanodiscs after reconstitution.  
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Figure 3.4 Tim23 Assumes a Proper Topology in Nanodiscs 

A. Topology diagram of NBD labeled Tim23 reconstituted into POPC NDs bound by 
MSP1E3D1. Sites bearing NBD are indicated (green circles). B. Corrected emission 
spectrum of NBD-Tim23. NBD positioned at I111C (TMS1) displayed ~2.5X higher 
emission intensity than NBD at position T24C (IMS) in Tim23 after reconstitution into 
NDs. The λem max also showed a blue shift for NBD-I111C relative to NBD-T24C, 
confirming right topology of Tim23 reconstituted into NDs. 
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3.4 Discussion 

The TIM23 complex is an extraordinarly versatile machinery. Eleven subunits of 

the complex have so far been identified, a number that has seen a steady rise over the 

past decade. Even with eleven subunits, only three integral membrane proteins, Tim23, 

Tim17, and Tim50 define the core of the complex. Besides forming an intra-protein 

interactive network, the subunits are also known to make extensive contacts with 

protein components outside the TIM23 complex. For example, the IMS-facing domains 

of Tim23, Tim50 and Tim21 are known to interact with Tom22 of the outer membrane 

translocase machinery, contributing to the initial stages of preprotein translocation 

(Chacinska et al., 2010; Shiota et al., 2011; Tamura, et al., 2009b). The importance 

of TIM23 contacts with the OM is also highlighted by a recent finding that the 

presequence translocase is involved in the biogenesis of OM proteins (Song et al., 

2014; Wenz et al., 2014). Closer to its native protein-rich mitochondrial inner 

membrane, the complex is known to be in a close association with the respiratory chain 

complexes III and IV, which is presumed to help the protein import process under low 

ΔΨm conditions (Dienhart & Stuart, 2008; Mick et al., 2012; van der Laan et al., 

2006; Wiedemann et al., 2007). A recent study also identified that the IM ADP/ATP 

carrier associates with the presequence translocase in a 1:1 ratio (Mehnert et al., 

2014). From the matrix side, the core subunits of the translocase machinery associate 

with presequence associated motor (PAM) complex to carry out the process of protein 

transport across the IM (Schulz & Rehling, 2014; Ting et al., 2014). Finally, the TIM23 

complex cooperates with Oxa1 machinery for integration of multispanning membrane 

proteins into the IM (Bohnert et al., 2010).  
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Most of the interactions described above have been characterized within the 

context of the highly complex mitochondrial environment, obscuring information about 

residue-level contacts forged directly between different subunits, and the role played by 

various mitochondrial components in mediating those interactions. On the other hand, 

reconstitution-based in vitro procedures have been employed successfully to investigate 

not only membrane protein dynamics, but also various cellular processes. Nanodiscs 

are nanoscale bilayers that have been employed extensively to study integral 

membrane proteins (Chapter 2 of this study). In this chapter, we describe an efficient 

way of reconstituting the central component of the TIM23 complex, Tim23, into 

nanoscale bilayers, providing an opportunity to characterize Tim23 interactome in a 

native-like membrane bilayer environment. We show that cell-free translated Tim23 can 

be incorporated into nanodiscs in both co-translational and post-translational manner 

and assumes a proper topology upon reconstitution. Moreover, by performing Tim23 

reconstitution in the presence of only lipids, we show that co-isolation of Tim23 is strictly 

dependent on the presence of the scaffolding protein involved in the formation of 

nanodiscs.  

3.5 Materials and Methods 

For details, refer to Appendix A 
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Chapter 4 

 

 

Cardiolipin-Mediated Interactions of the Mitochondrial Presequence 

Translocase Channel and Receptor 

 

 

 

 

 

 

 

 

 

 

 

 

Derived from: Malhotra K., Nangia S., Daman T., Robinson V., Mokranjac D., May E., 

and Alder N.N. (in preparation) Cardiolipin-mediated interactions of the mitochondrial 

presequence translocase channel and receptor. 
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4.1 Abstract	
  
 

Tim50, a component of the core machinery of the TIM23 complex, is involved in 

the early stages of recognition and transport of preproteins in the mitochondrial inner 

membrane. The intermembrane space-facing domain of Tim50 (Tim50IMS), together with 

the intrinsically disordered Tim23 N-terminus (Tim23IMS), constitutes the presequence 

recognizing receptor complex. The Tim50IMS is also known to interact with a channel-

facing transmembrane segment of Tim23, but how the soluble receptor domain binds to 

the membrane-embedded channel remains poorly understood. Moreover, there is no 

information on the effect of the lipid composition of the mitochondrial inner membrane 

(IM) on the interaction between Tim50 and the individual domains of Tim23. By 

combining crosslinking and fluorescence-based approaches in organello and in model-

membrane systems, we uncover the role of the IM-resident phospholipid, cardiolipin, in 

mediating site-specific interactions between Tim50 and Tim23. Moreover, we show that 

the IMS domain of Tim50 has an inherent affinity for CL-containing membrane bilayers. 

Additionally, by performing small-angle X-ray scattering analysis, we also generate the 

first envelope structure of the full-length Tim50IMS. By allowing investigation of the two 

central components of the TIM23 complex using a wide array of systems and solution-

based biophysical techniques, this study offers novel insights into the early stages of 

preprotein translocation in mitochondria. 
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4.2 Introduction 

 

The proteomic pool of mitochondria is comprised of ~1000 proteins in yeast and 

~1500 proteins in humans. Almost 99% of these proteins are encoded in nuclear DNA, 

translated on cytosolic ribosomes, and then targeted to one of the four specialized 

mitochondrial subcompartments: the outer membrane (OM), the inner membrane (IM), 

the intermembrane space (IMS), and the matrix (Chacinska et al., 2009; Dolezal et al., 

2006; Harbauer et al., 2014; Mokranjac & Neupert, 2010; Neupert & Herrmann, 

2007; van der Laan et al., 2010). The sorting of such a large volume of proteins 

requires the coordinated action of multiprotein complexes, including the membrane-

associated Translocase of the Outer Mitochondrial Membrane (TOM) complex of the 

OM, and the Translocase of the Inner Mitochondrial Membrane (TIM) complexes of the 

IM (Neupert & Herrmann, 2007) (Figure 1.1-1.2). 

 

The TIM23 complex of the IM is mainly involved in the biogenesis of preproteins 

carrying an amphipathic targeting presequence at the N-terminus, either laterally 

inserting them into the IM or transporting them across the lipid bilayer into the matrix 

(Mokranjac & Neupert, 2010). The transport function of the TIM23 complex is largely 

dependent on the presence of the membrane potential (ΔΨm) across the IM that drives 

the translocation of positively charged presequences and activates the voltage-gated 

channel (Alder et al., 2008a; Bauer et al., 1996; MALHOTRA et al., 2013). 

Additionally, the transport of the matrix-targeted soluble proteins requires the action of 

the ATP-coupled PAM (Presequence translocase Associated Motor) complex, on the 
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matrix side of the IM (Lytovchenko et al., 2013; Marom et al., 2011b; Popov-

Čeleketić et al., 2008; Schulz & Rehling, 2014; Ting et al., 2014). The TIM23 

complex is composed of five integral membrane proteins: Tim23, Tim50, Tim17, Mgr2 

and Tim21, of which Tim23 functions as the central component and forms a part of the 

protein-conducting channel (Gebert et al., 2012; Ieva et al., 2014) (Figure 1.2). The 

heterogeneous architecture of Tim23 allows it to assume different roles to carry out 

preprotein transport. The intrinsically disordered N-terminus in the IMS (Tim23IMS), 

along with the soluble domain of Tim50 (Tim50IMS) forms the receptor complex to 

recognize the presequence of the TIM23 complex preproteins (Gevorkyan-Airapetov 

et al., 2009; la Cruz et al., 2010; Mokranjac et al., 2009; Tamura et al., et al., 2009b). 

This Tim23IMS-Tim50IMS interaction is likely mediated by a coiled-coil interaction 

between in the two IMS domains. Indeed, specific mutations in the predicted heptad 

leucine repeat regions of the Tim23IMS and Tim50IMS are known to abrogate Tim23-

Tim50 interaction (Gevorkyan-Airapetov et al., 2009; Tamura, et al., 2009b). After 

precursor recognition by the Tim23IMS-Tim50IMS receptor complex, the preproteins are 

then directed to a substrate- and voltage- sensitive IM channel formed in part by the 

membrane-bound C-terminus of Tim23, comprising transmembrane segments (TMSs) 

1-4 (Alder et al., 2008a; MALHOTRA et al., 2013; Truscott et al., 2001). Both TMS1 

and TMS2 have been shown to be important for the structural integrity of the TIM23 

complex (Demishtein-Zohary et al., 2015; Pareek et al., 2013). Moreover, both TMS1 

and TMS2 are also known to interact with the incoming preproteins, where TMS2 was 

shown to face the protein-conducting IM channel (Alder et al., 2008a; Pareek et al., 

2013). Additionally, TMS1 is known to interact with Tim50IMS (Alder et al., 2008b). 
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Tim50IMS also plays a regulatory role in gating the Tim23 channel, although its 

molecular mechanism remains unknown (Meinecke, 2006). 

 

Mitochondrial lipidome is known to influence the structure and function of protein 

complexes residing in the two mitochondrial membranes (Böttinger et al., 2015; 

Gebert et al., 2011; Gohil, 2004; Horvath & Daum, 2013; Osman et al., 2011). 

Cardiolipin (CL) is a structurally unique anionic phospholipid of mitochondria and plays 

an important role in mitochondrial protein biogenesis of proteins of the mitochondrial 

membranes (Brandner et al., 2005; Claypool & Koehler, 2012; N. Gebert et al., 

2009; Schlame et al., 2000). CL is also involved in efficient functioning of numerous 

other mitochondrial processes, including oxidative phosphorylation, maintaining cristae 

morphology, mitochondrial fission and fusion, protein import, and apoptosis (Baile, et 

al., 2014b; Claypool & Koehler, 2012; Jiang et al., 2000; Kutik et al., 2008; Tamura 

et al., 2006; Tamura et al., 2009a). It has been shown that functional reconstitution of 

TIM23 in proteoliposomes requires the presence of CL (van der Laan et al., 2007). 

Additionally, the presence of CL is important for the stability of the TIM23 translocase 

and its association with the PAM machinery (Gallas et al., 2006; Kutik et al., 2008; 

Tamura et al., 2006; Tamura et al., 2009a). Moreover, CL has also been shown for 

lipid bilayer interactions of both the matrix-exposed C-terminal domain of Tim44, as well 

as the IMS facing soluble domain of Tim23 (Bajaj et al., 2014b; Marom et al., 2009; 

Weiss et al., 1999). 
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In this study, we looked at the role of CL in membrane association of Tim50 and 

the implication this has for its interaction with Tim23. By performing site-specific 

chemical crosslinking both in organello and in model-membrane systems, we 

demonstrated that the presence of CL is required for regulating interactions between 

Tim50 and Tim23. In vitro liposome binding experiments with the receptor domain of 

Tim50 further revealed inherent affinity of the Tim50IMS for CL-containing membrane 

bilayers. Furthermore, we also generated an ab initio small-angle X-ray scattering 

(SAXS) solution structure of Tim50IMS, to which a homology model for the full-length 

Tim50IMS was aligned. This Tim50IMS homology model was then used to perform in silico 

analysis of the Tim50IMS-CL interaction. Taken together, these results provide 

mechanistic and molecular insights into the role of CL in regulating the interaction 

between the Tim50 receptor and the channel region of Tim23, thus regulating the early 

stages of pre-protein translocation.  

 

 

4.3 Results 

 

Cardiolipin-Regulated Interactions Between Tim50 and Tim23 In Organello 

 

To probe the role played by CL in mediating Tim23-Tim50 interaction in detail, 

we employed a previously developed chemical crosslinking-based approach (Alder et 

al., 2008b) wherein in vitro translated [35S]Tim23 monocysteine mutants ([35S]Tim23C) 

were imported into mitochondria isolated from yeast strain YPH499 deficient in specific 

steps of the CL biosynthesis and remodeling pathway (provided by Prof. D. Mokranjac, 
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LMU, Munich). It has been amply demonstrated that by this approach in vitro translated 

Tim23 can properly integrate into the mitochondrial IM and assemble with endogenous 

TIM23 complex subunits (Alder et al., 2008a; Alder et al., 2008b; Dekker et al., 1997). 

Using limited proteolysis as a diagnostic tool (Alder et al., 2008b; Davis et al., 1998; 

Demishtein-Zohary et al., 2015), we first checked the import and integration of wild-

type [35S]Tim23 ([35S]Tim23wt) into mitochondria with altered CL composition and 

compared it against mitochondria with a normal CL background. Mitochondria from 

yeast lacking cardiolipin synthase (Δcrd1) are devoid of CL and have increased 

concentration of its biosynthetic precursor, phosphatidylglycerol (PG). Mitochondria 

from yeast lacking CL-specific deacylase (Δcld1) contain unremodeled CL with acyl 

chains more saturated and heterogeneous compared to remodeled CL. And 

mitochondria from yeast lacking the transacylase tafazzin (Δtaz1) contain CL that is at a 

decreased concentration and contain unremodeled acyl chain composition, as well as 

accumulation of remodeling intermediate monolysocardiolipin (MLCL) (Figure 1.6). 

Under fully energized conditions and intact mitochondria, [35S]Tim23wt showed almost 

equal protection against externally added Proteinase K for all the strains tested (Figure 

4.1, lanes 2,7,12 and 17), confirming its import. When the OM was disrupted by 

hypotonic swelling prior to proteinase K digestion (yielding “mitoplasts”), imported 

[35S]Tim23wt in all the strains displayed a protected fragment (~13-kDa) corresponding 

to the IM-bound region of Tim23 (Alder et al., 2008b; Demishtein-Zohary et al., 2015) 

(Figure 4.1, lanes 3,8,13 and 18), confirming the proper integration of [35S]Tim23 into 

the IM irrespective of the CL background. 
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Figure 4.1 Import and Membrane Integration of Tim23  

Wild-type [35S]Tim23 incubated with mitochondria isolated from S. cerevisiae with 
different CL backgrounds [Wild-type (WT), Δcrd1, Δtaz1, and Δcld1), was subjected to 
proteinase K treatment under energized conditions as follows:  a. addition of protease to 
intact mitochondria (lanes 2,7,12 and 17), b. addition of protease to mitochondria 
treated with hypotonic media to generate mitoplasts with no OM (“swelling”, lanes 
3,8,13 and 18). Mitoplasts treated with proteinase K will give rise to a membrane-
protected fragment (~13-kDa) as an indication of proper integration of Tim23 into the IM. 
c. Detergent Triton X-100 was used to solubilize the membranes after protease 
treatment (“TX-100”, lanes 4,9,14 and 19). d. As a control for Tim23 import and 
membrane integration, ΔΨm was dissipated using 1 µM valinomycin prior to protease 
treatment to intact mitochondria (“-ΔΨm”, lanes 5,10,15 and 20).  
 

 

Next, we used site-specific thiol-thiol chemical crosslinking to analyze the 

interaction between different [35S]Tim23 monocysteine variants and endogenous Tim50, 

which in yeast has a single encoded cysteine at position 268. Drawing from our Tim23 

monocysteine mutant library, we specifically looked at the interactions of Tim50 with the 

receptor domain (Tim23IMS) as well as the channel-facing TMSs (TMS1 and TMS2) of 

Tim23 in different CL backgrounds (Figure 4.2A). Using the same approach, Tim50 

was previously shown to interact with the Tim23IMS and TMS1 of Tim23 (Alder et al., 

2008b). The Y70 and L71 residues on the heptad leucine repeat motif of Tim23IMS are 
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known to be critical for mediating Tim23-Tim50 interaction, where mutating them both to 

alanine blocks the Tim23-Tim50 interaction (Gevorkyan-Airapetov et al., 2009). 

Therefore, we also analyzed the effect of mutating those residues on the crosslinking-

detected interaction between different Tim23 regions and Tim50 by our crosslinking-and 

IP-based approach. In mitochondria with a normal CL background, the IMS domain of 

[35S]Tim23 with cysteine at position 80 formed two crosslinked adducts: a prominent 

band at ~97-kDa and a weaker band at ~70-kDa that likely represents proteolysis 

product (Figure 4.2B, lane 1). Both adducts were confirmed to be crosslinked 

[35S]Tim23 and Tim50 using anti-Tim50 antibodies (Figure 4.2B, lane 9), as has been 

reported earlier (Alder et al., 2008b). Mutating residues Y70 and L71 on Tim23IMS to 

alanine (YL mutant), abrogated interaction with Tim50 (Figure 4.2B, lanes 2 and 10), as 

has been shown earlier (Gevorkyan-Airapetov et al., 2009). Interestingly, the loss of 

cardiolipin synthase (Crd1p) as well as cardiolipin remodeling enzymes, Taz1p and 

Cld1p, resulted in an increase in interaction between the two receptor domains 

compared to mitochondria with a normal CL background (Figure 4.2B, compare lane 1 

with lanes 3, 5 and 7 and compare lane 9 with lanes 11, 13 and 15). In Tim23 

constructs containing the YL mutations, the interaction between Tim23IMS and Tim50 

was extremely low, regardless of the CL composition (Figure 4.2B, compare lane 2 with 

lanes 4, 6 and 8 and compare lane 10 with lanes 12, 14 and 16). 
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Crosslinking-based analysis of the interaction between Tim50IMS and TMS1 and 

TMS2 of Tim23 (Figure 4.2C) revealed that Tim50 potentially interacts with specific 

faces of each transmembrane helix (Figure 4.2D). Henceforth, residue F114C of TMS1 

and residue A156C of TMS2 were used to represent the channel-facing TMSs to probe 

their interaction with Tim50 in different cardiolipin mutant strains in the presence and 

absence of Tim23 YL mutations. Interestingly, we found that as compared to almost no 

interaction seen between Tim50 and Tim23IMS YL mutant, Tim50 maintained its 

interaction with the channel facing TMSs even in the presence of mutations in the 

coiled-coil region (Figure 4.2E, lanes 2 and 10, compare with lanes 2 and 10 of Figure 

4.2B), albeit with less efficiency (Figure 4.2E-F; Figure 4.2H-I). When we characterized 

the interaction of Tim50 with the TMS1 in CL compromised strains, we found that CL 

deficient (Δcrd1) mitochondria displayed less crosslinking efficiency with Tim50 in 

comparison with wild-type Tim23 (Figure 4.2E, lane 3; Figure 4.2H). When the Tim23 

YL mutant was introduced, there was even further decrease in interaction between 

Tim50 and TMS1 of Tim23 as compared to wild-type CL-containing mitochondria 

(Figure 4.2E, compare lanes 2 and 4; Figure 4.2H), pointing to the important role 

played by CL in mediating contact between Tim50 and the channel facing TMS1. 

Similar results were obtained with Tim23 YL mutant in mitochondria isolated from the 

Δtaz1 strain with an up-regulated MLCL content and general decrease in CL content 

(Figure 4.2E, compare lanes 4 and 6; Figure 4.2H). Mitochondria with unremodeled CL 

isolated from the Δcld1 strain showed Tim23-Tim50 crosslinking efficiency similar to that 

of wild-type mitochondria (Figure 4.2E, compare lanes 7 and 8 with lanes 1 and 2; 

Figure 4.2H). This is not surprising considering both unremodeled and remodeled CL 
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have been shown to be functionally indistinguishable in yeast (Baile et al., 2014b). 

Abnormal CL content in Δcrd1 and Δtaz1 strains caused Tim50 –TMS2 interaction 

defects as well (Figure 4.2F, lanes 9-16; Figure 4.2I). Overall, the results indicate that 

in organello, compromising CL content or composition affects Tim50’s interaction with 

Tim23 in a site-specific manner. 
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Figure 4.2 Crosslinking-Based Analysis of Tim23-Tim50 Interactions In Organello            
                    
A. Topology diagram of Tim23 and Tim50 in the IM. Tim50 (blue) contains a C-terminus 
soluble domain (Tim50IMS) with a single TMS (T0) and a matrix-facing region (L0). 
Tim23 (yellow) contains an IMS-facing domain (Tim23IMS) and a membrane bound C-
terminus with 4 TMSs (T1-T4), and matrix-and IMS-facing loops (L1-L4). Cysteines 
introduced at specific sites in Tim23 are depicted as circles (magenta), and that used for 
crosslinking with a single encoded cysteine of Tim50 (red asterisk). The Y70 and L71 
residues in the Tim23IMS are highlighted as green circles. 
B. Crosslinking and immunoprecipitation (IP)-detected interaction between Tim23 and 
Tim50. [35S]Tim23(S80C) and [35S]Tim23(S80C) Y70A L71A mutants imported into 
mitochondria isolated from yeast strain YPH499 with varying CL backgrounds were 
probed for their proximity to the cysteine at position 268 in Tim50 using a thiol-reactive 
chemical crosslinker BMOE (50 µM). Mitochondria isolated from baker’s yeast with a 
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normal cardiolipin (CL) biosynthesis pathway (“WT”), or with a defective biosynthesis 
pathway with no cardiolipin synthase (“Δcrd1”), no CL-specific deacylase (“Δcld1”), and 
no transacylase (“Δtaz1”) were used. Different crosslinked products were detected by 
running the crosslinked samples on SDS-PAGE followed by autoradiography (“Totals”, 
lanes 1-8). The Tim23-Tim50 crosslinked adduct was detected by immunoprecipitation 
(IP) using polyclonal anti-mouse antibodies against Tim50 (“Immunoprecipitation”, lanes 
9-16). Crosslinked adducts detected by immunoprecipitation are indicated by black 
circles.  
C. Crosslinking-and IP-detected interaction between Tim50 and [35S]Tim23 channel-
facing TMSs, T1 (left) and T2 (right) 
D. Helical wheel representation of Tim23 TMS1 and TMS2 showing all cysteine 
substitutions used in T1 and T2 for crosslinking with Tim50 (left). Crosslinking efficiency 
of different residues to Tim50 is ranked as indicated (right). 
E. and F. CL-regulated interaction between Tim50 and the channel region of Tim23. 
Crosslinking-and IP-detected interaction between Tim50 and [35S]Tim23 T1 (F114C), 
and T2 (A156C) [“WT 23”] and the corresponding Y70A L71A mutant (“YL 23”), in 
mitochondria with different CL backgrounds.   
G., H., and I. Quantification of IP-detected crosslinking efficiency between Tim50 and 
[35S]Tim23 S80C (B.) F114C (E.), and A156C (F.) respectively, in mitochondria with 
different CL backgrounds. Crosslinked adduct between [35S]Tim23C and Tim50 in wild-
type (“WT”) CL background was used as control to normalize values, with standard 
deviations from 3 independent experiments. 
The asterisks on the bar graphs indicate a significant difference from the corresponding 
control experiment (WT Tim23, WT mitochondria) by student’s t-test. *p < 0.05; **p < 
0.01; ***p < 0.0001 
 

 

 

Cardiolipin Mediates a Direct Effect on the Tim23-Tim50 Interaction 

 

To investigate the direct role of CL, and to rule out any secondary effects of 

mutations in the CL biosynthesis pathway on Tim23-Tim50 interaction, we recapitulated 

the interactions of the IM in vitro using the model-membrane system, nanodiscs (ND) 

(Figure 4.3A). ND are nanoscale discoidal bilayers surrounded by an amphipathic belt 

of membrane scaffolding protein (MSP), and are widely used as the model membrane 

of choice to investigate the functional dynamics of membrane proteins (MALHOTRA & 
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Alder, 2014). In this study, we used ND to reconstitute Tim23 in its entirety to make 

Tim23 amenable to solution-based experiments (e.g. crosslinking) and to reconstitute 

Tim23 in a desired lipid environment. ND-containing 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine or POPC (ND_PC) as the sole bilayer forming lipid were used to 

functionally reconstitute in vitro translated [35S]Tim23 as described in Chapter 3. As 

initial tests to probe the accessibility of cysteine sites in different positions of Tim23 

reconstituted into ND, we analyzed modification of different sites with the membrane 

impermeant thiol-reactive probe (Methyl-PEG12)3-PEG4-Maleimide [TMM(PEG)12] 

(Figure 4.4A). Analysis of substituted cysteine accessibility using thiol-specific chemical 

reagents is a widely used technique to study the topology of membrane proteins 

(Bogdanov et al., 2005), as well as to map membrane-spanning segments that line an 

aqueous channel (Liapakis et al. 2001). As mentioned, both TMS1 and TMS2 of Tim23 

are known to interact with translocating TIM23 substrate polypeptide, where TMS2 has 

been experimentally shown to face the protein-conducting channel in the IM (Alder et 

al., 2008a). Moreover, using cysteine substitution methodology, specific sites within the 

same membrane-spanning segments were shown to be partially reactive to a thiol-

active reagent, 4-acetamido-4’-[(iodoacetyl)amino] stilbene-2,2’-disulfonic acid (IASD), 

under fully-energized conditions in mitochondria (Alder et al., 2008b; MALHOTRA et 

al., 2013). The reactivity of cysteines positioned in the aqueous-facing Tim23 N-

terminus (S80C) in ND_PC towards TMM(PEG)12 displayed a slow migrating labeled 

product on SDS-PAGE and ~65% labeling efficiency (Figure 4.4A, lane 4). As negative 

controls, upon pretreatment with the reducing agent dithiothrietol (DTT) (Figure 4.4A, 

lane 3), or using Tim23 with no cysteine (Δcys) (Figure 4.4A, lane 2), no modified 
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[35S]Tim23 was observed confirming the specificity of this reaction. Interestingly, probing 

the reactivity of different cysteine-substituted sites in the various membrane-spanning 

segments of Tim23-ND_PC towards TMM(PEG)12, showed enhanced labeling of all the 

three sites in TMS1 compared to TMS2 and TMS4 (Figure 4.4A, compare lanes 6, 8 

and 10 with lanes 12, 14, 16 and 18, Figure 4.4B). The labeling efficiency of different 

sites in TMS1 were, however, significantly lower than the water-facing IMS segment of 

Tim23 (Figure 4.4A, compare lane 4 with lanes 6, 8 and 10, Figure 4.4B). These 

results support conclusions available from a previous report where sites I111C and 

F114C of TMS1 were found to be partially accessible to the thiol-reactive reagent IASD 

in active mitochondria (Alder et al., 2008b), consistent with the proposal that TMS1 

faces an aqueous-conducting channel. In any case, by using cysteine-accessibility 

methodology, we confirm that the topology of Tim23 reconstituted into ND_PC 

resembles that of the IM. 
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Figure 4.3 Cardiolipin-Mediated Tim23-Tim50 Interactions 

A. Topology diagram of Tim23-ND. Tim23 reconstituted into ND (yellow) with indicated 
cysteine positions used for crosslinking-based proximity analysis to the cysteine at 
position 268 in the Tim50IMS (blue). The cysteines used for crosslinking analysis are 
depicted as circles (magenta). The Y70 and L71 residues are depicted as green circles.  

B. Crosslinking and IP-detected interaction between Tim23-ND and Tim50. Tim50IMS 
crosslinked to [35S]Tim23(T94C) in POPC nanodiscs (PC_ND) (lanes 1 and 6) with 
control reactions: (i.) no Tim50IMS (lanes 2 and 7) (ii.) no crosslinker (lanes 3 and 8) (iii.) 
with [35S]Tim23(ΔCys)-ND_PC (lanes 4 and 9), and (iv.) with [35S]Tim23(T94C) Y70A 
L71A-ND_PC (lanes 5 and 10). The crosslinked adduct between [35S]Tim23 and the 
Tim50IMS is indicated by an asterisk, where position of [35S]Tim23 band is indicated by 
an arrowhead.  
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C. Crosslinking-and IP-detected interaction between the Tim50IMS and [35S]Tim23 
channel-facing TMS1 (T1) in PC_ND (left). The crosslinked adduct between [35S]Tim23 
and the Tim50IMS is indicated by an arrowhead. Helical wheel representation of Tim23 
showing all cysteine substitutions used in T1 for crosslinking with the Tim50IMS (right). 
Crosslinking efficiency to the Tim50IMS is ranked as indicated (right). 

D. Crosslinking-and IP-detected interaction between the Tim50IMS and [35S]Tim23(S80C 
and F114C) [“wt”] and [35S]Tim23(S80C and F114C, Y70A L71) [“yl”] constructs in 
PC_ND (“PC”) or POPC + cardiolipin (“PC+CL”) ND background. The crosslinked 
adduct between [35S]Tim23 and the Tim50IMS in “Total” and “Immunoprecipitation” 
samples is indicated by an arrowhead 

E. Quantification of crosslinked adduct between the Tim50IMS and [35S]Tim23-ND “yl” 
mutant construct relative to the “wt” construct in PC and PC+CL ND background as 
shown in D. The standard deviations shown are from three independent experiments. 

