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The protein-protein interaction is important in many biological processes, 

including enzyme catalysis, immune response, and cell signaling. It is important to 

understand the structural basis for the protein interactions, since there is a direct 

relationship between the structure and the biological function in cell. NMR 
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spectroscopy has become a powerful analytical tool for the protein structure and 

dynamics at the molecular level and emphasizing the application in biomolecular 

systems. Many proteins have been studied on the determination of protein structure 

and the biological functions using NMR. In this thesis, I demonstrate that the target 

search process of a protein complex can be visualized by NMR paramagnetic 

relaxation enhancement (PRE), and that the specific target recognition can be 

achieved by unusual coupling of binding and unfolding. 

In Chapter I, the target search pathway via encounter complex ensemble is 

characterized between the N-terminal domain of enzyme I (EIN) and the 

heat-stable histidine phosphocarrier (HPr) of bacterial phosphotransferase system 

(PTS). The encounter complex ensemble represents short-lived and 

lowly-populated nonspecific complexes that quickly relax into the final specific 

complex. It has been difficult to experimentally detect the encounter complexes, 

but the recent application of PRE was enabled to prove the characterization of 

transient encounter complexes during protein-protein association. I employed 

rational mutations of EIN based on PRE data, which potentially perturbed the 

target search pathway, and examined how the mutations altered the encounter 

complex formation and also the equilibrium binding constant. If encounter 

complexes at specific region influences the protein association, they are classified 

as productive encounter, otherwise non-productive. Mapping the region of 

productive encounter complexes on the surface of EIN, I visually demonstrate the 

allowed and disallowed target search pathways between EIN and HPr. 

In Chapter II, the complex structure of fibronectin extradomain B (EDB) and a 

specific binding peptide (aptide, APT) was determined by NMR spectroscopy. 
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EDB is a prominent marker of tumor angiogenesis, and APT is a small peptide (26 

aa) with a b-hairpin scaffold and two engineered target binding arms. APT 

recognizes EDB via an unusual b strand replacement mechanism, in which APT 

permanently unfolds the entire C-terminal b strand of EDB and forms a new 

intermolecular b sheet within the complex. Thus the interaction interface of EDB is 

not located on the surface, but buried inside of the protein. Unfolding of EDB 

exposes the hydrophobic binding interface that is specifically recognized by APT. 

The unique binding mode of coupled binding and unfolding will broaden our 

understanding of the diverse protein interactions. 
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1. Abstract 

 

 

In general, specific protein–protein recognition proceeds via a two-step target 

search process. The first process is a weak association via diffusion-controlled 

intermolecular collisions, followed by the formation of an ensemble of short-lived, 

encounter complexes. Secondly, two-dimensional search by translational and 

rotational rearrangement between the partner proteins results in the specific 

complex formation. Here I investigated the target search pathways between the 

N-terminal domain of enzyme I (EIN) and the heat-stable histidine phosphocarrier 

protein (HPr) from bacterial phosphotransferase system (PTS) using NMR 

paramagnetic relaxation enhancement (PRE). The target search process was 

examined how mutations away from the binding interface alter the equilibrium 

binding and reshape the distribution and/or population of the encounter complex 

ensemble. Probing the target search pathway was initiated on rational mutations, 

and which were analyzed on secondary structures, equilibrium dissociation 

constants, and three-dimensional structures to visualize the encounter complex 

ensemble. I show that encounter complexes are heterogeneous in their 

contributions toward the specific complex formation, which can be visually 

monitored and estimated in a quantitative manner. The encounter complexes related 

on association or/and dissociation were visualized via PRE. For such results, I 

propose the target search pathway model related on the productive and non-

productive encounter complex during the conformation of the stereospecific 
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complex. When a protein interacts with multiple partner proteins, the hot-spot 

regions that form productive or nonproductive encounter complexes can vary and 

sometimes may even switch their roles to discriminate different partner proteins. 

The exploration of target search pathways could eventually be applied to the 

manipulation of equilibrium binding in protein–protein or protein–ligand 

complexes without affecting their binding interface. 
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2. Introduction 

 

 

2.1. Phosphotransferase system (PTS) 

Phosphoenol pyruvate (PEP) group translocation, also known as the PTS, is a 

definite method used by bacteria for sugar uptake where the source of energy is 

from PEP. It is known as multi-component system involved in enzymes of the 

plasma membrane and cytoplasm of Escherichia coli. The PTS is involved in 

transporting many sugars such as glucose, mannose, fructose and cellobiose into E. 

coli cells. The consumed sugar transfers the phosphoryl group to the plasma 

membrane and cytoplasm using several proteins that are enzyme I (EI), 

phosphocarrier protein (HPr) and enzyme II (EII) to a conserved histidine residue 

[1]. 

In the process of glucose PTS transport specific of enteric bacteria, PEP transfers 

its phosphoryl to a histidine residue on EI. EI in turn transfers the phosphate to HPr. 

From HPr the phosphoryl is transferred to EIIA. EIIA is specific for glucose and it 

further transfers the phosphoryl group to EIIB in adjacent membrane on one side of 

it. Finally, EIIB phosphorylates glucose as it crosses the plasma membrane through 

the transmembrane enzyme II C (EIIC), forming glucose-6-phosphate (Figure 1a). 

The HPr is common to the PTS systems of the other substrates mentioned earlier, 

as is the upstream EI. Proteins downstream of HPr tend to vary between the 

different sugars. The transfer of a phosphate group to the substrate once it has been 

imported through the membrane transporter prevents the transporter from 
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recognizing the substrate again, thus maintaining a concentration gradient that 

favours further import of the substrate through the transporter.  

The EI is a homodimers (~64 kD) that needs Mg2+ for phosphorylation by PEP. 

Each subunit contains three domains: PEP binds to the C-terminal domain and HPr 

binds to the N-terminal domain. A central domain, tethered to the N-term domain 

by two associated linkers and to the C-term domain by a long α-helix, comprises a 

phosphorylatable residue His189. In the EI structure, His189 is phosphorylated and 

oriented for directly phosphotransfer to/from the PEP/HPr. Therefore, the structure 

typifies an enzyme intermediate after phosphotransfer from PEP and prior to a 

conformational transition that brings phosphoryl group of His189 to the phosphoryl 

group acceptor (His15 of HPr). 

EIN comprises two subdomains which are α and α/β domains (Figure 1b). The α 

domain (residues 33–143) is a four helix bundle (H1, H2/H2', H3 and H4). The α/β 

domain (residues 1–20 and 148–230) comprises a β-sandwich, formed by a 

four-stranded parallel β-sheet (β1–β4) and a three-stranded antiparallel β-sheet 

(β1, β5, β6), as well as three short helices (H5–H7). There also is a long 

C-terminal helix (H8) that serves as a linker to the C-terminal domain of EI. HPr 

comprises three helices and a four stranded antiparallel β-sheet. The structures of 

EIN and HPr in the complex are very similar to those in the free state. The 

interaction surface on EIN comprises virtually the entire helix 2, the N-terminal 

end of helix 2', the C-terminal half of helix 3 and the N-terminal half of helix 4. 

The interaction surface on HPr comprises helix 1, helix 2, and the turn proceeding 

helix 1 and the beginning of the loop following helix 2. 
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Enzyme II contains five classes that are glucose-sucrose, mannitol−fructose, 

mannose-sorbose, lactose-cellobiose, and glucitol [2]. In the different sugar classes, 

the EIIA and EIIB domains have specifically its characters on sequence or 

three-dimensional structure. The bacterial PEP: sugar PTS system provides a 

typical example for understanding protein-protein interactions and the factors 

governing their specificity. Thus, HPr searches the specific binding interface of 

enzyme I and the various sugar-specific IIA domains, even though all these target 

proteins involved in the PTS system are structurally dissimilar. 

 

2. 2. Paramagnetic relaxation enhancement (PRE) 

Paramagnetic Relaxation Enhancement may be first introduced to in the 1950s. 

PRE is increasingly becoming a NMR technique to provide information of 

long-range distance that can complement nuclear overhauser effect restraints 

(limited to distances of less than 6 Å). Paramagnetic NMR has come out as an 

alternative, orthogonal, and influential tool to study dynamic processes. The PRE 

generating from unpaired electrons with an isotropic g-tensor (such as nitroxide or 

EDTA-Mn2+) has proved to be a particularly versatile tool. And it can provide 

information about structural conditions of dynamic process due to the <r-6> 

distance dependence of the PRE between the unpaired electron and the nucleus. 

