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1.1. Mitochondria and mitochondrial proteins  

 

Mitochondria are ubiquitous organelles consisting of two highly specialized 

membrane systems, the OM (Outer Membrane) and IM (Inner Membrane), and two 

aqueous compartments, the matrix and the IMS (Intermembrane Space).  In addition to 

their fundamental role in ATP synthesis, mitochondria hold central metabolic pathways, like 

the Krebs cycle and the β-oxidation of fatty acids.  Based on proteomic analyses, it is 

estimated that mitochondria contain ~1500 different proteins in mammals and ~1000 

different proteins in yeast [1–3].  Because of their endosymbiotic origin, mitochondria still 

contain their own small genome encoding a limited number of proteins, which are mostly 

subunits of respiratory chain complexes and F1Fo-ATP synthase.  Thus, nearly all 

mitochondrial proteins are encoded by nuclear genes, synthesized as precursor forms on 

cytosolic ribosomes and subsequently transported into mitochondria.  Transport of 

proteins from their site of synthesis to the final destination within mitochondria is a 

complicated task and requires the help of distinct import machineries, which have been 

identified and extensively characterized over the last few decades [4–14]. 

 

1.2. Targeting and sorting signals of mitochondrial proteins  

 

Targeting of newly synthesized mitochondrial precursor proteins to mitochondria 

and their sorting to distinct mitochondrial sub-compartments require the presence of 

specific import signals within the transported polypeptides (Figure 1.2.1).  The most typical 

mitochondrial import signal is contained in an N-terminal extension termed a presequence.  

Presequences can form amphipathic α-helical segments with a net positive charge and show 

a prevalent length distribution of 15 to 55 amino acids [15].  The helix therefore shows two 
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faces, one hydrophobic and the other hydrophilic, and possesses a net positive charge(s).  

These properties of the mitochondrial presequences are important in view of the specific 

interaction with the receptors on the outer mitochondrial membrane.  In general, 

N-terminal presequences are proteolytically removed after import into the matrix by matrix 

processing peptidase and other proteases [16,17].  A second group of precursor proteins 

lacks a cleavable amino-terminal extension but contains often less well defined internal 

targeting signals.  These internal targeting signals are used by β-barrel proteins of the 

outer membrane, soluble IMS proteins and polytopic inner membrane proteins.  Most 

precursor proteins, with or without presequence, can be imported into mitochondria 

post-translationally, although a co-translational mechanism can also occur [18]. 

 

1.3. An overview of mitochondrial protein translocases  

 

Most mitochondrial proteins enter mitochondria by crossing the outer membrane, 

and then the protein-sorting pathway branches out elaborately for different 

sub-mitochondrial compartments with the aid of distinct sorting-specific import 

machineries (Figure 1.3.1).  The protein import machineries of mitochondria include four 

main translocators, named the TOM40, TOB/SAM, TIM23 and TIM22 complexes.  The outer 

mitochondrial membrane contains the TOM40 translocation complex, whereas the other 

two are present in the inner membrane.  Virtually all mitochondrial proteins utilize the 

TOM40 complex as the main entry point for the transport across the outer mitochondrial 

membrane.  The outer mitochondrial membrane additionally contains the SAM (sorting 

and assembly machinery) complex, also termed the TOB complex, which is required for the 

assembly of β-barrel proteins into the outer membrane [19].  However, these β-barrel 

proteins are first imported through the TOM40 complex prior to relocation to the SAM/TOB 
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complex. 

The TIM23 and TIM22 complexes represent two distinct inner membrane 

translocases.  The TIM23 complex is responsible for the import of presequence-containing 

preproteins, while TIM22 complex facilitates the assembly of precursor proteins bearing 

internal targeting signals into the inner membrane.  A further pathway involving 

Mia40/Tim40 (mitochondrial intermembrane space assembly machinery) and Erv1 directs 

small soluble proteins to the intermembrane space of mitochondria, and links their sorting 

to their oxidative folding by a disulfide relay mechanism [20].  

 

1.3.1. Protein translocation across the outer membrane: the TOM40 complex 

The TOM40 complex is a particularly fascinating protein translocase, as it mediates 

the transport of various types of precursors with diverse import signals across the outer 

membrane and then selectively distributes them to multiple downstream protein sorting 

machineries.  Tom40, the central subunit of the TOM40 complex, is integrated into the 

outer membrane in a β-barrel conformation and forms an aqueous pore, through which 

mitochondrial precursor proteins cross the outer membrane [21–23].  To function as 

receptors, the cytosolic domains of three primary receptor subunits Tom20, Tom22 and 

Tom70 recognize and bind specific signals of mitochondrial precursor proteins.  Tom20 

mainly recognizes N-terminal presequences by binding the hydrophobic face of their 

amphipathic α-helical structure [24,25].  Precursor proteins with hydrophobic internal 

targeting signals are preferentially bound by Tom70 with the assistance of Hsp90 and Hsp60, 

which deliver precursor proteins to the TOM40 complex [26-28].  The receptor Tom22 is 

critical for the integrity of the TOM40 complex and exposes presequence binding domains 

to both the cytosol and the IMS [29–32].  Tom22 is thought to bind to the hydrophilic face 

of the amphipathic α-helical structure of presequences.  The TOM40 core complex also 
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contains three small proteins Tom5, Tom6 and Tom7, which also play a role in stabilization 

and organization of the TOM40 complex [33–35], but Tom5 was also reported to have a 

more direct role in protein translocation [35].  After passage through the TOM40 complex, 

the precursor proteins are further sorted to their respective mitochondrial 

sub-compartments. 

The pathway of precursor passage through the TOM40 complex is best understood 

for presequence-containing proteins [36,37].  The increasing affinity for the presequence 

from the cis binding site to the trans binding site is considered to drive the inward-directed 

movement of the presequence.  For presequence-containing proteins, the transport across 

the outer membrane is tightly coupled to the translocation across or into the inner 

membrane via the TIM23 machinery through a direct hand-over of substrates as soon as 

they emerge from the TOM40 complex [38,39]. 

 

1.3.2. The SAM/TOB complex  

β‐barrel proteins are a unique species of evolutionarily conserved membrane 

proteins that are exclusively found in the outer membranes of mitochondria and 

chloroplasts and of gram‐negative bacteria.  All β‐barrel proteins in mitochondria are 

encoded by the nuclear genome and are transported through the outer membrane by the 

TOM40 complex [40].  

After passage through the TOM40 complex, the soluble small Tim chaperone 

complexes in the IMS guide the β-barrel proteins to the SAM/TOB complex in the outer 

membrane [41,42].  The central essential subunit of the SAM/TOB complex is Sam50 

(Tob55, Omp85), which is a β-barrel protein itself and is related to BamA of the bacterial 

β-barrel assembly machinery [43-45].  In the SAM/TOB complex, Sam50 acts together with 
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another essential subunit Sam35 (Tob38, Tom38) and two other subunits Sam37 (Mas37, 

Tom37) and Mdm10.  The two peripheral subunits Sam35 and Sam37 and the polypeptide 

transport associated domain (POTRA) of Sam50 help to recognize incoming precursors and 

to release folded β-barrel proteins into the lipid phase [40,46-50].  Mdm10 is specifically 

required for the assembly of Tom40, where Mdm10 in the presence of Tom7 contributes to 

a role in discharge of Tom40 from the SAM/TOB complex [51].  In addition to its 

localization at the SAM/TOB complex, Mdm10 also forms a complex with Tom7 and is also a 

crucial subunit of the ER (endoplasmic reticulum)-mitochondria encounter structure 

(ERMES), which tethers the membrane of the ER to the outer mitochondrial membrane 

[52-54].  In the ERMES complex, the mitochondrial outer membrane proteins Mdm10 and 

Gem1 are connected with the help of Mdm12 and Mdm34 to the integral ER membrane 

protein Mmm1 [55-57].  In addition, the ERMES complex was proposed to facilitate 

ER-mitochondria lipid transport, which is crucial for mitochondrial biogenesis as well 

[55,58-59]. 

The SAM/TOB complex also physically interacts with the mitochondrial inner 

membrane organization system (MINOS, MICOS, MitOS), which is required for the 

maintenance of the mitochondrial cristae architecture [60-63].  In order to build cristae 

junctions, the inner boundary membrane must be connected to the outer membrane.  

This connection is mediated by the inner membrane protein Fcj1 (mitofilin), which 

facilitates the formation of cristae junctions [64, 65]. 

 

1.3.3. The MIA pathway  

Numerous proteins in the IMS with masses smaller than 20 kDa carry characteristic 

conserved cysteine motifs that are required for binding to cofactors, for example metal ions.  

These proteins are equipped with internal mitochondrial targeting information and go 
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through the TOM40 complex into the IMS with the help of the Tim40/Mia40 (mitochondrial 

intermembrane space import and assembly) [66,67] and its mode of action differs 

significantly from the typical import pathways into mitochondria.  Perhaps the most 

exclusive feature of this pathway compared with other mitochondrial import pathways and 

also other cellular translocation systems is the use of cysteine chemistry to stabilize 

translocation intermediates and mature folded proteins via disulfide bonds.  Disulfide 

bond formation by Tim40/Mia40 leads to trapping of proteins in the IMS of mitochondria.  

Tim40/Mia40 contains six conserved cysteine residues and mediates oxidative folding of 

substrate proteins by forming a mixed-disulfide [68-70].  Like Tim40/Mia40, a sulfhydryl 

oxidase Erv1 (essential for respiration and viability 1) is an essential IMS protein for yeast 

cell viability and is involved in mitochondrial disulfide bond formation with Tim40/Mia40 

[68,71].  Tim40/Mia40 is reoxidized by Erv1, which passes the electrons over cytochrome c 

to the respiratory chain [68,71].  In addition to Tim40/Mia40 and Erv1, another IMS 

protein known as Hot13, with similarity to zinc-finger proteins, was suggested to play a role 

in the biogenesis of IMS proteins.  The precise function of this protein in the biogenesis of 

IMS proteins is not clear yet.  However, it is plausible at this point that further regulatory 

proteins can also be involved in the MIA pathway. 

 

1.3.4. The TIM22 complex  

Carrier proteins with internal targeting information are guided to the TIM22 

translocase by the small Tim complexes, i.e. soluble, hexameric chaperone complexes 

Tim9‐Tim10 and/or Tim8‐Tim13 [72-74].  The translocase TIM22 complex consists of the 

integral membrane proteins Tim22, Tim54, and Tim18, and docking of small Tim complexes 

to the TIM22 complex mediated by Tim12 passes the carrier substrate to the TIM22 
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complex [75-77].  Tim22 is a channel‐forming protein with sequence homologies to Tim23 

and Tim17 [78].  It forms a twin pore, whose gating is dependent on Δψ (the membrane 

potential across the inner membrane) and on the binding of the precursor substrate [79-81].  

Tim54 could exert a similar function as Tim50 in regulating the Tim23 pore, whereas Tim18 

acts in the TIM22 complex assembly [76, 82]. 

 

1.3.5. The TIM23 complex 

The majority of mitochondrial precursor proteins in yeast carry N-terminal, cleavable 

presequences that govern targeting and sorting of these proteins to the mitochondrial inner 

membrane or matrix [83].  After translocation through the TOM40 complex, the incoming 

precursors with N-terminal targeting sequences are handed over to the presequence 

translocase of the inner membrane (the TIM23 complex).  The TIM23 complex consists of 

three essential membrane-integrated core components Tim23, Tim17 and Tim50, and 

multiple peripheral subunits.  Tim23 consists of four transmembrane helices and an 

N-terminal domain in the IMS and partly in the outer membrane and is thought to be the 

channel forming component of the TIM23 complex [84].  Furthermore, the N-terminal IMS 

domain of Tim23 associates with the IMS domain of Tim50 through coiled-coil interactions 

[85,86], and this association is essential for guiding the precursors protein through the 

Tim23 channel [85].  Tim17, a homolog of Tim23, was demonstrated to play a 

multi-functional role in the TIM23 complex.  It is crucial for stabilization of the translocase 

complex and was suggested to act as a voltage sensor of the TIM23 complex [87].  Tim17 

functions in lateral sorting into the inner membrane as well as in import of preproteins into 

the matrix [88].  