 

Tim50IMS has been shown to support all the functions of the full-length Tim50 in 

vivo (Mokranjac et al., 2009). To check whether Tim23-ND is capable of interacting 

with Tim50 in a physiologically relevant manner, crosslinking reactions of 

[35S]Tim23(T94C)-ND_PC, bearing a  single cysteine at position 94 of the Tim23IMS 

domain, were carried out in the presence of recombinantly expressed Tim50IMS (Figure 

4.4C). Similar to the crosslinking-based interaction seen in organello, there was a 

formation of crosslinked adduct of ~97-kDa between the two IMS domains (Figure 

4.3B, lanes 1 and 6). Negative control reactions with (i.) no Tim50IMS, (ii.) no crosslinker, 

(iii.) [35S]Tim23(ΔCys), and (iv.) [35S]Tim23(T94C) Y70A L71A did not show any 

crosslinked product, demonstrating the specificity of the Tim23-Tim50 interactions in our 

ND system (Figure 4.3B, lanes 2-5 and lanes 7-10). Similar to the Tim50IMS interaction 

with cysteine at position 94, Tim23 with cysteine at position 80 displayed interaction with 

Tim50IMS (Figure 4.3D, lane 1, Total and Immunoprecipitation), and mutating Y70 and 

L71 residues on the heptad leucine repeat motif to alanine abrogated its proximity to the 
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Tim50IMS (Figure 4.3D, lane 2, Total and Immunoprecipitation). [35S]Tim23-ND_PC also 

supported the interaction between recombinant Tim50IMS and TMS1 of Tim23 (Figure 

4.3C, left). The helical analysis as performed in ND again identified cysteine at position 

114 in TMS1 as the primary interactive site (Figure 4.3C, left). Taking position F114C 

as our representative site for TMS1, we proceeded to look at the effect of incorporating 

Y70A and L71A mutations on its interaction with the Tim50IMS. However, unlike the 

intact Tim23 channel-Tim50 interactions seen in the IM even in the presence of Y70A 

and L71A mutations, incorporation of the same mutations in Tim23 showed much less 

of an interaction between the channel-facing TMS1 and Tim50IMS in POPC-containing 

ND environment (Figure 4.3D, lane 6, Total and Immunoprecipitation; Figure 4.3E). 

Moreover, probing different sites on TMS2 for their proximity to the Tim50IMS in ND_PC 

yielded no signs of crosslinking-based interaction, as opposed to the interaction of 

channel-facing sites (A152C and A156C) with Tim50 seen in organello (Figure 4.4E, 

upper panel). Additionally, crosslinking-based proximity mapping revealed no interaction 

between the Tim50IMS and sites on the IMS- and matrix-facing Tim23 membrane loop 

segments in ND_PC (Figure 4.4F, upper panel). 

To check the direct effect of CL on the Tim23-Tim50 interactions, we 

incorporated tetraoleoyl cardiolipin (TOCL, 18:1), henceforth to be named as just CL, at 

physiological concentration of 20 mol% to our ND system (ND_CL). Incorporation of 

[35S]Tim23 into ND_CL did not affect its elution profile or change the amount of 

[35S]Tim23 incorporated into ND_CL compared to ND_PC as judged by the purified 

[35S]Tim23 band on SDS-PAGE (Figure 4.4D, compare upper panel with the lower 

panel). Moreover, crosslinking reactions of [35S]Tim23(S80C)-ND_CL did not change 
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the interaction of Tim23 with the Tim50IMS compared to our ND_PC system even in the 

presence of Y70A and L71A mutations (Figure 4.3D, compare lanes 3 and 4 with lanes 

1 and 2, Total and Immunoprecipitation; Figure 4.3E). However, addition of CL to our 

ND system restored the physiological interaction seen between [35S]Tim23(F114C) and 

Tim50 in the presence of Y70A and L71A mutations compared to our ND_PC system 

(Figure 4.3D, compare lanes 7 and 8 with lanes 5 and 6, Total and 

Immunoprecipitation; Figure 4.3E). Moreover, all three sites on TMS2 that tested 

negative for their interaction with the Tim50IMS in ND_PC, displayed robust interaction 

with the receptor domain of Tim50 when reconstituted in our ND_CL system, where site 

A152C displayed the highest proximity to the Tim50IMS (Figure 4.4E, compare lower 

panel with the upper panel). By contrast, the interaction of sites on the IMS- and matrix-

facing Tim23 loops with the Tim50IMS in our ND_CL system displayed only a slight 

change compared to our ND_PC system (Figure 4.4F, compare lower panel with the 

upper panel). Thus, the results from our crosslinking analysis in this reductionist system 

strongly suggest that CL mediates direct effects on Tim23-Tim50 interactions in a site-

specific manner. Specifically, CL seems to stabilize the interaction between Tim50IMS 

and the transmembrane segments of the Tim23 channel. Stated another way, the 

results from in organello and nanodiscs reactions on Tim23-Tim50 interactions reveal 

that both the coiled-coil region in the Tim23IMS and CL play an important role in 

mediating interactions with the Tim50 receptor. 
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Figure 4.4 Analysis of Tim23 Reconstituted into Nanodiscs and its Interaction with 

Tim50IMS 

A. Monocysteine [35S]Tim23 was reconstituted into POPC ND and subjected to site-
specific cysteine modifications with the thiol-reactive reagent, TMM(PEG)12. 
TMM(PEG)12 is membrane impermeable and reacts with thiol groups exposed to the 
aqueous environment. [35S]Tim23-TMM(PEG)12 conjugates migrate slower on the gel 
(“labeled [35S]Tim23”) than the unconjugated fraction (“unlabeled [35S]Tim23”). 
Monocysteine Tim23 constructs used include cysteine sites in the IMS (S80C), TMS1 
(G113C, F114C and S115C), TMS2 (A152C, G153C and I154C), and TMS4 (V205C). 
As a control, reactions were exposed to DTT treatment (“pre-DTT”) or reactions were 
carried out with cysteineless Tim23 (“[35S]Tim23Δcys”). 
B. Amount of labeled [35S]Tim23 as in A. expressed in %. Graph shows normalized 
values and the average + SEM of three independent reactions. **p < 0.01, ***p < 
0.0001. 
C. SDS-PAGE analysis of purified recombinant soluble domain of Tim50 with 
(“Tim50IMS”) and without (“Tim50IMSΔcys”) cysteine at position 268. The arrowhead 
depicts the position of the band of purified product. 
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D. Elution profile of [35S]Tim23-ND containing POPC or POPC + CL lipids using Ni2+-
NTA chromatography. 
E. Crosslinking- and-immunoprecipitation detected proximity between Tim50IMS and 
[35S]Tim23(TMS2) in ND containing POPC or POPC + CL as indicated. The cysteines 
on Tim23 were positioned at different sites on TMS2 (A152C, G153C and I154C). The 
crosslinked adduct between [35S]Tim23 and the Tim50IMS is indicated by an arrowhead. 
F. Crosslinking- and-immunoprecipitation detected proximity between Tim50IMS and 
[35S]Tim23 in ND containing POPC or POPC + CL as indicated. The cysteines on Tim23 
were positioned at matrix- and-IMS-facing loops (K131C and H173C respectively). The 
crosslinked adduct between [35S]Tim23 and the Tim50IMS is indicated by an arrowhead. 
 

 

Tim50IMS Binds to Cardiolipin-Containing Membrane Bilayers 

 

The effect of CL on Tim23-Tim50 interaction prompted us to check whether the 

Tim50IMS domain has an inherent affinity for binding to CL-containing bilayers. CL is a 

dimeric phospholipid believed to carry a single negative charge due its resonance-

stabilized headgroups (Kates et al., 1993)(Figure 4.5A), though recent findings from 

our laboratory strongly suggest that CL is dianionic at physiological pH (Sathappa and 

Alder, unpublished).  The large surface area occupied by its four acyl chains compared 

with the cross-sectional area of the two-phosphate head groups gives CL the propensity 

to form nonlamellar hexagonal II (HII)-phase structures under certain conditions (Lewis 

& McElhaney, 2009; Schlame et al., 2000). Moreover, the unique physical and 

chemical properties of CL have been shown to be instrumental in binding of the IMS 

protein cytochrome c to the IM and facilitating its peroxidase activity (Bergstrom et al., 

2013). Co-sedimentation analysis is a widely used technique to study the binding of 

peripheral membrane proteins to membrane bilayers (Marom & Azem, 2013). In this 

technique, soluble proteins are assembled with oligosaccharide-loaded vesicles of 

different diameters and lipid composition, followed by separation of the protein-bound 
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heavy vesicles from the unbound proteins in supernatant using ultracentrifugation. SDS-

PAGE analysis of the pelleted fraction (vesicles + protein) reveals the fraction of protein 

bound to different vesicles versus the total protein loaded in the reaction. Therefore this 

assay is an excellent means of testing the ability of different lipids to promote 

membrane interactions of proteins. Co-sedimentation analysis of Tim50IMS with large 

unilamellar vesicles (LUVs) of diameter 100 nm having POPC (PC) (Figure 4.5B) as 

the sole lipid showed negligible binding with increasing liposome concentration (Figure 

4.5C-D). However, when CL was included with PC LUVs at a molar ratio of 20 mol% 

(Figure 4.5B), we observed a robust binding of Tim50IMS to the vesicles (Figure 4.5C-

D). To address the specificity of CL in recruiting Tim50IMS to vesicles, we incorporated 

the monoanionic lipid PG instead of CL at the same molar ratio and carried out co-

sedimentation analysis. PG (see above), carries a single negative charge on its 

headgroup and is an important constituent of the IM but actually comprises a low 

percentage of IM lipids (Khalifat et al., 2014). Incorporation of PG to the LUVs with PC 

host lipids did improve binding to the Tim50IMS compared to LUVs containing PC alone, 

but did not show as strong binding to the Tim50IMS as displayed by CL-containing LUVs 

(Figure 4.5C-D). To determine the extent to which ionic interactions contribute to the 

CL-mediated Tim50IMS interaction with vesicles, we added increasing concentration of 

NaCl to screen the electrostatic interaction between the Tim50IMS and CL-containing 

LUVs. The addition of increasing concentration of NaCl in the physiological range 

showed a slight but not a significant increase in binding of Tim50IMS to CL-containing 

bilayers. Increasing NaCl concentration beyond the physiological range did affect 

binding of the Tim50IMS to CL-containing bilayers, but the interaction remained intact 
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even at high 1 M NaCl concentration (Figure 4.5E-F). This suggests that factors other 

than electrostatic forces might play a role in mediating Tim50IMS-CL interaction as seen 

with cytochrome c (Muenzner & Pletneva, 2014; Planas-Iglesias et al., 2015). To 

check the extent to which the non-bilayer property of CL might drive Tim50IMS 

interactions, we incorporated another non-lamellar phase forming phospholipid, POPE 

(PE), to PC LUVs at a molar ratio of 50 mol%, which is close to its physiological 

concentration found in the IM of yeast mitochondria (Schwall et al., 2012). Interestingly, 

the Tim50IMS-LUV interaction did not change upon addition of PE (Figure 4.5C-D). All 

these results support the conclusion that the Tim50IMS interacts specifically with vesicles 

containing CL and underscore a dominant role of headgroup interactions. 
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Figure 4.5 Association of the Tim50IMS with Membrane Bilayers in a Cardiolipin-  

Dependent Manner 

 
A. Chemical structures of tetraoleoyl cardiolipin (1’,3’ –bis[1,2-dioleoyl-sn-glycero-3-
phospho]-sn-glycerol, “TOCL”) and its resonance-stabilized bicyclic headgroup showing 
its one mode of existence, 2’-deoxycardiolipin (“deoxy-cardiolipin”), and 
monolysocardiolipin (“MLCL”). 



	
   86	
  

B. Negative stain transmission electron microscopy images of POPC only and 
POPC+CL LUVs at 23,000X magnification (scale bar = 100 nm) 
C. Co-sedimentation analysis of the Tim50IMS (1 µM) in the presence of different LUVs 
at the indicated lipid concentration. For making LUVs, POPC was used as host lipid with 
20 mol% anionic lipids, POPG and CL, or 50 mol% POPE. Samples were run on SDS-
PAGE followed by SYPRO-orange staining. “Total” lane indicates the total amount of 
Tim50IMS added to each reaction. Stained band of Tim50IMS is indicated by an 
arrowhead. 
D. Relative binding of Tim50IMS plotted as a function of total lipid concentration for LUVs 
of different lipid composition. Bands were quantified by densitometry based on 
experiments shown in panel. Data points were fit using nonlinear regression analysis in 
KaleidaGraph assuming 1:1 binding using the equation: y=m1x/Km+x, where 
m1=maximum binding intensity, x=available total lipid concentration, y=binding intensity 
at a given total lipid concentration and Km=total lipid concentration at ½ maximum 
binding intensity. The points indicated are averages ( + SEM) of three independent 
experiments. 
E. Co-sedimentation analysis of Tim50IMS (1 µM) with CL-containing LUVs (0.5 mg/ml) 
in the presence of indicated NaCl concentration. 
F. Relative binding of Tim50IMS plotted as a function of NaCl concentration as in panel 
D. The points indicated are averages ( + SEM) of three independent experiments. 
G. Coarse-grained molecular dynamics simulation depicting binding of a highly 
conserved β-hairpin loop of the core domain of the Tim50IMS with a membrane bilayer 
containing 80 mol% POPC and 20 mol% CL. Beads representing the CL headgroups 
joined by central glycerol moiety are shown in orange, POPC headgroups are depicted 
in blue and the acyl chains are shown in gray. CL-binding sites on β-hairpin used to 
carry out alanine mutations (Trp207, His211, Trp213 and Arg214) and for IANBD 
labeling (Ser208) are shown as sticks (Figure provided by Prof. Eric May, University of 
Connecticut).  
 

 

Coarse-grained molecular dynamics (MD)-based analysis of the interaction 

between Tim50IMS homology model (see below) and CL-containing membrane bilayers 

(performed by Prof. Eric May and Dr. Shivangi Nangia, University of Connecticut) 

strongly suggested the involvement of residues in a highly conserved β-hairpin of the 

Tim50IMS in mediating interactions with CL head groups and acyl chains (Figure 4.5G). 

To empirically test the membrane binding and insertion activity of the β-hairpin we 

undertook a fluorescence spectroscopy-based approach wherein a polarity-sensitive 
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probe was incorporated at the tip of the Tim50IMS β-hairpin. To this end, a Tim50IMSΔcys 

construct was created (Figure 4.4C), followed by mutating a relatively less conserved 

serine at position 208 to cysteine in the loop that connects two β-strands of the 

Tim50IMS β-hairpin structure. By performing site-specific labeling of S208C using a thiol-

reactive IANBD amide, we then incorporated an environment sensitive fluorophore, 

NBD, and monitored its emission intensity in the presence of LUVs of different lipid 

composition. The emission intensity of NBD is highly environment sensitive, acting as 

an excellent reporter for whether the probe is in a nonpolar or aqueous environment. 

This approach enables one to investigate the membrane binding interactions of specific 

sites on bilayer-interactive proteins (Heuck et al., 2000; Johnson, 2005). In the 

presence of CL-containing LUVs, Tim50IMS-NBD showed ~2.5X higher emission 

intensity than it did in the presence of PC-only LUVs (Figure 4.6A). Moreover, changes 

in the maximum fluorescence intensity (F/F0) of NBD as a function of liposome 

concentration displayed robust and saturable binding in case of CL-containing vesicles 

but not with PC-only vesicles (Figure 4.6B). Interestingly, increasing the CL content in 

LUVs showed a cooperative behavior in binding of the Tim50IMS-NBD to membrane 

bilayers (Figure 4.6C). Moreover, mutations of key CL-binding sites on the Tim50IMS β-

hairpin that were identified by MD simulations decreased the Tim50IMS-NBD binding to 

CL-containing LUVs, supporting the importance of the residues in this structural element 

in mediating Tim50IMS-CL interactions (Figure 4.6D). However, lipid-binding analysis of 

just the “core domain” (Tim50core, residues: 165-361) that contains the β-hairpin, or even 

“core domain + C-terminus” (Tim50core+C-terminus, residues: 165-476) did not show any 

binding to CL-containing bilayers, suggesting that multiple binding sites, spanning 
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beyond the β-hairpin on the Tim50IMS co-operate together to facilitate the Tim50IMS 

binding to CL-containing membrane bilayers (Figure 4.6D). Due to the labile nature of 

“N-terminus + core domain” (residues: 133-164), its binding to LUVs could not be 

tested. 

 

To further assess the role of the physiochemical properties of CL in promoting 

membrane interactions of Tim50IMS, we assembled LUVs containing the CL variants 

MLCL or deoxyCL. The chemical structure of deoxyCL lacks the secondary hydroxyl of 

the central glycerol, the only hydrogen bond donor in the CL headgroup, which would 

effectively destabilize the resonance-stabilized bicyclic structure and disrupt other intra- 

and inter-molecular hydrogen bonding (Figure 4.5A). As a result, deoxyCL is assumed 

to strictly exist as dianion at physiological pH (Kates et al., 1993). It has been proposed 

by previous studies that equal lengths of the four acyl chains in CL contribute towards 

maintaining the bicyclic structure of the CL head group (Haines, 2009). MLCL with only 

3 acyl chains will not only lead to destabilization of the resonance-stabilized head group 

structure, but because the non polar domain has a lower cross-sectional area, MLCL 

will likely have less HII propensity than intact CL (Figure 4.5A). Incorporation of 

deoxyCL with two negative charges at 20 mol% to PC LUVs showed a slight increase in 

the Tim50IMS binding to membrane bilayers compared to CL-containing LUVs. On the 

other hand, incorporation of MLCL displayed a strong inhibitory effect on the Tim50IMS 

interaction with bilayers compared to when CL is present (Figure 4.6A-B). Overall, our 

results from the binding studies of NBD-Tim50IMS to CL and its variants suggest that 
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inter-molecular hydrogen bonding with the CL headgroup as well as the propensity of 

CL to undergo HII phase transitions regulate the membrane binding of Tim50IMS.  

 

Moreover, limited proteolysis of the Tim50IMS in the presence of vesicles showed 

protection of specific Tim50IMS regions when CL was present in LUVs (Figure 4.6E). 

These results suggest that Tim50IMS may partially insert membrane interactive region 

into CL-containing bilayers and/or undergo a CL-dependent conformational change that 

protects key residues from proteolysis. Together, these results suggest an important 

role for hydrophobic forces in mediating the Tim50IMS-bilayer interaction. Overall, lipid-

binding studies reveal that the receptor domain of Tim50, Tim50IMS, is a peripheral 

membrane-binding domain and interacts with membrane bilayers in a CL-specific 

manner. 
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Figure 4.6 Tim50IMS Binds Specifically to Cardiolipin-Containing Membrane Bilayers 

A. Corrected emission spectrum of NBD-Tim50IMS alone (Tim50IMS) or in the presence 
of LUVs (1 mg/ml) with the following lipid composition: 100% POPC (PC), and 80% PC 
+ 20% X (mole/mole); X= CL, MLCL and deoxyCL. 
B. Maximum fluorescence intensity (F/F0) of NBD-Tim50IMS plotted as a function of total 
lipid concentration using LUVs described in panel A. Curves through the data points 
represent best fits to the data assuming a single class of binding sites in each case. 
Data points were fit using nonlinear regression analysis in KaleidaGraph assuming 1:1 
binding using the equation: y=m1x/Km+x, where m1=F/F0max, x=available total lipid 
concentration, y=change in F/F0 at a given total lipid concentration and Km=total lipid 
concentration at ½ F/F0max. 
C. Changes in maximum fluorescence intensity (F/F0) of NBD-Tim50IMS as a function of 
CL concentration in LUVs containing a background of POPC (mole/mole). The total lipid 
concentration used was 0.5 mg/ml in each case. Curves through the data points 
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represent best fit to the data using the Hill equation in KaleidaGraph: m1+(m2-
m1)/[1+(x+Km)*m4], where x=mol% of CL in LUVs, y=change in F/F0 at a given mol% of 
CL, m1=F/F0max, m2=F/F0 at x=0 mol% of CL, Km=mol% of CL at ½ F/F0max and 
m4=hill coefficient. 
D. Co-sedimentation analysis of 1 µM (i) Tim50IMS (residues: 133-476), (ii) Tim50IMS 
mutant (W207H211W213R214AAAA), (iii) Tim50 core (residues: 165-361), and (iv) 
Tim50 core + C-termini (residues: 165-476) binding to CL-containing LUV’s (1 mg/ml). 
Graph shows normalized values and the average + SEM of three independent 
reactions. **p < 0.01, ***p < 0.0001. 
E. Proteinase K treatment of the Tim50IMS (1 µM) only or in the presence of 1 mg/ml 
LUV’s containing either 100% POPC (“PC”) or 80% POPC + 20% CL (“PC + CL”) 
(mole/mole). The intact Tim50IMS band is indicated by an arrowhead and the protected 
Tim50IMS band (“protected fragment”, PC+CL sample) is indicated by an arrow. 
 

 

Small-Angle X-ray Scattering Model of the IMS Domain of Tim50 

 

The IMS domain of yeast Tim50 (residues: 133-476) (Figure 4.7A) is reported to 

be mostly folded with a high content of α-helices and β-sheets (Gevorkyan-Airapetov 

et al., 2009). However, about 25% of the Tim50IMS sequence is predicted to be 

intrinsically disordered (Li et al., 1999) (Figure 4.8A). The conformational flexibility of 

Tim50IMS combined with its molecular weight (~41 KDa), makes Tim50IMS recalcitrant to 

high-resolution structural studies like X-ray crystallography or NMR spectroscopy. So far 

the structural analysis of Tim50 has been restricted to the relatively higher ordered and 

protease resistant Tim50core (residues: 165-361), where crystal structure of a 

“conserved core” region (Tim50CC; residues: 176-361) was solved [PDB codes: 3QLE 

(Qian et al., 2011), and 4QQF (Li and Sha, 2015)] (Figure 4.7B; Figure 4.8A). Here 

we report a low-resolution structural model of the entire IMS domain of yeast Tim50 

determined ab initio by SAXS. The Guinier regions (Figure 4.8B, inset) for the three 

different concentrations of Tim50IMS used were linear, indicating that the protein in 
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solution is monodisperse, containing single molecular species. The estimated molecular 

mass of Tim50IMS was calculated to be 42.01+ 1.4 kDa (averaged for 3 concentrations) 

(Table 4.1), and agreed closely with the value obtained from the primary sequence 

(40.34 kDa). Radius of gyration (Rg) values as calculated by the program GNOM 

(Svergun, 1992) (32.7+1.04 Å, averaged for 3 concentrations) (Table 4.1) are fairly 

uniform suggesting no self-association for all the concentrations tested. The pair 

distance distribution function p(r) of Tim50IMS shows a maximum at ~30 Å with a tail to 

longer distances, suggesting the presence of flexible regions and an elongated rod-like 

structure with a maximum dimension (Dmax) of ~120 Å (Figure 4.8C). Indeed, the low-

resolution envelope of the Tim50IMS generated via ab initio reconstructions confirmed its 

elongated rod-like appearance (Figure 4.7C). Moreover, the normalized spatial 

discrepancy (NSD) for the 10 independent reconstructions from DAMMIF (Franke & 

Svergun, 2009) was calculated to be 0.658 for the Tim50IMS (0.5 mg/ml), suggesting 

high quantitative similarity between independent reconstructions. 

 

Table 4.1 Experimental Parameters for SAXS Sampling of the Tim50IMS 

 

Concentration 
(mg/ml) 

Rga	
  (Å)	
   Rgb	
  (Å)	
   Dmax	
  (Å)	
   MW	
  I(O)	
  

(kDa)	
  

0.25	
   32.91	
   33.1	
   128.17	
   42.92	
  

0.5	
   31.60	
   31.76	
   124.36	
   42.81	
  

0.65	
   33.67	
   33.95	
   152.10	
   40.3	
  

 

Rg
a = Rg from Guinier analysis 

Rg
b = Rg from p(r) distribution analysis (Real Space) 
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Next, a model for the full-length Tim50IMS was constructed (performed by Prof. 

Eric May, University of Connecticut) by combining the known coordinates of the 

conserved core region (residues: 176-361; PDB code: 3QLE), with homology-modeled 

structures of the N-terminal and C-terminal regions. The structure of the N-terminal 

region (residues: 133-175) and the C-terminal region (residues: 362-476), were 

predicted by the I-TASSER webserver (Zhang, 2008) to generate models of those 

regions. The top ranked model for the N-terminal region and the second ranked model 

for the C-terminal region where attached to the Tim50CC by performing a local structural 

alignment. The second ranked model was chosen for the C-terminal region, because 

this model displayed a trimeric coiled-coil motif, whereas the top-ranked model was a 

dimeric coiled-coil motif. The dimer model was too elongated to be consistent with the 

SAXS envelope, and therefore the more compact trimeric model was selected. The 

structure was energy minimized in the CHARMM program (Brooks et al., 2009) using 

the CHARMM22 force field (MacKerell et al., 1998) with CMAP correction (MacKerell 

et al., 2004) to relieve local steric strains. The minimized structure was then rigidly 

docked into the SAXS derived density map using the SITUS package (Wriggers & 

Chacón, 2001). 
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Figure 4.7 SAXS Analysis of the Tim50IMS 

A. Schematic of the different domains in Tim50IMS with indicated residue numbers 
(arrowhead); N-terminus (“N-term”) residues: 133-164; core domain (“Tim50core”) 
residues: 165-361; conserved core domain (“Tim50CC”) residues: 176-361; C-terminus 
(“C-term”) residues: 362-476; small presequence binding domain (“sPBD”) residues: 
400-450. 
B. Ribbond diagram of Tim50CC (PDB ID: 3QLE; (Qian et al., 2011). The β-hairpin 
comprises of β-strands B2 and B3 and connecting loop. Figure generated in PyMol. 
C. SAXS-derived molecular envelope for 0.5 mg/ml Tim50IMS (full-length). The 
homology model of the Tim50IMS has been aligned with the SAXS envelope using the 
program SITUS (Wriggers & Chacón, 2001). The normalized spatial discrepancy 
(NSD) for the 10 independent reconstructions from DAMMIF (Franke & Svergun, 2009) 
was calculated to be 0.658. The figures are rotated 90° relative to each other. Different 
domains in the Tim50IMS homology model are colored as in A) except for the Tim50core 
residues 165-176 and sPBD domain (residues: 400-450), which have been assimilated 
to to the coloring scheme of Tim50CC and C-term respectively (Figure of the Tim50IMS 
homology model aligned with the SAXS envelope provided by Prof. Eric May, University 
of Connecticut).  
D. Fitting of the experimental scattering data for 0.5 mg/ml Tim50IMS (black) to the 
theoretical scattering data for the Tim50IMS homology model (red). The fit was 
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performed using the program CRYSOL (Svergun et al., 1995) and gave an acceptable 
χ2 value of 1.12. 
 

The theoretical scattering profile for the homology model was compared with the 

experimental scattering values of the Tim50IMS using the program CRYSOL (Svergun & 

Koch, 2003; Svergun et al., 1995). The model displayed an excellent fit to the 

experimental scattering data (χ2=1.12) (Figure 4.7C-D). Moreover, the homology model 

suggested a coiled-coil conformation for the C-terminus of Tim50IMS, which is in 

agreement with the predicted coiled-coil propensity of that region (Figure 4.8D), as well 

as the previously reported NMR and circular dichroism spectra of the sPBD domain of 

Tim50IMS, which suggested preponderance of α-helical conformations for that region 

(Rahman et al., 2014). 
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Figure 4.8 Analysis of Tim50IMS using SAXS and Prediction Programs 

A. Charge hydropathy analysis of the Tim50IMS and Tim50core. Tim50IMS lies at the 
boundary region of the ordered and disordered proteins. Tim50core resides more inside 
the ordered region than the Tim50IMS by charge hydropathy analysis (Source: PONDR). 
B. SAXS scattering curves for Tim50IMS (from bottom to top: 0.25, 0.5. 0.65 mg/ml). 
Inset: Guinier curve of Tim50IMS at low-q (< 1.3/Rg) for indicated concentrations. 
Continuous lines indicate regions used in the Guinier fit. 
C. p(r) distribution curve for 0.5 mg/ml Tim50IMS  computed from the experimental data 
by GNOM (Svergun, 1992) indicating the Rg and Dmax positions. 
D. Coiled-coil analysis of the Tim50IMS. The C-terminus of the Tim50IMS (residues: 362-
476) shows a high propensity for adopting coiled-coil structures as predicted by different 
output methods by the COILS server (Lupas et al., 1991). 
 