The PRE effect is very huge, because of the large magnetic moment of an unpaired 

electron, allowing distances up to 35 Å to be detected. Providing the paramagnetic 

center-nuclei distances are shorter in the minor species than in the major one, the 

mark of the minor species will be apparent in the observed PRE rates, thus  
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Figure 1. (a) Transport of sugar by the PEP-dependent phosphotransferase system (PTS). 

HPr and EI are cytoplasmic proteins common to all surgars transported. EIIA and EIIB are 

proteins specific for glucose. (b) Ribbon diagrams illustrating the EIN–HPr complex. 

Helixes (red), β-strands (yellow), and domains were annotated. 
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enabling structural information on the minor species to be obtained. 

 

2. 3. Encounter complex between EIN and HPr 

For forming a protein complex, proteins undergo at least a two-step process, 

where an encounter complex precedes the final, well-defined stereospecific 

complex. Generally, it is presumed that the encounter state exists only short-lived 

and leads quickly to the final complex. However, NMR spectroscopy has argued 

that the week and low existed encounter state represents a significant fraction of 

the population or can even be the dominant form upon formation of stereospecific 

complex. Recently, the encounter state was visualized by a paramagnetic NMR 

technique for complexes in which it represents a small fraction of the population. 

In weak protein complexes, the fraction of time spent in the encounter complex 

may be largest, because a balance between specificity and fast dissociation has to 

be found.  

Transient encounter complexes have first been proved using the EIN and the 

phosphocarrier HPr protein existed on the bacterial PTS system. It reveals that the 

distribution of nonspecific encounter complexes between the two proteins depends 

on the electrostatic surface potentials of the interacting proteins through the results 

of ensemble-simulated annealing refinement against experimental PREs. The 

nonspecific encounter complexes are formed by weak non-specific electrostatic 

interactions, eventually falling into a narrow energy funnel (Figure 2) that leads 

directly to the stereospecific complex characterized by an array of complementary 

van Waals and electrostatic interaction[3, 4]. Encounter complexes can be productive 
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if they make their way to a final stereospecific complex, or non-productive if they 

dissociate back to the free individual proteins.  

In this study, I employed rational mutations based on several criteria upon the 

previous experimental PREs to distinguish between productive and non-productive 

encounter complexes and to probe a possible target search pathway. That is to say, 

potential hot-spot residues for encounter complex formation detected by PRE are 

mutated, and the changes of equilibrium dissociation constants (KD) are measured 

by the mutants via ITC. If the mutation alters the equilibrium binding, 

intermolecular PREs show how the altered equilibrium binding constants are 

related with changes in the encounter complex formation.  
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Figure 2. Illustration of protein–protein association on a reaction coordinate diagram. Two 

interacting proteins are shown in blue and orange in a cartoon representation. Non-specific 

encounter complexes fall into stereospecific complex through the productive target search 

pathway. Several non-specific encounter complexes do not reach the complex and 

dissociate to the free states. 
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3. Materials and Methods 

 

 

3. 1. Cloning 

EIN (residues 1–249) and HPr (residues 1–85) were cloned into a pET11a vector 

(Novagen) without tags. Selected residues of EIN or HPr were mutated using the 

QuickChange kit (Agilent Technologies), and the new constructs were verified by 

DNA sequencing. 

 

3. 2. Protein overexpression 

3. 2. 1. Luria bertani medium  

The expression of the EIN, EIN mutants, and HPr domain was performed using 

the expression vector pET11a in Escherichia. coli BL21 cells (DE3, Invitrogen) 

using LB medium (Table 1). The cells transformed by the expression vector were 

cultured at 37°C to an OD600 of 0.6–0.8, and the protein overexpression was 

induced by adding isopropyl-β-D-thiogalactopyranoside (IPTG) to a final 

concentration of 1 mM, followed by induction for 4 h at 37°C and harvested by 

centrifugation. The cell separated on medium was storage on -80oC 

 

3. 2. 2. Isotope labeling medium 

Isotope labeling proteins have been useful for increasing the sensitivity of NMR 

experiments. Uniformly labeled E. coli [2H; 13C; 15N]-EIN (1–249) and 



12 

 

histidine-containing phosphocarrier protein (HPr) at natural isotopic abundance 

were expressed in E. coli cells (BL21 Star (DE3)) grown in M9 minimal media 

(Table 1) at 37°C until an OD600 ≈ 0.6–0.8. Cells were induced with 1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) at 37°C for approximately 8 h and 

then harvested by centrifugation. If the cell was below OD600: 1.0 during 8 h, the 

cell was cultured at 25oC for overnight. 

 

3. 2. 3. Selective labeling 

Selective labeling culture method has been considered as an efficient method to 

simplify the NMR spectra. In this method, it make only the desired signals appear 

(13C- or 15N-labeling), or undesired ones disappear (2H-labeling) in the NMR 

spectrum. This facilitates the analysis of the large molecules and resonance 

assignments. In this study, 15N-isoleucine, leucine, and lysine were performed on 

the selective labeling upon EIN. For selective labeling, a medium containing the 

appropriate unlabeled amino acid mixture (table 2) was prepared, which is based 

on M9 medium. The labeled amino acid (25mg) was filtered on sterile filter (0.22 

um) and added to medium after the induction. The each selective labeling medium 

were cultured at 37°C to an OD600 of 0.8, and protein overexpression was induced 

by adding IPTG to a final concentration of 1 mM, followed by induction for 4 h at 

37°C and harvested by centrifugation. 
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Table 1. The composition of media. 

Medium Composition (per 1 L) 

LB 10 g Tryptone, 5 g Yeast extract, 10 g NaCl 

M9 minimal 

medium 

(15N or 13C/15N) 

10 g K2HPO4, 13 g K2HPO4, 9 g Na2HPO4, 2.4 g K2PO4,  

1 g 
15NH4Cl , 2 g U-

13C6 Glucose (or 5 g Glucose),  

10 mM MgCl2, 0.1 mM Thiamine, Trace element, 0.2 mM 

CaCl2, 50 mg Carbenicillin 

* M9 minimal 

medium 

for 1 L D2O 

(2H/15N or 

2H/15N/13C) 

10 g K2HPO4, 13 g K2HPO4, 9 g Na2HPO4, 2.4 g K2PO4,  

1 g 15NH4Cl, 2 g U-12C-U-2H-D-Glucose (or 

U-13C-U-2H-D-glucose), 952 mg MgCl2, 34 mg 

Thiamine, Trace element, 100 mg Carbenicillin 

* All components are dissolved on D2O and filtered on sterile filter (0.22 um), transferring 

to an autoclave flask. 
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Table 2. Unlabeled amino acid mixture except for selective labeling amino acid 

Amino acid Amount of amino acid (g) Method of sterilization 

Alanine 0.50 Autoclave 

Arginine 0.40 Autoclave 

Aspartic acid 0.40 Filter 

Asparagine 0.40 Filter 

Cysteine 0.05 Filter 

Glutamine 0.40 Filter 

Glutamic acid 0.65 Filter 

Glycine 0.55 Autoclave 

Histidine 0.10 Autoclave 

Isoleucine 0.23 Autoclave 

Leucine 0.23 Autoclave 

Lysine-HCl 0.42 Autoclave 

Methionine 0.25 Autoclave 

Phenylalanine 0.13 Autoclave 

Proline 0.10 Autoclave 

Serine 2.10 Autoclave 

Threonine 0.23 Autoclave 

Tyrosine 0.17 Filter 

Tryptophan 0.05 Filter 

Valine 0.23 Autoclave 

- Filter was used on sterile filter (0.22 um). 
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3. 3. Purification 

3. 3. 1. EIN and EIN mutants 

The cells were harvested by centrifugation, and resuspended in buffer [20 mM 

Tris-HCl (pH 7.4), 200 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF)], 

and disrupted by emulsiflex. The lysate was centrifuged to remove insoluble debris. 

The supernatant was loaded on a HiPrep DEAE column equilibrated with binding 

buffer [20 mM Tris-HCl (pH 7.4)] and was eluted with a gradient concentration of 

NaCl. The solutions containing protein were separated by a HiLoad Superdex 75 

column [20 mM Tris-HCl (pH 7.4), 200 mM NaCl] and finally were purified by 

Mono Q column. The EIN and EIN mutants were analyzed by 

SDS-polyacrylamide gel electrophoresis to confirm sample mass and sample 

purity (Figure 3). 