Tim50 is a single membrane spanning protein and exposes a large C-terminal 

domain into the IMS.  Crosslinking studies indicate that Tim50IMS is located in close 
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proximity to the Tom22 subunit of the TOM40 complex [32].  This spatial arrangement 

allows Tim50IMS to interact with precursor proteins at an early stage of import, when the 

bulk of the precursor protein in still inside the TOM40 complex [89-91].  Tim50IMS domain 

is involved in closing the Tim23 channel to preserve Δψ [92].  The crystal structure of the 

conserved core domain of Tim50IMS (residue 176-361) forms a monomer and consists of 

five α-helices and nine β- strands [93].  The crystal structure also shows the presence of an 

extended groove on the surface with negatively charged amino acid residues at the bottom 

that could accommodate an amphipathic α-helical peptide [93].  Adjacent to this groove, a 

β-hairpin that is crucial for the binding of Tim50IMS to Tim23IMS protrudes from the 

surface of the molecule [93].  Recently, two distinct presequence binding sites within yeast 

Tim50IMS have been proposed: one in the conserved core domain and the other in the 

C-terminal region [93,94].  Furthermore the IMS domain of Tim23 is responsible for 

binding and handover of incoming precursors from Tim50IMS [86,95-97].  The fourth 

subunit, Tim21 may possess a unique regulatory role in promoting a transient coupling of 

the TIM23 complex with the respiratory chain complexes III and IV [98-100].  Altogether, 

the Tim23/Tim50 receptor module is engaged in multiple interactions with an incoming 

precursor protein, which cooperatively functions to mediate efficient transfer of the 

precursor protein from the outer mitochondrial membrane to the protein-conducting 

channel of the inner membrane. 

From the energetic perspective, complete transfer of precursor proteins from the 

TOM40 complex to the TIM23 complex and the initiation of preprotein translocation across 

the inner membrane are driven by Δψ, which also triggers opening of the TIM23 

protein-conducting channel and exerts an electrophoretic force on the positively charged 

presequence [101,102].  For the complete translocation of preproteins into the matrix, 
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mtHsp70 and the energy derived from ATP hydrolysis in the mitochondrial matrix is 

required.  

 

 

 

 
 

 

Figure 1.2.1. Mitochondrial translocation map for different targeting signals [103]  

Various mitochondrial targeting signals target proteins for mitochondrial import.  Biogenesis of 

β-barrel proteins of the outer membrane (OM) requires the small Tim chaperones of the IMS and the 

sorting and assembly machinery (SAM).  Proteins of the IMS that contain cysteine-rich signals 

(CxnC) are imported via the mitochondrial intermembrane space import and assembly (MIA) 

pathway.  Carrier proteins of the inner membrane (IM) are transported with the help of the small 

Tims and the translocase of the inner membrane 22 (the TIM22 complex).  Presequence containing 

proteins are inserted into the inner membrane or imported into the matrix by the translocase of the 

inner membrane 23 (the TIM23 complex; presequence translocase).  Matrix translocation requires 

the activity of the presequence translocase-associated import motor (PAM).  Presequences are 

proteolytically removed by the matrix processing peptidase (MPP) upon import.  Δψ, membrane 

potential across the inner mitochondrial membrane.  
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Figure 1.3.1. Mitochondrial protein import pathways and translocators.  

Cytosolic precursor proteins are transported via specialized import machineries into mitochondria.  

The translocase of the outer membrane 40 (TOM40) facilitates transport across the outer membrane.  

Subsequently the translocases of the inner membrane (TIM23, TIM22), the sorting and assembly 

machinery (SAM) or the mitochondrial inter membrane space assembly machinery (MIA) are 

required for transport to the respective submitochondrial destination and maturation of the protein.  

TOM40 complex (20, Tom20; 22, Tom22; 7, Tom7; 71, Tom71; 70, Tom70; 6, Tom6; 5, Tom5); 

TOB/SAM complex (50, Sam50/Tob55; 35, Sam35/Tob38; 37, Sam37/Mas37/Tom37); MIA system 

(Cyt. c, cytochrome c; IV, the respiratory chain complex IV); TIM23 complex (50, Tim50; 23, Tim23; 17, 

Tim17; 21, Tim21; 14, Tim14; 44, Tim44; 16, Tim16; ); TIM22 complex (54, Tim54; 22, Tim22; 18, 

Tim18); III, the respiratory chain complex III. 
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1.4. General objective 

The majority of mitochondrial precursor proteins in yeast carry N-terminal, cleavable 

presequences that govern targeting and sorting of these proteins to the mitochondrial 

matrix or inner membrane using the TOM40-TIM23 pathway (Figure1.4.1).  The 

presequence-containing precursor proteins pass through the import channel of Tom40 to 

reach the presequence binding site on the IMS side of the TOM40 complex and are 

subsequently handed over from the TOM40 complex to the TIM23 complex; presequences 

are then received by Tim50 of the TIM23 complex and transferred to the import channel of 

Tim23.  Tim50 was found to have two presequence binding sites, one in the C-terminal 

PBD (presequence binding domain) and the second in the conserved core domain.  

However, how Tim50 recognizes the presequence and how it regulates the protein transport 

process are not clear at the moment. 

PBD, which is conserved only among fungal Tim50, is in a close proximity to 

another presequence receptor Tim50IMS-core, which may reflect a mechanism that 

cooperatively directs the mitochondrial presequence for translocation.  So I decided to 

probe how the presequence is recognized by PBD, and how PBD and Tim50core functions 

cooperatively to mediate efficient transfer of the presequence to the Tim23 channel. 

Two experimental methods, NMR and X-ray crystallography, can provide an insight 

into the comprehensive understanding of the presequence-receptor interactions as well as 

their dynamics at a molecular level.  In particular, NMR has evolved as a powerful tool in 

identification of presequence-receptor binding and offers some key advantages over other 

techniques.  Although NMR can never compete with X-ray crystallography in the pace of 

structure determination, NMR can provide insights into the dynamics of the molecules, their 

folding/unfolding as well as the effects of interactions with binding partners including 

competitive binding on these processes.  Besides, NMR studied in solution gives the 
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opportunity to vary a wide range of conditions that are closer to the physiological ones (like 

pH, temperature and different solvents etc).  Furthermore, NMR can detect weak 

protein-protein or protein-nucleic acid or protein-peptide interactions, which are more 

difficult to analyze through crystallization followed by X-ray analyses, and enables the 

determination of binding constants.  In addition to gaining information on whether a 

receptor protein is interacting with the presequence peptide or not, mechanistic insights of 

their binding and structural information can be obtained by NMR for both the receptor 

protein and the presequence peptide.  The above quotation refers to this fact and 

highlights the distinctive position of NMR analyses on understanding of the mitochondrial 

presequence-receptor interaction mechanisms, of which I have tried to show in this thesis. 

 

 

 

 

Figure 1.4.1. Presequence containing mitochondrial precursor protein pathway to 

matrix through TOM40-TIM23 complexes 
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2.1. Introduction 

Mitochondria are essential organelles in eukaryotic cells and consist of two 

membranes, the outer and the inner membrane, and two aqueous compartments, the 

matrix and the intermembrane space (IMS).  Mitochondria contain about 1000–1500 

different proteins, most of which are encoded by nuclear genes and are consequently 

synthesized on cytosolic ribosome as precursor proteins and imported into mitochondria for 

their functioning.  Precursor proteins need the presence of specific targeting signals for 

targeting to mitochondria through specific transport pathways and sorting to their final 

destination within different mitochondrial sub-compartments [1-5].  Most extensively 

studied mitochondrial targeting signals are the ones-encoded in N-terminal presequences 

and are characterized as an ability to form amphipathic α-helical segments that are rich in 

net positive charges [6].  Generally, N-terminal presequences are cleaved off after import 

into the matrix by processing peptidase, resulting in formation of the mature protein [7-9].  

Import and subsequent intra-mitochondrial sorting of mitochondrial proteins are mediated 

by membrane-protein complexes called translocators in the outer (the TOM40 complex and 

TOB/SAM complex) and inner membranes (the TIM23 complex and TIM22 complex) and 

soluble factors in the cytosol, IMS, and matrix [1,2,10-13].  After translocation of 

precursors through the general entry gate formed by the TOM40 complex, several distinct 

downstream intra-mitochondrial sorting pathways can operate with the aid of other specific 

translocators.  The targeting signal in a presequence is recognized by Tom20 and Tom22, 

receptor subunits of the outer membrane translocator TOM40 complex [9].  The 

presequence then pass through the import channel of Tom40 to reach the presequence 

binding site on the IMS side of the TOM40 complex and is subsequently handed over from 

the TOM40 complex to the TIM23 complex (Figure 2.1.1).  Accumulated evidence suggests 
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that the presequence is received by Tim50 of the TIM23 complex and is transferred to the 

import channel of Tim23 in a manner dependent on the membrane potential (ΔΨ) across 

the inner membrane [1,2,9]. 

Tim50 plays a key role in the link of the translocation across the outer and inner 

membranes.  Yeast Tim50 contains a N-terminal cleavable presequence (residues 1-43), a 

small matrix domain (residues 44-112), a transmembrane segment (residues 113-132) for 

anchoring to the inner membrane, and a large C-terminal domain exposed to the IMS 

(Tim50IMS: residues 133-476) [5-7, 14-16] (Figure 2.1.2).  Tim50IMS contains a 

well-conserved domain (residues 159-362) followed by the C-terminal tail that is conserved 

only among fungal species (residues 363-476).  Tim50IMS is located in close proximity to 

the Tom22 subunit of the TOM40 complex [17], which permits Tim50IMS to interact with 

precursors at an early stage of protein import [14-16].  A trypsin resistant core domain 

(IMS-core: residues 164-361) in the conserved IMS domain was subjected to crystallization, 

and its X-ray structure was reported [18].  The determined X-ray structure of residues 

176-361 consists of 5 α-helices and 9 β-strands, and a negatively charged groove near the 

protruding β-hairpin was proposed to bind to a positively charged presequence [18].  

Interestingly it was reported that not only the crystallized conserved core domain but also 

the C-terminal region, which is conserved among fungal species, can interact with 

presequences [19, 20].  Tim50 receptor is thus linked in multiple interactions with an 

incoming precursor, thereby mediating the transfer of the precursor proteins from the 

outer mitochondrial membrane to the protein-conducting channel of the inner membrane. 

It is currently not clear how presequence peptides are recognized by Tim50 during 

protein import.  Furthermore, little is known about the role of C-terminal region of Tim50 

in the protein transport process.  To gain a clear understanding of protein-peptide 
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interactions and their dynamics in the inner mitochondrial membrane at a molecular level, I 

analyzed here the minimal variant of presequence binding domain (PBD) of yeast Tim50 

(400-450, sPBD) by NMR.  The analyses show that sPBD is folded and recognizes the same 

sequence elements of a model presequence peptide, pSu9N (the N-terminal half of 

presequence of the precursor to subunit 9 of Neurospora crassa Fo-ATPase) [21] as that for 

binding to dTom20, the cytosolic receptor domain (residues 51-145) [12] of yeast Tom20.  

Two functionally distinct presequence-binding sites at N- and C-terminal parts of sPBD were 

mapped out and the interactions were found to be partly hydrophobic.  Mutational 

analyses revealed that the N-terminal binding site of sPBD is more important for recognition 

of presequences.  sPBD can also bind to the core domain of Tim50 (171-362, Tim50core) 

through the presequence binding region, which could promote transfer of the presequence 

from sPBD to the core domain in Tim50; binding of Tim50core to sPBD was found to result 

in partial formation of ternary complex in the presence of presequence.  A possible 

scenario of presequence recognition by Tim50 in protein import will be discussed. 

 

 

Figure 2.1.1. Presequence pathway to matrix through TOM40-TIM23 complexes 
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Figure 2.1.2. Yeast Tim50 (yTim50) and its segments  

(A) Amino acid sequence of yeast Tim50  

(B) Schematic representations of yeast Tim50 and its segments used in this study. PS, 

presequence; IM, inner membrane; IMS, intermembrane space; PBD, presequence binding 

domain; sPBD, shorter variant of presequence binding domain.   
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2.2. Materials and Methods   

 

2.2.1.  Amplification of DNA fragments by polymerase chain reaction (PCR) 

PCR enables rapid and specific amplification of DNA fragments. A typical 25 μl 

reaction mix contained 2.5 μl supplied 10x PCR buffer, 2.5 μl dNTPs mix (each 10 mM), 1 μl 

each primer (10 μM), 0.5 μl of Taq polymerase and 1 μl of the genomic DNA library 

(W3031A).  

 

A typical program for PCR cycler is given below: 

 

PCR cycler 

1 94°C, 5 min  Inactivation of nucleases and 

denaturation of DNA template 

2 30 cycles 94°C, 30 s 

50°C, 30 s 

72°C, 2 min 

Denaturation 

Primer annealing 

Primer extension 

3 72°C, 7 min  Final extension step 

4 Cooling to 4°C   

 

The PCR product was analyzed by agarose gel electrophoresis to confirm that the 

target DNA fragments have been amplified successfully. 