 

In order to further validate our SAXS model for the Tim50IMS, we extended our 

SAXS analysis to include the Tim50core domain (residues: 165-361). The crystal 

structure of the Tim50CC spanning residues 176-361 was solved recently (PDB code: 

3QLE; Qian et al. 2011). In the Tim50CC crystal structure, it was shown to adopt a 

globular conformation. Likewise, the SAXS analysis of the Tim50core domain displayed a 

parabolic pairwise distribution plot consistent for a globular structure, and the ab initio 

reconstruction of the molecular envelope of the core region confirmed its globular 

appearance as well (Figure 4.9A and 4.9C; Table 4.2). The normalized spatial 

discrepancy (NSD) for the 10 independent reconstructions from DAMMIF was 

calculated to be a resonably low value of 0.468, suggesting very high similarity between 

independent reconstructions. Moreover, the Tim50core envelope displayed an excellent 

fit to the solved crystal structure of Tim50CC (χ2=1.14) (Figure 4.9B). 
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Table 4.2 Experimental Parameters for SAXS Sampling of the Tim50core 

 

Concentration 
(mg/ml) 

Rga	
  (Å)	
   Rgb	
  (Å)	
   Dmax	
  (Å)	
   MW	
  I(O)	
  

(kDa)	
  

0.25	
   19.2	
   20.4	
   74.4	
   20.7	
  

 

Rg
a = Rg from Guinier analysis 

Rg
b = Rg from p(r) distribution analysis (Real Space) 
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Figure 4.9 SAXS Analysis of the Tim50core 

A. SAXS-derived molecular envelope for the Tim50core domain. The crystal structure of 
Tim50CC (PDB: 3QLE, Qian et al., 2011) was aligned with the Tim50core SAXS envelope 
using SITUS (Wriggers & Chacón, 2001). The normalized spatial discrepancy (NSD) 
for the 10 independent reconstructions from DAMMIF was calculated to be 0.468. The 
figures are rotated 90° relative to each other (Figure of the Tim50CC crystal structure 
aligned with the Tim50core SAXS envelope provided by Prof. Eric May, University of 
Connecticut). 
B. The fit of the scattering data of 0.25 mg/ml Tim50core from the experimental values 
(blue) displays a good fit to the theoretical scattering profile for the crystal structure of 
Tim50core (black) (Qian et al., 2011). The fit was performed using the program CRYSOL 
(Svergun et al., 1995), and gave an acceptable χ2 value of 1.14. 
C. p(r) distribution curve for the 0.25 mg/ml Tim50core computed from the experimental 
data by GNOM (Svergun, 1992) indicating the Rg and Dmax positions. 
 

 

 

4.4 Discussion and Future Directions 

 

Cardiolipin-Mediated Tim23-Tim50 Interactions 

 

 At present, the TIM23 complex contains 11 identified subunits. Both inter- and 

intra-molecular protein-protein interactions within the complex have been well 

characterized using various biochemical and biophysical approaches in vivo, in 

organello, and in vitro. Even with such a wealth of information at our disposal, the role of 

the physical and chemical features of the native mitochondrial IM on protein-protein 

interactions within the complex remains poorly understood. Indeed, there have been 

some efforts in that direction, where studies focusing on the effect of the membrane 

potential (ΔΨm) across the IM on protein-protein interactions (Alder et al., 2008b; 

Bauer et al., 1996) and on the structure of channel-forming Tim23 (MALHOTRA et al., 
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2013) have revealed the role of membrane energetics on the structure of membrane 

proteins and their interactions. Moreover, studies focusing on the effect of the IM lipid 

profile on the assembly of the TIM23 complex have implicated the IM-resident 

phospholipid CL for the proper assembly of the complex (Gallas et al., 2006; Kutik et 

al., 2008; Tamura et al., 2006; Tamura et al., 2009a; van der Laan et al., 2007). It 

has been demonstrated that matrix-facing Tam41p (translocator assembly and 

maintenance protein 41), plays an important role in maintaining the integrity and protein 

import activity of the TIM23 complex (Gallas et al., 2006; Tamura et al., 2006). 

Interestingly, the same protein was also found to be involved in the cardiolipin 

biosynthesis pathway at the level of CDP-DAG synthase, where deletion of tam41 gene 

resulted in deficiency of CL and its precursor PG (Kutik et al., 2008). Consistent with 

these findings, two IMS proteins Ups1p and Ups2p were found to regulate cardiolipin 

levels in an antagonistic manner in mitochondria, and were also shown to affect protein 

import and integrity of the TIM23 complex (Tamura et al., 2009a). Thus, it is clear from 

various reports that a normal cardiolipin background is essential for maintaining the 

integrity and functioning of the TIM23 complex.  

 

However, information on the effect of cardiolipin on individual protein-protein 

interactions within the TIM23 complex is rather limited and have mostly relied on the 

use of detergent-based techniques, where it was shown that depleting cardiolipin levels 

affects association between the TIM23 translocase and constituents of the motor 

machinery on the matrix-facing side of the IM; the same side where cardiolipin 

biosynthesis is accomplished (Gallas et al., 2006; Kutik et al., 2008; Tamura et al., 
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2006; Tamura et al., 2009a). It has been also claimed that depleting cardiolipin levels 

has an effect on the assembly of the core constituents of the TIM23 complex, where 

based on co-immunoprecipitation analysis with increasing concentration of Triton X-100, 

it was shown that in cardiolipin-deficient mitochondria the interaction of Tim23 with 

Tim17 and Tim21, but not with Tim50, is affected (Tamura et al., 2009a). The drawback 

of such kind of analysis is that it does not provide accurate and complete information on 

the site-specific interactive sites between two protein constituents, and as has been 

pointed earlier, relies on the stability of these assemblies in the presence of harsh 

detergents.  

 

In this study, we look at the effect of cardiolipin on the interaction of Tim50 with 

the individual domains of Tim23. Using a chemical crosslinking-based approach, both in 

organello and in a model-membrane system, we show that CL modulates Tim23-Tim50 

interaction in a site-specific manner, where the absence of CL leads to a decrease in 

Tim50’s interaction with the channel-facing TMSs. Moreover, we show that in CL-

deficient mitochondria, the interaction between the respective receptor domains of 

Tim23 and Tim50 increases. This finding that the Tim50 receptor interacts with different 

regions of Tim23 in a lipid-dependent manner has implications on various identified 

roles played by the Tim23-Tim50 interaction. Tim50, via its interaction with Tim23 has 

been shown to gate the Tim23 channel, such that in the absence of substrate, it closes 

the channel and helps maintain the ΔΨm across the IM (Meinecke, 2006). Even then, 

mutating the coiled-coil region in Tim23IMS, the only Tim50 interactive site known on 

Tim23 yet, did not have any effect on the ΔΨm across the IM (Gevorkyan-Airapetov et 
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al., 2009). Our finding that the CL-rich IM provides an additional interactive surface to 

hold the Tim50-channel interaction together even in the presence of mutations that 

abrogate its interaction with the Tim23 receptor domain suggests how Tim50 is still able 

to gate the Tim23 channel. Thus, these results suggest that cardiolipin, besides being 

involved in maintaining the ΔΨm across the IM via interactions with the respiratory chain 

complexes (Böttinger et al., 2012; Pfeiffer et al., 2003; Schwall et al., 2012), also 

contributes towards maintaining the electrochemical gradient across the bilayer by 

regulating Tim50-Tim23 channel interactions.  

 

The lack of CL is known to inhibit the TIM23 complex mediated import (Gallas et 

al., 2006; Jiang et al., 2000; Kutik et al., 2008; Tamura et al., 2006; Tamura et al., 

2009a). The interaction between the Tim23 channel and Tim50 receptor is essential for 

mediating early stages of preprotein translocation. Moreover, our data suggest that in 

the presence of substrate, Tim50 maintains its interaction with the channel region of 

Tim23 (see Chapter 6). Our finding that CL is essential for maintaining interaction 

between Tim50 and the channel-facing TMSs suggest that the CL-mediated Tim50-

Tim23 channel interactions might play an important role in mediating efficient protein 

transport across the IM by direct interaction between different regions during specific 

stages of the protein import reaction. In any case, this hypothesis needs to be 

experimentally tested by carrying out crosslinking-based Tim23-Tim50 interaction 

analysis in the presence of substrate in CL-deficient mitochondria (see Chapter 6 for 

discussion). Moreover, there is a need to investigate the role of increased interaction 

observed between the respective receptor domains of Tim23 and Tim50 in CL-



	
   102	
  

compromised mitochondria. Interestingly, compromising the ΔΨm across the IM has 

been shown to lead to a similar increase in interaction between the receptor domains of 

Tim23 and Tim50 (Alder et al., 2008b). Deficiency of CL is also known to decrease the 

ΔΨm across the IM (Jiang et al., 2000). This suggests that a decrease in local potential 

across the IM might play an important role in regulating the Tim23IMS-Tim50IMS 

interaction. Whether or not decrease in ΔΨm across the IM leads to a decrease in 

Tim50-Tim23 channel interactions as seen in CL-deficient mitochondria (this study) 

remains to be investigated. The implications of a depolarized IM on the structure of 

Tim23 channel region have already been discussed (see chapter 3). Overall, for the 

very first time this study sheds light on the role played by the IM-resident phospholipid 

CL in regulating key interactions between the two essential protein components of the 

TIM23 complex in a site-specific manner.  

 

 

Tim50IMS Binds to Cardiolipin-Containing Membrane Bilayers 

 

Based on lipid-binding studies, we know so far that the matrix-facing protein 

Tim44 and the IMS-facing receptor domain of Tim23 (Tim23IMS) within the TIM23 

complex, have inherent affinities for CL-containing membrane bilayers (Bajaj et al., 

2014b; Marom et al., 2009; Weiss et al., 1999). In this study, we provide the first 

evidence of a membrane-bound state of the IMS-facing domain of Tim50 in a CL-

dependent manner. Further, by using CL variants with differing chemical and physical 

properties combined with lipid-binding studies in the presence of increasing salt 
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concentration, we show that hydrophobic Tim50IMS-CL interactions comprise a 

significant part of this interaction. Indeed, we see a positive influence of the presence of 

salt within the physiological range on the interaction between Tim50IMS and CL-

containing bilayers. This effect has been amply demonstrated for other peripheral 

membrane proteins and their interaction with lipid bilayer (Bustad et al., 2012; Vogel et 

al., 2001). Salts, especially those of the “kosmotropic” class, may participate in protein-

membrane interactions by either increasing the interfacial tension between protein and 

solvent thereby promoting the hydrophobic effect (Zhang & Cremer, 2006), or by 

screening the unfavorable charged residues (Cacace, Landau, & Ramsden, 1997). 

Different salts can also have varying effects on the structure of proteins. Moreover, 

Tim50IMS has been shown to bind to divalent cations (Zhang et al., 2012). In future, one 

could probe the salt-mediated effect on the membrane-binding of Tim50IMS in more 

detail by carrying out similar analysis as performed in this study with salts of different 

composition, including looking at their effect on the structure of Tim50IMS using 

techniques like circular dichroism and fluorescence spectroscopy. 

 

Our MD analysis has provided critical insights on the involvement of specific 

residues within the conserved β-hairpin of Tim50IMS in mediating contacts with CL-

containing membrane bilayers. By site-specific labeling of a cysteine residue 

engineered at the β-hairpin tip with NBD fluorophore we show using steady-state 

fluorescence measurements prominent NBD emission intensity changes in the 

presence of CL-containing membrane bilayers. This indicates the transitioning of NBD 

fluorophore from a polar environment in soluble unbound Tim50IMS to a region with 
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relatively low polarity in the presence of CL-containing bilayers. Whether or not NBD 

fluorophore on the Tim50IMS β-hairpin is reaching to a hydrophobic milieu dominated by 

acyl chains can be tested by carrying out NBD fluorescence quenching studies, where 

quenching moieties (e.g. nitroxide spin labels) are positioned at different depths within a 

bilayer (Johnson, 2005). Such analysis could also inform us of depth of insertion of β-

hairpin in the Tim50IMS. Moreover, by carrying out mutational analysis of the residues 

identified to make contacts with CL in lipid bilayers, we confirmed the involvement of the 

Tim50IMS β-hairpin in mediating the interaction between Tim50IMS and CL-containing 

bilayers. Interestingly, a recent structural analysis of the Tim50 “conserved core” 

domain found the same CL-interacting tryptophan residues, W207 and W213 (identified 

in this study) to be involved in making hydrophobic contacts with an adjacent helix of 

monomeric Tim50 “conserved core” domain (Li & Sha, 2015). Surprisingly, the authors 

of that study attribute those residues likely to be involved in mediating non-polar 

contacts with the hydrophobic face of an amphipathic presequence moiety since those 

two residues are found close to a presequence-binding groove. However, the study 

offered no experimental evidence to back their claim. On the contrary, results from this 

study that combines in vitro and in silico (included as a part of manuscript) analysis 

strongly suggest the involvement of conserved residues on a β-hairpin loop in mediating 

contacts between Tim50IMS and CL-containing bilayers. Whether or not the same CL-

interacting residues also make contacts with presequence-carrying preproteins needs to 

be further investigated. In any case, involvement of the β-hairpin of the core region of 

Tim50IMS in Tim50-CL interaction is intriguing as the same structural element was also 

found to be involved in mediating Tim50’s interaction with Tim23 (Qian et al., 2011). 
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This ties well to the experimental evidence provided in this study that demonstrated the 

involvement of CL in mediating Tim50’s interaction with the channel-region of Tim23, 

and probably does so by recruiting the Tim50IMS to lipid bilayer (see working model). 

Finally, the presence of the β-hairpin containing Tim50core alone or also containing the 

C-terminus, did not show any preferential binding to CL-containing bilayers. This is in 

accordance to the different MD models, which suggest preferential involvement of the 

N-terminus along with β-hairpin in binding to CL-containing membrane bilayers. 

Nevertheless, in the future, a more rigorous mutational analysis needs to be undertaken 

to identify the involvement of different residues within the three domains (N-terminus, 

core and C-terminus) of Tim50IMS to identify their importance in recruiting CL-containing 

membrane bilayers. 

 

 

SAXS Model of the IMS Domain of Tim50 

 

Since the discovery of Tim50 in 2002 demonstrating its strict requirement in 

mediating preprotein transport across the IM (Geissler et al., 2002; Mokranjac et al., 

2003; Yamamoto et al., 2002), there has been only a limited knowledge on structure of 

the functional domain of Tim50. The only structural information known to now is a 

crystal structure of a protease-protected conserved core region (Li & Sha, 2015; Qian 

et al., 2011). The hurdles presented in gaining high resolution structural information is 

not surprising given that the Tim50IMS domain is riddled with regions having flexible 

propensity according to the various disorder prediction programs. Small-angle X-ray 
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scattering is a widely used technique to gather low-resolution structural information of 

well folded as well as intrinsically disordered proteins (Jeffries & Svergun, 2015). This 

study for the first time presents SAXS analysis of the full-length Tim50IMS as well as 

Tim50core, and uses that information to generate first ab inito envelope structures of the 

two domains. Interestingly, the SAXS analysis of Tim50IMS suggests presence of a rod-

like density sticking out of the molecular surface. Moreover, fitting of a homology model 

of the Tim50IMS (performed by Prof. Eric May) through energy minimization, gives the 

best fit of the extended C-terminus to a rod-like density. This has implications for the 

transport function of Tim50IMS, where it has been suggested that the Tim50IMS C-

terminus is positioned close to the TOM complex of the OM, and is the first segment of 

the IMS to receive preproteins from the OM (Qian et al., 2011; Rahman et al., 2014). 

This is followed by transfer of preproteins to the “presequence binding domain” of 

Tim50core (Rahman et al., 2014). We speculate that while the N-terminus and core 

domain of Tim50IMS are involved in binding to CL-rich IM, the C-terminus is positioned at 

an angle from the plane of IM to reach out to the TOM complex of the OM and receive 

incoming preproteins (see working model). Interestingly, the homology model also 

predicts the presence of coiled-coil structures in the C-terminus of Tim50IMS. This is in 

alignment with the various coiled-coil prediction programs that show a high propensity 

for the residues in C-terminus to form coiled-coil conformations. Some of the 

unpublished results from our laboratory have also indicated that mutations in the coiled-

coil region of Tim23IMS (Y70A L71A) abrogate interactions of Tim23 with presequence-

carrying preproteins. In light of that observation, it will be interesting to see an outcome 
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of similar analysis done with the C-terminal region of Tim50IMS by mutating residues 

involved in coiled-coil formation, especially on preprotein import activity across the IM. 

 

 

4.5 Materials and Methods 

 

Plasmids and Yeast strains 

Library of Tim23C variants was generated as described (Alder et al., 2008b). 

Mitochondria were isolated as described previously (Daum et al., 1982) from yeast 

strains YPH499. Yeast strains harboring deletions in the cardiolipin biosynthesis 

pathway were provided by Prof. D. Mokranjac (LMU Munich). 

 

 

Translation, Import, Chemical Cross-Linking, and Immunoprecipitation 

 

All the procedures were carried out as described previously (Alder et al., 2008b). 

Immunoprecipitation assays were carried out using polyclonal anti-mouse antibodies 

against Tim50 synthesized in the laboratory of Prof. D. Mokranjac (LMU Munich) and 

have been described previously (Mokranjac et al., 2009). 
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[35S]Tim23-ND Assembly and Crosslinking with Tim50IMS 

Membrane scaffolding protein (MSP1E3D1) was synthesized and purified as 

described (Ritchie et al., 2009; Appendix A.3). Briefly, chloroform stocks of 

phospholipids (Avanti Polar Lipids Inc., Alabaster, AL) were dried under nitrogen stream 

and kept O/N in a vacuum desiccator to remove traces of chloroform. The lipid film was 

solubilized in cholate (59 mM) containing MSP buffer (20 mM Tris-HCl, 100 mM NaCl, 

0.5 mM EDTA, pH 7.4) and added to reaction mixture of MSP1E3D1 and in vitro 

translated [35S]Tim23 to a final ratio of 120:1:12.5% (v/v), corresponding to 

Phospholipid:MSP1E3D1:Tim23. Protease inhibitor cocktail (200X) (Sigma-Aldrich, St. 

Louis, MO) was added to the reaction mix to a final concentration of 8X. The ND 

reaction mix was incubated at RT for 30 min, followed by 2h incubation with pre-

hydrated hydrophobic adsorbent Bio-beads SM (Bio-Rad Laboratories Inc, Hercules, 

CA) to remove traces of detergent and allow ND self-assembly to proceed. Following 

bead removal and incubation with nickel-nitriloacetic acid-agarose (Ni2+-NTA agarose) 

column, samples were subjected to step gradients of MSP buffer and imidazole (up to 

400 mM) to isolate ND with Histidine-tagged MSP. The first two elution fractions were 

combined (ND) and dialyzed into crosslinking buffer (20 mM HEPES, pH 7.5, 200 mM 

NaCl, 5 mM MgCl2, 50 mM KCl, 5% (v/v) glycerol) followed by concentration to a final 

volume of 500 µl using Amicon® Ultra centrifugal filters (3 ml; 3,000-50,000 MWCO).  
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Crosslinking reactions containing [35S]Tim23-ND [46% (v/v)], 1 µM Tim50IMS, 50 

µM bismaleimidoethane (BMOE) [ThermoFisher Scientific, Waltham, Massachusetts] 

were incubated at RT for 1 h. The reactions were stopped by adding equal volume of 2X 

SDS- and –dithiothreitol (DTT)-sample buffer ([DTT]final = 0.12 M). For 

immunoprecipitation after crosslinking, the reactions were transferred to a new tube, 

and protein A-sepharose beads (Sigma-Aldrich, St. Louis, MO) precoupled with 

antibody (6-10 µl) were added. After rocking at RT for 2h, beads were washed three 

times with RIPA buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) NP-

40, 0.25% (v/v) Na-deoxycholate], once in 1 ml of 10 mM of Tris-HCl, pH 7.5, and eluted 

with 30 µl of SDS-sample buffer. The crosslinked adducts were separated by SDS-

PAGE using 12% acrylamide and visualized by autoradiography after washing the 

acrylamide gel two times with destain solution [10% Acetic acid, 40% Methanol in dH2O 

(v/v)] for 10 min followed by two 5 min dH2O washes. The bands were quantified using 

Image lab 3.0 software (Bio-Rad, Hercules, CA). 

 

TMM(PEG)12 labeling of [35S]Tim23-ND 

 [35S]Tim23-ND with a single cysteine positioned at a specific site on Tim23 was 

purified and assembled as described above. To carry out labeling of a site-specific 

cysteine using a thiol-reactive hydrophilic reagent, TMM(PEG)12 (Thermo Fisher 

Scientific, Waltham, MA) was added to a final concentration of 5 mM to a 50 µl reaction 

containing 23 µl of purified and concentrated [35S]Tim23-ND in crosslinking buffer. The 

reaction was incubated for 5 min at RT followed by quenching by adding DTT [(DTT)final 
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= 0.2 M] and incubating at RT for 5 min. For pre-DTT samples, DTT was added prior to 

addition of TMM(PEG)12 and incubated at RT for 5 min. Equal volume of 2X SDS-

sample buffer was added and the bands were separated by SDS-PAGE using 12% 

acrylamide and visualized by autoradiography as described above. The bands were 

quantified using Image lab 3.0 software (Bio-Rad, Hercules, CA). The percentage 

labeling was calculated using equation 1: 

 

Equation 1: 

% labeling = Labeled [35S]Tim23 – Unlabeled [35S]Tim23    X 100% 
                                     Labeled [35S]Tim23 

 

 

Purification of Tim50 Constructs 

BL21(DE3) cells (Invitrogen, Carlsbad, CA) transformed with Tim50-containing 

plasmid were grown for ~6 h at 37°C in 2L of YT medium containing 50 µg/ml 

kanamycin. Upon reaching an A600 of 0.8, the temperature was lowered to 26°C and 

protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside. 

Bacteria were collected by centrifugation at 6,000 RPM for 10 min and were 

resuspended in resuspension buffer [50 mM NaH2PO4.H2O, pH 7.5, 300 mM NaCl, 5 

mM imidazole, 1.25 mg/ml lysozyme, 0.025 mg/ml DNase, 0.1 mM phenylmethylsulfonyl 

fluoride (PMSF)]. After incubation on ice for 30 min, the bacteria were disrupted by 

sonication. Insoluble material was removed by centrifugation at 30,000 g for 30 min at 

4°C. The soluble fraction was loaded onto a Ni2+-NTA agarose column (10 ml) (Qiagen, 
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Hilden, Germany) pre-equilibrated with resuspension buffer. The column was subjected 

to step gradients of buffer 1 (50 mM NaH2PO4.H2O, pH 7.5, 300 mM NaCl) and 

imidazole (up to 400 mM). The fractions enriched with protein were pooled and dialyzed 

against dialysis buffer (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.5 mM EDTA), followed 

by treatment with TEV protease (Sigma-Aldrich, St. Louis, MO) (TEV:protein, 1:20 w/w) 

O/N at 16°C. The protein was then passed over a second Ni2+-NTA agarose column to 

remove His-tagged TEV protease and uncleaved Tim50. Fractions enriched with protein 

were loaded onto a Superdex 200 10/300 GL column (Amersham Biosciences) pre-

equilibrated with Buffer B (10 mM HEPES, pH 7.4, 100 mM NaCl, 100 mM KCl) and 

collected at a flow-rate of 0.5 ml/min. 

 

Liposome Preparation and Co-sedimentation Analysis 

Chloroform stocks of lipids (Avanti Polar Lipids Inc, Alabaster, AL) were dried 

under nitrogen stream and kept O/N in a vacuum desiccator. Dried lipid film was 

rehydrated in 1 ml Buffer A (10 mM Na-HEPES, pH 7.4, 500 mM sucrose), and passed 

17 times through 0.1 µM polycarbonate membranes using a mini-extruder. The 

liposome stock was diluted to 4 ml by adding Buffer B (10 mM Na-HEPES, pH 7.4, 100 

mM NaCl, 100 mM KCl) and aliquoted proportionally into four 1.5 ml polycarbonate 

centrifuge tubes. The liposomes were centrifuged at 137,000 x g for 1 h at 22°C in 

S120-AT2 rotor. Each liposome pellet was finally reconstituted in 100 µl of Buffer B. The 

liposomes were pooled and their concentration measured using ammonium 

ferrothiocyanate colorimetric analysis at A488 (Stewart, 1980).  
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For co-sedimentation analysis, purified Tim50IMS (1 µM) in Buffer B was added to 

150 µl reactions containing varying concentration of liposomes. The reactions were 

incubated at RT for 1 h followed by centrifugation for 1 h at 137,000 x g at 22°C. The 

supernatant was discarded, and the pellets were resuspended in 40 µl 2X SDS-sample 

buffer. The samples were run on a SDS PAGE followed by staining with SYPRO 

Orange protein stain (Molecular Probes, Eugene, OR). The bands were visualized and 

quantified using Bio-Rad PharosFXPlus Imager and Image lab 3.0 software 

respectively. 

 

 

Transmission electron microscopy of LUVs 

 

Samples of each LUV type were imaged by negative staining (uranyl acetate) 

transmission electron microscopy after 20x or 40x dilution in Hydration Buffer. Images 

were collected at 23,000x magnification on a Tecnai Biotwin G2 Spirit electron 

microscope. 

 

 

IANBD Labeling of the Tim50IMS 

 

500 µl of Tim50IMS stock in Buffer B (pH 7.4) was mixed with 100X IANBD amide 

(Invitrogen, Carlsbad, CA) and incubated at RT for 2 h with continuous rotation followed 

by addition of 20 mM DTT to quench the reaction. To separate the unbound dye from 
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the labeled protein, the reaction mix was passed through a ~5 ml econocolumn (Bio-

Rad Laboratories Inc, Hercules, CA) packed with G25 resin (Sigma-Aldrich, St. Louis, 

MO) containing Buffer B with no salt (10 mM Na-HEPES, pH 7.4). The fractions were 

collected and readings at A280 (Protein) and A481 (IANBD) were recorded to measure the 

labeling efficiency using equation 2. 

 

Equation 2: 

% labeling efficiency = A280/ εTim50IMS     X 100% 
                                     A481/εIANBD 
                                         

Where εTim50IMS = 52,830 M-1 cm-1 and εIANBD  = 23,700 M-1 cm-1 

 

 

Fluorescence Spectroscopy  

 

Steady-state measurements of IANBD-labeled Tim50IMS (λex = 470 nm, 5 nm 

band pass; λem = 500-600 nm, 5 nm band pass) were performed with a Fluorolog 3-22 

spectrofluorometer (HORIBA Jobin-Yvon) equipped with photon-counting electronics, 

double grating excitation and emission monochromators and a 450-W xenon lamp. To 

look at changes in the emission intensity of NBD-Tim50IMS in the presence of liposomes, 

LUV’s with different lipid composition were prepared as described above, except the 

dried lipid film was reconstituted directly in 1 ml Buffer B (no salt) followed by extrusion. 

For each course measurement, 0.5 µM IANBD-labeled Tim50IMS was incubated alone or 

with varying concentrations of LUVs in Buffer B (no salt) in a total volume of 300 µl for 
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10 min at RT. All fluorescence measurements (averaging 3 measurements) were 

performed in quartz cuvettes with 1 cm path length at RT with continuous stirring. 

Changes in maximum fluorescence intensity for a given concentration of lipid (F/F0) 

were calculated by averaging the fluorescence intensity from 530 nm – 535 nm followed 

by final averaging for 3 separate measurements (F), and normalizing to the 

fluorescence intensity when no LUV’s are present (F0). All the data points were fit using 

KaleidaGraph (Synergy Software, PA). 