 

3. 3. 2. HPr 

The HPr protein also was purified on identical methods to the purification steps 

of EIN protein. The cell containing the HPr protein was resuspended in 50 ml of 50 

mM Tris, pH 7.4, 200 mM NaCl, and 1 mM PMSF. The suspension was lysed by 

three passages through a emulsiflex and centrifuged at 40,000 g for 20 min. The 

supernatant fraction was filtered and loaded onto a DEAE anion exchange column, 

and the protein was eluted with a 400-ml gradient of 1 M NaCl. The fractions 

containing the protein were confirmed by SDS-PAGE and purified by gel filtration 

on a Sephadex 75 column equilibrated with 20 mM Tris, pH 7.4, 200 mM NaCl.  

Relevant fractions were exchanged to buffer [20 mM Tris (pH 7.4)], and finally 
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purified on a monoQ anion exchange column (Figure 4). 

 

3. 3. 3. Paramagnetic spin labeling 

Immediately prior to conjugation with the EDTA-Mn2+ tag, the E5C-HPr protein 

was passed through a desalting column (HiPrep 26/10 Desalting; GE Healthcare) to 

remove residual reducing agent. The final buffer of E5C-HPr was 20 mM 

Tris-HCl, pH 7.4 and 2 mM β-mercaptoethanol and every buffers chelated using 

chelex 100 for removing metal ions in the purification buffer was used on 

purification steps. The eluted protein through the desalting column was collected 

into a solution containing 10 mg of N-[S-(2-Pyridylthio) cysteaminyl] 

ethylenediamine-N,N,N’,N’-tetraacetic acid (#P996250; Toronto Research 

Chemicals, Inc.) and Mn2+ (Sigma Aldrich M-1787, a protein to metal ratio of 

approximately 1:5), and incubated at room temperature for 3 h. Unconjugated HPr 

was separated from the tagged protein by a monoQ anion exchange column. To 

remove contaminating divalent ions, HPr was incubated overnight at room 

temperature with 50 mM EDTA. The excess EDTA was removed by exchanging 

with a high salt buffer (500 mM NaCl) using the Amicon ultracentrifugal 

concentrator. Excess metal ion was removed by exchange with the high salt buffer, 

followed by exchange into the NMR buffer with 20 mM Tris-HCl, pH 7.4. The 

protein was >99% pure by SDS-PAGE. Electrospray mass spectrometry was used 

to determine the E5C-HPr conjugated with EDTA-Mn2+. 
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Figure 3. Purification procedure of EIN and EIN mutants. Purity of proteins was confirmed 

by SDS-PAGE. 
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Figure 4. Purification procedure of EIN and EIN mutants. Purity of proteins was confirmed 

by SDS-PAGE. HPr mutants (E5C, E25, and E32C) were used to buffers contained 2 mM 

2-Mercaptoethanol for reducing the disulfide bonds.  
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3. 4. NMR experiment 

NMR spectroscopy. NMR spectra were recorded at 37°C on Bruker 800 and 900 

MHz spectrometers equipped with a z-shielded gradient triple resonance 

cryoprobe. Spectra were processed using NMRPipe1 and analyzed using the 

program PIPP[5] or NMRView.[6] Sequential assignment of EINmut3 was performed 

using three-dimensional triple resonance through-bond scalar correlation 

experiments (HNCACB and CBCACONH). 1DNH RDCs were measured by taking 

the difference in 1JNH scalar couplings in aligned and isotropic media at 37 °C. The 

alignment media employed were phage pf1 (11 mg/ml; ASLA Biotech). Singular 

value decomposition (SVD) analysis of RDCs was carried out using Xplor-NIH[4]. 

1HN-R2 rates for U-[2H/15N]-EIN and U-[2H/15N]-EINmut3 in the presence of 

HPr (paramagnetic or diamagnetic) were obtained from a two time point 

measurement (12 μs and 27 ms, NT = 27 ms) recorded in an interleaved manner 

using a transverse relaxation optimized (TROSY) version of the 1H-15N 

heteronuclear single quantum correlation based pulse scheme, where the relaxation 

delay is incorporated in the first insensitive nuclei enhanced by polarization 

transfer step [7]. The 1HN-Γ2 rates are given by the difference in 1HN-R2 rates 

between the paramagnetic and diamagnetic samples. 

 

3. 5. Isothermal titration calorimetry (ITC) 

The equilibrium dissociation constants between EIN (or EIN mutants) and HPr 

were measured in 20 mM Tris-HCl buffer, pH 7.4, at 37°C using an iTC200 

calorimeter (GE Healthcare). 0.1 mM EIN (or EIN mutants) was placed in the cell 
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and titrated with 1 mM HPr in the syringe. Twenty consecutive 2 mL aliquots of 

proteins were titrated into the cell. The duration of each injection was 4 s, and 

injections were made at intervals of 150 s. Data analysis was performed using the 

Origin software provided with the instrument. 

 

3. 6. Circular dichroism (CD) spectroscopy 

CD was conducted at 25 °C using a with ChirascanTM-plus CD spectrometer. 

Wave scans were acquired by sampling data at 1 nm intervals between 190 and 260 

nm for far UV CD measurement. Far UV CD spectroscopy was carried out using 

10 μM of EIN and EIN mutants in 20 mM Tris-HCl, pH 7.4, using a 1-mm quartz 

cuvette. Each far UV CD spectrum was obtained from an average of three scans 

and the results were presented as mean residue ellipticity (deg⋅cm2/dmol) at each 

wavelength. 
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4. Results  

 

4.1. Rational mutation of EIN 

I designed mutants that could obstruct the encounter complex formation between 

EIN and HPr. If the equilibrium constant based on the specific complex formation 

is changed due to the mutation, unformed the encounter complex against mutation 

would have the possibility of containing a critical role on protein-protein 

association and/or dissociation. For selecting mutation residues, it is necessary to 

analysis the binding module of EIN and HPr. Previous studies showed that EIN 

largely employed its negatively charged surfaces to interact with the positively 

charged surfaces of HPr in the encounter complex ensemble [3]. Helices α2, α2’, α3, 

and α4 of EIN and the helices α1 and α2 of HPr were directly involved in forming 

EIN-HPr complex [8]. And I would have to identify PRE profiles of 

EIN-spinlabeled HPrs (E5C, E25C, and E32C) for designing EIN mutants. There 

were regions with intermolecular 1HN-Γ2 rates by E5C, which are residues 

110-137 and 59-97 of EIN. 1HN-Γ2 rate of E25C and E32C were existed on 

residues 23–37, 50–92, 105–124, 183–189, and 241–249 of EIN and residues 20–

71, 73–140, 184–189, and 232–249 of EIN, respectively [3]. Therefore, I designed 

EIN mutants in which surface-exposed negatively charged aspartate or glutamate 

residues were replaced by positively charged lysine residues to perturb the 

electrostatic interaction. The EIN mutation sites were selected using the following 

criteria:  
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1) Residues that exhibited PREs attributable to the encounter complexes, as 

identified in PRE profiles using spinlabeled HPr at positions E5C, E25C, or 

E32C [3, 9] 

2) Residues that were located away from the binding interface with HPr.   

 

Five EIN mutants were designed as follows: EIN mut1 (Asp119→Lys, 

Asp120→Lys, and Glu121→Lys) was designed based on the PRE profile of the 

EIN-E25C complex; EIN mut2 (Glu116→Lys and Glu117→Lys) and EIN mut3 

(Glu81→Lys, Glu86→Lys) were designed based on the PRE profile of the 

EIN-E5C complex; EIN mut4 (Asp34→Lys, Asp37→Lys, and Glu41→Lys) and 

EIN mut5 (Asp63→Lys and Asp70→Lys) were designed based on the PRE profile 

of the EIN-E32C complex (Table 3). EIN mut1 included mutations in the loop 

between the α3 and α4 helices, and the other four EIN mutants included mutations 

as following: EIN mut2-helix α3; EIN mut3-helices α2, and α2’; EIN mut4-helix 

α1; EIN mut5-helices α1, and α2 (Table 3). The positions of the mutation sites in 

each EIN mutant are shown in the three-dimensional structure of the EIN-HPr 

complex in Figure 5. 