 

2.2.2.  Gel-electrophoresis of DNA 

Horizontal agarose gel electrophoresis was used for separation of DNA fragments 

according to their sizes.  Agarose was prepared in TAE buffer (TRIS/EDTA/Glacial acetic 

acid), mixed with biothium and, while still hot, poured into precasted molds where it can 
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solidify.  DNA-containing solution was mixed with 10x loading dye (50% (v/v) glycerol, 

0.21% (w/v) bromphenol-blue, 0.21% (w/v) xylene Cyanol, 0.2 M EDTA, pH8.0) and loaded 

on an 1-1.5% (w/v) agarose gel, depending on the size of DNA fragments to be separated.  

Gels were run in TAE buffer at 100 V depending on the size.  Separated DNA fragments 

were visualized under UV light.  

 

2.2.3.  Purification of PCR DNA product by GFX kit 

For isolation and concentration of DNA fragments from PCR mixtures, the GFX kit 

(Healthcare) was used. 

 

2.2.4. Cloning of DNA fragments into the vector by In-Fusion cloning kit 

In-Fusion HD Cloning Kits were used for fast, directional cloning of one or more 

fragments of DNA into any vector.  After purification by GFX kit, 1 μl of the DNA fragment 

was put into a 5 μl reaction mixture that contained 1 μl of vector solution, and 1 μl of 

In-Fusion HD enzyme premix.  The reaction mixture was incubated for 15 min at 50°C, then 

placed on ice.  

 

2.2.5. Transformation of E. coli with plasmid DNA 

The prepared plasmids were introduced into competent E. coli cells.  The strain 

used was XL2 Blue.  Then the cells were placed and spreaded on LBAmp plates (LB with 2% 

(w/v) agar supplemented with 50 μg/ml ampicillin).  Plates were incubated overnight at 

37°C.  The plasmid DNA was purified from overnight cultures using the Wizard plus SV 

Minipreps purification system (Promega). 
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2.2.6. Plasmids  

pET15b(+)-PBD, a plasmid for expression of the C-terminal region of Tim50 (residues 

395-476 with a N-terminal hexahistidine-tag) in E. coli cells, was amplified by PCR, with a 

Saccharomyces cerevisiae genomic DNA as a template using the primers listed in Table 2.2.1.  

The amplified DNA fragment was digested with NdeI and BamHI.  By using In-Fusion HD 

Cloning Kit (Clontech), the PCR product was cloned into NdeI/BamHI-digested pET15b(+) 

(Novagen) vector containing hexahistidine-tag and a thrombin site for its cleavage.  

pET15b(+)-PBD(395-460), a plasmid for expression of the C-terminal region of Tim50 

(residues 395-460 with a N-terminal hexahistidine-tag) in E. coli cells, was amplified by PCR, 

with a S. cerevisiae genomic DNA as a template using the primers listed in Table 2.2.1.  The 

amplified DNA fragment was digested with NdeI and BamHI.  By using In-Fusion HD 

Cloning Kit (Clontech), the PCR product was cloned into NdeI/BamHI-digested pET15b(+) 

(Novagen) vector containing hexahistidine-tag and a thrombin site for its cleavage.  

pET15b(+)-PBD(395-450), a plasmid for expression of the C-terminal region of Tim50 

(residues 395-450 with a N-terminal hexahistidine-tag) in E. coli cells, was amplified by PCR, 

with a S. cerevisiae genomic DNA as a template using the primers listed in Table 2.2.1.  The 

amplified DNA fragment was digested with NdeI and BamHI.  By using In-Fusion HD 

Cloning Kit (Clontech), the PCR product was cloned into NdeI/BamHI-digested pET15b(+) 

(Novagen) vector containing hexahistidine-tag and a thrombin site for its cleavage.  

pET15b(+)-PBD(390-450), a plasmid for expression of the C-terminal region of Tim50 

(residues 390-450 with a N-terminal hexahistidine-tag) in E. coli cells, was amplified by PCR, 

with a S. cerevisiae genomic DNA as a template using the primers listed in Table 2.2.1.  The 

amplified DNA fragment was digested with NdeI and BamHI.  By using In-Fusion HD 

Cloning Kit (Clontech), the PCR product was cloned into NdeI/BamHI-digested pET15b(+) 
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(Novagen) vector containing hexahistidine-tag and a thrombin site for its cleavage.  

pET15b(+)-PBD(400-450), a plasmid for expression of the C-terminal region of Tim50 

(residues 400-450 with a N-terminal hexahistidine-tag) in E. coli cells, was amplified by PCR, 

with a S. cerevisiae genomic DNA as a template using the primers listed in Table 2.2.1.  The 

amplified DNA fragment was digested with NdeI and BamHI.  By using In-Fusion HD 

Cloning Kit (Clontech), the PCR product was cloned into NdeI/BamHI-digested pET15b(+) 

(Novagen) vector containing hexahistidine-tag and a thrombin site for its cleavage. 

pET15b(+)-PBD(405-450), a plasmid for expression of the C-terminal region of Tim50 

(residues 405-450 with a N-terminal hexahistidine-tag) in E. coli cells, was amplified by PCR, 

with a S. cerevisiae genomic DNA as a template using the primers listed in Table 2.2.1.  The 

amplified DNA fragment was digested with NdeI and BamHI.  By using In-Fusion HD 

Cloning Kit (Clontech), the PCR product was cloned into NdeI/BamHI-digested pET15b(+) 

(Novagen) vector containing hexahistidine-tag and a thrombin site for its cleavage. 

I413A, E414A, E415A, L434Q, K435A, and D436A point mutations, and I413A/D436A 

double mutations were introduced into the sPBD gene by PCR using pET-15b(+)-sPBD as 

template, and primers sets listed in Table 2.2.1.  The resulting plasmids were named as 

pET-15b(+)-sPBD(I413A), pET15b(+)-sPBD(E414A), pET15b(+)-sPBD(E415A), 

pET15b(+)-sPBD(L434Q), pET15b(+)-sPBD(K435A), pET15b(+)-sPBD(D436A) and 

pET15b(+)-sPBD(I413A/D436A), respectively . 

pColdGST-Tim50core, a plasmid for expression of the conserved core domain of 

Tim50 (residues 171-362) in E. coli cells, was amplified by PCR, with a S. cerevisiae genomic 

DNA as a template using the primers listed in Table 2.2.1.  The amplified DNA fragment 

was digested with NdeI and EcoRI, and was cloned into pColdGST vector that was digested 

with same set of of restriction enzymes.  
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The DNA fragment containing the promoter, the ORF and the terminator of the 

TIM50 gene was amplified by PCR from a S. cerevisiae genomic DNA.  The amplified DNA 

fragment was ligated into the XhoI and BamHI sites of pRS314 vector [22].  ACCTAC 

sequence corresponding to residues Thr169-Tyr170 was replaced by NdeI restriction site, 

resulting in T169H/Y170M mutations, and TTTT sequence just after the TAA terminal codon 

was replaced by EcoRI restriction site, using the Quik-Change mutagenesis protocol (Agilent, 

La Jolla, CA) to produce pRS314-Tim50WT.  The genes for the truncated Tim50 segments 

(residues 1-366 or 450) of Tim50 were amplified by PCR from pRS314-Tim50WT.  The 

amplified DNA fragments were ligated into the NdeI and EcoRI sites of pRS314-Tim50WT to 

produce pRS314-Tim501-366 and Tim501-450. 

pET21a-dTom20, a plasmid for expression of the cytosolic receptor domain of yeast 

Tom20 (residues 51-145) and pET17xb-pSu9N, a plasmid for expression of the N-terminal 

half of presequence pSu9N (residues 1-34) in E. coli cells, were kind gifts of Dr. Shin Kawano 

of Professor Endo’s lab of Biochemistry.   

 

2.2.7. Site-directed mutagenesis of plasmids 

The QuikChange Site-Directed Mutagenesis Kit (Agilent) was used to introduce 

point mutations in the previously cloned gene for sPBD.  Mutagenesis was performed 

according to the manufacturer’s instructions and was verified by sequencing. 

 

2.2.8. Sequencing of DNA 

Sequencing of DNA was performed by the Sanger method using the BigDye 

Terminator v1.1 Cycle Sequencing Kit: the sequencing reaction was performed in 5 μl scale 

containing 1 μl plasmid, 1 μl primer (1.6 μM), 1 μl BigDye sequencing-mix and 1 μl 

sequencing-buffer.  After the sequencing reaction (25 cycles: 96°C, 10 sec; 50°C, 5 sec; 
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60°C, 4 min), DNA was precipitated by adding 12.5 μl 100% ethanol that contained 0.5 μl of 

3 M sodium acetate.  Subsequently the DNA was pelleted (10,000 × g, 10 min), washed 

with 70% ethanol and dried (vacuum concentrator).  After being resuspended in 15 μl 

Hi-Diformamide, the DNA was analyzed using the Genetic Analyzer 3130 (Applied 

Biosystems). 

 

2.2.9. Yeast Strains and growth conditions  

The strain Tim50-316 (tim50MATa ade2 his3 ura3 leu2 trp1 can1 tim50::CgHIS3 

[pRS316-Tim50WT]) was described previously [15, 23].  Tim50-316 was transformed with 

pRS314, pRS314-Tim50WT, Tim501-366 or Tim501-450.  Cells were grown on SCD (-Trp, -Ura) 

(0.67% yeast nitrogen base without amino acids, 0.5% casamino acid, and 2% glucose, 20 

mg/L Adenine sulfate, 30 mg/L L-Leucine, 20 mg/L L-Histidine-HCl, 30 mg/L L-Lysine-HCl).  

For plasmid shuffling experiment, cells were grown on SCD -Trp (SCD -Trp -Ura, +20 mg/L 

Uracil, +1 mg/ml 5'-fluoroorotic acid) at 30°C for 2 days to eliminate the URA3-containing 

plasmid.  

 

2.2.10. The medium for E. coli  

For preparation of non-labeled protein from E. coli, cells were grown in the LB 

medium (1% tryptophan, 0.5% yeast extract and 0.5% NaCl) containing 50 µg/ml ampicillin.  

For preparation of uniformly 15N-labeled or 15N/13C-labeled protein, E. coli cells were grown 

in M9 minimal medium (42 mM Na2HPO4, 22 mM KH2HPO4, 0.1% NaCl, 1 mM MgSO4, 0.1 

mM CaCl2, 3.3 µM FeCl3, 30 µM thiamine-HCl) supplemented with 15NH4Cl (1.0 g∕L) and/or 

[U-13C]-glucose (2.0 g/l), respectively. 
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2.2.11. Protein and peptide preparation from E. coli cells 

 

2.2.11.1. sPBD  

The E. coli strain Rosetta (DE3) was used as a host for the expression of pET15b 

-sPBD fusion proteins to express the protein as a soluble form at a high level.  Briefly, 

bacterial cells were grown for   ̴ 3 h at 37°C in 1 L of LB medium containing 50 μg/ml 

ampicillin.  Upon reaching an OD600 of 0.5, temperature was lowered to 16°C, and protein 

expression was induced with 0.5 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) for 

overnight.  Cells were harvested by centrifugation at 4,400 × g for 10 min and pelleted 

cells were disrupted by sonication using 20 mM Tris-HCl (pH 7.4) containing 300 mM NaCl.  

After disrupting the cell by using a microfluidizer, insoluble material was removed by 

centrifugation at 14,000 × g for 40 min at 4°C.  The supernatant was loaded onto a 

Ni-NTA (nickel-nitrilotriacetic acid-agarose, Qiagen) column (20 ml), which was 

pre-equilibrated with buffer A (20 mM Tris-HCl, pH 7.4, 300 mM NaCl).  The column was 

washed with three volumes of buffer B (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 20 mM 

imidazole) until a stable baseline was obtained.  The fusion protein was eluted with buffer 

C (buffer A containing 0.5 M imidazole) and was further purified by gel-filtration 

chromatography using a superdex-75 10/300 GL (GE Healthcare) column (pre-equilibrated 

with 20 mM Tris-HCl, pH 7.4, 50 mM NaCl).  The eluted fusion protein was treated with 

thrombin (2.5 unit/mg fusion protein) at 23°C for 16 hours.  The digested protein was 

concentrated and loaded further into a Superdex-75 10/300 GL column (GE Healthcare) to 

separate target protein from the cleaved His-tag and SDS-PAGE electrophoresis was 

performed to assess protein purity.  Fractions with the desired protein were concentrated 

using Amicon ultra 3K device (molecular weight cut-off of 3,000).  Protein concentration 
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was determined by absorbance at λ=280 nm with a molar extinction coefficient (ε) of 2,980 

(M cm)−1.  All the purification procedures were carried out at 4°C.  