 

 

Limited Proteolysis 

 

Tim50IMS (1 µM) was incubated in Buffer B with or without LUVs (1 mg/ml) for 0.5 

h at RT in a total volume of 180 µl. After incubation, 25 µl of reaction was added to 

tubes containing indicated concentrations of Proteinase K and incubated on ice for 0.5 

h. The reactions were quenched by adding 2.8 mM PMSF and analyzed by SDS-PAGE 

using SYPRO Orange staining. The proteolyzed were visualized using Bio-Rad 

PharosFXPlus Imager. 
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SAXS Data Collection 

 

Scattering data were acquired at CHESS beamline G1, operating at 11.75 keV 

(1.055 Å, the tantalum edge). Protein samples were centrifuged at 14,000 RPM for 10 

minutes prior to data collection and protected from radiation damage by oscillating the 

X-ray beam using a computer-controlled syringe pump. All data was collected at 4 

degrees. The X-ray beam was collimated to 250 x 500 µm2 and images were collected 

with a Dual Pilatus 100 K-S detector with momentum transfer interval of 0.007 Å-1 <q< 

0.7 Å-1. Sample-to-detector distance was calibrated using silver behenate powder (The 

Gem Dugout, State College, PA). Ten exposures of 2s were averaged and the data 

were subtracted from Buffer B and reduced using BioXTAS RAW software (Nielsen et 

al., 2009). p(r) curves and values for I0, Rg and Dmax were obtained using the program 

GNOM. Rg values calculated from the GNOM were consistent with those estimated from 

the Guinier region (Guinier and Fournet, 1955). The intensity of a standard (lysozyme, 

4.14 mg/ml) at zero scattering angle I0 was determined by Guinier analysis and used to 

estimate molecular weight by comparison (Mylonas & Svergun, 2007). The theoretical 

scattering data from the homology model and the crystal structure for comparison with 

the experimental scattering data were calculated using the CRYSOL program (Svergun 

et al., 1995; Svergun & Koch, 2003). Using the scattering data, ab initio molecular 

envelope was generated by averaging 10 independent DAMMIF (Franke & Svergun, 

2009) runs (with no imposed symmetry) using the program DAMAVER (Volkov & 

Svergun, 2003). Final refinement was performed using DAMMIN (Svergun, 1999). 
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Tim50IMS Homology Model Generation (Provided by Prof. Eric May, University of 

Connecticut) 

 

A model for the full-length Tim50IMS domain was constructed by combining the 

known coordinates of the core region residues, with homology modeled structures of the 

N-terminal and C-terminal regions. Given the conserved core structure (residues: 176-

361) has been solved by X-ray crystallography, we chose to homology model the 

terminal regions independently, rather than generate a complete homology model for 

the entire IMS sequence.  The sequence of the N-terminal region (residues: 133-195) 

and the C-terminal regions (residues: 343-476), were supplied to the I-TASSER 

(Zhang, 2008) webserver to generate models of those regions. The terminal region 

models contained overlapping regions with the conserved core to facilitate structural 

alignments, when constructing the full-length Tim50IMS model. The top-ranking model for 

both the N-terminus and C-terminus were built onto the crystal structure coordinates 

(PDB code: 3QLE) of the conserved core. The model building was accomplished in 

CHARMM (Brooks et al., 2009) by performing a local alignment of residues 176-180 

between the core and N-terminus and then copying in the coordinates of residues 132-

175. Similarly, the C-terminal coordinates were generated by aligning residues 355-361 

and then copying in the coordinates of residues 362-476 into the full model. Hydrogen 

atoms were constructed with the HBuild command and steepest descent (SD) 

minimization was performed in the GBSW implicit solvent model (Im et al., 2003). 

During the minimization the backbone atoms of residues 132-360 were harmonically 
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restrained with a force constant of 50 kcal/mol*Å2 for 500 steps, followed by 500 steps 

of unrestrained minimization.   

 

	
   When this initial model was compared with the SAXS envelope it was evident 

that this model was too elongated and extended outside of the SAXS envelope. In an 

attempt to generate model, which was more consistent with the experimentally derived 

SAXS envelope, we replaced the C-terminal region with the second ranked homology 

model from I-TASSER. The difference between the first and second ranking models 

was the top-ranking model predicted a dimeric coiled-coil structure whereas the second 

model predicted a trimeric coiled-coil structure. The trimeric C-terminal model was 

minimized in the GBSW implicit solvent model while the backbone atoms of residues 

132-360 were harmonically restrained. The restraint force constant was set to 200 

kcal/mol*Å2 and 500 SD steps were performed, followed by 500 steps of Adopted Basis 

Newton-Raphson (ABNR) minimization. The restraint force was lowered to 100 

kcal/mol*Å2 and another 500 steps of SD followed by 500 steps of ABNR were 

performed. This model when compared to the SAXS envelope displayed an angular 

architecture, which was not consistent with the linear SAXS envelope. To improve the 

agreement between the model and the SAXS envelope, the model was manually 

manipulated with the UCSF Chimera program (Pettersen et al., 2004) to alter the 

backbone angles in residues 359-360 to generate a more linear conformation. Following 

the modifications in Chimera the model was again minimized in CHARMM using GBSW 

solvent while restraining backbone atoms in residues 132-358 with an initial force 

constant of 200 kcal/mol*Å2 for 500 SD steps followed by 500 ABNR steps. The 
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restrains were reduced to 100 kcal/mol*Å2 and 500 steps of SD and ABNR were 

performed. Finally, all restrains were released and 500 steps of SD and ABNR 

minimization were performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
   119	
  

Chapter 5 

 

 

Structural Changes in the Mitochondrial Tim23 Channel are Coupled 

to the Proton-Motive Force 

 

 

 

 

 

 

 

 

 

 

 

 

 

Derived from: Malhotra K., Sathappa M., Landin J.S., Johnson A.E., and Alder N.N. 

(2013) Structural changes in the mitochondrial Tim23 channel are coupled to the 

proton-motive force. Nat. Struct. Mol. Biol. 20(8): 965-72, doi: 10.1038/nsmb.2613. 
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5.1 Abstract 

 

Tim23, the central subunit of the TIM23 protein-translocation complex, forms a 

voltage-gated channel in the mitochondrial inner membrane (IM), an energy-conserving 

membrane that generates a proton-motive force to drive vital processes. Using high-

resolution fluorescence mapping of a channel-facing transmembrane segment (TMS2) 

of Tim23 from Saccharomyces cerevisiae, we demonstrate that changes in the 

energized state of the IM cause marked structural alterations in the channel region. In 

an energized membrane, TMS2 forms a continuous α-helix that is inaccessible to the 

aqueous intermembrane space (IMS). Upon depolarization, the helical periodicity of 

TMS2 is disrupted, and the channel becomes exposed to the IMS. Kinetic 

measurements confirm that changes in TMS2 conformation coincide with 

depolarization. These results reveal how the energized state of the membrane drives 

functionally relevant structural dynamics in membrane proteins coupled to processes 

such as channel gating. 
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5.2 Introduction 

 
Many biological membranes establish chemiosmotic ion gradients to power vital 

processes. The IM, for example, uses the potential energy of the proton-motive force 

(PMF) to drive endergonic processes such as ATP synthesis by the F0F1 ATP synthase 

enzyme, which supplies most of the metabolic energy for eukaryotic cells. However, the 

way in which the energized state of a lipid bilayer may modulate the structure of 

membrane proteins and protein complexes is poorly understood. To address this issue, 

we have analyzed the coupling between the magnitude of the PMF and the structure of 

the translocase of the inner mitochondrial membrane 23 (TIM23) transport complex of 

the IM. 

 

The IM houses respiratory-chain complexes whose redox-coupled proton-

pumping activity creates a proton electrochemical potential (ΔµH+) that is parsed as a 

proton gradient (ΔpH) and a transmembrane electric potential (ΔΨm). In actively 

respiring mitochondria, the dominant ΔΨm component is on the order of -150 mV (matrix 

negative), and the ΔpH is ~0.5 pH units (matrix alkaline) (Loew et al.,1993). Among 

different biomembranes, the ΔΨm is known to regulate membrane protein function, most 

notably at the voltage-gated channels of excitable membranes (Hille, 2001). It is 

therefore likely that the ΔΨm has a general role in regulating structural changes of 

proteins and complexes embedded within energy-coupling membranes. 
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The TIM23 complex is a multifunctional complex mediating both the matrix 

translocation and the lateral integration of nuclear-encoded proteins in a manner 

requiring an energized membrane (Chacinska et al., 2009; Endo et al., 2011; Gebert 

et al., 2011; Maromet al., 2011a). Substrates of the TIM23 complex are synthesized on 

cytosolic ribosomes as precursor proteins containing cleavable N-terminal targeting 

signals termed presequences. These precursors reptate across the mitochondrial outer 

membrane (OM) through the translocase of the outer mitochondrial membrane (TOM) 

complex and engage the TIM23 complex in an unfolded conformation (Rassow et al., 

1990). The TIM23 complex consists of a core of membrane-bound subunits Tim23 and 

Tim17, which share a homologous polytopic membrane region, and Tim50, which 

functions as a precursor receptor (Geissler et al., 2002; Marom et al., 2011b; 

Mokranjac et al., 2003; Schulz et al., 2011; Truscott et al., 2001; Yamamoto et al., 

2002). The Tim21 subunit, in cooperation with the recently identified Mgr2 (Gebert et 

al., 2012), regulates the interaction of the TIM23 complex with the TOM complex 

(Chacinska et al., 2005; 2010; Mokranjac et al., 2005; Tamura et al., 2009b) and with 

respiratory-chain complexes III and IV (van der Laan et al., 2006; Wiedemann et al., 

2007). Precursor membrane proteins contain stop-transfer sorting signals downstream 

of the presequence that are recognized within the TIM23 complex as transmembrane 

segments and are laterally released into the inner membrane (Botelho et al., 2011; 

Glick et al., 1992; van der Laan et al., 2007). In contrast, the translocation of soluble 

polypeptides across the IM requires the matrix-facing ATPase-import motor 

(presequence translocase associated motor (PAM) complex). The import and sorting of 

all precursor proteins by the TIM23 complex is strictly dependent on the ΔΨm 
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component of the PMF; however, the ΔpH appears to be dispensable (Martin et al., 

1991). Whereas the ΔΨm alone is sufficient to drive the lateral integration of membrane 

proteins by the TIM23 complex, soluble matrix-directed precursors use the ΔΨm in an 

initial step to drive the presequence across the IM before substrate engagement with 

the ATPase motor.  

 
	
  

The molecular basis of this ΔΨm dependence of TIM23-complex activity appears to 

be two-fold. First, the transmembrane potential modulates the channel-gating activity of 

the complex. The central subunit, Tim23, consists of a soluble receptor domain in the 

IMS and a membrane-bound domain that constitutes a membrane-spanning aqueous 

channel (Alder et al., 2008a). Electrophysiological measurements on mitochondrial 

membranes (Lohret et al., 1997) and purified Tim23 (Truscott et al., 2001) have 

shown that Tim23 forms a cation-selective and voltage-gated multiconductance 

channel. Tim17 may also be involved in forming a cooperatively gated twin pore 

complex (Martinez-Caballero et al., 2007). The precise mechanism of gating remains 

elusive but may involve a combination of ΔΨm-coupled dimerization of the Tim23 IMS 

domain (Bauer et al., 1996), voltage sensing by Tim17 (Meier, 2004) and regulation of 

channel opening by Tim50 (Meinecke, 2006). Second, the ΔΨm has been proposed to 

exert an electrophoretic pull that drives the positively charged presequence across the 

channel (Lohret et al., 1997). This driving force, in fact, is strong enough to promote the 

unfolding of mature protein domains (Huang et al., 2002). Notably, in addition to its role 

in driving precursor import, the ΔΨm modulates the quaternary structure of the TIM23 

complex. This was demonstrated by cross-linking studies, which revealed reversible 
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changes in the proximity between distinct regions of Tim23 and other subunits (Tim17 

and Tim50) as the membrane potential is collapsed and then re-established (Alder et 

al., 2008b). 

  

Hence, it is known that changes in the ΔΨm regulate Tim23 gating and interactions 

with other subunits; however, there is no information on the ΔΨm-coupled structural 

changes in Tim23 that may underpin these processes. Do changes in the ΔΨm cause 

conformational alterations in the Tim23 channel region or alter the exposure of the 

channel lumen to the aqueous IMS compartment? How do the kinetics of ΔΨm-coupled 

changes compare with the kinetics of changes in the ΔΨm itself? To address these 

questions, we used a recently developed fluorescence-based experimental strategy 

(Alder et al., 2008a) to directly measure structural changes in the channel region of 

Tim23 that correspond with the energized state of the IM. 

 

 

5.3 Results 

 

Experimental Design 

  

Using a high-resolution fluorescence mapping approach it was shown earlier that 

TMS2 of Tim23 faces a protein-conducting channel in the IM, with one helical face 

oriented towards the aqueous lumen that interacts with presquence-carrying preproteins 

(Alder et al., 2008a). Using the same approach with the channel-facing TMS2 we 
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investigated the ΔΨm-coupled structural changes in the channel region of Tim23. In vitro 

translated monocysteine mutants of S. cerevisiae Tim23 encoding for site-specific 

cysteine were subjected to labeling with the small, uncharged environment-sensitive 

probe 7-nitrobenz-2-oxa-1,3-diazole (NBD) during translation reactions that included the 

fluorescent aminoacyl-tRNA analog NBD-[14C]Cys-tRNACys. NBD is used as an 

excellent reporter of the microenvironment of the probe. The spectral properties of NBD 

depend on the polarity and hydrogen bonding capacity of the solvent, where NBD 

displays a lower fluorescence lifetime, a lower steady-state emission intensity, a red-

shift in its wavelength of maximum emission (λem max), and a red-shift in absorbance 

(quantified by the emission yields at two different excitation wavelengths (‘excitation 

ratio’) in a polar environment relative to when it is in a nonpolar environment (Alder et 

al., 2008a; Crowley et al., 1994; Lancet & Pecht, 1977). In vitro translated NBD-Tim23 

has been shown in an earlier study to integrate into the IM with a proper toplogy. 

Moreover, it assembled with endogeneous TIM23-complex subunits into functional 

presequence-interactive complexes (Alder et al., 2008a).  

 

To modulate the ΔΨm of mitochondria containing NBD-Tim23, we used selective 

additions of respiratory substrate, nucleoside di- and triphosphates and uncouplers. 

State 4 respiration (high ΔΨm and low respiration rate) in mitochondria was introduced 

by incubation with respiratory substrates, malate and pyruvate, along with ATP. This 

was followed by selectively decreasing the ΔΨm by two separate means: (i) addition of 

the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which 

depolarizes the IM by transporting H+ across the membrane, and (ii) induction of state 3 



	
   126	
  

respiration by the addition of ADP, which stimulates H+ flux into the matrix through F0F1 

ATP synthase to drive ATP production (Figure 5.1A-B). 
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aqueous channel28. Electrophysiological measurements on mito-
chondrial membranes29 and purified Tim23 (ref. 13) have shown that 
Tim23 forms a cation-selective and voltage-gated multiconductance 
channel. Tim17 may also be involved in forming a cooperatively gated 
twin pore complex30. The precise mechanism of gating remains elu-
sive but may involve a combination of m-coupled dimerization 
of the Tim23 IMS domain31, voltage sensing by Tim17 (ref. 32) and 
regulation of channel opening by Tim50 (ref. 33). Second, the m 
has been proposed to exert an electrophoretic pull that drives the 
positively charged presequence across the channel29. This driving 
force, in fact, is strong enough to promote the unfolding of mature 
protein domains34. Notably, in addition to its role in driving precursor 
import, the m modulates the quaternary structure of the TIM23 
complex. This was demonstrated by cross-linking studies, which 
revealed reversible changes in the proximity between distinct regions 
of Tim23 and other subunits (Tim17 and Tim50) as the membrane 
potential is collapsed and then re-established35.

Hence, it is known that changes in the m regulate Tim23 gating 
and interactions with other subunits; however, there is no information 
on the m-coupled structural changes in Tim23 that may underpin 
these processes. Do changes in the m cause conformational altera-
tions in the Tim23 channel region or alter the exposure of the channel 
lumen to the aqueous IMS compartment? How do the kinetics of 

m-coupled changes compare with the kinetics of changes in the 
m itself? To address these questions, we used our recently devel-

oped fluorescence-based experimental strategy28 to directly measure 
structural changes in the channel region of Tim23 that correspond 
with the energized state of the MIM.

RESULTS
Experimental design
Monocysteine variants of S. cerevisiae Tim23 were site-specifically 
labeled with the small, uncharged environment-sensitive probe  
7-nitrobenz-2-oxa-1,3-diazole (NBD) during cell-free translation 
reactions that included the fluorescent aminoacyl-tRNA analog 
NBD-[14C]Cys-tRNACys. We have shown before that, following 
incubation with active mitochondria isolated from S. cerevisiae, the 
resulting NBD-labeled Tim23 integrated into the MIM with proper 
topology and assembled with endogenous TIM23-complex sub-
units into functional (precursor-interactive) complexes28. NBD was 
incorporated sequentially along the second transmembrane segment 
(TMS2) of Tim23, from sites 150 to 164 (S. cerevisiae numbering; 
Supplementary Fig. 1c), with the exception of position 159, which 
showed poor translation and assembly upon labeling at that site. Using 
this fluorescence mapping approach, we previously identified Tim23 

TMS2 as part of the polypeptide-conducting channel, with one helical 
face of TMS2 oriented toward the aqueous lumen that interacted with 
translocation intermediates28. In the present study, we investigated 
the m-coupled structural dynamics of Tim23 TMS2 by monitor-
ing NBD-detected changes in probe microenvironment as the MIM 
potential was experimentally altered.

The m of mitochondria containing NBD-Tim23 was modulated 
by selective additions of respiratory substrate, nucleoside di- and tri-
phosphates and uncouplers. We induced state 4 respiration (high m 
and low respiration rate) by incubation with respiratory substrates 
malate and pyruvate along with ATP. We selectively decreased the m 
by two separate means: (i) addition of the protonophore carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP), which depolarizes the MIM 
by transporting H+ across the membrane, and (ii) induction of state 3 
respiration by the addition of ADP, which stimulates H+ flux into the 
matrix through F0F1 ATP synthase to drive ATP production.

TIM23-complex activity is directly dependent on the Dcm
We initially used CCCP to titrate the m in mitochondria contain-
ing NBD-Tim23. To assess the membrane depolarization resulting 
from CCCP addition under the exact conditions used for our spectral 
analysis of NBD-Tim23, we first varied the CCCP concentration and 
monitored the resulting collapse of the m with the potentiometric 
probe tetramethylrhodamine methyl ester (TMRM; representative 
measurement in Fig. 1a). In parallel experiments, we measured the 
CCCP dependence of TIM23-complex activity, using the import of 
the radiolabeled precursor substrate [35S]pSu9-DHFR as an index 
(Fig. 1b). Consistent with previous reports17,22,36, over the 5,000-fold 
protonophore concentration range in our titrations (10 nM to 50 M), 
there was a progressive reduction of the TMRM-detected m, and this 
resulted in decreased TIM23 activity (Fig. 1c). At CCCP concentra-
tions above ~50 M, the relative m was below the TMRM detection 
limit, a result suggesting nearly complete depolarization. We used this 
analysis to inform subsequent experiments with regard to the CCCP 
concentrations that could lead to structural changes in Tim23.

The Tim23 channel undergoes Dcm-coupled structural changes
We investigated m-coupled structural changes in the Tim23 chan-
nel region by positioning NBD probes sequentially along TMS2 and 
monitoring several spectral parameters in the absence and pres-
ence of CCCP. NBD fluorescence is sensitive to the polarity and 
hydrogen-bonding capacity of the environment. In an aqueous 
environment, NBD has (i) a lower fluorescence lifetime ( ), (ii) a 
lower steady-state emission intensity, (iii) a red-shifted wavelength 
of maximum emission ( em max) and (iv) a red-shifted absorbance 

Figure 1 CCCP-coupled changes in m  
and TIM23-complex transport activity.  
(a) Representative time trace of TMRM  
emission with isolated mitochondria after 
sequential additions of respiratory substrate 
(2.5 mM malate and 2.5 mM pyruvate) with 
2 mM ATP, CCCP and 1 M valinomycin to 
cause the complete collapse of the m as 
indicated. Relative m in the presence of 
CCCP is the ratio of the magnitude of TMRM 
quenching after CCCP addition ( F1) to that of 
fully energized mitochondria ( F0). AU, arbitrary 
units. (b) TIM23-complex activity in the presence of varying CCCP concentrations. The phosphorimage shows the amount of [35S]pSu9-DHFR precursor 
protein (P) imported by the TIM23 complex (processed to its mature size (M) and resistant to protease (50 g ml−1 proteinase K)) after incubation with 
isolated mitochondria in the presence of CCCP at the concentrations shown. The first lane shows 10% of the total translation products added to each 
import reaction (original gel image in Supplementary Fig. 7a). (c) Relative m (black) and TIM23-complex import efficiency (red) at different CCCP 
concentrations. Error bars, s.d. (n > 3 independent measurements).
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Supplementary Figure 5 TMRM-detected changes in m induced by ADP and CCCP addition. (a, b) TMRM time traces 
of m dynamics with ADP addition. Isolated mitochondria (0.1 mg ml–1) with TMRM (100 nM) were supplemented with 
additions of respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) and then ADP (pH 7.5) as indicated. (a) 
Complete phosphorylation cycle. The state 4 to state 3 transition caused by the addition of 75 +M ADP was detected as a 
transient depolarization, which was followed by a return to state 4 respiration. (b) ADP titration. The indicated 
concentrations of ADP were added as shown. The addition of 1 +M valinomycin caused complete m collapse. (c) 
Relative TMRM emission quenching elicited by the addition of the indicated concentrations of ADP (red) and CCCP (grey, 
data from Fig. 1c shown for comparison). Error bars, s.d. (n>3 independent measurements). The extent of ADP-induced 
depolarization was near maximal with addition of ~4.5 mM ADP; therefore, this concentration was used for subsequent 
kinetic analyses. (d, e) Relative changes in membrane potential under conditions used for NBD-detected structural 
changes. Under the experimental conditions used for measuring time-dependent changes in NBD-Tim23 fluorescence, 
the m was partially collapsed by the addition of (d) 5 +M CCCP or (e) 4.5 mM ADP. 
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Figure 5.1 CCCP- and ADP-Coupled Changes in the ΔΨm 

A. TMRM-detected changes in the ΔΨm induced by CCCP addition. Representative time 
trace of TMRM emission with isolated mitochondria (0.1 mg ml-1) after sequential 
additions of respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) with 2 mM 
ATP, CCCP and 1 µM valinomycin to cause the complete collapse of the ΔΨm as 
indicated. Relative ΔΨm in the presence of CCCP is the ratio of the magnitude of TMRM 
quenching after CCCP addition (ΔF1) to that of fully energized mitochondria (ΔF0). AU, 
arbitrary units. 
B. TMRM-detected changes in the ΔΨm induced by ADP addition. Representative time 
trace of TMRM emission with isolated mitochondria (0.1 mg ml-1) after sequential 
additions of respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) and then ADP 
(pH 7.5) as indicated. The state 4 to state 3 transition caused by the addition of 75 µM 
ADP was detected as a transient depolarization, which was followed by a return to state 
4 respiration. 

 

 

The Tim23 Channel Undergoes ΔΨm-Coupled Structural Changes 

 

We investigated ΔΨm-coupled structural changes in the Tim23 channel region by 

positioning NBD probes sequentially along TMS2 and monitoring several spectral 

parameters in the absence and presence of CCCP. As pointed out in the previous 

section, NBD fluorescence is sensitive to the polarity and hydrogen-bonding capacity of 

the environment and displays specific solvent effects. Moreover, fluorescence-

quenching studies can provide an additional parameter to probe the microenvironment 

of the NBD fluorophore (Johnson, 2005). Soluble fluorescence-quenching agents (for 

example, iodide ions) added to mitochondrial samples equilibrate across the OM but do 

not cross the ion-tight barrier of the IM. The rates of collision between probe and 

quencher (quantified as the bimolecular quenching constant, kq) then provide an index 

of accessibility of a given NBD probe to the IMS as has been shown earlier (Alder et 

al., 2008a). 
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Consistent with the previous study (Alder et al., 2008a), within an energized IM, 

the spectral parameters of NBD probes that were incorporated along Tim23 TMS2 

[Figure 5.2; specifically the λem max (Figure 5.2A), normalized emission intensity (Figure 

5.2B) and excitation ratio values (Figure 5.2C) all revealed periodic oscillations 

between a polar and a nonpolar microenvironment. Whereas the λem max values 

increased with greater exposure to the aqueous environment, the emission intensity and 

excitation ratio values both decreased with aqueous solvation of the probe. Fits of these 

data to harmonic wave functions (Figure 5.2A–C) revealed a periodicity between 3.6 

and 3.8 residues per turn, results consistent with a canonical α-helix in an amphipathic 

environment, with one face toward a nonpolar region and the opposing face toward an 

aqueous region (the channel lumen). Fourier transform power spectra of these data 

(Figure 5.2E–G) confirmed the α-helical periodicity of this transmembrane segment 

(primary peaks 92°–96°). Helical wheel projections of these data confirmed that the 

vector sums of these spectral parameters orient toward the polar-facing (λem max) and 

the nonpolar-facing (emission yield, excitation ratio and fluorescence lifetime) sides of 

the helix, respectively (Figure 5.3A–D). Finally, as shown before, under energized 

conditions, the channel lumen was virtually inaccessible to the IMS, on the basis of 

iodide collisional quenching measurements that revealed low kq values at all sites 

(Figure 5.2D); hence, we detected no periodic trend for this parameter (Figure 5.2H). 
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Figure 5.2 Fluorescence Properties of Probes Along the Tim23 TMS2 Helical Axis              

(A-C) Fluorescence parameters, shown for NBD probes located along Tim23 TMS2 
sites in mitochondria either fully energized (black) or depolarized with 50 µM CCCP 
(red). Dashed traces, nonlinear least-squares fits to a harmonic wave function. Data for 
energized samples are fit to a constant sinusoid; data for depolarized samples are 
separated into N-terminal (positions 150–158) and C-terminal (positions 160–164) 
regions of TMS2. Data are means ± s.d. (n > 3 independent measurements). Measured 
fluorescence parameters are: fluorescence emission maximum (λem max) (A.), normalized 
emission intensity (emission yield per probe) (B.) and excitation ratio (ratio of emission 
with λex at 468 nm to that at 491 nm) (C.). (D.) Bimolecular quenching constant (kq = 
KSV/τ0, where KSV is the Stern–Volmer constant and τ0 the unquenched fluorescence 
lifetime). (E-H) Discrete Fourier transform power spectra (P(ω)) as a function of angular 
frequency (ω) for fluorescence data in the corresponding figures above for energized 
samples (black) and depolarized samples separated into N-terminal (red solid) and C-
terminal (red dotted) regions. Peak frequencies and α-periodicity index (αPI) values are 
indicated where α-helical patterns are detected. αPI >2 indicates an α-helix. 
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(quantified by the emission yields at two different excitation wave-
lengths (‘excitation ratio’)) relative to when it is in a nonpolar envi-
ronment28,37,38. (Fluorescence parameters are further described in 
Supplementary Note 1.) Hence, NBD is an excellent reporter for 
whether a site faces a nonpolar region (for example, a protein core 
or lipid bilayer) or a polar environment (for example, the aqueous 
channel lumen or the intermembrane space). In addition to these 
solvent effects, soluble fluorescence-quenching agents (for example, 
iodide ions) added to mitochondrial samples equilibrate across the 
MOM but do not cross the ion-tight barrier of the MIM. The rates of 
collision between probe and quencher (quantified as the bimolecular 
quenching constant, kq) then provide an index of accessibility of a 
given NBD probe to the IMS.

Consistent with our previous results28, within an energized MIM, 
the spectral parameters of NBD probes that were incorporated along 
Tim23 TMS2 (Fig. 2; specifically the em max (Fig. 2a), normalized 
emission intensity (Fig. 2b) and excitation ratio values (Fig. 2c)) 
all revealed periodic oscillations between a polar and a nonpo-
lar microenvironment. Whereas the em max values increased with 
greater exposure to the aqueous environment, the emission intensity 
and excitation ratio values both decreased with aqueous solvation of 
the probe. Fits of these data to harmonic wave functions (Fig. 2a–c) 
revealed a periodicity between 3.6 and 3.8 residues per turn, results 
consistent with a canonical -helix in an amphipathic environment, 
with one face toward a nonpolar region and the opposing face toward  
an aqueous region (the channel lumen). Fourier transform power 
spectra39–41 of these data (Fig. 2e–g) confirmed the -helical perio-
dicity of this transmembrane segment (primary peaks 92°–96°; details 
in Supplementary Note 2). Helical wheel projections of these data 
confirmed that the vector sums of these spectral parameters orient 
toward the polar-facing ( em max) and the nonpolar-facing (emission 

yield, excitation ratio and fluorescence lifetime) sides of the helix, 
respectively (Supplementary Fig. 2a–d). Finally, as shown before28, 
under energized conditions, the channel lumen was virtually inacces-
sible to the IMS, on the basis of iodide collisional quenching mea-
surements that revealed low kq values at all sites (Fig. 2d); hence, we 
detected no periodic trend for this parameter (Fig. 2h).