EIN and EIN mutants were purified by the purification steps (Figure 3), and 

obtaining purified EIN samples (table 3). HPr and HPr mutants (E5C, E25C, and 

E32C) also purified by the purification steps (figure 4). HPr was obtained for 480 

mg/ml, and the HPr mutants yielded range from 132-157 mg/ml. These samples 

were used on ITC, CD, and NMR experiments. 
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Table 3. Residues that were mutated in each EIN mutant, the positions of the mutation sites 

in the EIN structure, the spin-labeled HPr used to design the EIN mutants, the product 

yield of EIN mutants. 

 

 

 

 

 

EIN 

mutants 

Positions of the 

mutation sites in 

the EIN structure 

Spin-labeled 

HPr 

Protein yield 

(mg/ml) 

EIN mut1 

( D119K, D120K, 

E121K) 

loop between 

helices α3 and α4 
E25C 24 

EIN mut2 

( E116K, E117K) 
helix α3 E5C 14 

EIN mut3 

(E81K, E86K) 
helices α2 and α2' E5C 50 

EIN mut3a 

( E81Q, E86Q) 
helices α2 and α2' E5C 112 

EIN mut3b 

(E81A, E86A) 
helices α2 and α2' E5C 138 

EIN mut4 

( D34K, D37K, 

E41K) 

helix α1 E32C 184 

EIN mut5 

( E63K, E70K) 
helices α1 and α2 E32C 47 
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Figure 5. Mutation sites of the five EIN mutants. EIN-HPr complex is color-coded ribbon 

representation of EIN (helix: yellow and β sheet: purple) -HPr (cyan) complex. The 

mutation sites introduced to EIN are shown with space-filling models (red). 

. 
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4. 2. Analysis of secondary structure using circular dichroism  

(CD) spectroscopy 

Prior to isothermal titration calorimetry (ITC), PRE, and other NMR 

experiments, I performed the circular dichroism (CD) experiment to confirm the 

secondary structure of the EIN mutants. The CD spectroscopy is one of the most 

general and basic tools to study protein folding. In proteins, secondary structures 

such as α-helices and β-sheets are chiral, and thus absorb circularly polarized light. 

I obtained the CD spectra of EIN and EIN mutants to identify whether the 

introduced mutations perturbed the original secondary structures of EIN. The CD 

spectrum of EIN showed that the well-folded structure appeared negatively strong 

ellipticity value by α-helices and β-sheets of EIN at wavelengths of 208 nm and 

220 nm. The CD spectra of EIN mut1, however, showed negatively the strong 

value at the wavelength of 201 nm, which the secondary structure of EIN mut1 was 

unordered. It indicated that the secondary structures were significantly disrupted by 

the mutation of EIN mut1, whereas the other four mutants maintained the 

secondary structure profiles similar to that of EIN (Figure 6). In the EIN mut1, 

mutations at Asp119→Lys, Asp120→Lys, and Glu121→Lys most likely disrupted 

the salt bridges between the carboxylic acid side chains and the neighboring 

ε-amino group (NH3
+) of Lys124, which could be deleterious to the proper folding 

of the protein. Therefore, well-ordered mutants except for EIN mut1 proceeded on 

further studies such as ITC and NMR experiments. 

 

 



26 

 

 

 

 

 

 

 

 

 

Figure 6. The CD spectra of the EIN and EIN mutants. All CD spectra were collected at 

25°C using a JASCO J-801 CD spectrometer. 
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4. 3. Binding affinity between EIN mutants and HPr  

For analyzing influences on the equilibrium constant by the mutation, I 

examined the equilibrium binding constant between EIN (or EIN mutants) and HPr 

using ITC. In previous reports, equilibrium dissociation constant (KD) between EIN 

and HPr was 3.7 uM in 20 mM Tris-HCl, pH 7.4, at 40oC using a high-precision 

VP-ITC calorimetry system.[9] I, however, was measured to be 4.8 uM in the 

identical buffer at 37oC. The subtly different KD would be generated because of the 

temperature condition. EIN mutants generally showed a reduced binding affinity 

for HPr, but the magnitude of the reduction varied among the mutants (Table 4). It 

means that the encounter complexes obstructed by the mutations are related to the 

equilibrium constant upon the specific complex formation, varying the degree of 

influence on forming the stereospecific complex. EIN mut2 and EIN mut4 showed 

the approximately twofold decrease of KD (9.9 and 8.4 uM, respectively) for HPr, 

while EIN mut5 exhibited a similar binding affinity (KD: 5.2 uM) for HPr to that of 

EIN (Table 4). EIN mut3 showed the largest reduction among the binding affinity 

constants of EIN mutants for HPr, with a KD of 51.0 uM, a factor of ten higher than 

that of the EIN-HPr complex. In the stereospecific complex of EIN and HPr 

characterized by van Waals and electrostatic interactions, I further investigated EIN 

mut3 variants where the negatively charged residues were replaced by neutral 

residues instead of the lysines (Glu81→Lys and Glu86→Lys), because the 

mutation that changed negatively charged aspartate to positively charged lysine 

was artificial alteration. When Glu81 and Glu86 were replaced by isosteric 

glutamine (EIN mut3a) or alanine residues (EIN mut3b), the KD values were 13.9 
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uM and 16.5 uM in the identical condition, respectively; hence the neutral 

mutations made an intermediate reduction of the equilibrium binding. The binding 

affinities of EIN mut3a and 3b showed approximately threefold increase compared 

to EIN mut3. It indicated that the encounter complexes on the mutation sites of 

EIN mut3 were related on specific binding of EIN-HPr complex. Therefore, I 

progressed on the PRE experiment for visualizing the disappeared encounter 

complex ensemble upon the mutation 
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Table 4. Thermodynamic parameters for the interaction between EIN (or EIN mutants) and 

HPr. 

 
KD 

[a]
 

(uM) 
ΔG [b] 

(kcal/mol) 
ΔH [c] 

(kcal/mol) 
ΔS [d] 

(cal/mol/deg) 

EIN 4.8 ± 0.7 -7.6 ± 0.09 3.7 ± 0.1  36.3 ± 0.4 

EIN mut2 
( E116K, E117K) 

9.9 ± 0.9  -7.1 ± 0.06 3.5 ± 0.1 34.3 ± 0.4 

EIN mut3 
(E81K, E86K) 

51.0 ± 0.7 -6.1 ± 0.08 5.7 ± 0.4 37.9 ± 1.3 

EIN mut3a 
(E81Q, E86Q) 13.9 ± 1.8 -6.9 ± 0.08 4.1 ± 0.2 36.3 ± 0.7 

EIN mut3b 
(E81A, E86A) 

16.5 ± 2.0 -6.8 ± 0.07 4.3 ± 0.1 37.8 ± 0.4 

EIN mut4 

( D34K, D37K, E41K) 
8.4 ± 1.0 -7.2 ± 0.07 4.2 ± 0.1 36.9 ± 0.4 

EIN mut5 
( E63K, E70K) 

5.2 ± 0.4 -7.6 ± 0.05 4.2 ± 0.1 37.8 ± 0.4 

 

[a] Equilibrium dissociation constant; [b] binding free energy; [c] binding enthalpy; [d] 

binding entropy. 
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4. 4. Backbone assignment of EIN mut3  

I determined the backbone assignment of EIN and EIN mutants for analyzing the 

PRE rates. I performed the three-dimensional triple-resonance through-bond 

scalar correlation HNCACB and CBCA(CO)NH experiments using 0.3 mM 

2H/13C/15N-labeled EIN (or EIN mutants) -0.45 mM 12C,14N-HPr complex for the 

backbone assignment in 20 mM Tris-HCl (pH 7.4). The peaks of three dimensional 

NMR spectra were picked, and clustered by the spin-system patterns and matched 

using the PIPP [5] program. Sequential assignment was achieved by verifying and 

linking of the individual spin-system pattern obtained from the triple NMR 

experiments. 