 

2.2.11.2. Truncated PBD 

Purification of the non-labeled truncated PBD proteins was performed essentially 

by the same procedure for sPBD. 

 

2.2.11.3. Mutant sPBD 

Purification of the non-labeled or uniformly labeled mutants sPBD proteins was 

performed essentially by the same procedure for sPBD. 

 

2.2.11.4. Preparation of dTom20  

The E. coli strain Rosetta (DE3) was used as a host for expression of 

pET21a-dTom20 fusion proteins as a soluble form at a high level.  Briefly, cells were grown 

at 37°C to OD600 ~0.5, and protein expression was induced by addition of 0.5 mM IPTG 

(isopropyl-β-D-1-thiogalactopyranoside) for overnight at 16°C.  Cells were harvested by 

centrifugation at 4400 × g for 10 minutes.  The harvested cells were disrupted by 

sonication in 20 mM Tris-HCl (pH 7.4) containing 300 mM NaCl.  The fusion protein was 

purified from cell lysates by using a Ni-NTA (nickel-nitrilotriacetic acid-agarose, Qiagen) 

column followed by SDS-PAGE electrophoresis to assess protein purity.  The purified 

proteins were concentrated by using Amicon ultra 3K device (molecular weight cut-off of 

3,000) and concentration was determined by absorbance at λ=280 nm with a molar 

extinction coefficient (ε) of 1,490 (M cm)−1.  
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2.2.11.5. Preparation of Tim50core 

The gene for Tim50core (residues 171-362) was inserted into the pCold-GST vector 

using the NdeI and EcoRI sites and was over expressed as a soluble form at a high level in E. 

coli cells.  Briefly, cells were grown at 37°C to OD600 ~0.5, and expression was induced by 

addition of 0.5 mM IPTG (isopropyl-β-D-1-thiogalactopyranoside) for overnight at 16°C.  

The harvested cells were disrupted by sonication in 20 mM Tris-HCl (pH 7.4) containing 50 

mM NaCl.  Tim50core was purified from cell lysates by glutathione sepharose column 

chromatography.  The GST-tag of Tim50core (171-362) was cleaved off with HRV3C 

protease at 25°C for overnight, and Tim50core was further purified by gel filtration 

chromatography using a Superdex-200 10/300 GL column.  Protein concentration was 

determined by absorbance at λ=280 nm with a molar extinction coefficient (ε) of 32,890 (M 

cm)−1. 

 

2.2.11.6. Preparation of presequence peptide pSu9N 

To prepare a non-labeled or uniformly labeled pSu9N peptide, pET-17xb (Novagen) 

a fusion protein consisting of the gene10 protein plus one glutamate followed by the 

presequence was expressed in E. coli cells in LB medium or M9-minimal medium containing 

15NH4Cl (1.0 g∕L).  Briefly, cells were cultivated to an absorbance of 0.5 at 600 nm (A600) in 

the presence of 50 µg/ml ampicillin in LB medium or M9-minimal medium at 37°C, and 

induced with 0.5 mM IPTG (isopropyl--D-thiogalactopyranoside) at 16°C for 16 h.  Cells 

were harvested by centrifugation at 4400 × g for 10 min. , and the harvested cell pellets 

were resuspended in 20 mM Tris-HCl (pH 7.4) containing 50 mM NaCl and 1% Triton-X, and 

disrupted by sonication.  The supernatant was discarded after centrifugation at 8,000 × g 

for 10 minutes, and the pellet was then resuspended in 20 mM Tris-HCl (pH 7.4) containing 



[38] 
 

50 mM NaCl and 0.1% Triton-X.  The supernatant was discarded after centrifugation at 

14,000 × g for 10 minutes, and the pellet was resuspended and washed with water until it 

became a white-creamy color.  The fusion proteins were found as inclusion bodies, which 

were solubilized using 4 M urea, and subjected to V8 protease treatment (1∕50 wt∕wt) at 

30°C for overnight to yield the presequence peptide.  The presequence peptide was finally 

purified satisfactorily by reversed phase HPLC as follows.  The digested protein solution 

was loaded onto a Develosil column (Nomura) pre-equilibrated with 80% of buffer A (0.1% 

TFA in water) and 20% of buffer B (0.1% TFA in acetonitrile).  The target peptide was 

eluted with a linear gradient of acetonitrile (20–35%).  The fractions containing the target 

peptide were collected by monitoring the absorbance at 214 nm and checked by mass 

spectrometry analyses.  The solvent of the purified peptide fraction was evaporated 

completely using a vacuum centrifugal rotor machine and the peptide was stored at -30°C.  

The concentration of the peptide was determined by absorbance at λ=280 nm with a molar 

extinction coefficient (ε) of 1,490 (M cm)−1.  Chemically synthesized pHsp60 and pSu9NQ 

were purchased from CS Bio (Shanghai) Ltd.  

 

2.2.12.  Analytical protein methods 

 

2.2.12.1. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated according to their sizes on a vertical, discontinuous 

SDS-PAGE system.  A large gel was used and acrylamide concentration in the running gel 

(running gel: 14 x 6 x 0.1cm) was chosen according to the sizes of proteins to be separated. 

Protein samples were dissolved in 2 x SDS buffer (0.25 M TRIS/HCl, pH 6.8, 2% 

(w/v) SDS, 4 mM EDTA, 20% (w/v) sucrose, 0.05% (w/v), 0.05% (w/v) bromphenol-blue) and 
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heated for 2 min at 95°C before loading on the gel.  Gels were run at 46 mA until the blue 

front reached bottom of the gel (ca. 70 min).  Separated proteins were stained with CBB. 

 

Compositions of buffers 

Running gel 16% (w/v) acrylamide, 0.42% (w/v) bis-acrylamide, 375 mM 

Tris-HCl (pH 8.8), 2 mM EDTA, 0.1% (w/v) SDS, 0.06% (w/v) APS, 

0.08% (v/v) TEMED 

Stacking gel 4.5% (w/v) acrylamide, 0.2% (w/v) bis-acrylamide, 125 mM Tris-HCl 

(pH 6.8), 2 mM EDTA, 0.1% (w/v) SDS, 0.06% (w/v) APS, 0.08% (v/v) 

TEMED 

Electrophoresis 

buffer 

24.7 mM Tris, 189 mM glycine, 0.1% (w/v) SDS, 0.9 mM EDTA 

 

 

 

2.2.12.2. Staining SDS-PAGE with Coomassie Brilliant Blue (CBB) 

SDS-PAGE was briefly washed with water and then immersed into the CBB staining 

solution (2.5% CBB or R-250, 45% (v/v) methanol, 10% (v/v) acetic acid).  Staining can be 

speeded up by heating the solution for 5 min in the microwave.  Background staining was 

removed by repeated washes in 30% (v/v) methanol, 10% (v/v) acetic acid. 

 

2.2.13. Circular dichroism  

The CD measurement was carried out with a JASCO CD spectrometer model J720 

over the range of 200-240 nm at a scan rate of 100 nm/min, using a cell with a path length 

of 0.2 cm.  Each spectrum is an average of four scans.  The raw data were collected by 

subtracting the contribution of the buffer to the CD signal.  The data were smoothed and 

converted to molar ellipticity units.  The measurements were taken at a constant 
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temperature of 25°C in buffer containing 20 mM KPi, pH 6.7, 50 mM KCl, with a protein 

concentration of 10 µM.  

 

2.2.14. NMR resonance assignments 

NMR spectra of 0.1 mM uniformly [15N, 13C]-labeled sPBD in 20 mM KPi, pH 6.7, 50 

mM KCl, D2O/ H2O (7/93) were recorded on a Bruker AVANCE 600 MHz spectrometer 

equipped with a TCI cryogenic probe at a sample temperature of 25°C by triple resonance 

experiments including HNCANNH measurements for sequential backbone resonance 

assignments.  All spectra were processed with TopSpin 1.3 (Bruker BioSpin) and analyzed 

with Sparky 3.114 (http://www.cgl.ucsf.edu/home/sparky/). 

 

2.2.14.1.  Sample preparation 

sPBD protein for an NMR study were conventionally prepared by recombinant 

expression, typically in bacterium E. coli.  The recombinant expression procedure provides 

typically easier production in sufficient quantity, and allows isotopic labeling of proteins.  

The 13C enriched glucose and 15N enriched ammonium chloride are used most frequently as 

a source of carbon 13C and nitrogen 15N, respectively.  The typical volume of the purified 

protein sample is 300–500 μl with the protein in the concentration range 2–3 mM dissolved 

in 20 mM KPi, pH 6.7, 50 mM KCl solution.  Ideally behaving protein should be well soluble, 

stable for several weeks. 

 

2.2.14.2.  Resonance assignment of backbone atoms 

The NMR structure determination procedure is based mainly on the inter-proton 

distances, thus the first step is the assignment of proteins resonances for the target protein.  

http://www.cgl.ucsf.edu/home/sparky/
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However, it is also important to assign 13C and 15N resonances as well.  The reason is as 

follows.  First, these nuclei also carry useful structural information, and second, correlation 

of protons with 13C and 15N can allows one to distinguish protons of identical frequencies 

and to establish covalent bond connectivity in the molecule. 

For assignment of chemical shifts from backbone atoms (H, N, Cα, Cβ and C’) to 

specific amino-acid residues, I performed the following NMR experiments.  

• [1H, 15N]-HSQC - a double resonance experiment correlating H–N from amide groups  

• HNCACB - a triple resonance experiment correlating atoms Hi–Ni with atoms Cα
i and Cβ

i  

• CBCA(CO)NH - a triple resonance experiment correlating amide atoms Hi–Ni with atoms 

Cα
i-1 and Cβ 

i-1 from the preceding residue  

• HNCO - a triple resonance experiment correlating atoms Hi–Ni with atoms C’i−1 from the 

preceding residue 

• HN(CA)NNH experiment – a triple-resonance experiment specifically designed to provide 

information on sequential assignment between the amide NH proton of one residue and 

the amide nitrogen of the preceding and the following residues via the intervening 13CA spin 

by means of the 1J(NH) and 1,2J(N,CA) coupling constants. 

 

2.2.15. NMR titration experiments  

Titrations of 15N uniformly labeled sPBD and presequence peptides or 15N uniformly 

labeled presequence peptide and sPBD or 15N uniformly labeled sPBD and Tim50core were 

performed on Bruker AVANCE 600 MHz spectrometer equipped with a room temperature 

TXI probe at a sample temperature of 26°C in 20 mM KPi, pH 6.7, 50 mM KCl, D2O/ H2O 

(7/93).  Assignments of [1H, 15N] amide resonances of 15N-labeled pSu9N were described 

previously [21].  For estimation of dissociation constants in pSu9N binding to sPBD, 
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titration curves were analyzed with a program xcrvfit v5.0.3 

(http://www.bionmr.ualberta.ca/bds/software/xcrvfit/), developed by Drs. R. Boyko and B. 

Sykes (University of Alberta, Canada), with a fitting function, “chemical shift XY1”. 

For each cross-peak, the weighted chemical shift difference Δδ was calculated as 

[(Δδ (1H))2 + (Δδ (15N)/15)2]1/2.  For the analysis of intensity changes, each cross-peak was 

normalized by the intensity of the C-terminal residue as an internal reference. 
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2.3. Results  

 

2.3.1. A segment of suitability of C-terminal PBD (residue 400-450, sPBD) for NMR 

analyses 

Tim50 acts as a central presequence receptor of the TIM23 complex and interacts 

with Tim23 in order to promote efficient precursor translocation across the inner 

membrane [14,15,18,19,24].  The C-terminal PBD (presequence binding domain) of Tim50 

(residues 395-476), which is conserved among fungal species, was found to bind to 

presequences [19].  To characterize presequence binding of the C-terminal PBD of yeast 

Tim50 by NMR, I first tried to purify PBD395-476 from E. coli cells.  PBD395-476 was well 

expressed in E. coli cells and purified to homogeneity successfully (Figure 2.3.1).  The CD 

spectrum suggested that the recombinant PBD395-476 protein is folded (Figure 2.3.2), 

although it tended to form aggregates at 25°C (not shown).  A two-dimensional [1H, 

15N]-heteronuclear single-quantum coherence spectrum (HSQC) of PBD395-476 (Figure 2.3.3) 

at 20 mM KPi, pH 6.7, containing 50 mM KCl showed a large number of overlapped signals 

which indicates that PBD is not suitable for NMR analyses under these conditions.  Then I 

made several recombinant constructs, PBD395-460, PBD395-450, PBD400-450, and PBD405-450 (Table 

2.3.1) by truncating several residues from the N- and C-terminus of the previously 

suggested Tim50 PBD (residues 395-476) [19].  All of the truncated recombinant proteins 

were well expressed in E. coli cells and purified successfully (Figure 2.3.1, not shown all).  