Conducting the same comprehensive fluorescence analysis after 
treatment with 50 M CCCP, we observed marked changes in the 
microenvironments of NBD probes along TMS2 (Fig. 2a–d). We 
interpret these changes as major structural alterations that can be 
divided into two types. The first change was that, upon addition  
of CCCP, the transmembrane helix moved toward a more polar  
environment. For the N-terminal region of TMS2 (sites 150–158), 
there was a pronounced red shift in em max (Fig. 2a) and reduction 
in both emission yield and excitation ratios (Fig. 2b,c), particularly 
for sites that face the channel lumen under energized conditions 
(sites 152, 153, 155 and 156), results indicating a greater exposure to 
polar solvent upon depolarization. Helical wheel representations of 
the TMS2 N-terminal region confirm that the vector sums of NBD 
spectral parameters were oriented toward the same face after depo-
larization as they were under energized conditions (Supplementary 
Fig. 2e–h); hence, this region appeared to maintain the same orien-
tation relative to the channel lumen after m collapse. Moreover, 
on the basis of iodide quenching, these same channel-facing sites 
that were shielded from the IMS within an energized MIM became 
highly accessible to the IMS after addition of CCCP (Fig. 2d). We note 
that the highest kq values measured for NBD at TMS2 sites following 

m collapse (~1.5 M−1 ns−1) were consistent with values measured 
previously for NBD probes in the IMS domain of Tim23 (ref. 28), 
results underscoring the strong exposure of these channel sites to 
the IMS upon membrane depolarization. Power spectra of these data 
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Figure 2 Fluorescence properties of probes along the Tim23 TMS2 helical axis. (a–c) Fluorescence parameters, shown for NBD probes located along 
Tim23 TMS2 sites in mitochondria either fully energized (black) or depolarized with 50 M CCCP (red). Dashed traces, nonlinear least-squares fits to a 
harmonic wave function. Data for energized samples are fit to a constant sinusoid; data for depolarized samples are separated into N-terminal (positions 
150–158) and C-terminal (positions 160–164) regions of TMS2. Data are means  s.d. (n > 3 independent measurements). Measured fluorescence 
parameters are: fluorescence emission maximum ( em max) (a), normalized emission intensity (emission yield per probe) (b) and excitation ratio (ratio of 
emission with ex at 468 nm to that at 491 nm) (c). (d) Bimolecular quenching constant (kq = KSV/ 0, where KSV is the Stern–Volmer constant and 0 the  
unquenched fluorescence lifetime). (e–h) Discrete Fourier transform power spectra (P( )) as a function of angular frequency ( ) for fluorescence data in 
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regions. Peak frequencies and -periodicity index ( PI) values are indicated where -helical patterns are detected. PI >2 indicates an -helix.
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Conducting the same comprehensive fluorescence analysis after treatment with 

50 µM CCCP, we observed marked changes in the microenvironments of NBD probes 

along TMS2 (Figure 5.2A–D). We interpret these changes as major structural 

alterations that can be divided into two types. The first change was that, upon addition 

of CCCP, the transmembrane helix moved toward a more polar environment. For the N-

terminal region of TMS2 (sites 150–158), there was a pronounced red shift in λem max 

(Figure 5.2A) and reduction in both emission yield and excitation ratios (Figure 5.2B-

C), particularly for sites that face the channel lumen under energized conditions (sites 

152, 153, 155 and 156), results indicating a greater exposure to polar solvent upon 

depolarization. Helical wheel representations of the TMS2 N-terminal region confirm 

that the vector sums of NBD spectral parameters were oriented toward the same face 

after depolarization as they were under energized conditions (Figure 5.3E–H); hence, 

this region appeared to maintain the same orientation relative to the channel lumen after 

ΔΨm collapse. Moreover, on the basis of iodide quenching, these same channel-facing 

sites that were shielded from the IMS within an energized IM became highly accessible 

to the IMS after addition of CCCP (Figure 5.2D). We note that the highest kq values 

measured for NBD at TMS2 sites following ΔΨm collapse (~1.5 M−1 ns−1) were 

consistent with values measured previously for NBD probes in the IMS domain of 

Tim23, results underscoring the strong exposure of these channel sites to the IMS upon 

membrane depolarization. Power spectra of these data confirmed the α-helical 

conformation of the N-terminal half of TMS2 after depolarization (Figure 5.2E–H). 
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The second change was the apparent break in helical periodicity along TMS2 

after CCCP addition. Within an energized membrane, the probe parameters revealed a 

constant sinusoid throughout all sites of the helix (Figure 5.2A–C). After CCCP 

addition, this periodicity remained for the N-terminal part of the helix; however, it was 

disrupted within the C-terminal region (sites 160–164), as shown by both solvent effects 

(Figure 5.2A–C) and iodide quenching (Figure 5.2D). Analysis of these measurements 

under depolarized conditions clearly shows that for all fluorescence parameters, values 

for the C-terminal sites do not conform to the periodicity maintained by the N-terminal 

sites (Figure 5.3). This break in helical periodicity may be attributable to either a phase 

shift resulting from helical twisting or a disruption of backbone hydrogen-bonding pattern 

due to local unfolding. 
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Supplementary Figure 2 Helical wheel and vector representations of Tim23 TMS2 NBD spectral parameters. 
TMS2 helical wheels as viewed from the matrix side of the inner membrane are shown with the helical face 
oriented toward the aqueous channel lumen (red outer arc) and the face oriented toward the more nonpolar 
environment (blue outer arc). (a-d) The entire sequence of TMS2 with parameters measured under energized 
conditions, including (a) em max, (b) emission intensity, (c) excitation ratio, and (d) fluorescence lifetime. Mean 
values for individual sites are depicted as vectors with thin lines; the vector sum for each parameter is shown as a 
thick line and solid circle. (e-h) The N-terminal region of TMS2 (positions 150 to 158) with vector representations 
(dotted lines) of (e) em max, (f) emission intensity, (g) excitation ratio, and (h) fluorescence lifetime in energized 
(black) and depolarized (red) mitochondria. Vector sums for each parameter are shown as closed circles and 
solid lines in representative colors. 
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Figure 5.3 Helical Wheel and Vector Representations of Tim23 TMS2 NBD Spectral 

Parameters 

TMS2 helical wheels as viewed from the matrix side of the inner membrane are 
shown with the helical face oriented toward the aqueous channel lumen (red outer arc) 
and the face oriented toward the more nonpolar environment (blue outer arc). (A-D) The 
entire sequence of TMS2 with parameters measured under energized conditions, 
including λem max (A.), emission intensity (B.), excitation ratio (C.), and fluorescence 
lifetime (D.). Mean values for individual sites are depicted as vectors with thin lines; the 
vector sum for each parameter is shown as a thick line and solid circle. (E-H) The N-
terminal region of TMS2 (positions 150 to 158) with vector representations (dotted lines) 
of (E.) λem max , (F.) emission intensity, (G.) excitation ratio, and (H.) fluorescence lifetime 
in energized (black) and depolarized (red) mitochondria. Vector sums for each 
parameter are shown as closed circles and solid lines in representative colors. 

 

TMS2 Spectral Changes Vary With the Extent of ΔΨm Reduction 

 

 Based on TMRM fluorescence quenching measurements, 50 µM CCCP resulted 

in almost a complete collapse of the ΔΨm (Figure 5.1A). To check whether changes in 

the NBD fluorescence, which in turn inform us of structural changes in Tim23, vary with 

different concentrations of CCCP and to determine the end point of these structural 

changes we monitored the spectral properties (emission intensity and λem max) of NBD at 

position 162 at different concentrations of CCCP. This site faces a relatively nonpolar 

environment in an energized membrane and shifts to a more polar IMS-exposed 

environment upon depolarization (Figure 5.2A-D). The addition of 10 µM CCCP to 

samples containing an NBD probe at position 162 (Figure 5.4A) resulted in spectral 

changes (31% decrease in emission intensity and 4-nm red shift in λem max) comparable 

to those observed with 50 µM CCCP (Figure 5.2A-B), thus suggesting that the full 

extent of the structural change had been nearly effected by this magnitude of 
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depolarization. To look at the effect of CCCP in more detail we measured emission 

spectra over a range of CCCP concentrations below 10 µM. Upon increasing CCCP 

concentration, we observed both a progressive decrease in the relative emission 

intensity and an increase in the λem max (red shift) of the NBD reporter probe at position 

162 (Figure 5.4B). These spectral parameters changed markedly as CCCP 

concentration was titrated up 10 µM; however, with a higher CCCP concentration (50 

µM) the spectral parameters changed comparatively little. We conclude that our NBD-

detected structural changes varied with the extent of depolarization (rather than a ‘all-or-

none’ response) and that the point at which we detected near-complete collapse of the 

ΔΨm (50 µM CCCP) also approached the endpoint of these structural changes.  
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confirmed the -helical conformation of the N-terminal half of TMS2 
after depolarization (Fig. 2e–h).

The second change was the apparent break in helical periodicity along 
TMS2 after CCCP addition. Within an energized membrane, the probe 
parameters revealed a constant sinusoid throughout all sites of the helix 
(Fig. 2a–c). After CCCP addition, this periodicity remained for the  
N-terminal part of the helix; however, it was disrupted within the  
C-terminal region (sites 160–164), as shown by both solvent effects  
(Fig. 2a–c) and iodide quenching (Fig. 2d). Analysis of these measure-
ments under depolarized conditions clearly shows that for all fluores-
cence parameters, values for the C-terminal sites do not conform to the 
periodicity maintained by the N-terminal sites (Supplementary Fig. 3). 
This break in helical periodicity may be attributable to either a phase shift 
resulting from helical twisting or a disruption of backbone hydrogen- 
bonding pattern due to local unfolding (described in Discussion).

TMS2 spectral changes vary with the extent of Dcm reduction
On the basis of TMRM measurements and TIM23 activity, 50 M  
CCCP resulted in the virtually complete collapse of the m 
(Fig. 1). How might our NBD-detected structural changes vary 
with the extent of m collapse, and does 50 M CCCP result in an  
endpoint for such changes? To address these questions, we focused  
on position 162 of Tim23, which faced a relatively nonpolar environ-
ment in an energized membrane but to a more polar, IMS-exposed 
environment upon depolarization (Fig. 2a–d). The addition of  
10 M CCCP to samples containing an NBD probe at position 162 
(Fig. 3a) resulted in spectral changes (31% decrease in emission inten-
sity and 4-nm red shift in em max) comparable to those observed  
with 50 M CCCP (Fig. 2a,b), thus suggesting that the full extent 
of the structural change had been nearly effected by this magnitude 
of depolarization. To address this issue systematically, we measured 
emission spectra over the range of CCCP concentrations described 
above (Fig. 1c). Upon increasing CCCP concentration, we observed 
both a progressive decrease in the relative emission intensity and  
an increase in the em max (red shift) of the NBD reporter at posi-
tion 162 (Fig. 3b). These spectral parameters changed markedly as  
CCCP was titrated up to 10 M; however, with a higher CCCP concen-
tration (50 M), the spectral parameters changed comparatively little. 
Notably, under our reaction conditions, 10 M CCCP resulted in near-
complete cessation of TIM23-complex transport activity (Fig. 1b,c). 
Indeed, over a wide CCCP concentration range, there was a strong cor-
relation between the efficiency of [35S]pSu9-DHFR import and spectral 
changes at position 162 (Fig. 3c). We conclude that our NBD-detected 
structural changes varied with the extent of depolarization (that is, not 
as a threshold-type ‘all-or-none’ response) and that the point at which 
we detected near-complete collapse of the m (50 M CCCP) also 
approached the endpoint of these structural changes.

The IMS accessibility of TMS2 sites
On the basis of solvent effects (Figs. 2 and 3) and dynamic quenching 
analysis (Fig. 2d), our spectral data indicated that upon membrane 
depolarization, certain sites in TMS2 shifted to a more water-solvated 
and IMS-exposed environment (for example, position 162), whereas 
other sites did not show such a marked change (for example, posi-
tion 158). As an independent experimental means of confirming this,  
we examined the IMS exposure of imported [35S]Tim23 mono-
cysteine variants to the membrane-impermeant, thiol-reactive reagent  
4-acetamido-4 -((iodoacetyl)amino) stilbene-2,2 -disulfonic acid 
(IASD) (Fig. 4a). When added to mitochondria, this reagent will cross 
the porous outer membrane and modify cysteine residues that are in 
an aqueous continuum with the IMS, thereby reducing the SDS-PAGE 
electrophoretic mobility of modified Tim23 (refs. 35,42). For controls, 
we confirmed that in intact mitochondria, IASD labeled cysteine sites in 
only the Tim23 IMS domain (Fig. 4b) and that otherwise-inaccessible  
Tim23 sites were labeled after detergent solubilization of the mem-
brane (Fig. 4c). We then used this approach to test whether TMS2 
sites displayed the predicted IMS exposure upon depolarization. 
When we subjected mitochondria containing [35S]Tim23 S158C or 
[35S]Tim23 I162C to increasing CCCP concentrations, the cysteine at 
position 162 displayed enhanced IASD labeling, whereas the cysteine 
at position 158 did not (Fig. 4d), thus indicating increased IMS expo-
sure at the former site. The same effect was observed when the m 
was collapsed by the K+ ionophore valinomycin before IASD labeling 
(Fig. 4e). Graphical analysis of multiple [35S]Tim23 I162C labeling 
experiments showed that this site was partially exposed to the IMS 
in fully energized mitochondria and that the extent of IMS exposure 
approached a maximum as CCCP was titrated to 50 M (Fig. 4f). The 
results of these sulfhydryl modification experiments correlate well 
with our spectral analysis of NBD-Tim23 and our TIM23-complex 
activity analysis (Supplementary Fig. 4).

Changes in TMS2 structure coincide with depolarization
One of the notable features of our experimental approach is that 
spectral changes can be monitored as they occur in real time. If the 
fluorescence-detected structural changes in the channel region were 
indeed coupled to depolarization of the MIM, we would predict that 
the kinetics of NBD probe spectral shifts would be consistent with the 
kinetics of m dissipation. We therefore performed TMRM time-
course measurements of the relative changes in the m in parallel 
with changes in the fluorescence of an NBD probe at position 152 of the 
Tim23 channel. Membrane depolarization was induced either by the 
addition of limiting CCCP concentrations or by the addition of ADP 
to induce state 3 respiration. ADP, even at high concentrations, did 
not collapse the m to the same extent as did CCCP (Supplementary 
Note 3 and Supplementary Fig. 5a–c). We therefore analyzed the 
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Figure 3 Analysis of NBD-detected structural 
changes with increasing depolarization.  
(a) Representative emission spectra of mitochondria 
containing Tim23 labeled with NBD at position 162 
under fully energized (black) or partially depolarized 
(10 M CCCP, gray) conditions. Dashed lines denote 

em max values of each spectrum. AU, arbitrary 
units. (b) Mean changes in emission intensity (solid 
line) and em max (dotted line) of NBD at position 
162 with increasing CCCP concentration. (c) Mean 
TIM23-complex import efficiency (taken from data 
in Fig. 1b) as a function of emission intensity (solid 
line) and em max (dotted line). Error bars in b  
and c, s.d. (n > 3 independent measurements).
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Figure 5.4 Analysis of NBD-Detected Structural Changes With Increasing 

Depolarization 

 A. Representative emission spectra of mitochondria containing Tim23 labeled with NBD 
at position 162 under fully energized (black) or partially depolarized (10 µM CCCP, 
gray) conditions. Dashed lines denote λem max values of each spectrum. AU, arbitrary 
units.  

B. Mean changes in emission intensity (solid line) and λem max (dotted line) of NBD at 
position 162 with increasing CCCP concentration. 

 

 

Changes in TMS2 Structure Coincide with Depolarization 

 

One of the key features of our experimental approach is that spectral changes 

can be monitored as they occur in real time. Using this approach, we compared the 

kinetics of NBD spectral shift with the kinetics of ΔΨm dissipation to check whether the 

fluorescence-detected structural changes in the channel region were indeed coupled to 

the changes is the ΔΨm. We therefore performed TMRM time-course measurements of 

the relative changes in the ΔΨm in parallel with changes in the fluorescence of an NBD 

probe at position 152 of the Tim23 channel. Membrane depolarization was induced 

either by the addition of limiting CCCP concentrations or by the addition of ADP to 

induce state 3 respiration. ADP, even at high concentrations, did not collapse the ΔΨm 

to the same extent as did CCCP (Figure 5.5A-B). We therefore analyzed the kinetics of 

NBD-detected structural changes following ΔΨm dissipation by either 5 µM CCCP 

(which induced near-complete depolarization) or 4.5 mM ADP (which induced near-

maximal depolarization by inducing state 3 respiration) (Figure 5.6A-B). The decrease 
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in TMRM-detected ΔΨm after addition of CCCP (Figure 5.7A) and ADP (Figure 5.7B) 

was 92% and 71%, respectively, and in each case the rate of depolarization followed 

first-order kinetics, consistent with previous reports (Baracca et al., 2003). 

Concurrently, the emission intensity of the NBD probe at position 152 decreased by 

17% after CCCP addition (Figure 5.7A) and by 5% after ADP addition (Figure 5.7B), 

indicating a shift to a more polar environment. In both cases, the kinetics of the NBD 

change closely matched that of the ΔΨm reduction. We therefore conclude that the 

structural changes in the Tim23 channel domain coincided with depolarization and that 

the structural change occurred irrespective of whether the ΔΨm collapse was caused by 

a pharmacological agent (CCCP) or by a physiological substrate (ADP). 
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Supplementary Figure 5 TMRM-detected changes in m induced by ADP and CCCP addition. (a, b) TMRM time traces 
of m dynamics with ADP addition. Isolated mitochondria (0.1 mg ml–1) with TMRM (100 nM) were supplemented with 
additions of respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) and then ADP (pH 7.5) as indicated. (a) 
Complete phosphorylation cycle. The state 4 to state 3 transition caused by the addition of 75 +M ADP was detected as a 
transient depolarization, which was followed by a return to state 4 respiration. (b) ADP titration. The indicated 
concentrations of ADP were added as shown. The addition of 1 +M valinomycin caused complete m collapse. (c) 
Relative TMRM emission quenching elicited by the addition of the indicated concentrations of ADP (red) and CCCP (grey, 
data from Fig. 1c shown for comparison). Error bars, s.d. (n>3 independent measurements). The extent of ADP-induced 
depolarization was near maximal with addition of ~4.5 mM ADP; therefore, this concentration was used for subsequent 
kinetic analyses. (d, e) Relative changes in membrane potential under conditions used for NBD-detected structural 
changes. Under the experimental conditions used for measuring time-dependent changes in NBD-Tim23 fluorescence, 
the m was partially collapsed by the addition of (d) 5 +M CCCP or (e) 4.5 mM ADP. 
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Supplementary Figure 5 TMRM-detected changes in m induced by ADP and CCCP addition. (a, b) TMRM time traces 
of m dynamics with ADP addition. Isolated mitochondria (0.1 mg ml–1) with TMRM (100 nM) were supplemented with 
additions of respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) and then ADP (pH 7.5) as indicated. (a) 
Complete phosphorylation cycle. The state 4 to state 3 transition caused by the addition of 75 +M ADP was detected as a 
transient depolarization, which was followed by a return to state 4 respiration. (b) ADP titration. The indicated 
concentrations of ADP were added as shown. The addition of 1 +M valinomycin caused complete m collapse. (c) 
Relative TMRM emission quenching elicited by the addition of the indicated concentrations of ADP (red) and CCCP (grey, 
data from Fig. 1c shown for comparison). Error bars, s.d. (n>3 independent measurements). The extent of ADP-induced 
depolarization was near maximal with addition of ~4.5 mM ADP; therefore, this concentration was used for subsequent 
kinetic analyses. (d, e) Relative changes in membrane potential under conditions used for NBD-detected structural 
changes. Under the experimental conditions used for measuring time-dependent changes in NBD-Tim23 fluorescence, 
the m was partially collapsed by the addition of (d) 5 +M CCCP or (e) 4.5 mM ADP. 
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Figure 5.5 TMRM-Detected Changes in the ΔΨm Induced by Different Concentrations 

of ADP 

A. TMRM-detected changes in the ΔΨm induced by ADP addition. The indicated 
concentrations of ADP were added as shown. The addition of 1 µM valinomycin caused 
complete ΔΨm collapse.  

B. Relative TMRM emission quenching elicited by the addition of the indicated 
concentrations of ADP (red) and CCCP (grey). Error bars, s.d. (n>3 independent 
measurements). The extent of ADP-induced depolarization was near maximal with 
addition of ~4.5 mM ADP. 

 

 

 

 

 

Figure 5.6 TMRM-Detected Changes in the ΔΨm Induced by CCCP and ADP 

Relative changes in membrane potential detected by TMRM quenching under 
conditions used for NBD-detected structural changes. Under the experimental 
conditions used for measuring time-dependent changes in NBD-Tim23 fluorescence, 
the ΔΨm was partially collapsed by the addition of 5 µM CCCP (A.) or 4.5 mM ADP (B.). 
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Supplementary Figure 5 TMRM-detected changes in m induced by ADP and CCCP addition. (a, b) TMRM time traces 
of m dynamics with ADP addition. Isolated mitochondria (0.1 mg ml–1) with TMRM (100 nM) were supplemented with 
additions of respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) and then ADP (pH 7.5) as indicated. (a) 
Complete phosphorylation cycle. The state 4 to state 3 transition caused by the addition of 75 +M ADP was detected as a 
transient depolarization, which was followed by a return to state 4 respiration. (b) ADP titration. The indicated 
concentrations of ADP were added as shown. The addition of 1 +M valinomycin caused complete m collapse. (c) 
Relative TMRM emission quenching elicited by the addition of the indicated concentrations of ADP (red) and CCCP (grey, 
data from Fig. 1c shown for comparison). Error bars, s.d. (n>3 independent measurements). The extent of ADP-induced 
depolarization was near maximal with addition of ~4.5 mM ADP; therefore, this concentration was used for subsequent 
kinetic analyses. (d, e) Relative changes in membrane potential under conditions used for NBD-detected structural 
changes. Under the experimental conditions used for measuring time-dependent changes in NBD-Tim23 fluorescence, 
the m was partially collapsed by the addition of (d) 5 +M CCCP or (e) 4.5 mM ADP. 
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Figure 5.7 NBD- and TMRM-Detected Changes in Tim23 and the ΔΨm Induced by 

CCCP and ADP 

Time-course measurements of NBD-detected structural changes and membrane 
depolarization. Samples are energized mitochondria containing Tim23 with NBD probes 
at position 152 in TMS2 subjected to additions of 5 µM CCCP (A.) or 4.5 mM ADP (B.) 
at 100 s. Fits to the kinetic data are shown as black traces. TMRM fluorescence 
intensity data (red) were fit as monoexponential increases (rate constant k1 of 0.052 
s−1 and 0.048 s−1 for CCCP and ADP addition, respectively). NBD fluorescence 
intensity data (blue) were fit to a biexponential decay function for CCCP addition (k1 of 
0.305 s−1 and k2 of 0.009 s−1) or a monoexponential decay function for ADP addition 
(k1 of 0.053 s−1). AU, arbitrary units. 
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kinetics of NBD-detected structural changes following m dissipa-
tion by either 5 M CCCP (which induced near-complete depolariza-
tion) or 4.5 mM ADP (which induced near-maximal depolarization 
by inducing state 3 respiration) (Supplementary Fig. 5d,e).

The decrease in TMRM-detected m after addition of CCCP  
(Fig. 5a) and ADP (Fig. 5b) was 92% and 71%, respectively, and in 
each case the rate of depolarization followed first-order kinetics, con-
sistent with previous reports43. Concurrently, the emission intensity 
of the NBD probe at position 152 decreased by 17% after CCCP addi-
tion (Fig. 5a) and by 5% after ADP addition (Fig. 5b), indicating a 
shift to a more polar environment. In both cases, the kinetics of the 
NBD change closely matched that of the m reduction. We therefore 
conclude that the structural changes in the Tim23 channel domain 
coincided with depolarization and that the structural change occurred 
irrespective of whether the m collapse was caused by a pharmaco-
logical agent or by a physiological substrate.

We note that because depolarization will affect matrix ATP con-
centration, our measured structural changes in Tim23 TMS2 could  
conceivably result in part from coupled changes in the nucleotide-
bound state of the associated ATPase motor. However, we found 
that experimental depletion of matrix ATP did not, in itself, mark-
edly change the spectral parameters of NBD at key TMS2 sites 
(Supplementary Fig. 6). We therefore conclude that the structural 
changes in the Tim23 channel reported in this study are directly  
coupled to the m.

DISCUSSION
The structural dynamics of membrane proteins and complexes are 
strongly influenced by the characteristics of the bilayer in which they 
reside. For proteins in energy-coupling membranes, one such charac-
teristic is probably the magnitude of the m. Our fluorescence-based 
approach is ideally suited for investigating the m dependence of 
membrane-protein structure because, as we have shown previously, 
NBD-Tim23 integrates into the MIM of active mitochondria with 
the proper topology, and it assembles into complexes with endog-
enous TIM23 subunits to form substrate-interactive complexes28.  
We are therefore able to directly monitor this electromechanical  
coupling in the context of a native biomembrane whose m can  
be precisely modulated. Such direct correlations are not possible  
with other structural techniques such as X-ray crystallography or 
NMR spectroscopy.

By this experimental approach, we previously identified TMS2 of 
Tim23 as part of the polypeptide-conducting channel with one side 
of TMS2 in a nonpolar environment and the opposite side facing the 
aqueous channel lumen. Furthermore, we have shown that within 
energized mitochondria, the channel is sealed off from the intermem-
brane space, regardless of whether the complex is inactive (ref. 28 and 
this study) or engaging substrate28. The present study revealed many 

m-coupled changes in TMS2 (summarized in Fig. 6a). The first 
such change was that upon depolarization, channel lumen-facing sites 
in the N-terminal region of TMS2 became exposed to a much more 
polar environment in an aqueous continuum with the IMS (Fig. 2). 
Notably, although these sites exist within a transmembrane helix, both 
solvent effects (Fig. 2a–c and Supplementary Fig. 2) and quenching 
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Figure 4 IASD labeling tests for the exposure 
of key Tim23 sites to the IMS. Shown are 
phosphorimages of [35S]Tim23 monocysteine 
variants imported into mitochondria and 
subjected to sulfhydryl modification with IASD 
as indicated (open arrowheads, nonlabeled; 
filled arrowheads, IASD labeled). (a) Schematic 
of the approximate locations of Tim23 cysteine 
sites used for IASD labeling analysis. (b) IASD 
labeling within intact mitochondria. Samples 
are [35S]Tim23 variants incubated in the 
absence (lanes 1 and 4) or presence (lanes 2  
and 3) of IASD. In lane 2, pretreatment of 
samples with dithiothreitol (Pre. DTT) blocks the 
labeling reaction. (c) IASD labeling following 
detergent-mediated disruption of mitochondrial 
membrane integrity. Samples are [35S]Tim23 
variants incubated in the absence (lanes 1 
and 5) or presence (lanes 2–4) of IASD within 
intact mitochondria (lanes 1, 2 and 5) or after 
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efficiency of [35S]Tim23 I162C in the presence of the CCCP concentrations shown. Error bars, s.d. (n = 5 independent measurements). (Original gel 
images of panels b–e are shown in Supplementary Fig. 7b–i.)
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Figure 5 Time-course measurements of NBD-detected structural changes 
and membrane depolarization. Samples are energized mitochondria 
containing Tim23 with NBD probes at position 152 in TMS2 subjected 
to additions of 5 M CCCP (a) or 4.5 mM ADP (b) at 100 s. Fits to the 
kinetic data are shown as black traces. TMRM fluorescence intensity 
data (red) were fit as monoexponential increases (rate constant k1 of 
0.052 s−1 and 0.048 s−1 for CCCP and ADP addition, respectively). 
NBD fluorescence intensity data (blue) were fit to a biexponential decay 
function for CCCP addition (k1 of 0.305 s−1 and k2 of 0.009 s−1) or a 
monoexponential decay function for ADP addition (k1 of 0.053 s−1).  
AU, arbitrary units.