For confirming the mutation residues of EIN mut3 (E81K and E86K), the lysine 

residues were carefully assigned by 2D 1H–15N transverse relaxation optimized 

spectroscopy (TROSY) correlation spectrum of [15N-Lys]-EIN mut3, which were 

prepared using amino acid selective isotope labeling with 15N-lysine as a precursor 

(Figure 7). The approximately 80 % of backbone assignment upon EIN mut3-HPr 

was confirmed using the 2D and 3D-NMR spectroscopy. The 1H-15N TROSY 

spectrum showed that large chemical shift changes were reasonably on residues 

around the mutation sites at helix α1 (Figure 8). It means that the mutation sites of 

EIN mut3 do not alter the secondary structure and folding of EIN mut3. However, 

it is necessary to confirm the EIN conformational change. I proceeded the next 

experiment such as chemical shift perturbation (CSP), residual dipolar coupling 

(RDC), and R2 relaxation.  
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Figure 7. Comparison of 2D 1H–15N TROSY correlation spectrum of 2H/13C/15N-labeled 

EINmut3 and [15N-Lys]-EIN mut3 (red). EIN mut3 recorded at 900 MHz and 37°C. The 

selectively labeled EINmut3 are annotated. 
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Figure 8. Comparison of 2D 1H–15N TROSY correlation spectrum of 2H/13C/15N-labeled 

EIN (black) and EINmut3 (red). The backbone amide resonances with chemical shift 

changes are annotated by the residue name in blue, and those without chemical shift 

changes are annotated in black. 2D 1H–15N TROSY NMR spectroscopy was recorded at 

900 MHz and 37°C in 20 mM Tris-HCl, pH 7.4. 
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4. 5. Investigation of conformation and dynamics by NMR 

I examined R2 relaxation parameters and residual dipolar couplings (RDCs) of 

amide groups for EINmut3, EINmut3a, and EINmut2. And for mapping detail 

chemical shift changes, I performed chemical shift perturbation (CSP) experiment 

against EIN mut3, EIN mut3a, and EIN mut2 (Figure 9). The CSP of EIN mut3 and 

EIN mut3a were mostly localized to the mutation sites (residue 81 and 86) and its 

close vicinity that existed from residue 46 to residue 52 on helix α1. The chemical 

shift perturbations upon EIN mut2 were placed on the mutation sites (residue116 

and 117 at helix α1) (Figure 9). It indicates that the mutation sties of EIN mut3, 3a, 

and mut2 did not change other secondary structure and protein folding of the EIN 

mutants. Also, the ratio of the R2 relaxation parameters of amide protons between 

individual mutants and EIN were uniform and close to unity, indicating that the 

dynamics of the protein are minimally perturbed by the mutations (Figure 10).  

Finally, to assess whether the mutations affected the folding of the backbone in 

mutants, I proceeded to measure backbone amid RDCs on EIN mutants in a liquid 

crystalline medium of phage pf1 (11 mg/ml). RDCs of fixed bond vectors, such as 

the backbone N–H bond vector, are dependent on the orientation of the bond 

vectors relative to the alignment tensor and provide a very sensitive indicator of 

changes in relative domain orientations.[10, 11] The magnitude and orientation of the 

alignment tensors obtained by single value decomposition (SVD) to obtain a best 

fit between the observed RDCs, and those calculated from the atomic coordinates 

of EIN (Protein Data Bank code 3EZA)[8] were the same within experimental error. 

In addition, the RDC R-factors (Rf) obtained from EIN mut3, EIN mut3a, and EIN 
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mut2 were 15.4 %, 15.1 %, and 15.1 %, respectively (Figure 11). The agreement 

between the measured and calculated RDCs from the residues in helices α2 and α2', 

in particular, mutated Qlu81 and Qlu86, was as good as the agreement over the rest 

of the structure. It indicated that both the local and global structures remained 

unperturbed. Namely, the structure and dynamics in whole protein, as well as 

specific binding interface, were not changed in EIN mut3 EIN mut3a, and EIN 

mut2. As a result, I could confirm the EIN mutants conformation similar to EIN 

conformation via CSP, R2 relaxation, and RDC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

 

 

 

 

Figure 9. Chemical shift perturbation (CSP) of (a) EINmut3, (b) EINmut3a, and (c) 

EINmut2 compared to EIN. Weighted average 1HN/15N chemical shift perturbation (Δδ = 

([(ΔδHN)2 + (ΔδN)2/25]/2)1/2) was plotted as a function of residue number.  
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Figure 10. Ratio of R2 relaxation parameters of amide protons (a) EIN mut3, (b) EIN mut3a, 

and (c) EIN mut2 compared to EIN as a function of residue number (R2 ratio = R2_EINmut 

/ R2_EIN). 
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Figure 11. RDC analysis of (a) EIN mut3, (b) EIN mut3a, and (c) EIN mut2 in complex 

with HPr. It is a comparison of the observed and calculated 1DNH RDCs obtained by 

singular value decomposition (SVD) with the NMR coordinates of the EIN–HPr complex 

(PDB ID 3EZA). The values of RDC R-factors and the correlation coefficients are shown. 

RDCs from the residues in helices α2 and α2' are shown in red, and Lys81 and Lys86 of the 

mutation sites are annotated in (a). 
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4. 6. Visualization of encounter complex in EINs-HPr 

The EIN mutants examined in this study were designed in view of the PREs 

associated with the encounter complex ensemble. Also, the mutation sites were 

selected such that they would not interfere with the binding interface in the 

stereospecific complex. In other words, I found mutation sites to change encounter 

complex ensemble and equilibrium constant without altering binding interface and 

conformational structure change of EIN mutants. The fact that the EIN mutants 

displayed a varying degree of reduction in their equilibrium binding with HPr 

suggests that the encounter complexes detected by PRE contribute to the specific 

complex formation to differing degrees, depending on their locations. Mutations 

that perturb the formation of productive encounter complexes likely have a larger 

impact on the equilibrium binding than those that perturb the formation of 

non-productive encounter complexes. To investigate how these mutations affected 

the formation of the encounter complex, I measured the intermolecular PREs of 

EIN, EIN mut3, EIN mut3a, and EIN mut2 in complex with E5C. Therefore, I 

would understand the target search process through the productive and/or 

non-productive encounter complexes by measured PREs. The NMR sample 

concentration used for the PRE measurement was not increased beyond 0.5 mM, 

since unwanted PRE effects arising from transient. Random collisions (solvent 

PRE effect) may become significant at a higher concentration.[12] The NMR 

samples were used to 0.3 mM 2H/15N-labeled EIN (or EIN mutants) and 0.5 mM 

HPr in 20 mM Tris-HCl, pH 7.4. HPr was spinlabeled by conjugating EDTA-Mn2+ 

to HPr by way of disulfide linkage to the surface-engineered cysteine residue at 
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position E5C. The spinlabled HPr (E5C) was prepared by the method (chapter 

3.3.3). The spinlabeled HPr was confirmed using SDS-PAGE and ESI-Mass 

spectroscopy (Figure 12). I confirmed whether EDTA and Mn+2 were conjugated 

on HPr (measured spinlabled HPr molecular weight: 9503.7).  

The PRE rates measured in this concentrated sample were in good agreement 

with those obtained using the dilute sample. The intermolecular backbone 1HN PRE 

rates (Γ2) were obtained by measuring the differences between the R2 relaxation 

rates of the paramagnetic and diamagnetic samples at 37oC using a TROSY-based 

pulse scheme at a 1H frequency of 800 MHz.[7] Experimental PREs of EIN, EIN 

mut3, and EIN mut3a are shown as red circles, and calculated PREs from the 

EIN-E5C complex structure are shown as black lines in Figure 13a–c. Large PREs 

from residues 115 to residue 127 were predicted from the stereospecific complex 

structure, and PREs outside of this region were attributed to nonspecific encounter 

complexes. Measured large PREs between residue 115 and 127 on EIN, EIN mut3, 

and EIN mut3a complexes were consistent with the calculated 1HN-Γ2 rates. By 

contrast, PREs attributed to the nonspecific encounter-complex ensemble had 

clearly different PREs profiles between the EIN and EIN mutants. Large PREs 

appeared between residues 62 and 89 in the EIN-Hpr (E5C) complex, whereas 

large PREs showed up only between residues 62 and 75 in the EIN mut3-HPr 

(E5C) complex. Notably, the PREs attributable to the encounter complex ensemble 

largely disappeared near the mutation sites in EIN mut3 (residues 81 and 86), as 

highlighted by yellow dashed boxes in the PRE profiles (Figure 13a, b). EIN mut3a 

exhibited PREs attributable to the encounter complexes smaller than EIN but larger 
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than EINmut3 near the mutation site (Figure 13c). I note that the intermediate 