The CD spectra indicate that the truncated PBD proteins have α-helix rich structures (Figure 

2.3.2).  Then, NMR spectra of the 15N-labeled several truncated PBD proteins were 

recorded at 20 mM KPi, pH 6.7, containing 50 mM KCl at 26°C (Figure 2.3.3).  However, 

HSQC signals of the truncated PBD were not well dispersed except for PBD400-450, a segment 

corresponding to residues 400-450 of Tim50 (sPBD).  Therefore, I concluded that sPBD is 
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the most suitable for further detailed NMR analyses. 

 

2.3.2. C-terminal part of PBD in Tim50 is not essential for cell viability 

I asked if two Tim50 C-terminal truncation mutants were able to complement the 

lethal growth phenotype of a strain lacking Tim50.  A full-length Tim50WT, Tim501–366 and 

Tim501–450 were expressed in yeast cells, in which a chromosomal deletion of TIM50 was 

complemented by a plasmid-encoded wild type Tim50 expressed from a URA3-containing 

plasmid.  Cells that contain a plasmid are typically selected using nutritional markers.  

The S. cerevisiae URA3 gene is a useful marker of plasmid selection analysis, which has both 

positive and negative selection properties.  S. cerevisiae ura3 mutants require the gene to 

grow in the absence of uracil, but when the gene is present, they become sensitive to the 

toxic uracil analogue produced from 5’-FOA (5’-fluoro-orotic acid) by the enzyme encoded 

by URA3.  So, cells transformed with plasmids that contain the wild-type genes and a ura 

marker can be isolated by selecting for growth without uracil, and plasmid-free cells can be 

recovered by growth in 5’-FOA.  This is the basis for plasmid shuffling that allows 

mutations of a gene on a second plasmid to be tested, even though they may be lethal.  

Here, expression of full-length Tim50 rescued the lethal growth phenotype of a strain 

lacking Tim50 upon 5’-FOA treatment.  Another plasmid construct encoding Tim501–450, 

not Tim501–366, (PBD deletion mutant; Figure 2.3.4B) could rescue the lethal growth 

phenotype as well.  This suggests that Tim501–450, not Tim501–366, is still functional as Tim50 

because it was able to grow upon 5’-FOA treatment alike Tim50WT.  This is consistent with the 

results by Schulz C. et al. that PBD of Tim50 (residues 395-476) is essential for cell viability 

[19], but my result further indicates that the residues 451-476 in PBD is not essential for the 

function of Tim50.  
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2.3.3. Secondary structure prediction for sPBD 

Circular dichroism (CD) is a spectroscopic technique commonly used to investigate 

secondary structures of proteins.  Major secondary structure types, -helices and 

-strands, produce distinctive CD spectra.  Thus, by comparing the CD spectrum of a 

protein of interest to a reference set consisting of CD spectra of proteins of known structure, 

predictive methods were proposed to estimate the secondary structure of the protein.  In 

order to perform secondary structure analysis of PBD of yeast Tim50 (400-450, sPBD), sPBD 

was purified using Ni-NTA and gel-filtration chromatography (Figure 2.3.5A and B).  To gain 

insight into the secondary structure content of sPBD, a CD spectrum was recorded at 10 µM 

protein concentration (Figure 2.3.6).  The spectrum shows strong negative ellipticities at 

206 and 222 nm, suggesting that sPBD in the native state predominantly contains α-helix 

rich regions.  On the basis of the standard secondary structure prediction method (K2D3 

method) [25], the overall secondary structural content was estimated to be 42% for α-helix 

and 5% for β-sheets. 

 

2.3.4. Backbone signal assignments of the HSQC spectra of the sPBD 

Then I performed NMR analyses of sPBD.  The key point of NMR analyses is to 

assign NMR signals to specific positions/residues of target proteins.  Therefore I started 

assignment of the backbone resonances of the sPBD.  For this purpose uniformly [15N, 

13C]-labeled sPBD was prepared from E. coli cells cultured in M9 medium.  The spectra 

used for the resonance assignments are summarized in Table 2.3.2.  To obtain the best 

NMR signal sensitivity and stability of the sample throughout the 3D NMR experiments, 

sample and measurement conditions were optimized.  First, two-dimensional [1H, 

15N]-heteronuclear single-quantum coherence spectra (HSQC) of different concentrations of 
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sPBD (0.1 mM, 0.2 mM, 0.3 mM) at 20 mM KPi, pH 6.7, containing 50 mM KCl were 

recorded at 30°C and 25°C.  A [1H, 15N]-HSQC spectrum of 0.1 mM of 15N-sPBD (Figure 

2.3.7) at 20 mM KPi, pH 6.7, containing 50 mM KCl showed a sufficiently well dispersed 

spectrum with only a very limited number of overlapped signals.  The spectra of sPBD 

were analyzed as strips of peaks, and strips from a pair of experiments has presented 

together side by side or as an overlay of two spectra.  In HNCACB spectra, 4 peaks are 

usually present in each strip, i.e. the Cα and Cβ of one residue as well as those of its 

preceding residue.  The peaks from the preceding residue were identified from the 

CBCA(CO)NH, HNCO, and HNCANNH experiments.  Each strip of peaks was therefore 

linked to the next strip of peaks from an adjoining residue, allowing the strips to be 

connected sequentially.  The residue type was identified from the chemical shifts of the 

peaks, but some amino acids such as serine, glycine and alanine, can be easily identified.  

The resonances were then assigned to specific residues by comparing the sequence of a 

series of peaks with the amino acid sequence of sPBD.  sPBD consists of 51 amino acids, 

and among them, two are proline residues and a large number of glutamic acid residues 

(about 20%) are present.  A repeat of glutamic acid residues made the assignment little 

complicated but nevertheless, by using 3D data, [1H, 15N]-HSQC, HNCACB, CBCA(CO)NH, 

HNCO, and HNCANNH, 96% of the expected backbone (NH) signals of sPBD were 

successfully assigned to specific residues except for two proline residues, which lack 

backbone NHs. 

 

2.3.5. Secondary structure propensity (SSP) of sPBD 

The chemical shifts of 13C signals of proteins and peptides, in particular of Cα and Cβ 

atoms, can be used to characterize the secondary structure because of their sensitivity to 
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local magnetic environment.  Thus I performed secondary structure propensity (SSP) 

analysis [26].  This method combines chemical shifts from different nuclei into a single 

score representing the expected fraction of α-helix or β-strand for each residue.  The score 

is calculated relative to an average chemical shift of nuclei in known α-helix or β-strand 

structures, and ranges between 1 or −1 for the two types of secondary structure, 

respectively.  Here, I used the chemical shifts obtained for the Cα and Cβ nuclei in sPBD 

(Table 2.3.3) to calculate secondary structure propensities (Figure 2.3.8).  Calculated 

secondary structure propensity (SSP) scores for individual residues show that α-helical 

structures reflected by positive SSP values prevail in sPBD, especially around residues 

405-425, which is consistent with the CD spectrum with a negative band at around 222 nm 

(Figure 2.3.6). 

 

2.3.6. pSu9N has common recognition elements for sPBD and dTom20 binding 

Mitochondrial presequences have recognition elements for several 

presequence-binding receptor proteins for mitochondrial protein translocation.  Potential 

recognition elements of precursor presequences for Tim50 have not been characterized yet.  

Principally it is stimulating to ask if a presequence contains a common sequence motif that 

is recognized by multiple mitochondrial protein receptors.  

Mitochondrial targeting signals in N-terminal presequences are recognized by 

Tom20 and Tom22 in the TOM40 complex [12,17,27].  Presequence recognition by Tom20 

was extensively studied by NMR and X-ray method.  Tom20 is anchored in the 

mitochondrial outer membrane by an N-terminal hydrophobic transmembrane segment, 

and exposes a C-terminal receptor domain to the cytosol [2,28].  NMR and X-ray structures 

of the cytosolic receptor domain of rat Tom20 in a complex with a presequence peptide was 
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determined [12,13].  The determined NMR and X-ray structure of the cytosolic domain of 

Tom20 contains a hydrophobic groove that can interact with the hydrophobic residues of 

the presequence peptides in an amphiphilic helical structure [12,13].  The size of the 

hydrophobic groove of Tom20 suggests that sequences recognized by Tom20 are as short as 

8 amino acid residues, whereas the lengths of presequences are often longer than 40 amino 

acid residues.  The interactions between Tom20 and such a long presequence can direct 

the targeting signal recognition and subsequent tethering of the presequence to the TOM40 

complex to increase import efficiency [21].  It was revealed that Tom20 recognizes a 

diverse consensus motif  (where is a hydrophobic amino acid, and is any amino 

acid) in the N-terminal presequences [13].   

Then, what is the Tim50 PBD binding element or motif in presequences?  To 

answer this question, a 15N-labeled model presequence peptide, pSu9N (the N-terminal half 

of the presequence of subunit 9 of Fo-ATPase) [21], was prepared, and the peptide was 

checked by mass spectrometry (Figure 2.3.9).  I recorded its NMR spectra with and without 

Tim50 sPBD or dTom20, the cytosolic receptor domain (residues 51-145) [12] of yeast 

Tom20 (Figure 2.3.10A).  By calculating the chemical shift perturbation, I could successfully 

identify the residues of pSu9N involved in sPBD and dTom20 binding.  The presence of 

sPBD caused chemical shift perturbation of a subset of the backbone amides of pSu9N 

(Figure 2.3.10B), indicating that pSu9N has a specific binding segment for sPBD.  However, 

I found that the residues of pSu9N, which interact with sPBD, are mostly hydrophobic in 

nature.  On the other hand, a pronounced chemical shift perturbation of a subset of the 

backbone amides of pSu9N was observed upon addition of dTom20 (Figure 2.3.10B), 

indicating that pSu9N has a specific binding segment for dTom20.  Interestingly, the 

patterns of chemical shift changes are very similar between Tim50 sPBD and dTom20, 
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although dTim20 at a lower concentration tends to cause larger shifts for the signals in 

pSu9N than Tim50 sPBD (Figure 2.3.10B).  These results suggest that both Tim50 sPBD and 

dTom20 bind to the similar segment(s) of pSu9N in a similar manner. 

In order to assess the quantitative data on the affinity of the interactions between 

sPBD and pSu9N, chemical shift changes of 15N-labeled pSu9N residues induced by different 

concentrations of sPBD were monitored in [1H, 15N]-HSQC spectra at 26°C (Figure 2.3.11A).  

The titration curves for the signals of L11, A12, A16, and V21 were analyzed by a nonlinear 

iterative fitting by assuming 1:1 binding stoichiometry (Figure 2.3.11B).  The dissociation 

constant Kd of the pSu9N-sPBD complex was thus estimated to be 0.1-0.3 mM (Table 2.3.4), 

which is one-order larger than that for Tom20 reported previously [9].  The residues with 

the highest chemical shift changes, L7 and A8, were not used for Kd value calculation 

because the chemical shift changes could not be fitted well to binding curves but showed a 

straight line.  It is supposed that these two residues may take part in some non-specific 

interactions in such high-concentrated conditions.  

 

2.3.7. Two distinct sites of sPBD recognize the presequences 

Which residues of sPBD are responsible for presequence binding?  Interactions of 

PBD with a presequence are essential for the Tim50 function [19] and the putative 

presequence-binding region in the crystallized core of yeast Tim50 may not be sufficient for 

the Tim50 function in mitochondrial translocation [20].  I thus tried to identify 

presequence binding elements in sPBD by using NMR.  Figure 2.3.12A shows a 

superposition of a section of [1H, 15N]-HSQC spectra of 15N-labeled sPBD (0.1 mM) in the 

absence and presence of non-labeled pSu9N (0.8 mM).  Pronounced chemical shift 

changes upon addition of pSu9N were observed mainly in two distinct segments, residues 
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410-415 and 433-439 in sPBD (Figure 2.3.12B).  These segments appear to represent two 

sites that take part in the interactions with the presequence pSu9N.  