	
   140	
  

5.4 Discussion and Working Model 

 

Constituents of lipid bilayer are known to influence the structure and function of 

membrane proteins. The mitochondrial IM also acts as an energy conserving 

membrane, where the ΔΨm is known to modulate a number of mitochondrial processes, 

including protein transport. Normally, structural techniques such as X-ray 

crystallography and NMR are the two widely used techniques to gain residue-level 

information of different proteins. However, their use is rather limited to soluble proteins, 

where requirement for a specialized bilayer environment in case of membrane proteins 

has hampered their applicability in the field of membrane biology. Moreover, it is difficult 

to monitor structural changes in real time using traditional structural approaches. Our 

fluorescence-based approach is ideally suited for investigating the ΔΨm dependence of 

Tim23 protein structure because, as has been shown previously, NBD-Tim23 integrates 

into the IM of active mitochondria with the proper topology, and it assembles into 

complexes with endogenous TIM23 subunits to form substrate-interactive complexes 

(Alder et al., 2008a). We are therefore able to directly monitor this electromechanical 

coupling in the context of a native biomembrane whose ΔΨm can be precisely 

modulated.  
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Using this approach it was previously identified that TMS2 of Tim23 is a part of 

the polypeptide-conducting channel with one side of TMS2 in a nonpolar environment 

and the opposite side facing the aqueous channel lumen. Furthermore, it was shown 

that within energized mitochondria, the channel is sealed off from the IMS, regardless of 

whether the complex is inactive (Alder et al., 2008a and this study) or in a 

translocation competent state (Alder et al., 2008a). The present study revealed many 

ΔΨm-coupled changes in TMS2. The first noticeable change was that upon 

depolarization, channel lumen-facing sites in the N-terminal region of TMS2 became 

exposed to a much more polar environment in an aqueous continuum with the IMS 

(Figure 5.2). Notably, although these sites exist within a transmembrane helix, both 

solvent effects (Figure 5.2A-C) and quenching data (Figure 5.2D) revealed that upon 

depolarization, they shifted to a microenvironment that was as water exposed and 

accessible to the IMS as were sites within the Tim23 receptor domain (Alder et al., 

2008a). This strong IMS exposure extended deep into the channel (toward the N-

terminal end of TMS2), suggesting that upon ΔΨm collapse the channel opens up to a 

wide vestibule. This dynamic behavior of TMS2 is consistent with the previously 

reported ΔΨm-dependent exposure of Tim23 TMS1 to the IMS (Alder et al., 2008b). 

Whether other TMSs or the sites on matrix-facing loops of Tim23 also gain exposure to 

the IMS upon depolarization needs to be investigated. 
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The second ΔΨm-coupled change we observed was a break in the regular α-

helical hydrogen-bonding along TMS2, detected by the helical pattern in NBD-probe 

parameters. In a fully energized membrane, TMS2 NBD probes revealed a constant 

sinusoidal pattern along the axis from sites 150 to 164 (roughly 4.2 helical turns) 

(Figure 5.2A-C). Upon depolarization, this α-helical pattern was maintained in the N-

terminal region of TMS2 (sites 150 to 158), on the basis of nonlinear least-squares fits 

to the data (Figure 5.2A-C) and Fourier transforms (Figure 5.2E-G). However, this 

pattern was disrupted in the C-terminal part of TMS2 (sites 160 to 164) when the ΔΨm 

was collapsed (Figure 5.2 and 5.3). This altered pattern in NBD spectral parameters 

may have resulted due to different interactions of the C-terminal region with nearby 

proteins. However, given the substantial depolarization-coupled change in 

microenvironments, particularly at site 162 (from a nonpolar-facing site to complete IMS 

exposure), it is likely that this region underwent a pronounced internal structural change. 

Upon depolarization, the C-terminal segment may have retained an α-helical (or other 

regular) hydrogen-bonding pattern that fell out of register with the N-terminal part of 

TMS2 because of helical twisting. Such breaks or bends are common in the TMSs of 

membrane proteins and often serve as sites for hinge-like conformational flexibility (Hall 

et al., 2009; Langelaan et al., 2010; Screpanti & Hunte, 2007), as observed in other 

voltage-gated channels (Chakrapani et al., 2010). Even with the limited sample set of 

this region (five sites), a more uniform amphipathic pattern would be predicted from our 

multiple independent parameters if a regular hydrogen-bonding periodicity were 

present. Thus, it is also possible that upon depolarization the C-terminal end of TMS2 

underwent a complete loss of secondary structure. The breaking of amide hydrogen 
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bonds incurs a high thermodynamic penalty in the low dielectric environment of a bilayer 

hydrocarbon core (White & Wimley, 1999). However, the increased exposure of this 

region to water after depolarization would effectively weaken backbone hydrogen 

bonds, thus allowing for the disruption of the regular secondary structure. Indeed, many 

helical-bundle proteins contain extended peptides without regular hydrogen-bonding. 

The sarcoplasmic Ca2+ ATPase, for example, contains TMSs with extended regions of 

polypeptide that assume multiple alternate backbone hydrogen-bonding patterns during 

the transport cycle (Møller, Olesen, & Winther, 2010). Such distortion of backbone 

hydrogen bonds during the catalytic cycle of a membrane protein may be associated 

with relatively small energetic costs (Cao & Bowie, 2012). In any event, the present 

work shows that changes in the ΔΨm can drive major structural alterations within the 

Tim23 channel region. 

 

Significant drops in the mitochondrial ΔΨm are associated with processes such 

as the opening of the permeability transition pore and induction of the apoptotic pathway 

(Hüser & Blatter, 1999; Hüser et al., 1998; Ly et al., 2003; Zorov et al., 2009). The 

mitochondrial ΔΨm may also fluctuate strongly under normal physiological conditions. 

Using potentiometric probes and real-time imaging, several groups have independently 

shown that mitochondria undergo spontaneous and reversible depolarizations of 

variable duration and potentially of high magnitude (reported up to 100 mV) (Buckman 

& Reynolds, 2001; O'Reilly et al., 2003; Schwarzländer et al., 2012). Because these 

fluctuations in the ΔΨm appear to be a common feature of mitochondria, the 
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conformational changes that we report probably represent the normal temporal 

dynamics of many voltage-sensitive, IM-resident proteins. 

 

Finally, our work provides insights into the structural changes accompanying the 

voltage gating of the Tim23 channel during its operation (summarized in our working 

model, Figure 5.8). Under conditions of high ΔΨm, the Tim23 channel in isolation 

assumes a multiconductance state with a high open probability (Truscott et al., 2001). 

However, interaction with the IMS domain of Tim50 promotes closure of the channel in 

a voltage-dependent fashion (Meinecke, 2006). This state is likely to correspond to our 

measurements under energized conditions in which the channel lumen is sealed off 

from the IMS (Figure 5.8). Upon depolarization, the soluble receptor domain of Tim23 

has been shown to reversibly alter its interactions with receptor domains of other Tim23 

molecules and with the IMS region of Tim50 (Alder et al., 2008b). This state probably 

corresponds to our measurements under depolarized conditions in which the channel 

lumen is exposed to the IMS (Figure 5.8). Hence, ΔΨm-coupled changes in the 

interactions of Tim23 and Tim50IMS domains are accompanied by large structural 

changes in the channel region. During import, a ΔΨm is required for the transfer of 

incoming polypeptide from Tim50 to the channel (Tamura, et al., 2009b). 

Presequences of TIM23-complex substrates have been shown to act antagonistically to 

Tim50-mediated channel closure, inducing rapid gating transitions within the channel 

(Meinecke, 2006; Schulz et al., 2011). The ΔΨm-coupled structural rearrangements 

that we observe in Tim23 may represent structural states associated with these gating 

transitions. The mechanistic implications of the structural changes in the C-terminus of 



	
   145	
  

TMS2 remain speculative, but one possibility is that membrane potential–induced 

folding of this region is important for mediating interactions between Tim23 and other 

complex subunits that regulate voltage gating and import activity. 

 

 

 

Figure 5.8 Working Model for the ΔΨm-Coupled Structural Changes in Tim23 

In an energized state of the IM, TMS2 (red) forms a continuous helix with the 
channel-facing site gated from the IMS probably via Tim50 (Meinecke, 2006). Upon 
depolarization, the channel opens up into a wide vestibule toward the IMS, and the C-
terminal region of TMS2 (green) undergoes a disruption in the helical pattern. 
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data (Fig. 2d) revealed that upon depolarization, they shifted to a 
microenvironment that was as water exposed and accessible to the 
IMS as were sites within the Tim23 receptor domain28. This strong 
IMS exposure extended deep into the channel (toward the N-terminal  
end of TMS2), thus suggesting that upon m collapse the chan-
nel opens up to a wide vestibule. This dynamic behavior of TMS2 
is consistent with the previously reported m-dependent expo-
sure of Tim23 TMS1 to the IMS35. Whether other TMSs or perhaps 
certain sites on matrix-facing loops of Tim23 also gain exposure to 
the IMS upon depolarization is a subject of ongoing investigation in  
our laboratory.

The second m-coupled change we observed was a break in the 
regular -helical hydrogen-bonding along TMS2, detected by the 
helical pattern in NBD-probe parameters. In a fully energized mem-
brane, TMS2 NBD probes revealed a constant sinusoidal pattern along 
the axis from sites 150 to 164 (roughly 4.2 helical turns) (Fig. 2a–c). 
Upon depolarization, this -helical pattern was maintained in the  
N-terminal region of TMS2 (sites 150 to 158), on the basis of nonlin-
ear least-squares fits to the data (Fig. 2a–c) and Fourier transforms  
(Fig. 2e–g). However, this pattern was disrupted in the C-terminal 
part of TMS2 (sites 160 to 164) when the m was collapsed (Fig. 2  
and Supplementary Fig. 3). This altered pattern in NBD spectral 
parameters may have been due in part to different interactions of 
the C-terminal region with nearby proteins. However, given the 
substantial depolarization-coupled change in microenvironments, 
particularly at site 162 (from a nonpolar-facing site to complete IMS 
exposure), it is likely that this region underwent a pronounced internal 
structural change. Upon depolarization, the C-terminal segment may 
have retained an -helical (or other regular) hydrogen-bonding pat-
tern that fell out of register with the N-terminal part of TMS2 because 
of helical twisting. Such breaks or bends are common in the TMSs of 
membrane proteins and often serve as sites for hinge-like conforma-
tional flexibility44–46, as observed in other voltage-gated channels47. 
We note, however, that the spectral parameters of the C-terminal sites 
in Tim23 TMS2 after depolarization did not systematically conform 
to a uniform angular frequency (Fig. 2 and Supplementary Fig. 3). 
Even with the limited sample set of this region (five sites), a more 
uniform amphipathic pattern would be predicted from our multiple 
independent parameters if a regular hydrogen-bonding periodicity  
were present. Thus, it is also possible that upon depolarization the 

C-terminal end of TMS2 underwent a complete loss of secondary 
structure. The breaking of amide hydrogen bonds incurs a high ther-
modynamic penalty in the low dielectric environment of a bilayer 
hydrocarbon core48. However, the increased exposure of this region to 
water after depolarization would effectively weaken backbone hydro-
gen bonds, thus allowing for the disruption of the regular secondary 
structure. Indeed, many helical-bundle proteins contain extended 
peptides without regular hydrogen-bonding. The sarcoplasmic Ca2+ 
ATPase, for example, contains TMSs with extended regions of polypep-
tide that assume multiple alternate backbone hydrogen-bonding  
patterns during the transport cycle49. Such distortion of backbone 
hydrogen bonds during the catalytic cycle of a membrane protein 
may be associated with relatively small energetic costs50. In any event,  
the present work shows that changes in the m can drive major 
structural alterations within the Tim23 channel region.

Our results are all the more notable when considered with the ana-
lysis of sequence conservation for Tim23 TMS2 (Fig. 6b). The most 
highly conserved TMS2 sites (Asn150, Gly153, Ala156 and Tyr159) 
generally occur along the helical face of the N-terminal region that is 
oriented toward the channel lumen, which engages polypeptides in 
transit28 and becomes exposed to the IMS upon depolarization. We 
propose that these sites mediate crucial channel-substrate interactions 
and possibly interactions involved in voltage gating (described below). 
Notably, the Tyr159 site showed very poor import and assembly upon 
NBD labeling and hence was not used as a probe site in this study. This 
site is, in fact, highly conserved as an aromatic residue within aligned 
TMS2 segments among the homologous Tim23, Tim22 and Tim17 
proteins. We suggest that this tyrosine is a critical juncture between 
the N-terminal region of TMS2, which maintains its secondary struc-
ture during depolarization, and the C-terminal region of TMS2, which 
appears to be more structurally dynamic. This residue may also have 
a role functionally analogous to that of the conserved tyrosine of the 
two-helix finger in SecA, which mediates polypeptide contacts during 
protein translocation through the SecY channel51.
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Figure 6 Summary of m-coupled structural changes in Tim23 TMS2 
and working model. (a) Helical net and helical wheel projections (viewed 
from the matrix side) of TMS2 under energized (entire TMS2) and 
depolarized conditions (TMS2 divided into N- and C-terminal regions). 
Mean values of all fluorescence parameters ( em max, emission intensity, 
excitation ratio and fluorescence lifetime) for each site under energized 
and depolarized conditions are shown as color-coded composites. 
Highly conserved sites (on the basis of analyses in b) are highlighted 
in yellow. When the membrane is energized, the entire length along 
one side of TMS2 faces a polar environment (the channel lumen). 
Upon depolarization, the N-terminal region of TMS2 retains the same 
orientation toward the aqueous channel and becomes IMS exposed, 
whereas there is no periodic trend observable for the C-terminal region.  
(b) Conserved sites within Tim23 TMS2. Left, logo representation 
of Tim23 TMS2 sites. Center and right, periodicity analysis of site 
conservation (based on scores from the CONSURF server), with sine 
regression (center) and Fourier transform (right) shown. (c) Model for 
depolarization-coupled structural changes in the Tim23 channel. In an 
energized MIM, TMS2 (red) forms a continual helical structure with  
one channel-facing side gated from the IMS. Upon depolarization, the 
channel opens toward the IMS, and the C-terminal region of TMS2  
(green) undergoes a disruption in the helical pattern.



	
   146	
  

5.5 Materials and Methods 

 
Plasmids, mRNA and mitochondria  
 
 

The SP6-based plasmid library of Tim23 monocysteine mutants has been 

previously described (Alder et al., 2008a; Alder et al., 2008b). mRNA was transcribed 

from PCR-generated DNA fragments with 5′ and 3′ oligonucleotides complementary to 

the plasmid SP6 promoter and Tim23 sequences downstream of the stop codon. PCR 

products were transcribed in vitro with SP6 polymerase at 37 °C for 1.5 h in reactions 

containing 100 mM HEPES-KOH, pH 7.5, 20 mM MgCl2, 2.5 mM spermidine, 12 mM 

dithiothreitol (DTT), 4 mM each of ATP, CTP and UTP, 0.4 mM GTP, 0.013 U µl−1 

G(5′)ppp(5′)G RNA cap analog (New England BioLabs), 0.5 U µl−1 RNase inhibitor and 

6 U nl−1 pyrophosphatase, then supplemented with 4 mM GTP and allowed to proceed 

for an additional 0.5 h. mRNA was precipitated overnight at −20 °C in ethanol and 90 

mM sodium acetate, pH 5.2, washed in 70% (v/v) ethanol and reconstituted in TE buffer 

(10 mM Tris-HCl and 1 mM EDTA, pH 7.5). 

 

For the preparation of active mitochondria, the wild-type S. cerevisiae strain 

D273-10B was cultivated at 30 °C to mid-log phase in lactate medium, and mitochondria 

were isolated by the lysis of spheroplasts and differential centrifugation as described 

(Daum et al., 1982). 
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In vitro translation 

 

Tim23 mRNA was translated in 20 mM HEPES-KOH, pH 7.5, 100 mM potassium 

acetate, pH 7.5, 1.5–3.0 mM magnesium acetate, 1 mM DTT, 200 µM spermidine, 8 µM 

S-adenosylmethionine, protease inhibitors (0.25 µg ml−1 each of leupeptin, chymostatin, 

antipain and pepstatin A and 0.025% (v/v) aprotinin), 0.2 U µl−1 RNase inhibitor, 1.2 mM 

ATP, 1.2 mM GTP, 64 mM creatine phosphate, 9.6 U nl−1 creatine phosphokinase, 30 

µM of amino acids (but lacking cysteine for incorporation of NBD-[14C]cysteine) and 

20% (v/v) wheat germ extract prepared as described (Erikson & Blobel, 1983). 

Translation reactions were incubated at 26 °C for 5 min before the addition of mRNA 

and either 0.6 µM [14C]Cys-tRNACys (for synthesis of blank samples in fluorescence 

experiments) or 0.6 µM NBD-[14C]Cys-tRNACys (for synthesis of NBD-labeled samples in 

fluorescence experiments). Reactions then continued at 26 °C for 40 min. The 

preparation of the aminoacyl-tRNA analog NBD-[14C]Cys-tRNACys has been described 

(Alder et al., 2008a). This tRNA analog recognizes the unique in-frame 5′-UGC-3′ 

codon on each Tim23 monocysteine construct mRNA and specifically incorporates an 

NBD probe at that site. 
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Assessment of the mitochondrial membrane potential (ΔΨm)  

 

To assess the ΔΨm of isolated mitochondria, the lipophilic cationic dye 

tetramethylrhodamine methyl ester (TMRM; Molecular Probes), which accumulates in 

mitochondria in accordance with a Nernstian distribution, was used in quench mode. 

Two-milliliter samples of mitochondria (0.1 mg mitochondrial protein per milliliter) in 

MEB containing 100 nM TMRM (from methanol stocks, final methanol concentration 

1.0% (v/v)) were added to stirred cuvettes. TMRM emission (λex of 547 nm; λem of 570 

nm; slits at 4 nm) was measured over a time course that included the successive 

addition of: (i) respiratory substrate (2.5 mM malate and 2.5 mM pyruvate) with or 

without 2 mM ATP, pH 7.5; (ii) either CCCP or ADP, pH 7.5, in various concentrations 

and (iii) 1 µM valinomycin to completely dissipate the potential. The difference in 

fluorescence signal between fully energized and valinomycin-depolarized mitochondria 

(ΔF0) represented a relative measure of ΔΨm. The difference in the stabilized signal 

after the addition of CCCP or ADP and that after complete depolarization (ΔF1) was 

used to calculate the fractional depolarization (ΔF1/ΔF0) X 100. 

 

 

 

 

 

 

 



	
   149	
  

Mitochondrial import and fluorescence analysis of NBD-Tim23 within mitochondria 

 

All import reactions (26 °C, 20 min) were conducted in import buffer (IMB; 20 mM 

HEPES-KOH, pH 7.5, 0.25 M sucrose, 80 mM KCl, 5 mM MgCl2, 2 mM potassium 

phosphate, pH 7.5, and 3 mg ml−1 bovine serum albumin (BSA; fatty-acid free) supple-

mented with respiratory substrate (3.0 mM malate and 3.0 mM pyruvate). For the 

preparation of mitochondria containing NBD-Tim23, import reactions (3 X 800 µl per 

Tim23 construct per experiment) were conducted with mitochondria at 0.03 mg ml−1 and 

10% (v/v) translation reaction. After import, mitochondria were prepared for spectral 

analysis by washing in MEB, sedimentation and resuspension in MEB to 0.27 mg 

mitochondrial protein per milliliter. Samples for all spectral analyses were supplemented 

with respiratory substrate (3.0 mM malate and 3.0 mM pyruvate) with or without ATP, 

pH 7.5, as indicated in the figure legends.  

	
  
	
  

Steady-state fluorescence measurements were made with a Spex Fluorolog 3-22 

spectrofluorometer equipped with photon-counting electronics, double-grating excitation 

and emission monochromators and a 450-W xenon lamp. Unless otherwise indicated, 

measurements were performed with samples in 4 X 4–mm quartz microcells with a 4-

nm bandpass. In all cases, fluorescent samples were measured in parallel with blank 

samples (lacking the dye but otherwise identical to the fluorescent sample) used to 

obtain the emission originating from the probe by subtraction. Normalized fluorescence 

intensity (emission intensity per probe) was calculated for each NBD-Tim23 variant as 

the emission intensity at λem max (in photons s−1) divided by the total membrane-bound 
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14C c.p.m. determined by liquid scintillation counting after spectral measurements 

(Crowley et al., 1994; Crowley et al., 1993).  

 

Time-resolved fluorescence measurements were made with an ISS Model K2-

002 phase-modulation spectrofluorimeter equipped with a laser diode (λex of 471 nm) 

and a 495-nm long-pass filter in the emission path as described (Alder et al., 2008a). 

The fluorescence lifetime (τ) of NBD-Tim23 was measured in the frequency domain (15 

frequencies, 2–200 MHz) against a reference of fluorescein in 0.1N NaOH (τ of 4.05 

ns). The phase-modulation data from mitochondria lacking NBD-Tim23 were used for 

background subtraction. Frequency domain data were analyzed with GLOBALS-WE 

software with a sum of two discrete exponential lifetimes (τ1 and τ2) that were intensity-

weighted (f1 and f2, where f1 + f2 = 1), and goodness of fit was assessed by χ2. 

 

 

Description of steady-state fluorescence parameters 

 

(i) Emission spectra. Emission scans for mitochondria containing NBD-Tim23 

(λex = 470 nm; λem = 490 to 590 nm) were taken with 2 s integration times and 

the wavelength of maximal emission (λem max) was calculated from the first 

derivative of these spectra. Independent spectral measurements of mitochondria 

containing NBD-Tim23 constructs were taken in the presence and absence of 

CCCP. To confirm that CCCP itself does not affect the spectral properties of 

NBD in a manner independent of its effect on the electric field, we measured 
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spectra of NBD-labeled soluble protein in the presence and absence of 50 µM 

CCCP and found no alteration of the probe fluorescence characteristics. 

(ii) Excitation ratio. NBD absorption displays a solvatochromic red shift in 

solvents of increasing polarity (Lancet & Pecht, 1977; Lin & Struve, 1991). Due to the 

low extinction coefficient of NBD (~25,000 M–1cm–1) and the low concentration of 

labeled Tim23 (1–5 nM) in our mitochondrial samples, the absorbance of NBD-Tim23 

could not be directly measured. We therefore performed excitation scans of 

mitochondria containing NBD-Tim23 (λex = 450 to 500 nm; λem = 530 nm) to quantify 

shifts in the excitation spectrum (and hence absorbance) as a measure of the local 

polarity of different probe sites. We thus define the excitation ratio as the ratio of 

emission intensities (λem = 530 nm) resulting from two well-separated excitation 

(absorption) wavelengths (λex = 468 nm and λex = 491 nm).  

(iii) Collisional quenching. Potassium iodide titrations were performed as 

before (Alder et al., 2008a; Crowley et al., 1993; Crowley et al., 1994) by the addition 

of 0, 20, 40, and 60 mM KI to separate samples 

(supplementing with KCl to maintain ionic strength) and 1 mM Na2S2O3 to 

prevent iodide oxidation. Emission scans were performed as above to quantify 

the quencher-dependent decrease in the emission yield at λem max for each probe site. 

Blank samples (mitochondria not containing NBD-Tim23) were treated 

identically in parallel and their background fluorescence and light scattering 

signals were subtracted from NBD-Tim23 containing samples to obtain the net 

emission intensity of NBD probes. Steady-state data were analyzed graphically 

according to the Stern-Volmer equation: 
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FO/F = 1+KSV[Q] 

where FO/F is the ratio of fluorescence intensities in the absence and presence of iodide 

ions, and the Stern-Volmer constant (KSV) is determined as the slope of FO/F versus 

quencher concentration ([Q], iodide ion concentration in this case).Because the 

observed extent of quenching is greater when the probe has a longer unquenched 

fluorescence lifetime (τ0), accurate measurements of 

quencher accessibility for different probe sites must be based on the bimolecular 

quenching constant (kq), defined as: 

kq=KSV/<τ0> 

where <τ0> is the mean unquenched lifetime of each probe. 

(iv) Kinetics measurements. Mitochondria containing NBD-Tim23 (2 ml samples) were 

added to stirred cuvettes and emission intensities (λex = 470 nm; λem = 530 nm) were 

measured at 1 s intervals. 

 

Evaluation of periodicity 

 

Based on measured fluorescence parameters, the helical periodicity of the Tim23 

TMS2 structural element was evaluated by two means: 

(i) Least-squares fit to the harmonic wave function: 

 

where a is the amplitude; b is the phase; p is the period; c is the offset value and 

x is the residue position. Optimal fits to the data were made using a least-square 

curve fitting procedure (KaleidaGraph, version 4.03). 
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(ii) Calculation of the Fourier transform power spectrum (P(ω)), calculated as: 

 
where: 

 

and ω is the angular frequency, n is the number of residues in a segment, Vj is the 

measured fluorescence parameter at a given position, and <Vj> is the average value of 

the parameter for the segment (Cornette et al., 1987; Ma et al., 2009; Silberberg, 

Chang, & Swartz, 2005). P(ω) is analyzed for the value of ω that maximizes the 

function. The α-periodicity index (αPI) is the average value of P(ω) from 80° to 120° 

relative to the average value of P(ω) over the entire power spectrum, defined as: 

 

Because canonical α-helices have 3.6 residues per turn, a peak angular frequency of 
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Because canonical α-helices have 3.6 residues per turn, a peak angular 

frequency of 100° indicates an ideal α-helix. Values of αPI>2 are generally 

considered indicative of an α-helix. 
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Supplementary Note 2 

Evaluation of periodicity 

Based on measured fluorescence parameters, the helical periodicity of the Tim23 

TMS2 structural element was evaluated by two means:  
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where a is the amplitude; b is the phase; p is the period; c is the offset value and 

x is the residue position. Optimal fits to the data were made using a least-square 

curve fitting procedure (KaleidaGraph, version 4.03). 
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Chapter 6 

 

 

Future Directions: Cardiolipin-Mediated Structural Changes in Tim50 

and Substrate Modulated Tim23-Tim50 Interactions In Vitro and In 

Organello 
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6.1 Introduction 

Mitochondrial biogenesis is dependent on the efficient import of proteins from 

their cytoplasmic origin to the mitochondrion. The vast number of pre-proteins to be 

imported to different mitochondrial sub-compartments, each with a distinct 

microenvironment, requires dedicated pathways to carry out protein localization. One 

such pathway called the presequence translocase pathway is involved in transporting 

preproteins across the mitochondrial inner membrane into the matrix (Chacinska et al., 

2009; Harbauer et al., 2014). The presequence translocase machinery or the TIM23 

complex comprises the component of this pathway that is localized to the inner 

membrane. The IMS exposed domain of the central subunit of this machinery, Tim23, 

co-ordinates with the corresponding domain of the central receptor, Tim50, to carry out 

the initial stages of pre-protein translocation i.e., transport of pre-proteins from the TOM 

complex of the outer membrane to the inner membrane. However, the mechanism by 

which these two subunits of the TIM23 complex co-ordinate remains controversial. 

Some reports have suggested that Tim50IMS alone receives preproteins from the TOM 

complex, and transfers them to the intermembrane space domain of Tim23, which 

finally directs substrate to the inner membrane channel (Li & Sha, 2015; Lytovchenko 

et al., 2013; Schulz et al., 2011). This preprotein translocation is rendered 

unidirectional by the higher affinity for the preproteins on the trans side of the inner 

membrane channel (Lytovchenko et al., 2013; Marom et al., 2011b). On the other 

hand, some studies suggest that Tim23IMS and Tim50IMS together form a more 

permanent translocation-competent receptor complex for transporting preproteins 

across the aqueous intermembrane space milieu (Gevorkyan-Airapetov et al., 2009; 
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Mokranjac et al., 2009; Tamura et al., 2009b).  