magnitude of the PREs of EIN mut3a correlates with its moderate reduction in 

binding affinity for HPr compared to EIN mut3. This correlation suggests that 

encounter complex formation near the mutation site is mainly driven by 

electrostatic interactions, and is also directly linked to the specific complex 

formation. The three-dimensional structure of the EIN-HPr complex color-coded 

by PRE profiles clearly demonstrates that the encounter complexes mostly 

disappeared at the mutation site (Figure 14). I also measured PREs from the EIN 

mut2-HPr (E5C) complex, and the PREs predicted from the stereospecific 

complex appeared similar between the EIN mut2-HPr (E5C) and EIN-HPr (E5C) 

complexes (Figure 13d). On the other hand, PREs attributable to the nonspecific 

encounter complex ensemble appeared in a wider region (residues 47–89) than EIN 

(residues 62–89), and also the magnitude of PREs in this region was slightly larger 

in EIN mut2. The PREs from the EIN mut2-HPr (E5C) complex were reproducible 

from separately prepared samples. This indicates that the mutation in EIN mut2 

apparently affected the encounter complex formation in a region remote from the 

mutation site. Because the equilibrium binding of EIN mut2-HPr was twice as 

weak as that of EIN-HPr, I suppose that the emerging encounter complexes in EIN 

mut2 did not promote the equilibrium binding. In fact, PREs in EIN mut2 mainly 

increased on helix α1, the mutation of which showed little change in the 

equilibrium binding, as shown in the EIN mut5-HPr complex (Table 4). It is 

notable that surface-charge mutations can influence the encounter complex 

formation directly at the mutation site (e.g. EIN mut3), or indirectly at a remote site 
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(e.g. EIN mut2).  

 

 

 

 

 

Figure 12. Mass Spectrum data of EDTA-Mn+2 Conjugated HPr at E5C. The measured 

spinlabeled HPr molecular weight was 9503.7 (calculated spinlabeled HPr: 9495.58). Mass 

spectrum was collected in 20mM Tris-HCl, pH 7.4 using electron spay ionization (ESI) 

Mass spectroscopy. 
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Figure 13. Comparison of the observed and calculated intermolecular PREs for the a) 

EIN-HPr (E5C), b) EIN mut3-HPr (E5C), c) EIN mut3a-HPr (E5C), and d) EIN 

mut2-HPr (E5C) complexes. The observed intermolecular 1HN-Γ2 rates (red circles) and 

calculated values (black line) are shown with error bars. PREs arising from the specific 

complex structure are highlighted in the purple boxes, and PREs attributable to the 

nonspecific encounter complex ensemble are highlighted in the yellow boxes. Differences 

between the PRE profiles of the EIN and EIN mutants are shown in the dashed red boxes. 
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Figure 14. The PRE profiles are color-coded in the solution structure of the EIN–HPr 

complex (PDB ID 3EZA) for the (a) EIN–HPr (E5C), and (b) EIN mut3–HPr (E5C) 

complexes. EIN is shown in gray and HPr is shown in red. The mutation sites in the EIN 

mut3 (E81K and E86K) are shown as a space-filling model representation in cyan. 

Intermolecular PREs are color-coded on the structure in blue or yellow in the same manner 

as the PRE profiles. The expansions illustrate the mutation site disappeared on PREs. 
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4. 7. Productive and non-productive encounter complexes  

between EIN and HPr 

I further investigated whether the reduced equilibrium binding of EIN mutants 

resulted from changes in the association[10] or dissociation (koff) rate constants by 

qualitative line-shape analysis of 1H-15N correlation spectra during titration. When 

I titrated 15N-HPr with EIN, the sidechain amide resonance of Gln51 showed a 

continual shift with line broadening, which was maximal when the fractional 

population of the complex was approximately 0.3 (Figure 15a). This indicates an 

exchange rate (kex) on the fast side of intermediate exchange, suggesting that kex » 

7500 s-1 (2ΔωHN < kex< 3ΔωHN).[13] For a second-order exchange, kex = koff + kon[EIN] 

= koff+koff[EIN-HPr]/[HPr] = koff(1+PEIN-HPr/PHPr), where [EIN], [HPr], and 

[EIN-HPr] are the concentrations of free EIN, free HPr, and EIN-HPr complex at 

equilibrium, respectively, and PEIN-HPr and PHPr are the fractional population of 

EIN-HPr complex, and free HPr, respectively. From this equation, koff is estimated 

as 4400 s-1, and kon is approximately 9.2 ´ 108 M-1s-1, which is of the same order of 

magnitude as the phosphoryl transfer reaction rate constant between Enzyme I and 

HPr from kinetic measurements.[14] Because HPr exhibited a similar 

line-broadening profile during the titration with EIN, EINmut3, and EINmut2, the 

dissociation rate constants would be comparable between these protein complexes 

(Figure 15a–c). Hence, the lower degree of binding (higher KD) of the EIN mutants 

most likely resulted from the decrease of the association rate constants. 

The data presented in this study suggest that the encounter complexes probed by 

the intermolecular PRE measurements play distinct roles in protein–protein 
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association. Based on our current results, I propose a model of possible target 

search pathways during the association between EIN and HPr. The mutation sites 

of EINmut3 and EINmut4 are located above the specific binding interface, and 

those of EINmut2 and EINmut5 are at either side of the specific binding interface. 

The target search pathways in our model are as follows: HPr forms an encounter 

complex with EIN at a region above the specific binding interface and slides down 

toward the specific binding site. In addition, HPr can form an encounter complex 

with EIN at the side of the specific binding interface, but lateral sliding toward the 

specific binding interface is less efficient. In particular, sliding from the mutation 

site of EIN mut5 is mostly restricted possibly owing to steric hindrance or less 

favorable electrostatic interactions guiding the encounters to the specific binding 

site. Figure 12 summarizes the target search pathways by way of productive 

encounter complexes, and also unsuccessful attempts of non-productive encounter 

complexes. Note that the electrostatic surface potential of EIN alone does not 

discriminate between the interfaces for productive and non-productive encounter 

complexes.  
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Figure 15. 2D 1H-15N HSQC spectra of 15N-HPr titrated with a) EIN, b) EINmut3, and c) 

EINmut2. HPr (0.5 mm) was titrated with stoichiometric ratios of EIN (mut) protein of 0 

(black), 0.1 (red), 0.2 (green), 0.3 (blue), 0.5 (magenta), 1 (cyan), and 2 (violet). The 

progressive chemical-shift perturbation of Gln51 is characteristic of the fast side of 

intermediate exchange.  
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5. Discussions 

 

 

In study, the encounter complexes probed by the intermolecular PRE 

measurements and several experiments played important roles in protein–protein 

association. The designed mutants upon the criteria were cloned, cultured, and 

purified in our system. And the mutants were estimated on secondary structure and 

three-dimensional conformation via CD and NMR spectroscopy. For probing the 

target search process, I selected four mutants except for EIN mut1. Specially, the 

equilibrium dissociation constant (KD) of EIN mut3 was measured to the largest 

reduced KD value via ITC. I confirmed that EIN mut3 perturbed the encounter 

complex related on the formation of stereospecific complex by using PRE.  

Based on current results, I propose a model of possible target search pathways 

during the association. The mutation sites of EIN mut3 are placed above the 

specific binding interface, and those of EIN mut2 and EIN mut5 are at either side 

of the specific binding interface. The model of the target search pathways are that 

HPr forms an encounter complex with EIN at a region above the specific binding 

interface and slides down toward the specific binding site. In addition, HPr can 

form an encounter complex with EIN at the side of the specific binding interface, 

but lateral sliding toward the specific binding interface is less efficient. In 

particular, sliding from the mutation site of EINmut5 is mostly restricted possibly 

owing to steric hindrance or less favorable electrostatic interactions guiding the 

encounters to the specific binding site. Figure 16 summarizes the target search 
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pathways by way of productive encounter complexes, and also unsuccessful 

attempts of non-productive encounter complexes. Note that the electrostatic 

surface potential of EIN alone does not discriminate between the interfaces for 

productive and non-productive encounter complexes.  