Then I tested another presequence peptide of mitochondrial pHsp60 (pHsp60). The 

[1H, 15N]-HSQC spectra of 15N-labeld sPBD (0.1 mM) was recorded in the absence and 

presence of the presequene peptide of mitochondrial pHsp60 (pHsp60) (0.8 mM) (Figure 

2.3.13A).  Interestingly, a similar chemical shift perturbation profile was observed for the 

titration of sPBD to pHsp60, with changes within 410-415 and 433-439 regions (Figure 

2.3.13B).  Notably, these two regions corresponded well with the parts of the sequence 

seen before to have the α-helix rich structure, residues 405–425 and 431–440 (Figure 2.3.8).  

Thus, two distinct binding sites of sPBD for different presequences were mapped out, one in 

the N-terminal site (410-415) and the other in the C-terminal site (433-439) of sPBD.  Since 

sPBD is a rather small folded domain, these two segments likely constitute a single 

presequence binding site in sPBD.  

 

2.3.8. N-terminal binding site is more important for sPBD-presequence interactions 

Next, I analyzed the individual roles of the two presequence binding segments in 

sPBD in presequence recognition by mutagenesis analyses.  One or two mutation(s) were 

introduced into various positions in the two presequence binding segments in sPBD.  Then 

mutant sPBDs were subjected to NMR titration experiments to demarcate the residues or 

regions of sPBD that are functionally more important for presequence binding.  The CD 

analysis revealed that all these mutant sPBD proteins take similar folding to that of wild 

type sPBD (Figure 2.3.14).  Therefore, those mutations did not affect secondary structures 

of sPBD.  [1H, 15N]-HSQC spectra of 0.2 mM 15N-labeled pSu9N were recorded in the 

absence and then presence of each of the mutants sPBD (0.4 mM).  Figure 2.3.15A shows 
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the chemical shift perturbation of backbone amides in [1H, 15N]-HSQC spectra of 0.2 mM 

15N-labeled pSu9N in presence of 2-fold excess wild-type sPBD or indicated mutant sPBD.  

All the mutants except for K435A exhibit a reduced binding ability for pSu9N, suggesting 

their importance in the presequence binding.  To make clear understanding, “the average 

chemical shift perturbations” of the indicated sPBD mutants from NMR analyses were 

calculated (Figure 2.3.15B).  It is now clear that replacement of Ile413 and Glu414 or 

Glu415 with Ala (I413A, E414A, and E415A) in the N-terminal presequence binding site of 

sPBD significantly reduces their binding abilities to pSu9N.  Similarly, three sPBD mutants 

with a mutation of L434Q, K435A or D436A in the C-terminal presequence binding site also 

exhibited reduced capability for pSu9N binding.  However, the reduction of pSu9N binding 

ability was smaller for sPBD mutants with C-terminal mutations than the ones with 

N-terminal mutations (Figure 2.3.15B).  Since, the mutants of the N-terminal binding part 

of sPBD show smaller binding ability to presequences than C-terminal part mutants, the 

N-terminal presequence binding site could be more important for presequence binding 

than the C-terminal binding site.  Furthermore, sPBD with double mutations 

(I413A/D436A) showed more reduced binding ability for pSu9N than the ones with single 

mutations.  Therefore residue I413 and D436 appear to synergetically contribute to the 

interactions with the presequence pSu9N.  

I also tried to make more mutants in the N and C-terminal presequence binding sites 

of sPBD, yet they were not suitable for NMR analyses.  For example, the mutant with Lys 

to Ala mutation at residue 411 tends to aggregate at concentration above 0.15 mM, which 

made NMR experiments unfeasible.  Another mutant with Val to Gln mutation at residue 

438 was not expressed in E. coli cells. 
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2.3.9. sPBD-presequence interaction is partly hydrophobic 

Since interactions between Tom20 and presequences are mainly hydrophobic [12], 

it is of interest to test if the nature of the Tim50 PBD–presequence interactions is also 

hydrophobic.  Thus, five hydrophobic residues, L7, A8, A12, A16, and A17 around the 

Tim50 binding element of pSu9N were replaced with hydrophilic Gln to make a mutant 

presequence peptide, pSu9N(Q) (Figure 2.3.16A).  Then, [1H, 15N]-HSQC spectra of 

15N-labeled Tim50 sPBD were recorded in the absence and presence of pSu9N(Q) (Figure 

2.3.16B) and the amounts of chemical shift changes of backbone amides of 15N-labeled 

Tim50 sPBD were compared with those with pSu9N (Figure 2.3.16C).  The presequence 

peptide pSu9N(Q) induced much smaller chemical shift changes of sPBD than pSu9N, 

suggesting that the binding of pSu9N(Q) to sPBD was significantly suppressed as compared 

with pSu9N.  Therefore, hydrophobic residues in pSu9N are important for presequence 

binding to sPBD. 

Next, effects of salt concentrations on the sPBD–presequence interactions were 

examined.  Figure 2.3.17 shows the pSu9N induced chemical shift changes of backbone 

amides of 15N-labeled sPBD in the presence of different concentrations of KCl.  Chemical 

shift changes upon addition of pSu9N were enhanced at higher KCl concentrations for the 

C-terminal segment of sPBD while those for the N-terminal segment of sPBD were not 

affected or even suppressed at higher KCl concentrations (Figure 2.3.18).  Therefore the 

C-terminal segment, but not the N-terminal part of sPBD, interacts with pSu9N through 

hydrophobic interactions, which is consistent with the recent suggestion that the 

interactions between Tim50 and presequences are mainly hydrophobic rather than 

hydrophilic [18,21,24].  
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2.3.10. sPBD binds to the Tim50core domain through the presequence binding site 

Both Tim50core domain (residues 164–361) and PBD (residues 395–476) were 

found to bind to presequences [18-20].  Why does yeast Tim50 have two distinct 

presequence-binding regions in the core domain and PBD?  Perhaps the presequence can 

be transferred from Tim50 PBD to the core domain.  I thus asked if presequence binding to 

Tim50 sPBD is affected by the presence of the core domain of Tim50 (Tim50core, residues 

171-362).  Tim50core was expressed in E. coli cells and was purified successfully (Figure 

2.3.19).  To analyze the sPBD-Tim50core interactions, the [1H, 15N]-HSQC spectra of 

15N-labeled PBDs were recorded with and without Tim50core at 26°C (Figure 2.3.20A).  

When Tim50core was added to 15N-labeled sPBD, several signals arising from the residues 

involved in presequence binding changed their chemical shifts, indicating that Tim50core 

can bind to the presequence binding site of sPBD (Figure 2.3.20B).  Besides, Tim50core 

caused the intensity loss in addition to the chemical shift perturbations of backbone amides 

in [1H, 15N]-HSQC spectra of 15N-labeled sPBD (Figure 2.3.20C), which was more prominent 

for the N-terminal residues than C-terminal residues.  This suggests that the kinetics of 

Tim50core binding falls in the intermediate-exchange regime on the NMR time scale.  The 

signal intensities of the N-terminal part of sPBD decrease to about half at a molar ratio of 2 : 

1 [Tim50core : sPBD].  Conversely, other residues and notably the residues from the 

C-terminal part of sPBD encoding “C-terminal binding site for presequences” are still clearly 

observed upon addition of Tim50core.  Comparison of the shift directions of each signal of 

sPBD upon addition of pSu9N (Figure 2.3.12A) and Tim50core (Figure 2.3.20A) reveals that 

the shift directions are similar for the signals in the N-terminal presequence binding site, 

but are different for those in the C-terminal binding site (Figure 2.3.21).  These results 

collectively suggest that Tim50core and pSu9N may share a common binding site mainly 
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consisting of the N-terminal half of sPBD. 

 

2.3.11.  N-terminal part of sPBD is likely more involved in Tim50core-sPBD interactions 

I next asked which part of sPBD, the N-terminal or C-terminal site, is more involved 

in Tim50core-sPBD interactions.  To define the residues that are functionally more 

important for Tim50core interactions, the 15N-labeled sPBD mutants (I413A, E414A, E415A, 

L434Q, K435A, and D436A) were prepared and subjected to the NMR titration experiments.  

Then, the intensity of backbone amides of 15N-labeled sPBD mutants were monitored in the 

presence and absence of Tim50core (Figure 2.3.22, 23 and 24).  The results show that the 

I413A mutation in the N-terminal presequence binding segment suppressed the Tim50core 

binding while the L434Q mutation in the C-terminal binding segment did not (Figure 2.3.22 

and 23).  Furthermore, mutations including E414A, E415A, K435A, and D436A did not or 

only partially suppressed the Tim50core binding (Figure 2.3.24).  These data collectively 

suggest that residue I413 of N-terminal presequence binding site of sPBD plays an 

important role in Tim50core binding. 

 

2.3.12. sPBD likely forms a partial ternary complex  

Because Tim50core can bind to the presequence binding site of sPBD, I next asked if 

Tim50core could bind to sPBD in a competitive manner with a presequence peptide such as 

pSu9N.  To answer this question, the NMR spectra of 15N-labeled sPBD were recorded in 

the absence and presence of 8-fold molar excess pSu9N, and then with further addition of 

2-fold molar excess Tim50core over sPBD (Figure 2.3.25A).  Interestingly, the pattern of 

chemical shift changes upon Tim50core binding in the presence of pSu9N, especially around 

residues 417-421, is different from that in the absence of pSu9N (Figure 2.3.25B).  This 
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suggests that binding of Tim50core to sPBD does not force the pre-bound pSu9N to leave 

from sPBD completely.  Instead, sPBD may partially form a ternary complex consisting of 

Tim50core, sPBD and pSu9N, which likely associates with the change of the Tim50core 

binding to residues 417-421 instead of residues 409-415 on sPBD. 

Next I asked if sPBD and presequences interact with each other in the presence of 

Tim50core.  NMR spectra of 15N-labeled sPBD were monitored in the absence and 

presence of 2-fold molar excess of Tim50core, and then with further addition of 8-fold 

molar excess pSu9N (Figure 2.3.26A).  Expectedly, the pattern of chemical shift changes 

and intensity loss upon pSu9N binding in the presence of Tim50core are nearly the same as 

those upon Tim50core binding in the presence of pSu9N (Figure 2.3.26B).  This result again 

indicates that binding of pSu9N to sPBD does not force the pre-bound Tim50core to leave 

from sPBD completely and that sPBD likely forms a ternary complex consisting of Tim50core, 

sPBD and pSu9N. 

Although isolation of the transient ternary complex may be difficult, formation of 

the binary complex of sPBD and Tim50core may be detected by using a method other than 

NMR, e.g. gel-filtration chromatography.  I thus carried out analytical gel-filtration analysis.  

Mixtures of sPBD and Tim50core at molar ratios of 5:1 were subjected to gel-filtration using 

a Superdex-75 5/150 GL column, and their elution profiles were compared with those of the 

individual proteins (Figure 2.3.27).  The elution pattern of the mixture exhibited two peaks, 

the peak tops of which are close to the ones for individual proteins.  Therefore, 

gel-filtration analyses failed to offer evidence for formation of the binary complex.  This is 

probably because, in gel-filtration experiments, the concentrations of sPBD and Tim50core 

are too low to achieve sufficient complex formation.  
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2.4. Discussion 

The vast majority of mitochondrial proteins are synthesized on the cytosolic 

ribosomes as precursor proteins, which have to be transported into mitochondria to reach 

their sites of function.  The whole process of recognition, translocation, 

intra-mitochondrial sorting and assembly of precursor proteins is achieved by the concerted 

action of different mitochondrial translocases.  All proteins destined for the mitochondrial 

matrix and some inner membrane proteins are imported first by the TOM40 complex of the 

outer membrane and subsequently by the TIM23 complex of the inner membrane in an 

energy-driven manner. 

In order to fully understand the precise functional mechanism of the TIM23 

complex at the molecular level, it is essential to obtain a comprehensive knowledge on the 

Tim50-presequence interactions.  Tim50IMS was proposed to have two distinct binding 

sites for presequences [20], yet it is still not clear how targeting signals are recognized by 

these two binding sites.  Here, I analyzed interactions of yeast Tim50 sPBD (residues 

400-450) with presequence peptides by NMR.  SSP score analyses showed that sPBD has a 

propensity for forming α-helical structure in the N-terminal part of the sequence, which is 

followed by a short region with weak helical structural propensities in the C-terminal part.  

Then NMR analyses allowed me to identify the element for sPBD binding in the 

presequence peptide pSu9N.  Interestingly, the sPBD binding element is similar to the 

element for binding to dTom20, the cytosolic domain of the presequence receptor Tom20 

in the TOM40 complex.  Therefore presequence-containing proteins are subjected to 

similar targeting signal recognition at the outer membrane by Tom20 and at the inner 

membrane by Tim50 PBD.  This likely increases the fidelity of targeting and sorting of 

presequence-containing mitochondrial precursor proteins.   
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Recently, it was suggested that the presequence-Tim50 interaction precedes the 

guidance of the precursor protein to the Tim23 channel in the inner membrane [19].  