Both Tim23 and Tim50 have been shown to be able to interact with 

presequence-containing proteins independently. Structural and functional studies have 

so far suggested two presequence binding sites on the receptor domain of Tim50; one 

on the protease-resistant core domain (residues: 165-361) and a second one on the 

fungi specific C-terminal domain (residues: 395-476) (Li & Sha, 2015; Marom et al., 

2011b; Qian et al., 2011; Rahman et al., 2014; Schulz et al., 2011). Interestingly, the 

two domains were also found to interact with each other, suggesting the basis of 

preprotein transfer from one substrate-binding domain to another (Rahman et al., 

2014). To date, there has been no information on the involvement of the matrix-exposed 

domain or the predicted transmembrane (TMS) segment of Tim50 on preprotein 

recognition and transport. Presequence binding sites on Tim23 have been mapped to 

its intrinsically disordered receptor domain, as well as to TMS1 and TMS2 (Alder et al., 

2008a; Alder et al., 2008b; Bauer et al., 1996; la Cruz et al., 2010; Marom et al., 

2011b; Pareek et al., 2013; Truscott et al., 2001). By using fluorescence spectroscopy 

based approaches, TMS2 was found to line the aqueous channel (Alder et al., 2008a). 

Intriguingly, the presequence binding sites on Tim23 lie in the same regions identified to 

bind to the Tim50IMS (Alder et al., 2008a; Bauer et al., 1996; la Cruz et al., 2010; 

Schulz et al., 2015). Moreover, the crystal structure of the Tim50 core domain 

suggested the presence of a substrate-binding groove close to the Tim23 interactive β-

hairpin (Li & Sha, 2015; Qian et al., 2011). The idea of the presence of a ternary 

complex comprising Tim23-Tim50-presequence has been refuted based on 

experimental evidence (Schulz et al., 2011). Based on all the facts available, a critical 
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missing piece of information is how the Tim23-Tim50 interaction modulates 

presequence binding and, conversely, how presequence binding mediates the Tim23-

Tim50 interaction. Most importantly, there is a need to address the structural details of 

the receptor complex (Tim23-Tim50) in a translocation competent state. 

Cardiolipin (CL) is the signature phospholipid of the mitochondrial IM. Its unique 

physiochemical properties impart many structural characteristics, which make 

cardiolipin indispensable for multiple mitochondrial processes (Claypool & Koehler, 

2012; Lewis & McElhaney, 2009; Schlame et al., 2000). Cardiolipin is known to be 

involved in maintaining the structure and function of various mitochondrial inner 

membrane proteins and complexes, which include peripheral (cytochrome c, Tim44) as 

well as integral (AAC, Complex IV) membrane proteins (Planas-Iglesias et al., 2015). 

The stability of the TIM23 complex has also been shown to be cardiolipin-dependent 

(Gallas et al., 2006; Kutik et al., 2008; Tamura et al., 2006; Tamura et al., et al., 

2009b; van der Laan et al., 2007). The work presented herein, we have demonstrated 

the role played by cardiolipin in mediating receptor-channel interactions within the 

TIM23 complex via its interactions with the receptor domain of Tim50 (Chapter 4 of this 

study). But how does cardiolipin affect the structure of Tim50IMS? Does the 

conformation of the receptor domain differ between its aqueous and its membrane-

bound state? These are some of the questions whose answers will not only shed light 

on the mechanism of preprotein transport across the IM, but will also provide us the 

structural basis of multiple Tim50-mediated interactions within the complex. 
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In this chapter, we discuss some preliminary data that will help provide insights 

into the structural state of the receptor complex in a translocation-competent and a lipid-

dependent state. Specifically, we show that the IM resident phospholipid cardiolipin 

modulates the structure of the receptor domain of Tim50. Moreover, by comparing 

Tim23-Tim50 interaction in model membranes and in organello, we show that the inner 

membrane properties help keep the receptor-channel interactions intact in a 

translocation active state. 

 

6.2 Results 

Cardiolipin-Mediated Structural Changes in the Tim50IMS 

To determine if Tim50IMS undergoes a structural change in the presence of 

cardiolipin-containing membrane bilayers, we undertook a cysteine accessibility 

approach wherein the accessibility of the only native cysteine (C268) present in the core 

region was tested under different conditions. The cysteine in Tim50IMS is fortuitously 

located close to both the Tim23 interactive β-hairpin loop as well as to the putative 

presequence binding acidic groove of the core domain (Alder et al., 2008b; Qian et al., 

2011). Hence, any conformational change in that region concomitant with cardiolipin 

interaction will inform us of the basis of Tim50’s interaction with Tim23 and preproteins 

in its membrane bound state. To analyze the changes in cysteine accessibility, Tim50IMS 

was treated with a soluble thiol-reactive trimethyl and maleimide derivative of 

polyethylene glycol, TMM(PEG)12, in the presence and absence LUVs (Figure 6.1A). 

Increasing concentrations of POPC (PC) LUVs with and without 20% CL (mol/mol) were 
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used to monitor the effect of different lipids on the Tim50IMS structure. In the absence of 

any LUVs, Tim50IMS was labeled with ~35% efficiency (Figure 6.1B and 6.1C, lanes 1 

and 6). This shows that in solution, the cysteine is only partially accessible to the 

aqueous milieu. The addition of increasing concentrations of PC LUVs did not induce 

any systematic change in the labeling efficiency of the Tim50IMS (Figure  6.1B, lanes 2-

5). However, upon incorporation of PC+CL LUVs, Tim50IMS showed a much higher 

labeling efficiency than when it is present in solution by itself (Figure 6.1C, lanes 7-10). 

This shows that interaction with CL induces local conformational changes in the core 

region of Tim50IMS, which makes the only cysteine present in the sequence more 

accessible to the aqueous environment. 
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Figure 6.1 Tim50IMS Cysteine Accessibility in the Presence of LUVs 

 A. Schematic representation of the Tim50IMS (cyan) with a single cysteine (C268, 
magenta) conjugated to thiol-reactive TMM(PEG)12.  

B. and C. Labeling of Tim50IMS in the presence and absence of different concentrations 
of LUVs; PC (lanes 2-5) and PC+20% CL mol/mol (lanes 7-10). Tim50IMS labeled with 
TMM(PEG)12 migrates slower on SDS-PAGE and is resolved from the unlabeled 
species (Top). Percentage labeling of Tim50IMS as a function of the concentration of 
LUVs (Bottom). The percentage of labeling was calculated as follows: Intensity of 
labeled product / Intensity of (labeled + unlabeled product) * 100. The mean values and 
standard deviations of relative band intensities for three independent experiments are 
shown. * indicates significant difference in comparison to results from control (0 mg/ml 
LUVs) by student’s t-test (*p<0.05, **p<0.01). 

 

To examine the CL-mediated conformational changes in more detail, the cysteine 

in Tim50IMS was labeled with thiol-reactive BODIPY fluorophore and subjected to limited 

proteolysis by proteinase K in the presence of LUVs (Figure 6.2A). Fluorescent labeling 

of Tim50IMS ensured increased sensitivity in the detection of proteolyzed bands that 

might otherwise go undetected using regular protein staining procedures following SDS-

PAGE. Fluorescent labeling of the cysteine in Tim50IMS also ensured that we focus on 

the structural changes associated with the core domain in the presence of membrane 

bilayers, in continuation with our cysteine accessibility studies. The proteolysis profile of 

the Tim50IMS displayed characteristics of a well-folded protein, with incomplete 

proteolysis seen even at the highest proteinase K concentration (Figure 6.2B, lane 5). 

Consistent with our thiol-labeling studies, incorporation of PC LUVs did not have any 

effect on the proteolysis of Tim50IMS (Figure 6.2B, lanes 7-10). On the other hand, upon 

interaction with CL-containing bilayers, new proteolyzed bands were observed for the 

low proteinase K concentrations, diagnostic of structural changes and increased 
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conformational flexibility (Fontana et al., 2004; 2012) (Figure 6.2B, lanes 12-14).  

Based on these results, we conclude that Tim50IMS undergoes conformational changes 

in a cardiolipin-dependent manner. 

 

 

 

 

Figure 6.2 Limited Proteolysis of BODIPY-Tim50IMS  

A. Schematic representation of the Tim50IMS (cyan) with a single cysteine (C268, 
magenta) conjugated to thiol-reactive BODIPY-FL. Limited proteolysis of BODIPY-
Tim50IMS is carried out in the presence of limited concentrations of proteinase K that cut 
the protein only at solvent-exposed recognition sites.  
 
B. Treatment of BODIPY-Tim50IMS (1 µM) with increasing concentrations of proteinase 
K, in the absence and presence of LUVs (1 mg/ml) containing either 100% PC (lanes 6-
10) or 80% PC + 20% CL mol/mol (lanes 11-15). The band corresponding to the intact 
Tim50IMS is indicated by an arrowhead. Generation of unique bands in the PC+CL-
containing lanes is indicated by red arrows. 
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Substrate-Mediated Tim23-Tim50 Interactions 

 Tim50 has been shown to interact with both the IMS domain as well as the 

membrane-bound TMS1 of Tim23. Depolarization of the inner membrane is known to 

increase the interaction between the receptor domains of Tim23 and Tim50 (Alder et 

al., 2008b). But how the presence of a presequence-carrying substrate might modulate 

Tim50’s interaction with the receptor and the channel region of Tim23 remains 

unknown. To identify the effect of the presence of substrate on the Tim23-Tim50 

interaction, we utilized our crosslinking-based approach in PC-nanodiscs as well as in 

organello (Chapter 4 of this study). Nanodiscs provide a native-like membrane 

environment without the complexity of in organello system. The use of both nanodiscs 

and in organello systems offers an opportunity to look at the direct effect of a substrate 

on the interaction between the two essential proteins at individual domain level in our 

reductionist system, and compare it with the native environment of the inner membrane. 

The TIM23 substrate we used to analyze the effects on crosslinking was the widely 

used pSu9-DHFR, a fusion protein between the first 69 amino acids of subunit 9 of 

mitochondrial FO-ATPase and mouse dihydrofolate reductase (Rapaport, Künkele, & 

Dembowski, 1998). For our in organello system, the substrate was pre-incubated with 

methotrexate to induce folding of its DHFR domain, and lock it on the OM to form a 

translocation intermediate spanning the TIM23 complex (Figure 6.3A). Interestingly, the 

presence of substrate had an opposite effect on the Tim23-Tim50 interaction seen in 

the two systems. Whereas the Tim50-TMS1(F114C) interaction remained stable in the 

presence of substrate at a concentration of up to 4 µM in organello (Figure 6.3B), the 

same interaction lost its stability in our nanodiscs system as the substrate concentration 
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was increased (Figure 6.4B).  This reversal of interaction was also visualized for the 

receptor domains in the two systems, where Tim23IMS(S80C)-Tim50IMS interaction 

remained stable in our PC-nanodiscs system even at the highest substrate 

concentration (Figure 6.4B), the proximity between the two receptor domains kept 

decreasing as the concentration of substrate was increased in organello (Figure 6.3B). 

Interestingly, the presence of substrate in increasing amounts had a mutually exclusive 

effect on Tim50’s interaction with the two domains of Tim23 in both our systems. These 

results suggest that certain factors in the inner membrane environment keep the 

Tim50IMS receptor domain proximal to the channel region of Tim23 in an active 

translocation state. This finding has implications on the role of Tim50IMS to act as a 

membrane barrier and prevent the diffusion of ions across the IM when the channel is 

engaged with substrate. 
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Figure 6.3 Effect of the Presence of Substrate on Tim23-Tim50 Interactions In 

Organello 

 A. Schematic representation of the TOM (green) and TIM (yellow) translocases with 
model substrate, pSu9-DHFR. Tim23 is shown in orange and Tim50 is depicted in cyan. 
Addition of MTX to pSu9-DHFR stabilizes the folded state of DHFR domain (gray) and 
blocks it from traversing the OM. Meanwhile, the presequence, pSu9 (69 amino acids; 
string) forms a translocation intermediate by engaging with the TIM23 complex (Eilers 
& Schatz, 1986).  

B. Crosslinking between [35S]Tim23 (S80C and F114C) and Tim50 in the presence of 
different concentrations of pSu9-DHFR treated with 4.5 µM MTX. 

C. Relative crosslinking intensities with pSu9-DHFR-MTX titration as seen above. The 
mean values and standard deviations of relative band intensities for three independent 
experiments are shown. * indicates significant difference in comparison to results from 
control (no substrate) by student’s t-test (*p<0.05) 
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Figure 6.4 Effect of the Presence of Substrate on Tim23-ND - Tim50IMS Interactions  

A. Schematic representation of the [35S]Tim23-ND (yellow) and its interaction with 
Tim50IMS (cyan) in the presence of pSu9-DHFR (gray circle and string). Cysteine 
residues used for crosslinking are indicated by dots (magenta)  

B. Crosslinking between [35S]Tim23(S80C and F114C)-ND and Tim50IMS in the 
presence of different concentrations of pSu9-DHFR.  

C. Relative crosslinking intensities with pSu9-DHFR titration as seen above. The mean 
values and standard deviations of relative band intensities for three independent 
experiments are shown. * indicates significant difference in comparison to results from 
control (no substrate) by student’s t-test (**p<0.01). 
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6.3 Discussion and Future Directions 

 

Cardiolipin-Mediated Structural Changes in the Tim50IMS 

 A large number of soluble proteins are known interact with membranes, which in 

turn impart structural changes in their membrane-interactive as well as non-interactive 

domains. For example, cardiolipin is well known to induce secondary and tertiary 

structure changes in the IMS protein cytochrome c, which in turn facilitates its 

peroxidase activity and leads to apoptosis (Muenzner & Pletneva, 2014). In an earlier 

chapter of this study (Chapter 4), we showed how cardiolipin influences proximity 

between the Tim50 receptor domain and Tim23 via its interactions with the Tim50IMS. In 

this chapter, we take a step further and look at the potential structural changes that the 

Tim50IMS undergoes in a CL-membrane bound state. We focus on the dynamics of the 

structurally illuminated Tim50core in a CL-dependent manner, specifically of the cysteine 

bordering the Tim23 interactive region and the putative substrate interactive regions 

(Qian et al., 2011). The only cysteine present in Tim50 is known to be in close contact 

with the IMS and TMS1 of Tim23 (Alder et al., 2008b). Moreover, crosslinking analysis 

has found the same cysteine to be in proximity to the native cysteines present in the 

IMS domains of Tim23 and Tim21, triggering speculation of intermolecular disulfide 

linkages (Lytovchenko et al., 2013). Here we show for the first time that in the 

presence of CL-containing membrane bilayers, the cysteine in question becomes more 

solvated, suggestive of local conformational changes in the core region. Further, 

proteolytic profile changes in the presence of CL-containing membrane bilayers suggest 
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enhanced backbone flexibility and unfolding of the core domain. Interestingly, a second 

reported crystal structure of the Tim50core also suggested inherent flexibility of that 

region (Li & Sha, 2015). The implications of the CL-dependent flexibility of the Tim50core 

will be investigated in more detail in future work, but is suggestive to act as a switch 

between substrate-interactive and non-interactive states (see working model below). 

Also, in light of the flexible propensity of the cysteine in the core domain, its participation 

in the redox-regulated import process in the IMS and interaction with cysteine rich 

substrates cannot be ruled out (Chacinska et al., 2009). Using complementary 

approaches like fluorescence spectroscopy (Johnson, 2005) and hydrogen-deuterium 

exchange mass spectrometry (Rostislavleva et al., 2015), one more can precisely 

identify the dynamics of different domains in the Tim50IMS in the presence of CL-

containing membrane bilayers. Additionally, the technique of Attenuated Total 

Reflection in conjunction with Infrared Spectroscopy (ATR-FTIR) can be used to look at 

the secondary structure changes in Tim50IMS accompanying its interaction with CL-

containing vesicles. This way one can avoid the potential pitfalls of high scattering 

property of lipid vesicles that mars many useful spectroscopic investigations like circular 

dichroism (Kong & Yu, 2007). 
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Substrate-Mediated Tim23-Tim50 Interactions 

 How the central components of the TIM23 complex, Tim23 and Tim50, co-

ordinate with each other to carry out protein transport from the OM to the channel region 

in the IM remains a long standing debate in the field of mitochondrial biogenesis 

(Schulz et al., 2015). By crosslinking analysis, the presence of presequence peptides, 

pALDH, was shown to increase the proximity between Tim23 and Tim50, but the study 

failed to dissect the peptide’s effect on the individual interactions of Tim50 with the IMS 

domain and the channel-facing TMS1 of Tim23 (Lytovchenko et al., 2013). It is also 

known that the presence of presequence-carrying substrate decreases Tim23-Tim23 

and Tim23-Tim17 interaction, while also triggering Tim50-Tim21 dissociation (Alder et 

al., 2008b; Lytovchenko et al., 2013). Here for the first time we investigate the effect of 

the presence of substrate on Tim50’s interaction with the individual domains of Tim23, 

both in model-membrane system nanodiscs and in organello. Crosslinking-based 

analysis in both the systems revealed that Tim50 interacts with the individual domains 

of Tim23 in a mutually exclusive manner in the presence of substrate. This suggests 

shifting of interactions in an active translocation state, which is a hallmark of the highly 

dynamic presequence translocase pathway (Wenz et al., 2014). It is intriguing to note 

the observed shift in the two systems, where complete opposite effects of the presence 

of substrate on Tim23-Tim50 interaction take place. While in our model-membrane 

system, Tim50IMS loses its hold of the TMS1 as the substrate concentration is 

increased; in organello, Tim50 is seen to maintain its proximity to the channel region 

under similar conditions. Also, Tim50IMS was observed to maintain its Tim23 receptor 

bound state even at the highest substrate concentration in the reductionist system, 
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whereas the opposite trend was observed in organello. The disparity in Tim23-Tim50 

interactions seen between the two systems suggests a functional role played by one or 

more components of the IM to keep the Tim50-channel interaction intact that are 

missing from our reductionist system. It also points to the significance of maintaining 

Tim50-channel interactions in an active translocation state seen in organello, probably 

working to maintain the membrane barrier across the IM while transporting substrate 

across the channel. By systematically adding in lipids and proteins to our reductionist 

system and making it more like a native IM environment, one can identify the factors 

essential for Tim50-channel interaction when the substrate is present. In this study we 

show that CL plays an important role in mediating interaction between Tim50 and the 

channel region of Tim23. Repeating the experimental procedures of this chapter in 

organello with mitochondria isolated from yeast strains deficient in CL can suggest 

whether CL is involved in mediating the said Tim50-channel interaction in the presence 

of a substrate. To avoid any secondary effects of not having CL around, one can 

recapitulate the CL content of the IM in our reductionist system and then look at Tim50-

channel interactions in the presence of substrate. One can also speculate on the role 

played by the TMS of Tim50 in maintaining contacts with the channel. This can also be 

analyzed by incorporating purified full-length Tim50 and Tim23 in nanodiscs followed by 

crosslinking-based proximity experiments. To ascertain the role played by the 

membrane potential across the IM, one can repeat the crosslinking experiments in 

organello after inducing depolarization across the IM (Alder et al., 2008b). Additionally, 

using crosslinking-based analysis one can also investigate the interaction of substrate 

with different Tim23 domains, and how are they affected in the presence of the IMS 
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domain of Tim50. Experiments towards the above stated directions have already been 

initiated in our laboratory and are being currently explored. 

 

6.4 Materials and Methods 

 

pSu9-DHFR purification 

The gene encoding for the recombinant protein, pSu9-DHFR, comprising the first 

69 amino acids of subunit 9 of the FO-ATPase fused to full-length dihydrofolate 

reductase with a C-terminal hexahistidine tag was cloned into the pET30a(+)vector 

(Novagen, Madison, WI). Monocysteine and cysteine-less variants of the construct were 

created using site-directed mutagenesis (Stratagene, San Diego, CA). For expression, 

the plasmid was then transformed into BL21 Star (DE3) cells (Invitrogen, Carlsbad, CA) 

and the cells were grown to A600 of 0.4-0.6. The cells were then induced with 1 mM 

IPTG for 2.5 h, and pelleted at 6,000 RPM for 20 min. Pelleted cells were then disrupted 

by resuspending the cells in lysozyme-containing resuspension buffer (50 mM 

NaH2PO4.H2O, 300 mM NaCl, 5 mM Imidazole, 1.25 mg/ml lysozyme, pH 7.5) followed 

by sonication. The protein was purified from cell lysate on a Ni2+-NTA matrix using an 

imidazole gradient [Wash 1- 25 mM, Wash 2- 60 mM, Elution 1- 200 mM, Elution 2- 400 

mM] (Stan, Ahting, Dembowski, & Künkele, 2000). 
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Crosslinking in the presence of substrate 

In organello and nanodiscs crosslinking between Tim23 and Tim50 was 

performed as described in Chapter 5. To look at the effect of substrate in organello, 

different concentrations of pSu9-DHFR were incubated with 4.5 µM Methotrexate (MTX) 

at 4°C for 10 min. Import of pSu9-DHFR + MTX was performed with 0.25 mg/ml 

mitochondria + [35S]Tim23 at RT  for 20 min. For crosslinking reactions performed in 

nanodiscs, reactions containing [35S]Tim23-ND, 1 µM Tim50IMS, and different 

concentrations of pSu9-DHFR were incubated at RT for 10 min followed by addition of 

crosslinker BMOE (50 µM). The crosslinking reactions were quenched and visualized as 

described in Chapter 5. 

 

TMM(PEG)12 labeling of Tim50IMS 

Purified Tim50IMS (1 µM) was incubated at RT for 15 min in the presence or 

absence of different concentrations of PC and PC+CL LUVs. This was followed by 

addition of 2 mM TMM(PEG)12 (Thermo Fisher Scientific, Waltham, MA) and incubation 

at RT for another 5 min. The reactions were quenched by adding 0.2 M DTT, and 

loaded on SDS-PAGE after adding equal volume of 2X sample buffer. The bands were 

visualized by SYPRO Orange staining. The gels were visualized and quantified using 

Bio-Rad PharosFXPlus Imager and Image lab 3.0 software respectively. The 

percentage of labeling was calculated as follows: Intensity of labeled product / Intensity 

of (labeled + unlabeled product) * 100. 
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BODIPY®-labeling and limited proteolysis 

For BODIPY® labeling of Tim50IMS, similar procedure was followed as for NBD 

labeling (Chapter 5). To carry out the labeling procedure, thiol-reactive BODIPY® FL 

iodoacetamide was used (Thermo Fisher Scientific, Waltham, CA). Limited proteolysis 

and visualization of proteolyzed bands was performed as described in Chapter 5. 
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Chapter 7 

 

 

Working Model 
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In this chapter we synthesize our results from Chapters 4 and 6 of this study and 

propose a working model on the Tim23-Tim50-substrate interactions in a native 

mitochondrial environment. Implicit in this model is our proposal that the soluble 

receptor domain of Tim50 is actually a peripheral membrane binding domain, which 

binds to the IM in a CL-dependent manner (Figure 7.1A). Mutational analysis as well as 

MD simulations have identified the importance of N-terminal region and specific 

residues on the conserved β-hairpin in Tim50IMS to be essential for mediating interaction 

between Tim50IMS and CL-containing membrane bilayers (Figure 7.1A). Moreover, by 

performing steady-state fluorescence measurements and lipid-binding analysis, we 

show that the β-hairpin in Tim50IMS samples hydrophobic milieu in the presence of CL-

containing membrane bilayers. The first SAXS analysis of Tim50IMS also offered a 

glimpse into its ab initio envelope structure, which revealed a rod-like density sticking 

out from the molecular surface. Fitting of a Tim50IMS homology model into the envelope 

revealed that the best fit for the C-terminal end of Tim50IMS is a rod-like protrusion from 

the core domain. Importantly, Tim50IMS has been shown to be in close contact with the 

TOM complex of the OM where it is assumed that the Tim50IMS C-terminus is positioned 

close to the exit of Tom40 channel (Mokranjac et al., 2009; Qian et al., 2011; Rahman 

et al., 2014; Shiota et al., 2011; Tamura et al., 2009b). This puts the C-terminal end of 

Tim50IMS in our working model to be positioned proximal to the TOM complex 

machinery, where the suggested presequence binding domain on the C-terminus 

(PBD1) (Lytovchenko et al., 2013; Rahman et al., 2014; Schulz et al., 2011) lies at 

the exit of Tom40 channel, whereas the N-terminus and β-hairpin of Tim50IMS are bound 

to the CL-rich IM (Figure 7.1A-B). Moreover, if we look at this model dimensionally, the 
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calculated distance between the IM-bound N-terminal end and a region close to the exit 

of Tom40 channel in our Tim50IMS homology model is ~ 11 nm (Figure 7.1A). The 

closest reported distance between the OM and the IM is ~12 nm, which is equal to the 

sum of reported width of the two membranes (Reichert and Neupert, 2002) (Figure 

7.1A). In fact, the two membranes are known to be in close contact with each other in 

the presence of substrate (Donzeau., et al., 2000). This puts our working model with 

the N-terminus of Tim50IMS bound to the IM and the C-terminus close to the OM within 

the range of reported values of distance beween the two membranes. However, it is 

worthy to note that this state might represent just one of the many possible 

conformations for Tim50IMS in the IMS, varying with different stages of protein 

translocation. For example, the state depicted in Figure 7.1A-B might represent the 

early translocation stage, where the PBD1 of Tim50IMS is optimally positioned to receive 

substrates from the TOM complex (see below).  

 

Further, this model has implcations for the interactions between Tim50 and the 

channel-facing TMSs (TMS1 and TMS2) of Tim23, where our crosslinking-based 

proximity analysis with Cys268 near the β-hairpin and presquence binding domain of 

Tim50core (PBD2) has suggested that both, CL and the coiled-coil region of Tim23IMS, 

mutually reinforce the interaction between Tim50IMS and the channel region of Tim23 

(Figure 7.1B). Moreover, we find that basic residues in the Tim50IMS β-hairpin, identified 

in a previous study to be important for mediating Tim23-Tim50 interactions (Qian et al., 

2011), are also invloved in Tim50IMS binding to CL-containing bilayers. Combined with 

our studies on CL-mediated Tim50IMS structural changes and substrate-mediated 
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Tim23-Tim50 interactions, this working model also offers insights into the mechanism of 

substrate transport. Presequence-carrying substrate upon its exit from the Tom40 

channel encounters the first presequence binding domain (PBD1) on the C-terminal end 

of Tim50IMS (Figure 7.1A-B). The Tim50core is also suggested to have a second 

presequence binding site (PBD2) (Qian et al., 2011; Li and Sha, 2015). Moreover, 

binding of Tim50core to PBD1 is thought to facilitate the transfer of preproteins from 

PBD1 to PBD2, suggestive of a flexible Tim50core domain (Rahman et al., 2014). 

Limited preoteolysis and labeling data from this study suggests that CL promotes 

structural rearrangements within the Tim50core, which could facilitate binding of 

Tim50core to PBD1 of the C-terminus. The presequence-containing preprotein is then 

transferred to the receptor domain of Tim23, which in turn directs preprotein into the 

channel region of IM formed in part by TMS1 and TMS2 of Tim23 in a ΔΨm-dependent 

manner (Alder et al., 2008a; Pareek et al., 2013). Moreover, in this study, we show 

that in the presence of substrate the Tim50IMS loses its hold over the IMS-facing 

receptor module of Tim23 while still maintaining contacts with the channel region of 

Tim23. By maintaining its interaction with the channel region of Tim23, Tim50IMS makes 

sure that the sanctity of the IM permeability barrier is maintained to avoid any changes 

in the electrochemical gradient across the IM while carrying out translocation of 

preproteins (Meinecke, 2006). Overall, this model provides the structural and 

mechanistic basis of Tim23-Tim50 interactions mediated by the IM-resident 

phospholipid cardiolipin, and its implications in substrate transport and maintainance of 

the ΔΨm across the IM. 
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Figure 7.1 Working Model for Cardiolipin- and Substrate-Mediated Interactions of the 

Mitochondrial Presequence Translocase 

A. Homology model of the full-length Tim50IMS with different regions highlighted; N-
terminus (green), core (blue), β-hairpin (orange), presequence binding domain 1 (gray, 
“PBD1”) and presequence binding domain 2 (red, “PBD2”). The Tim50IMS is depicted to 
be anchored in the inner membrane (“IM”) by an N-terminal transmembrane segment 
(cyan) preceded by a matrix-facing loop. The cardiolipin (red circles) interacting 
residues on a β-hairpin are marked and depicted as sticks. TOM complex of the OM is 
depicted in green with Tim50IMS proximal subunits (Tom40 and Tom22) highlighted 
(Shiota et al., 2011; Tamura, et al., 2009b). The reported distance between the OM 
and the IM (~12-17 nm) is shown by straight line (brown) (Reichert and Neupert, 
2002). The calculated distance between the extreme N-terminus of Tim50IMS and a 
residue close to PBD1 (~11 nm) is shown by a slanted line (purple). The distance 
between the two residues in Tim50IMS homology model was calculated using PyMol. 
B. Tim23 (yellow) with an IMS-facing N-terminus and four transmembrane segments is 
shown to be anchored in the IM. The Tim50 interactive coiled-coil region in Tim23IMS is 
highlighted with Y70 and L71 residues (black circles). Channel-facing transmembrane 
segments, TMS1 (T1) and TMS2 (T2) of Tim23 are highlighted (blue). The cysteine at 
position 268 (Cys268) in Tim50IMS used for crosslinking-based proximity analysis with 
Tim23 in this study is highlighted and depicted as stick (yellow), alongwith CL- and –
Tim23 interactive arginine at position 214 (Arg214). For clarity purposes, only Tim23 
and Tim50 of the TIM23 complex are depicted. We do acknowledge that other subunits 
within the  complex could be important for mediating Tim23-Tim50 interactions. 
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Appendix A: Stepwise Protocol for the Reconstitution of Cell-Free Translated 
Tim23 Into Nanodiscs 
 

A.1 Preparation of Wheat Germ Extract 

 

A.1.1  Summary 

 The protocol for making wheat germ extract is modified from Erickson and Blobel 

(Erickson & Blobel, 1983). First, the wheat germ is floated, which enriches viable and 

intact embryos. Subsequently, the extract is prepared in three steps: homogenization of 

the floated germ, homogenate centrifugation, and gel filtration of the supernatant.  