I infer that initial encounters are driven by long-range electrostatic attractions, 

but a successful journey from the encounter to the specific binding site requires 

favorable short-range interactions along the pathway as well. The distinct nature of 

the encounter complexes has been predicted using Brownian dynamics simulations 

and kinetic measurements of several protein–protein complexes [15]. Because PRE 

was first used to visualize the encounter complex ensemble, efforts have been made 

to characterize the physicochemical nature of the encounter complexes and also to 

understand the roles of the different encounter complexes in a specific complex 

formation [4]. I showed herein that the differential contributions of encounter 

complexes toward the specific complex formation can now be quantitatively 

evaluated by rationally designed mutants, and changes in the encounter complex 

formation of the mutants can be visually monitored. Further, experimental PREs 

combined with the thermodynamic parameters of equilibrium binding determine 

how much a particular hot-spot region for encounter complex formation 

contributes to the specific binding. For example, diminished encounter complexes 

of EIN mut3 (charge reversal) and EIN mut3a (charge neutralization) accounted for 

the free energy differences of binding, as much as approximately 1.5 kcal/mol and 

0.7 kcal/mol, respectively, compared to EIN. The biological and evolutionary roles 

of non-productive encounter complexes are yet uncertain. When a protein interacts 
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with multiple partner proteins, the hot-spot regions that form productive or 

nonproductive encounter complexes can vary and sometimes may even switch their 

roles to discriminate different partner proteins. The exploration of target search 

pathways could eventually be applied to the manipulation of equilibrium binding in 

protein–protein or protein–ligand complexes without affecting their binding 

interface.  
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Figure 16. A model of target search pathways of the productive and non-productive 

encounter complexes between EIN (yellow) and HPr (red). Below panel is illustrated on the 

model of target search pathway between EIN (yellow square) and HPr (red circle). 
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6. Conclusion 

 

 

Protein structure have been investigated by X-ray and NMR methods and 

provided an insight into the functional mechanism. But the study of a target search 

process during the complex formation mostly fall behind. Lowly populated, 

transient encounter complexes appear during target search process, and NMR 

paramagnetic relaxation enhancement has been applied to detect the encounter 

complexes. In this study, I designed rational mutation that obstructs the target 

search process. I performed experiments on PRE and thermodynamics to model the 

target search pathway, and examined how they alter the population and distribution 

of the encounter complex. I proposed the model of the target search pathway via 

these experiments. Based on the model of the target search pathway, it would 

enhance the understanding and controlling protein-protein interaction. 

Comprehending the protein-protein interaction helps biological functions of 

proteins to understand in detail. Also, the model will be supply new idea on protein 

complex and utilized on therapeutic application. 
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1. Abstract 

 

 

The fibronectin extradomain B (EDB), a naturally occurring marker of tissue 

remodeling and angiogenesis, is expressed in the majority of aggressive solid 

human tumors. EDB has been screened to yield a small aptamer-like peptide 

aptide (APTEDB) of high affinity. APT is based on a tryptophan zipper scaffold with 

variable target-binding regions, which can recognize diverse target proteins with 

high specificity. Here I determined the complex structure of EDB-APTEDB by 

NMR spectroscopy and investigated the binding mechanism by isothermal titration 

calorimetry (ITC). The complex structure showed unfolding of a complete 

C-terminal b strand of EDB, which is replaced by a b strand to APTEDB. The 

C-terminal b strand of EDB remained unfolded upon APTEDB interaction, exposing 

large hydrophobic inner surface of EDB for the binding interface. b strand 

unfolding of EDB likely alters the fibronectin domain structure and the 

downstream signaling associated with tumor angiogenesis, promising APTEDB as a 

potential angiogenic modulator. 
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2. Introduction 

 

 

2. 1. Structure of fibronectin 

Fibronectin [16] is one of the largest multi-domain proteins for which domain 

structure and molecular interactions have been studied in detail.[17] A soluble form 

of FN is found in the plasma (300 μg/ml) and an insoluble form is in the 

extracellular matrix (ECM), to which most of the FN activities in the body have 

been ascribed: binding to cell surfaces and various compounds, including collagen, 

fibrin, heparin, DNA, and actin (Figure 1). FN are involved in a number of 

important functions like wound healing, cell adhesion, blood coagulation, cell 

differentiation and migration, maintenance of the cellular cytoskeleton, hemostasis 

and thrombosis, wound healing, oncogenic transformation as well as in tumor 

metastasis migration [18]. These essential functions are underlined by the fact that 

mouse embryos which are homozygous for the loss of the FN gene have been 

observed to die at about 8.5 days of gestation. Embryonal death is associated with 

widespread defects in mesodermderived structures, including absence of somites 

and notochord, as well as developmental defects in the heart and vascular system.[19]  

In a soluble form fibronectin (pFN) is abundant in plasma and other body fluids, 

while insoluble fibronectin (cFN) is a major component of the extracellular matrix 

(ECM). FN usually exists as a dimer of two nearly identical ~250 kDa (≈ 2500 

amino acids) subunits, covalently linked by a pair of disulfide bonds near the 

C-terminal end of the subunits.[20-22] Each monomer comprises 3 types of repeating 
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units, termed typeI (ca. 40 amino acid Residues), typeII (ca. 60 amino acid residues) 

and typeIII (ca. 90 amino residues), arranged like beads on a string: 12 typeI 

repeats, 2 typeII repeats and 15-17 typeIII repeats.[17, 23] These modular repeating 

units are resistant to proteolysis and contain binding sites for extracellular matrix 

proteins such as collagen and thrombospondin, cell-surface receptors such as 

integrins, circulating blood proteins such as fibrin and glycosaminoglycans such as 

heparin and chondroitin sulphate. FNs are glycoproteins containing up to 9% 

carbohydrate, depending on the cell source. Glycosylation sites are found 

predominantely within the typeIII repeats and the collagen-binding domain. 

 

2. 2. Alternatively spliced fibronectin isoformes 

Although FNs are generated from the single FN gene, the protein from the FN 

gene can exist in multiple forms which result from alternative splicing of its 

primary RNA transcript.[24, 25] This genetic variation that leads to 20 different 

isoforms in human FN, by that means generating FNs with different properties of 

solubility, cell adhesive and ligand-binding, provides cells with the possibility to 

alter the composition of the ECM in a tissue-specific mode. Alternative splicing 

generates in three parts of the RNA transcript. Namely, Exon utilization or 

omission brings about either inclusion or skipping of two typeIII repeats, 

extradomain B (EDB) and extradomain A (EDA). The EDB is introduced between 

FN typeIII repeats III7 and III8 (FN7 and FN8), and the EDA inserted between FN 

typeIII repeats FN11 and FN12. This character of splicing happens in many 

animals having a spinal column (Figure 1). These extradomains A and B are almost 
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always existed on plasma-fibronectin and ECM-fibronectin. A third region of 

splicing generates at a non-homologous stretch termed V region or IIICS which is 

segment connected on typeIII. The structural fluctuations at this locale are a lot 

more complicated and species dependent. In human, five dissimilar V-region 

variants have been observed. Other modes of splicing have been found in cartilage, 

where the whole V-region together with III15 and I10 is losing. This form is an 

unusual monomeric configuration as well as occasionally a homodimer. The 

splicing design of FN pre-mRNA is changed leading to an increased expression of 

FN isoforms including sequences of the EDA, EDB, and IIICS. Therefore, these 

variants are critical due to in transformed cells and malignancies. [26-35]  
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Figure 1. Representation of a subunit of human Fibronectin. FN subunit is comprised on a 

series of repeating units of three different types (type I, type II, type III). Two subunits are 

connected by two disulfide bonds at their C-term. Three repeats can be either inserted or 

omitted in the molecule by a mechanism of alternative splicing: EDB, EDA, IIICS. 

Separate domains have been identified that contain binding activities for other components, 

such as heparin, DNA, fibrin, and etc., of the ECM. 
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2. 3. Structure of the EDB domain 

The three dimensional structure of the alternatively spliced-in EDB domain, (91 

amino acids) has been solved by NMR spectroscopy in solution (PDB code, 2FNB). 