Previous NMR studies indicated that Kd for the presequence–dTom20 complex is 

approximately 0.36 mM [21] and that for the presequence–Tim23 complex is approximately 

0.47 mM [29].  However, the present NMR titration analyses indicated that presequence 

peptides, pSu9N and pHsp60, bind to sPBD with Kd of 0.1-0.3 mM.  This result suggests 

that the low affinity of the presequence–PBD interactions reflects a basic transient nature in 

which both the outer and inner membrane translocators function cooperatively to direct 

the precursor proteins for translocation, but do not drive precursor protein transfer 

unidirectionally.  Rather, direction of the precursor protein transfer may be determined by 

the downstream process such as the membrane potential (ΔΨ) driven presequence 

translocation through the TIM23 channel.  

Next I found that two distinct segments of sPBD take part in the interactions with 

presequences probably in a cooperative manner.  Several previous studies suggested that 

interactions between the presequence and Tim50 are mainly hydrophobic in nature 

[18,21,24].  Other studies, which employ fluorescence quenching, suggested that 

interaction between human Tim50IMS and presequence peptide is mainly electrostatic [30].  

Here, the mutational study and salt dependency assay suggest that pSu9N binds to Tim50 

sPBD at a binding site consisting of the segments involving residues 434-439 through 

hydrophobic interactions and residues 410-415 through interactions other than 

hydrophobic ones.   

In addition to PBD, Tim50 has another presequence binding site in the core domain.  

However, since only fungal species have the conserved PBD, the significance of the 

presence of two distinct presequence binding sites in yeast Tim50 is not clear.  
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Interestingly, I found that sPBD binds to Tim50core through the presequence binding region 

including residues 409-415 in the N-terminal half of sPBD.  This means that N-terminal part 

of sPBD has a dual function, one is for presequence binding and the other is for Tim50core 

binding.  This suggests that binding of sPBD to Tim50core promotes release of the 

pre-bound presequence from sPBD.  Nevertheless in the presence of the excess 

presequence over sPBD and Tim50core, sPBD appears to partially associate with Tim50core 

and pSu9N simultaneously by switching the Tim50core binding site from residues 409-415 

to residues 417-421.  Therefore, these results can lead to the following scenario of 

presequence recognition by Tim50.  PBD of Tim50 may first receive the presequence from 

the TOM40 complex (Figure 2.3.28).  Then the core domain of Tim50 interacts with 

residues 417-421 of presequence-bound PBD to form a transient ternary complex.  Shift of 

the core domain to the presequence binding domain (residues 409-415) on PBD will release 

the presequence from PBD for its transfer to the core domain following the affinity gradient 

[20].  Although presequence binding to PBD is conserved only among fungal Tim50, that to 

the core domain is conserved among Tim50 from yeast to human, suggesting the 

importance of the core domain for further transfer of the presequence to the Tim23 

channel for translocation across the inner membrane.  It is still open to future studies why 

only fungi including yeast require presequence binding by PBD in addition to that by the 

core domain of Tim50.  

In summary, the presequence is recognized by PBD in a similar manner to Tom20.  

PBD can also bind to the core domain of Tim50 through the presequence binding site, which 

could promote transfer of the presequence from PBD to the core domain in Tim50.  

Furthermore, binding of Tim50core to PBD may partially lead to formation of a transient 

ternary complex in the presence of a presequence, which may facilitate efficient and direct 
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transfer of the presequence from PBD to the core domain.  These findings by NMR may 

provide a basis for understanding of the still-elusive presequence recognition by the 

complicated protein receptor system in mitochondria for future studies.  
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Table 2.2.1.  

Primers used in this study 

PBD (395-476) CCGCGCGGCAGCCATATGCTCGATTTGATTCATG 

 TGTTAGCAGCCGGATCCTTATTTGGATTCAGCAATCTTC 

PBD (395-460) CCGCGCGGCAGCCATATGCTCGATTTGATTCATG 

 TGTTAGCAGCCGGATCCTTAGTCTACCTCCTTCTGCTTCTCC 

PBD (395-450) CCGCGCGGCAGCCATATGCTCGATTTGATTCATG 

 TGTTAGCAGCCGGATCCTTATTTCATTTGTTCTTCTGGCGAAGG 

PBD (390-450) CCGCGCGGCAGCCATATGAGCACCAAGTTCCCGCTCG 

 TGTTAGCAGCCGGATCCTTATTTCATTTGTTCTTCTGGCGAAGG 

PBD (400-450)(sPBD) CCGCGCGGCAGCCATATGGAAGAAGGACAAAAGAAC 

 TGTTAGCAGCCGGATCCTTATTTCATTTGTTCTTCTGGCGAAGG 

PBD (405-450) CCGCGCGGCAGCCATATGAACTATTTAATGTTCATGAAG 

 TGTTAGCAGCCGGATCCTTATTTCATTTGTTCTTCTGGCGAAGG 

sPBD_I413A TTCATGAAGATGGCAGAGGAAGAAAAG 

 CTTTTCTTCCTCTGCCATCTTCATGAA 

sPBD_E414A ATGAAGATGATTGCAGAAGAAAAGGAA 

 TTCCTTTTCTTCTGCAATCATCTTCAT 

sPBD_E415A AAGATGATTGAGGCAGAAAAGGAAAAA 

 TTTTTCCTTTTCTGCCTCAATCATCTT 

sPBD_L434Q CAAACATTTACGCAGAAAGACTATGTTG 

 CAACATAGTCTTTCTGCGTAAATGTTTG 

sPBD_K435A ACATTTACGCTGGCAGACTATGTTGAAG 

 CTTCAACATAGTCTGCCAGCGTAAATGT 

sPBD_D436A TTTACGCTGAAAGCATATGTTGAAGG 

 CCTTCAACATATGCTTTCAGCGTAAA 

Tim50core CAACTCAATGTTCCATATGTTCCAAGAGCCACC 

 AAAGAATTCTTACAATTTTTTCACACGATGATC 
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Table. 2.3.1. Different constructs of peptide binding domain (PBD) of yeast Tim50  

Region  Properties 

N–terminal 

tag 

Expression & 

purification 

Propensity Stability at 

37 °C for 1 hr 

NMR signal 

quality 

PBD  

(395-476)  

His-Tag O α- helix  △ × 

PBD 

(395-460)  

His-Tag O α- helix △ × 

PBD  

(395-450)  

His-Tag O α- helix △ × 

PBD  

(400-450)  

His-Tag O α- helix O O 

PBD  

(405-450)  

His-Tag O α- helix O Not checked 
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Table 2.3.2. NMR pulse programs used in the backbone assignments of sPBD 

Pulse program Solvent Labeling Number 

of scan 

Time domain 

[1H, 15N]-HSQC 93%H2O/7%D2O 15N 16 1H: 2048, 

15N: 256 

HNCACB,  93%H2O/7%D2O 15N, 13C 16 1H: 2048, 

15N: 28 , 13C: 128 

CBCA(CO)NH 93%H2O/7%D2O 15N, 13C 16 1H: 2048, 

15N: 40 , 13C: 128 

HNCO 93%H2O/7%D2O 15N, 13C 4 1H: 2048, 

15N: 40 , 13C: 128 

HNCANNH 93%H2O/7%D2O 15N, 13C 16 1H: 2048, 

15N: 40 , 13C: 128 

 

 

 

 

 

 

 

 

 



[63] 
 

Table 2.3.3.  

Chemical shift index for sPBD based on 3D NMR experiments 

Number Amino CA CB N NH CO 

400 E 54.2 27.43 122 8.369 174.3 

401 E 55.11 27.27 121.9 8.427 174.9 

402 G 43.23 - 108.8 8.362 172.3 

403 Q 54.16 26.25 120.1 8.003 174.1 

404 K 55.38 29.83 121.2 8.183 174.7 

405 N 51.83 35.72 118.3 8.292 173.5 

406 Y 57.73 35.78 121.8 8.084 175.5 

407 L 54.55 39.02 119.9 8.028 176.7 

408 M 54.91 29.38 118.6 7.877 175.1 

409 F 57.28 36.27 120.9 7.979 174.2 

410 M 54.34 29.39 118.1 8.067 175.4 

411 K 55.53 29.61 120.6 7.851 173.1 

412 M 55.19 29.86 119.7 7.866 175.5 

413 I 60.7 34.95 120.3 7.848 175.4 

414 E 56.04 26.78 121.4 8.027 176.1 

415 E 56.13 27 120.3 8.285 176.1 

416 E 55.93 26.27 120.7 8.09 174.2 

417 K 56.57 29.7 119.3 8.049 176.3 

418 E 55.42 26.75 120.2 7.954 174.8 

419 K 56.44 29.64 119.7 7.775 176.2 

420 I 60.8 35.33 119.5 7.769 174.6 

421 R 56.07 29.62 122.7 7.916 175.9 

422 I 60.95 35.51 119.5 8.121 175.2 

423 Q 55.35 26.07 120.9 7.945 175.1 

424 Q 55.18 26.16 119.1 8.257 175.1 

425 E 55.26 27.2 120.4 8.204 175.1 

426 Q 53.98 26.36 118.7 8.073 174 

427 M 53.42 29.91 119.4 8.043 174.4 

428 G 42.91 - 109 8.161 172.1 

429 G 42.66 - 108.4 8.184 172.7 

430 Q 53.31 26.8 119.6 8.165 173.3 

431 T 59.27 67.1 115.1 8.093 171.4 

432 F 55.1 37.15 122.5 8.179 172.8 
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Number Amino CA CB N NH CO 

433 T 58.86 67.58 116.3 8.124 171.4 

434 L 52.94 39.68 124.6 8.182 174.6 

435 K 53.99 30.23 121.6 8.142 173.5 

436 D 52 38.31 120.2 8.075 173.1 

437 Y 55.5 36.22 120.1 7.875 172.8 

438 V 59.52 30.29 122.8 7.905 173.1 

439 E 54.31 27.31 124.1 8.314 174.2 

440 G 42.55 - 109.7 8.225 171.1 

441 N 50.21 36.4 118.4 8.171 172 

442 L 50.33 39.02 123.4 8.105 - 

443 P 59.71 31.85 - - 173.4 

444 S 53.81 60.69 117.9 8.414 - 

445 P 61.17 29.22 - - 174.7 

446 E 54.56 27.22 119.7 8.405 174.3 

447 E 54.03 27.62 121.3 8.166 173.8 

448 Q 53.28 26.77 120.6 8.158 173.2 

449 M 53.06 30.16 122 8.234 172.5 

450 K 55.12 31.02 127.9 7.823 - 

 

 

 

 

 

 

 

 

 

 

 

 



[65] 
 

 

 

 

 

 

Table 2.3.4 

Kd values for sPBD binding elements in pSu9N 

Residue Sum of square of 

error (SSE)  

Parameters 

Shift (ppm) Kd (mM) 

L11  0.0008613    0.042 0.304 

A12   0.001515    0.035 0.123 

A16  0.0008404    0.031 0.286 

V21  0.0005303    0.026 0.084 
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Figure 2.3.1. Expression and solubility level of  PBD and its segments, and Ni-NTA 

column chromatography purification.
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Figure 2.3.2. CD spectrum of  indicated PBD constructs

A circular dichroism (CD) spectrum was recorded in 20 mM KPi (pH 6.7) containing 50 mM KCl at 25°C.
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Figure 2.3.3. NMR spectra of  PBD and its truncated segments

A two-dimensional [1H, 15N]-HSQC spectrum of PBD395-476, PBD395-450, and PBD400-450 was recorded in 

the presence of 20 mM KPi, pH 6.7, 50 mM KCl, D2O⁄H2O (7⁄93) at 26°C. 
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Figure 2.3.4. Tim501-450 can replace full-length Tim50 in yeast cells (Dr. Kaori Esaki of Profes-
sor Endo`s laboratory contributed to this result) 

(A) Domain arrangement of yeast Tim50 (yTim50) and its segments used in this study

(B) Wild type Tim50 (WT) and Tim50 truncation mutants containing the first 366 or 450 amino acids 

(Tim501-366, Tim501-450) in pRS314 were used to replace the wild-type protein-encoding plasmid carrying 

URA3 in the gene deletion strain grown on 5-fluoroorotic acid-containing plates at 30°C. The empty 

pRS314 was used for negative control (control). 
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Figure 2.3.5. Purification of  sPBD 

(A) Purified sPBD protein was analysed by SDS-PAGE and CBB staining

(B) Elution pattern of sPBD was captured by gel-filtraion chromatography

. 
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Figure 2.3.6. sPBD is an α-helix rich protein

A circular dichroism (CD) spectrum was recorded at 10 µM protein concentration in 20 mM KPi (pH 6.7) 

containing 50 mM KCl at            The overall secondary structural content was calculated using K2D3 

method.