 

A.1.2  Materials and Solutions 

1. Wheat germ, untreated (Sigma W-0125). 

2. Mortar and pestle, six inch. 

3. Floatation Solvent: carbon tetrachloride and cyclohexane (600:200, v/v). 

4. Homogenization Buffer: 40 mM HEPES-KOH, pH 7.5, 100 mM KOAc, 1 mM 

Mg(OAc)2, 2 mM CaCl2, and 4 mM DTT. 

5. Column Buffer: 40 mM HEPES-KOH, pH 7.5, 100 mM KOAc, 5 mM Mg(OAc)2, and 4 

mM DTT. 

6. Buchner funnel and Whatman filter paper # 1. 

7. Centrifuge and 50 ml centrifuge tubes. 

8. Column (2.5 cm wide x 28 cm length; bed volume 140 ml) packed with gel filtration 

medium (Sephadex G-25, fine) and equilibrated with Column Buffer. 

9. Fraction collector. 
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10. 1% (v/v) SDS. 

11. Absorbance spectrophotometer and 1 ml quartz cuvette. 

 

A.1.3  Methods 

A.1.3.1  Floatation of Wheat Germ 

1. Prepare floatation solvent in a 1 L beaker in a ventilated hood. Stir with a glass rod 

until no schlieren lines are visible. 

2. Carefully pour 50 g of wheat germ to the top of the solution and gently stir. During the 

2-3 minute separation process, damaged embryos will settle and intact, viable embryos 

will float. 

3. Decant the floating embryos into a Buchner funnel fitted with Whatman filter #1 and 

dry the wheat germ embryos by pulling air through the funnel for 30 min. 

4. Spread the dried wheat germ onto sterile foil to continue drying in fume hood. 

5. Repeat steps 1-4 with another 50 g of wheat germ. 

6. Combine and weigh the dried embryos. The target yield of the floated wheat germ is 

30-40% (w/w). 

 

A.1.3.2  Preparation of Wheat Germ Extract 

1. Place dried wheat germ in a pre-chilled 6 in. mortar, cover with liquid N2, and grind 

wheat germ to a fine powder with a pestle. The total grinding time should be about 2 

min. Add the dried powder to a sterile sheet of foil. 

2. Add Homogenization Buffer to the mortar at a sufficient volume to saturate the 

powder, slowly add powdered wheat germ, and grind until a thick paste is obtained. 



	
   180	
  

3. Transfer the homogenate into two 50 ml pre-chilled centrifuge tubes using sterile 

rubber policemen. Centrifuge at 23,000 x g at 4°C for 10 min. 

4. Transfer the supernatant to fresh 50 ml centrifuge tubes using a sterile Pasteur 

pipette. 

5. Repeat centrifugation step (23,000 x g at 4°C for 10 min) and transfer the 

supernatants to a fresh tube. Measure the exact volume. 

6. Perform gel filtration of the extract by adding supernatant to the G-25 column and 

elute with Column Buffer under gravity flow. Collect eluate in 1 ml fractions.  

7. Measure the absorbance of each fraction at 260 and 280 nm by adding 5 µl fraction 

to 1 ml of 1% (v/v) SDS in a quartz cuvette with a spectrophotometer blanked with 5 µl 

of column buffer and 1 ml of 1% (v/v) SDS. 

8. Pool the most turbid fractions into a sterile 50 ml centrifuge tube, aliquot into 

microfuge tubes, flash freeze in liquid N2, and store at -80°C. 

 

 

 

A.2 In Vitro Transcription 

 

A.2.1  Summary 

We used in vitro transcription to generate single stranded mRNA fragments to be used 

for the translation reaction. In this protocol, we used PCR to linearize the template DNA 

plasmid instead of restriction endonuclease(s). 
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A.2.2  Materials and Solutions 

1. SP6 promoter-containing vector with gene of interest (in our case Tim23 from S. 

cerevisiae). 

2. Primers for DNA amplification of the ORF. The upstream (5’) oligonucleotide is 

complementary to the plasmid SP6 promoter and the downstream (3’) oligonucleotide is 

complementary to the gene sequence downstream of the stop codon. 

3. DNA polymerase (Bio-Rad # 170-8870) and dNTP mix (Bio-Rad # 170-8874). 

4. PCR cleanup kit (QIAquick PCR purification kit, Qiagen # 28106). 

5. PCR thermal cycler and thin-walled PCR tubes. 

6. Refrigerated microcentrifuge. 

7. Transcription Buffer (10X Master Mix): 1M HEPES-KOH, pH 7.5, 200 mM MgCl2, and 

25 mM spermidine. 

8.100 mM DTT. 

9. Ribonucleotide (rNTP) solution mixture: 100 mM each of ATP, GTP, UTP and CTP in 

20 mM Tris-HCl, pH 7.5. 

10. 0.1 U/µl diguanosine triphosphate [G(5’)ppp(5’)G] (New England Biolabs # S1407). 

11. 20 U/µl Ribonuclease Inhibitor (RNasin). 

12. 0.05 U/µl pyrophosphatase. 

13. SP6 RNA Polymerase. 

14. 3M NaOAc, pH 5.2. 

15. 100% Ethanol. 

16. TE Buffer (10 mM Tris, pH 7.5, 1 mM EDTA, pH 7.5). 

17. Rotary evaporator. 
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A.2.3  Methods 

A.2.3.1  PCR Amplification of DNA Fragments 

1. Assemble the PCR reaction mixture (Table A.1) in a PCR tube. 

2. Add the reaction to a PCR thermal cycler programmed as follows first denature 

(94°C, 4 min); 30 cycles of amplification (denature 94°C, 20 s; anneal 54°C, 20 s; 

extension 72°C, 30 s); final extension (72°C, 4 min). Optimal annealing temperature and 

time lengths will vary for different constructs. 

3. Purify the amplified DNA fragment using the QIAquick PCR purification kit and elute 

with 50 µl of RNase-free H2O. 

 

 

Table A.1 PCR Protocol 

Component Volume (µl) Final concentration 

Nuclease-free dH2O 80.5 n/a 

10X PCR buffer 10.0 1X 

10 mM dNTP mix 2.0 0.2 mM, each dNTP 

50 mM MgCl2 4.0 2 mM 

50 µM forward primer 1.0 0.5 µM 

50 µM reverse primer 1.0 0.5 µM 
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100 ng/µl DNA template 1.0 1 ng/µl 

DNA polymerase (5U/µl) 0.5 0.013 U/µl 

Total 100.0  

 

A.2.3.2  In Vitro Transcription Reaction 

1. Assemble the in vitro transcription mixture (Table A.2) in a 1.5 ml microfuge tube and 

incubate the reaction at 37°C for 1.5 h. 

2. Isolate and purify RNA by adding reaction to 340 µl of 100% ethanol and 13.3 µl of 

3M NaOAc (pH 5.2) and precipitating mRNA on ice for 2 h; pelleting samples at 

maximum speed in a microfuge (4°C) and carefully aspirating supernatant; washing 

pellet with 1 ml 70% (v/v) ethanol, re-centrifuging and aspirating supernatant; drying 

pellet in a rotary evaporator for 5 min; and resuspending mRNA pellet in 100 µl TE (pH 

7.5). 

3. Aliquot mRNA in volumes of 25 µl each, flash-freeze in liquid N2 and store at  

- 80°C. 
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Table A.2 In Vitro Transcription Protocol 

Component Volume (µl) Final concentration 

Nuclease-free d2H2O 43.3 n/a 

10X transcription buffer 10.0 100 mM HEPES, pH 7.5 

20 mM MgCl2 

2.5 mM spermidine 

100 mM DTT 10.0 10 mM 

100 mM rNTP mixture 4.0 4 mM, each rNTP 

0.1 U/µl (5’)ppp(5’)G 13.0 0.013 U/µl 

20 U/µl RNasin 2.0 0.4 U/µl 

PCR product DNA 13.0 variable 

SP6 RNA polymerase 3.5 variable 

0.5 U/µl 

Pyrophosphatase 

1.2 0.006 U/µl 

Total 100.0  
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A.3 MSP Preparation 

 

A.3.1  Summary 

Several variants of MSP have been described (Denisov et al., 2004). Among them, 

plasmids comprised of the pET28a vector with the MSP coding sequence are available 

in the Addgene repository. These contain an N-terminal 6XHistag, which can be used to 

purify Target protein-ND assembly using Ni2+-NTA chromatography. In this protocol we 

describe purification of a MSP variant, MSP1E3D1.  

 

A.3.2  Materials and Solutions 

1. YT Culture Media: 0.5% (w/v) yeast extract, 0.8% (w/v) tryptone, 80 mM NaCl. 

2. YT-Agar Selective Media: 0.5% (w/v) yeast extract, 0.8% (w/v) tryptone, 80 mM NaCl, 

0.75% (w/v) agar, 25 µg/ml kanamycin. 

3. SOC Media: 0.5% (w/v) yeast extract, 2% (w/v) tryptone, 8.5 mM NaCl, 2.5 mM KCl, 

10 mM MgCl2, 20 mM D-glucose. 

4. 20% (w/v) D-glucose, filter sterilized with 0.22 µm filter. 

5. BL21 (DE3) Star competent E. coli cells (Invitrogen). 

6. pET28a:MSP1E3D1 plasmid DNA. 

7. 50 mg/ml kanamycin. 

8. 1M isopropyl-β-D-thiogalactopyranoside (IPTG) in H2O. 

9. 500 mM phenylmethanesulfonylfluoride (PMSF) in 100% ethanol. 

10. 10% (v/v) TritonX-100. 

11. Ni2+-NTA agarose. 
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12. Resuspension Buffer: 20 mM Na-phosphate, pH 7.5. 

13. Column Wash 1 Buffer: 40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1% (v/v) TritonX-

100. 

14. Column Wash 2 Buffer: 40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole, 

50 mM Na-cholate. 

15. Column Wash 3 Buffer: 40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 50 mM imidazole. 

16. Column Elution Buffer: 40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 400 mM imidazole. 

17. Dialysis Buffer: 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA. 

 

 

A.3.3  Methods 

A.3.3.1  MSP1E3D1 Expression 

1. Transform pre-chilled BL21 (DE3) Star cells with 25 ng pET28a:MSP1E3D1 plasmid 

DNA by incubation on ice for 30 min, heat shock at 42°C for 45 s, and recovery at 37°C 

in 0.95 ml SOC Media for 1 h. 

2. Plate 100 µl transformed cells on kanamycin-selective plates and incubate overnight 

at 37°C. 

3. Prepare 100 ml growth medium (100 ml YT culture medium, 0.2% (w/v) filter-

sterilized glucose, 25 µg/ml kanamycin), divide into several 5 ml aliquots in culture 

tubes, inoculate each with individual colonies from transformation plate and grow 

overnight (37°C, 250 rpm). 

4. Prepare 4 x 500 ml growth medium (500 ml YT culture medium, 0.2% (w/v) filter-

sterilized glucose, 25 µg/ml kanamycin), inoculate each with 1 ml overnight culture and 
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grow (37°C, 250 rpm) to OD600 = 0.8 to 1.0. 

5. Induce expression by reducing growth temperature to 26°C, adding 1 mM IPTG, and 

continuing incubation for 3 h. 

6. Harvest cells by centrifugation (4,000 x g for 20 min), decant medium, flash freeze 

pellets in liquid N2 and store at -80°C. 

 

A.3.3.2  MSP1E3D1 Purification 

1. Thaw pellets from each 500 ml culture on ice and resuspend each pellet in 20 ml 

Resuspension Buffer with 1 mM PMSF. Add TritonX-100 to a final concentration of 1% 

(v/v). 

2. Disrupt cells by ultrasonication in an ice bath using a microtip (50% amplitude, 60 s, 

total, five times). Clarify the lysate by centrifugation (30,000 x g for 30 min) and combine 

supernatants. 

3. Equilibrate Ni-NTA agarose column (matrix bed 8 ml) with several column volumes 

(CV) of Column Wash 1 Buffer; load clarified lysate supernatant onto column and wash 

the column with 5 CV Column Wash 1 Buffer, 5 CV Column Wash 2 Buffer, 5 CV 

Column Wash 3 Buffer. 

4. Elute MSP1E3D1 with Column Elution Buffer (10x~ 1 ml fractions). Pool protein-

containing fractions, add to dialysis cassette (MWCO 2,000) and dialyze overnight at 

4°C in 3 l Dialysis Buffer with one buffer exchange. 

5. Measure MSP concentration by A280 and known molar extinction coefficients (Figure 

2). Aliquot stocks into 250 µl, flash freeze in liquid N2 and store in -80°C. 
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Table A.3 Lipid-Only Biomimetic Nanodiscs Assembly Reaction 

Component Volume (µl) Final concentration 

20.5 mM lipid blend 590 4.8 mM POPC 

1.2 mM TOCL 

200 µM MSP1E3D1 0 n/a 

ND-Buffer A 1410 n/a 

Total 2000  

 

A.4 Assembly of Nanodiscs with Tim23 

 

A.4.1  Summary 

In this step we incorporate in vitro translated Tim23 into nanodiscs using either pre-

formed discs or adding the translation reaction into a nanodisc-forming mix comprising 

of desired lipids and MSP. 

 

A.4.2  Materials and Solutions 

1. Pyrex 50 ml round-bottom centrifuge tube. 

2. Rotary evaporator. 

3. Source of compressed nitrogen gas. 

4. Stocks of synthetic lipids in chloroform, including: a) 1-hexadecanoyl-2-(9Z-

octacecenoyl)-sn-glycero-3-phosphocholine (POPC; Avanti #850457C); b) 1,1′,2,2′-
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tetra-(9Z-octadecenoyl) cardiolipin (TOCL; Avanti #710335C). 

5. ND Buffer A: 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA. 

6. ND Buffer B: 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 mM EDTA, 59 mM Na-

cholate. 

7. ND Column Buffer 1: 40 mM Tris-HCl, pH 8.0, 300 mM NaCl. 

8. ND Column Buffer 2: 40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 400 mM imidazole. 

9. ND Storage Buffer: 20 mM HEPES-KOH, pH 7.5, 200 mM NaCl, 50 mM KOAc, 5 mM 

Mg(OAc)2, 5% (v/v) glycerol. 

10. Laboratory vortex mixer. 

11. Bath sonicator. 

12. 15 ml conical tubes. 

13. Laboratory rotisserie. 

14. BioBeads SM-2 (Bio-Rad) hydrophobic adsorbents. 

15. Column with Ni2+-NTA agarose matrix. 

16. Amicon Ultra Centrifugal filter Units (Millipore), 3,000 MWCO, 5 ml capacity. 

17. Translation Buffer (10X): 200 mM HEPES-KOH, pH 7.5, 1 M KOAc, pH 7.5, 25 mM 

Mg(OAc)2, 2 mM spermidine, 0.08 mM S-adenosylmethionine. 

18. Protease Inhibitor Mixture (200X): 50 µg/ml each of Antipain, Chymostatin, 

Leupeptin, Pepstatin A and 5% (v/v) of Aprotinin. 

19. Energy Generating System and Amino Acid Mixture (EGS): 90 mM HEPES-KOH, 

pH 7.5, 15 mM ATP, pH 7.5, 15 mM GTP, pH 7.5, 120 mM creatine phosphate, 0.12 

U/µl creatine phosphokinase, 0.38 mM each of 20 common L-amino acids except for 

methionine in case of in vitro translation of [35S]Tim23 and cysteine in case of in vitro 
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translation of NBD-Tim23. 

20. Wheat germ extract (prepared as in Step A.1) 

21. L-[35S]-methionine or NBD-Cys-tRNAcys. 

 

 

A.4.3  Methods 

A.4.3.1  Preparation of Solubilized Lipids 

1. Assemble the desired lipid blend by combining chloroform stocks of lipids in a 50 ml 

round bottom tube using a Hamilton syringe. To assemble POPC and TOCL lipid 

combination (80 mol% POPC, 20 mol% TOCL), add 0.4 ml of POPC and 0.2 ml of 

TOCL. 

2. Evaporate the chloroform under a gentle nitrogen stream in a fume hood. 

3. Cover the tube with parafilm with small hole on top and place in vacuum dessicator 

for a minimum of two hours to remove all traces of organic solvent. 

4. Hydrate the lipid film by adding 0.8 ml of ND Buffer B (the concentration of cholate 

should be at least twice the concentration of lipid), vortexing lipids into solution, and 

placing in a bath sonicator for a total of four x one minute cycles until suspension is 

clear. 
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A.4.3.2  Assembly of Lipid-Only Nanodiscs (for Co-Translational Assembly Only) 

1. Prepare a 2 ml lipid-only nanodisc assembly reaction in a 15 ml conical tube by 

assembling cholate-solubilized lipids (from Section 4.3.1) and MSP (from Section A.3) 

at optimized molar ratios and adjusting the volume with ND Buffer A as shown in Table 

A.3. Incubate assembly for 30 min. 

2. Prepare BioBeads by adding 1.5 g of dry beads to a 15 ml conical tube and hydrating 

with 1.0 ml of ND Buffer A on laboratory rotisserie for 30 min. Carefully remove buffer by 

pipetting. 

3. Initiate the self-assembly reaction by adding the nanodisc assembly mixture to the 

conical vial containing pre-hydrated BioBeads. Incubate reaction on laboratory rotisserie 

for 2 h. 

4. Affinity purify assembled nanodiscs via batch purification with Ni2+-NTA agarose by 

adding 1 ml of Ni2+-NTA beads (equilibrated with ND-Buffer A) to the assembly reaction 

and incubating for 45 min; adding slurry to chromatography column (approx. 0.8 cm 

wide x 4 cm length); preparing wash and elution buffers (Table A.4) and adding: 2 CV 

of Wash 1 Buffer, 2 CV of Wash 2 Buffer, 2 CV 

of Wash 3 Buffer, and eluting with Elution Buffer in four-one ml fractions. 

5. Perform nanodisc concentration and buffer exchange by adding elution fractions to 5 

ml Millipore Centrifugal unit (3,000 MWCO), pre-equilibrated with ND Storage Buffer. 

Perform the following four times: centrifuge sample at 3,500 x g for 15-20 min at 4°C, 

discard eluate, add 3.0 ml ND Storage Buffer to nanodiscs sample in filter device. 

Finally, concentrate the sample to approximately 0.5 ml. 

6. Purified nanodiscs can be used immediately in translation reactions. Alternatively, 
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they may be stored long-term by flash freezing in liquid N2 and storage at -80°C. 

 

Table A.4 Nanodiscs Affinity Purification Buffers 

 ND Column Buffer 1 ND Column Buffer 2 

Buffer Volume (ml) Volume (ml) 

Wash1 (no imidazole) 25.0 0.0 

Wash2 (20 mM 

imidazole) 

23.75 1.25 

Wash3 (50 mM 

imidazole) 

21.87 3.13 

Elution (400 mM 

imidazole) 

0 25.0 

 

 

A.4.3.3  Co-translational Assembly of Tim23 into Nanodiscs 

1. Assemble Translation Reaction with Nanodiscs (Table A.5) in a 1.5 ml microfuge 

tube and incubate the reaction at 26°C for 40 min. 

2. Centrifuge the reaction mixture at 20,000 x g for 10 min to pellet precipitated protein, 

and transfer clarified supernatant containing nanodiscs with Tim23 protein to a new 

microfuge tube. 
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3. To re-purify and concentrate the [35S]Tim23-containing nanodiscs, the sample can be 

subjected to a second round of Ni2+-NTA based chromatography, exactly as detailed in 

Section 4.3.2, steps 4 and 5. 

 

A.4.3.4  Post-translational Assembly of Tim23 into Nanodiscs 

1. Assemble Translation Reaction without Nanodiscs (Table A.5-6) in a 1.5 ml 

centrifuge tube and incubate the reaction at 26°C for 40 min. 

2. Prepare a 2 ml Tim23-nanodisc assembly reaction in a 15 ml conical tube by 

assembling cholate-solubilized lipids (from Section 4.3.1) and MSP (from Section A.3) 

at optimized molar ratios and adjusting the volume with ND Buffer A as shown in Table 

A.3. Incubate assembly for 30 min. 

3. Prepare BioBeads by adding 1.5 g of dry beads to a 15 ml conical tube and hydrating 

with 1.0 ml of ND Buffer A on laboratory rotisserie for 30 min. Carefully remove buffer by 

pipetting. 

4. Initiate the self-assembly reaction by adding the nanodiscs assembly mixture to the 

conical vial containing pre-hydrated BioBeads. Incubate reaction on laboratory rotisserie 

for 2 h. 

5. Affinity purify assembled nanodiscs via batch purification with Ni2+-NTA agarose by 

adding 1 ml of Ni2+-NTA beads (equilibrated with ND-Buffer A) to the assembly reaction 

and incubating for 45 min; adding slurry to chromatography column (approx. 0.8 cm 

width x 4 cm length); preparing wash and elution buffers (Table A.4) and adding: 2 CV 

of Wash 1 Buffer, 2 CV of Wash 2 Buffer, 2 CV 

of Wash 3 Buffer, and eluting with Elution Buffer in four-one ml fractions. 
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6. Perform nanodiscs concentration and buffer exchange by adding elution fractions to 5 

ml Millipore Centrifugal unit (3,000 MWCO), pre-equilibrated with ND Storage Buffer. 

Perform the following four times: centrifuge sample at 3,500 x g for 15-20 min at 4°C, 

discard eluate, add 3.0 ml ND Storage Buffer to nanodisc sample in filter device. Finally, 

concentrate the sample to approximately 0.5 ml. 

 

Table A.5 Translation Reaction 

 With Nanodiscs No Nanodiscs  

Component Volume (µl) Volume (µl) Final Concentration 

Nuclease-free 

d2H2O 

146.4 146.4 n/a 

10X translation 

buffer 

50 50 20 mM HEPES7.5 

100 mM KOAc7.5 

2.5 mM Mg(OAc)2 

200 µM spermidine 

8 µM S-
adenosylmethionine 

100 mM DTT 5.0 5.0 1 mM 

200X protease 

inhibitors 

2.6 2.6 1X 
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20 U/µl RNasin 2.6 2.6 0.1 U/µl 

EGS 40 40 7.2 mM HEPES7.5 

1.2 mM ATP7.5 

1.2 mM GTP7.5 

9.6 mM creatine 
phosphate 

9.6 U/ml creatine 
phosphokinase 

47.5 µM each 
amino acid 

Wheat germ 

extract 

100 100 20% (v/v) 

10 µCi/µl 

[35S]methionine 

13.4 13.4 0.25µCi/µl 

Tim23 mRNA 40 40 8% (v/v) 

Purified nanodiscs 100 n/a 20% (v/v) 

nanodiscs 

ND storage buffer n/a 100 20% (v/v) buffer 

Total 500 500  
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Table A.6 NBD-Tim23 Translation Reaction 

Component Volume (µl) Final Concentration 

Nuclease-free 

d2H2O 

139.8 n/a 

10X translation 

buffer 

50 20 mM HEPES7.5 

100 mM KOAc7.5 

2.5 mM Mg(OAc)2 

200 µM spermidine 

8 µM S-
adenosylmethionine 

100 mM DTT 5.0 1 mM 

200X protease 

inhibitors 

2.6 1X 

20 U/µl RNasin 2.6 0.1 U/µl 

EGS 40 7.2 mM HEPES7.5 

1.2 mM ATP7.5 

1.2 mM GTP7.5 

9.6 mM creatine 
phosphate 

9.6 U/ml creatine 
phosphokinase 

47.5 µM each 
amino acid 
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Wheat germ 

extract 

100 20% (v/v) 

15 µM NBD-Cys-

tRNAcys 

20 0.6 µM 

Tim23 mRNA 40 8% (v/v) 

ND storage buffer 100 20% (v/v) buffer 

Total 500  

 

 

A.5 Gel-Based Analysis 

 

A.5.1  Summary 

In this step we prepare samples for visualization by performing SDS-PAGE. SDS-PAGE 

is followed by autoradiography to screen for [35S]Tim23, and coomassie blue staining to 

detect the presence of MSP in our fractions.  

 

A.5.2  Materials and Solutions 

1. Mini-PROTEAN Tetra Cell (Bio-Rad 165-8004). 

2. PowerPac Universal Power Supply (Bio-Rad 164-5070). 

3. Mini-Protean TGX Precast Gel (Bio-Rad 456-1044S). 



	
   198	
  

4. Electrophoresis running buffer (25 mM Sigma 7-9 buffer, 0.2 M glycine, 0.1 (w/v) 

sodiumdodecyl sulfate, 0.045% (w/v) bromophenol blue, 0.1 M DTT). 

5. SDS-PAGE Sample Buffer (125 mM Tris-Base, 18%(v/v) glycerol, 3.6%(w/v) sodium 

dodecylsulfate, 0.045%(w/v) bromophenol blue, 0.1M DTT). 

6. Destain solution (50%(v/v) methanol, 10%(v/v) acetic acid). 

7. Coomassie stain solution (50%(v/v) methanol, 10%(v/v) acetic acid, 0.5%(w/v) 

Coomassie G-250). 

8. Gel imaging system capable of imaging radiolabeled samples. 

9. Gel drying apparatus (Bio-Rad 165-1789 Hydrotech system including Model 583 gel 

dryer and vacuum pump). 

10. Imaging screen-K, 20 x 25 cm phosphor imaging screen (Bio-Rad 170-7843) and 

exposure cassette-K (Bio-Rad 170-7861). 

11.14C-methylated protein molecular weight markers (Perkin-Elmer #NEC81100). 

12. Precision Plus All Blue Prestained Standards (Bio-Rad 161-0373). 

 

A.5.3  Methods 

1. Set up the electrophoresis apparatus according to the manufacturer’s instructions. 

2. In separate microfuge tubes, pre-mix 5 µl nanodisc purification fractions (flow 

through, wash steps, elution steps, and concentrated samples) with an equal volume of 

SDS-PAGE Sample Buffer and heat at 65°C for 10 min prior to gel loading. For gels in 

radioisotope scans, add 5 µl of radiolabeled molecular weight markers to an equal 

volume of SDS-PAGE Sample Buffer; for coomassie gels, add 5 µl of all blue markers to 

an equal volume of SDS-PAGE Sample Buffer. 
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Quantitatively load all samples onto gel.  

3. Run gels at 125 V until the bromophenol blue dye front reaches the bottom of the 

separating gel. 

4. Prepare gels used for radioisotope scans by washing in 100 ml of Destain Solution 

for 10 min followed by two 10 min washes in water. Dry gels for 40 min at 80°C and 

place on phosphor imaging screen. Perform radioisotope scan on the molecular imager 

using the appropriate settings. 

5. Prepare gels used for Coomassie stain by washing in 100 ml of coomassie Stain 

Solution for 30 min followed by multiple 20 min washes in 100 ml Destain Solution. 

Continue destain solution until signal from protein bands are sufficiently contrasted with 

background. 
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Table A.7 Tim23-Biomimetic Nanodiscs Assembly Reaction 

Component Volume (µl) Final concentration 

20.5 mM lipid blend 590 4.8 mM POPC 

1.2 mM TOCL 

200 µM MSP1E3D1 500 50 µM 

Tim23 translation 250 12.5% (v/v) 

200X protease inhibitors 20 2X 

ND-Buffer A 640  

Total 2000  
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