. 

α-helix 41.96% 
β-sheets 4.58% 

25°C.
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Figure 2.3.7. Backbone signal assignments of  sPBD 
Two-dimensional [1H, 15N]-HSQC spectrum of sPBD was recorded in the presence of 20 mM KPi, pH 6.7, 

50 mM KCl, D2O⁄H2O (7⁄93) at 25°C. 
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Figure 2.3.8. Secondary structure propensity (SSP) of  sPBD

SSP scores for sPBD were calculated using 13Cα and 13Cβ chemical shifts, plotted against residue 

number.  Positive values specify α-helix propensity and negative values specify β-structure propensity. 
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Figure 2.3.9. Mass spectrum of  the presequence peptide pSu9N 
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Figure 2.3.10. Binding elements of  pSu9N are similar for sPBD and dTom20 

(A) [1H, 15N]-HSQC  spectra of 15N-labeled pSu9N (0.2 mM) were recorded before (red) or after addition of 

0.5 mM sPBD (blue) or 0.2 mM dTom20 (green) in 20 mM KPi, pH 6.7, 50 mM KCl, D2O⁄H2O (7⁄93) at 26 

°C. 

(B) The chemical-shift perturbations of backbone amides in [1H, 15N]-HSQC spectra of 0.2 mM 15N-labeled 

pSu9N in the presence or absence of 2.5-fold excess of sPBD (blank bar) or the same concentration of 

dTom20 (filled bar). 
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Figure 2.3.11. Binding affinity of  the pSu9N to sPBD 

(A) Superposition of two dimensional [1H, 15N]-HSQC spectra of pSu9N without sPBD (red) and upon addi-

tion of sPBD at molar ratios (pSu9N : sPBD) of 1 : 0.25 (Blue), 1 : 0.5 (orange), 1 : 1 (green), 1 : 1.5 (purple), 

1 : 2 (cyan). Shift directions for each signal are indicated by arrows in the magnifications (showing peaks 

for pSu9N : sPBD = 1:0, 1:1.5, and 1:2).

(B) Chemical shift perturbations as a function of sPBD concentration for residues L11, A12, A16, and V21 

of pSu9N in [1H, 15N]-HSQC spectra were analysed and fitted well to binding curves obtained by an nonlin-

ear iterative fitting procedure. The dissociation constant, Kd were obtained for pSu9N binding to sPBD as 

shown in Table 2.3.4. 
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Figure 2.3.12. Two distinct binding sites of  sPBD map out for pSu9N 

(A) [1H, 15N]-HSQC spectra of 15N-labeled sPBD (0.1 mM) were recorded before (red) or after (blue) 

addition of 0.8 mM pSu9N in 20 mM KPi, pH 6.7, 50 mM KCl, D2O⁄H2O (7⁄93) at 26°C. 

(B) pSu9N (0.8 mM) induced chemical shift changes of backbone amides in [1H, 15N]-HSQC spectra 

of 15N-labeled sPBD (0.1 mM) was calculated according to the equation of [(Δδ (1H))2 + (Δδ 

(15N)/15)2]1/2; P, Pro.
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Figure 2.3.13. Binding segment of sPBD for the mitochondrial Hsp60 presequence 

(pHsp60)

(A) [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD with (blue) and without (red) 0.8 mM pHsp60.  

(B) Chemical shift changes of backbone amides in [1H, 15N]-HSQC spectra  spectra of 0.1 mM 15N-labeled 

sPBD with or without 0.8 mM pHsp60. P, Pro.  

. 
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Figure 2.3.14. Mutants sPBD have nearly the same secondary structure as wild type

Superposition of circular dichroism (CD) spectra of wild type sPBD (WT) and six sPBD mutants (I413A, 

E414A, E415A, L434Q, K435A and D436A), were recorded at 10 µM protein concentration in 20 mM KPi, 

pH 6.7, containing 50 mM KCl at 25°C 

. 
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Figure 2.3.15. Effects of mutations on binding of sPBD to pSu9N
(A) Chemical shift changes o f  backbone amides in [1H, 15N]-HSQC spectra of 0.2 mM 15N-labeled pSu9N 
with or without 0.4 mM wild-type (WT) and indicated mutant of sPBD.   P, Pro; asterisk, signals from these 
residues were not detected.
(B) Average chemical shift changes f o r  e a c h  backbone amide in [1H, 15N]-HSQC spectra of 0.2 mM 
15N-labeled pSu9N with or without 0.4 mM wild-type (WT) and indicated mutant of sPBD.   

. 
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Figure 2.3.16. Hydrophobic residues in pSu9N are important for its binding to sPBD 

(A) Amino acid sequences of wild type pSu9N and its mutant pSu9N(Q) with 5 Gln replacement.

(B) [1H, 15N]-HSQC spectra of 15N-labeled sPBD (0.1 mM) were recorded before (red) or after (blue) addi-

tion of 0.8 mM presequence pSu9N(Q) in 20 mM KPi, pH 6.7, 50 mM KCl, D2O⁄H2O (7⁄93) at 26°C. 

(C) Chemical shift changes of backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD 

before or after addition of 0.8 mM pSu9N (blue bar) or 0.8 mM pSu9N(Q) (red bar).
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Figure 2.3.17. Effects of  salt concentration on sPBD-presequence interactions

Chemical shift changes of the backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD 

with or without 0.8 mM pSu9N in 20 mM KPi, pH 6.7, with KCl at 0 mM (black), 50 mM (blue), 100 mM 

(green), or 150 mM (red). 
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Figure 2.3.18. sPBD-presequence interaction is responsive to high-salt concentrations

Chemical shift changes of the indicated backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 
15N-labeled sPBD with or without 0.8 mM pSu9N in 20 mM KPi, pH 6.7, with KCl at 0 mM (blue), 50 mM 

(red), 100 mM (green), or 150 mM (purple). 
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Figure 2.3.19. Purification of  Tim50core 

(A) Purified Tim50core protein was analysed by SDS-PAGE and CBB staining

(B) Elution pattern of Tim50core was captured by gel-filtraion chromatography

. 
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Figure 2.3.20. sPBD binds to Tim50core and pSu9N in a similar manner  
(A) [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD with (green) and without (red) 0.2 mM 

Tim50core.  

(B) Chemical shift changes of backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD 

with or without 0.8 mM pSu9N (blue bar) or 0.2 mM Tim50core (red bar).  P, Pro.  

(C) Signal intensity changes of backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD 

with or without 0.2 mM Tim50core as in (A).  The signal intensity of K450 is used as an internal reference.  

P, Pro.  
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Figure 2.3.21. Direction of the sPBD signals upon addition of pSu9N and Tim50core  

Comparison of chemical shift changes for the indicated signals between Fig. 2.3.12A and Fig. 

2.3.20A.  Peak top positions and shift directions for each signal are indicated by “+” and arrows, 

respectively, in the magnifications.  

. 

 



C

G402
G429

G428

T431

T433

S444
N405 N441 M408

I420

K419

M412

Y437

Q426
K417M427E446

Q424
Q430 I422

E415
Q448

L407

Q403 E418

Q423F409E401
E447

K404

M449

F432

K435

L442

L434
E439

V438

R421

K450

E416

G440

E400

E425 D436

A 0.1 mM 15N-sPBD(I413A)  
0.1 mM 15N-sPBD(I413A) + 0.2 mM Tim50core 

0.1 mM 15N-sPBD(L434Q)  
0.1 mM 15N-sPBD(L434Q) + 0.2 mM Tim50core 

B

N
  (

pp
m

)
15

1H  (ppm)
8.28.4 8.0 7.8 7.6

110

115

120

125

0 

0.5 

1 

1.5 

2 

400 410 420 430 440 450 

In
te

ns
ity

sP
B

D
/In

te
ns

ity
re

f

P P****

0.1 mM 15N-sPBD(I413A) + 0.2 mM Tim50core 

0 

0.5 

1 

1.5 

2 

P P

400 410 420 430 440 450 
Residue number 

***

0.1 mM 15N-sPBD(L434Q) + 0.2 mM Tim50core 

Residue number  

G402
G429

G428

T431

T433

S444
N405 N441 M410

M408

I420

K419
M412

Y437

Q426
K417

M427E446
Q424

Q430 I422

E415 Q448
Q403 E418

Q423F409E401
E447

K404

M449

F432

E414
Y406

L442

E439

V438

R421

K450

E416

G440

I413
K411

E400

E425

110

115

120

125

8.28.4 8.0 7.8 7.6
1H  (ppm)

N
  (

pp
m

)
15

*

Figure 2.3.22. Effects of mutations on binding of sPBD to Tim50core 

(A) [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD (I413A) with (blue) and without (red) 0.2 mM 

Tim50core in 20 mM KPi, pH 6.7, 50 mM KCl, D2O/H2O (7/93) at 26°C.  

(B) [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD (L434Q) with (purple) and without (red) 0.2 mM 

Tim50core in 20 mM KPi, pH 6.7, 50 mM KCl, D2O/H2O (7/93) at 26°C.  

(C) Signal intensity changes of backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled 

sPBD(I413A) (left panel) or sPBD(L434Q) (right panel) with or without 0.2 mM Tim50core.  The signal 

intensity of K450 is used as an internal reference.  P, Pro; asterisk, signals from these residues were not 

detected.  

   



Effects of Tim50core on M412

absence presence

I413A

L434Q

6.57.07.58.59.09.5 ppm 6.57.07.58.59.0

6.57.07.58.59.09.5 ppm6.57.07.58.08.59.09.5 ppm

[__%%__%%__>?W:

M412

M412

M412

M412

M412

M412

8.0

8.08.0

8.0 8.0

sPBD (WT)

Figure 2.3.23. Effects of mutations on binding of sPBD to Tim50core  
Cross sections for the signals of M412 in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD or its 

mutants (I413A and L434Q) with or without 0.2 mM Tim50core.     
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Figure 2.3.24. Effects of mutations on binding of sPBD to Tim50core

Signal intensity changes of backbone amides in [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled 

sPBD(E414A) (left upper panel) or or sPBD(E415A) ( left  lower panel) or sPBD(K435A) (r ight 

upper panel) or sPBD(D436A) (right lower panel) with or without 0.2 mM Tim50core.  The signal inten-

sity of K450 is used as an internal reference.  P, Pro; asterisk, signals from these residues were not 

detected.  
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Figure 2.3.25. sPBD likely forms a partial ternary complex

(A) Superposition of [1H, 15N]-HSQC spectra of 0.1 mM 15N-labeled sPBD (red), upon addition of 0.8 

mM pSu9N (blue), and upon further addition of 0.2 mM Tim50core (green).  Peak top positions and 

shift directions for each signal are indicated by “+” and arrows, respectively, in the magnifications.  

(B) Chemical shift changes of backbone amides in [1H, 15N]-HSQC spectra  of 0.1 mM 15N-labeled sPBD 

with or without 0.2 mM Tim50core (blue bar) or those of 0.1 mM 15N-labeled sPBD with or without 0.2 

mM Tim50core in the presence of 0.8 mM pSu9N (red bar).  P, Pro
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Figure 2.3.26. sPBD partially form  a ternary complex

(A) Superposition of [1H, 15N]-HSQC spectra  of 0.1 mM 15N-labeled sPBD (red), upon addition of 0.2 

mM Tim50core (green), and upon further addition of 0.8 mM pSu9N (blue).  Peak top positions and 

shift directions for each signal are indicated by “+” and arrows, respectively, in the magnifications.  

(B) Chemical shift changes of backbone amides in [1H, 15N]-HSQC spectra  of 0.1 mM 15N-labeled sPBD 

with or without 0.8 mM pSu9N (blue bar) or those of 0.1 mM 15N-labeled sPBD with or without 0.8 mM 

Tim50core in the presence of 0.2 mM Tim50core (red bar).  P, Pro
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Figure 2.3.27. Analytical gel-filtration analysis of  complex formation between sPBD and 

Tim50core

sPBD, Tim50core and mixtures of them were run on Superdex-75 5/150 GL in a buffer of 20 mM Tris/HCl, 

pH 7.4, 50 mM NaCl at a flow rate of 0.3 ml/min.
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