[36] The EDB structure has two antiparallel β sheets similar to a β sandwich (Figure 

2). One β sheet is organized by three β strands (A, B and E), and the other is 

constituted to four β strands (C, C’, F and G). The two β sheets enfold a 

hydrophobic core of 25 amino acid sidechains. In the whole structure, EDB protein 

is acidic and includes only two positively charged residues. The most of negatively 

charged residues are distributed on the protein surface. One portion of residues 

Ile35, Phe54, Ile78 and Leu80 forms a solvent-exposed hydrophobic patch. [36] 

Crystal and solution structures of typeIII domains of FN have been studied 

previously. The crystal structure of a FN7-10 fragment (PDB code, 1FNF) [23] 

exhibits a rod-like molecule with variable relationships between the individual 

pairs of adjacent domains. These contain the loops located at the N and C termini 

of each domain. Structural comparisons of EDB with FN7 and 8 shows that 

differences upon loop structures cause critically structural differences in the 

relative orientation whether FN7 and FN8 containing EDB or without EDB. [23] 
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Figure 2. Structure of the EDB domain of fibronectin. The EDB structure represents ribbon 

drawing of one of the 20 energy-minimized conformers of human EDB (PDB code, 2FNB. 

The two β-sheets are comprised of three and four β-strands, respectively. The β-strands 

are annotated A to G following the nomenclature used for other FN typeIII domains.  
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2. 4. β-hairpin aptamer like peptide (Aptide) 

Antibodies have been wildly utilized in the field of biopharmaceutical and 

biomedical applications due to their intrinsic high affinity and specificity toward 

various targets. However, poor tissue penetration owing to their large size, 

undesired effectors functions, immunogenicity, costly recombinant production in 

mammalian cells, and complex intellectual property barriers have led researchers to 

seek alternatives to antibodies. Aptamer comprises nucleic acids and proteins that 

have potential biotechnological applications as an alternative to the  

immunoglobulin from various biochemical assays. Compared to antibodies, 

aptamer are much smaller in size but possess similar binding affinity and 

recognition specificity to their target proteins both in vitro and in vivo.  

Phage display was used to screen and isolate the specific aptide for EDB that 

showed high affinity and specificity. [37] After the screening and affinity maturation, 

aptide with nanomolar binding affinity against EDB in vitro and specific binding in 

vivo have been obtained. β-hairpin aptamer like peptide (Aptide) are novel class of 

peptide based molecules that provide a general scaffold of high affinity and 

specificity against various targets. The aptide comprises a β-hairpin scaffold and 

two target binding regions. The hairpin scaffold consists of a small tryptophan 

zipper motif (12 amino acids, SWTWENGKWTWK) that forms a highly stable 

β-hairpin structure (Figure 3a). The β-hairpin conformation is stabilized by two 

tryptophan-tryptophan cross-strand pairs that make an edge-to-face interaction. 

The target binding regions consist of six amino acids (N-term: SSSPIQ and 

C-term: IIRLEQ) at each end of the hairpin scaffold (Figure 3b). 
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Figure 3. Structure of Trpzip and APTEDB. a) Representative structure of trpzip is consisted 

of two tryptophan-tryptophan cross pairs (PDB code: 1LE0). b) APT is comprised of 

tryptophan zipper (arrow) and two ligand binding regions (circle). 
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3. Materials and Methods 

 

 

3.1. Cloning 

EDB (5-95) and APTEDB (amino acid sequence: SSSPIQG 

SWTWENGKWTWK GIIRLEQ) were cloned into a modified pET32a vector to 

express the fusion proteins with a His6-tag. For separating the fusion protein on the 

EDB protein, a thrombin cleavage site (LVPRGS) was used. EDB mutations for 

C-term truncations were introduced using PCR primers that defined the domain 

lengths, and the new constructs were confirmed by DNA sequencing. The FN8 

domain was obtained by gene synthesis and ligated to the pET32a digested with 

NcoI and XhoI sites  

 

3.2. Culture of EDBs and APTEDB 

The expression of the EDB, EDB mutants, and APTEDB domain was performed 

using the expression vector pET32a in Escherichia. coli BL21 cells (DE3, 

Invitrogen) using LB or minimal medium (with 15NH4Cl and/or 13C6-glucose as the 

sole nitrogen or carbon sources, respectively) (table 1). 15N-isoleucine, leucine, 

and glysine were performed on the selective labeling upon EDB. For selective 

labeling, a medium containing the appropriate unlabeled amino acid mixture (table 

2) was prepared, which is based on M9 medium. The cells transformed by the 

expression vector were cultured at 37°C to an OD600 of 0.8, and protein 
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overexpression was induced by adding isopropyl-β-D-thiogalactopyranoside 

(IPTG) to a final concentration of 1 mM, followed by induction for 4 h at 37°C and 

harvested by centrifugation. 

 

3.3. Purification of EDBs and APTEDB 

 

3.3.1 EDB and EDB mutants 

The cells were harvested by centrifugation, and resuspended in buffer [20 mM 

Tris-HCl (pH 7.4), 200 mM NaCl, 1 mM phenylmethanesulfonyl fluoride (PMSF)], 

and disrupted by emulsiflex and centrifuged at 50,000 x g for 20 min. The lysate 

was centrifuged to remove insoluble debris. The supernatant was loaded on a a 

HisTrap HP column equilibrated with binding buffer [20 mM Tris-HCl, 200 mM 

NaCl (pH 7.4)] and was eluted with a gradient of imidazole (15-500 mM). The 

fusion protein buffer was then exchaged against 20 mM Tris, pH 8.0, and 200 mM 

NaCl, and the thioredoxin- and His6-tags cleaved using thrombin at room 

temperature during at least 4 h. After the digestion, thrombin was inactivated by 2 

mM of benzamidine, and the cleaved thioredoxin-His6 tag was removed by loading 

the reaction onto the HisTrap HP column. The solutions containing protein were 

separated by a HiLoad Superdex 75 column [20 mM Tris-HCl (pH 7.4), 200 mM 

NaCl] and finally were purified by Mono Q column. The EDB and EDB mutants 

were analyzed by SDS-polyacrylamide gel electrophoresis to confirm sample mass 

and sample purity (Figure 4).  
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3.3.2 APTEDB 

The APTEDB also was purified on similar methods to the purification steps of 

EDB protein. The cell containing the APTEDB was resuspended in 50 ml of 20 mM 

Tris, pH 7.4, 200 mM NaCl, and 1 mM PMSF. The suspension was lysed by three 

passages through a emulsiflex and centrifuged at 40,000 g for 20 min. The 

supernatant fraction was loaded onto a HisTrap HP column and eluted with a 

100-ml gradient of 500 mM imidazole. The fractions containing the APTEDB were 

confirmed by SDS-PAGE and cleaved using thrombin at identical condition with 

EDB. The cleaved thioredoxin-His6 tag was removed using the HisTrap HP 

column (Figure 5). Further Purification of APTEDB did not process the size 

exclusion chromatography, because APTEDB had a tendency to bind nonspecifically 

to the packing materials in the column. 
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Figure 4. Purification procedure of EDB and EDB mutants. Purity of proteins was 

confirmed by SDS-PAGE. 
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Figure 5. Purification procedure of APT and APT mutants. Proteins purity are confirmed by 

SDS-PAGE. 
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3. 4. NMR spectroscopy.  

NMR samples contained 0.3 mM of 13C,15N-EDB with 0.45 mM of unlabeled 

APTEDB, or 0.3 mM of 13C,15N-APTEDB with 0.45 mM of unlabeled EDB in 20 mM 

sodium phosphate buffer, pH 6.0. NMR spectra were recorded at 25°C on Bruker 

Avance 600 MHz, 800 MHz and 900 MHz spectrometers equipped with an 

x,y,z-shielded gradient triple resonance probe. Sequential assignment of 1H, 15N, 

and 13C resonances was achieved by three-dimensional triple resonance 

through-bond scalar correlation CBCACONH, HNCACB, HBHA(CO)NH, 

HCCH-TOCSY, and 15N-TOCSY-HSQC experiments. Three-dimensional 

13C-separated NOESY, 15N-separated NOESY, and 13C-separated/12C-filtered 

NOESY experiments were obtained using the mixing time of 120 ms. Residual 

1DNH dipolar couplings were obtained by taking the difference in the J splitting 

values measured in oriented (15 mg/ml of pf1 phage alignment medium) and 

isotropic EDB:APTEDB complex using 2D in-phase/antiphase 1H-15N HSQC 

spectrum [10]. NMR spectra were processed using the NMRPipe program [38], and 

analyzed using PIPP [5] and NMRView programs [6]. NOE experiments obtained  

 

3. 5. Structure calculations.  

Interproton distance restraints were derived from the NOE spectra and 

classified into distance ranges according to the peak intensity. f/y torsion angle 

restraints were derived from backbone chemical shifts using the program TALOS+ 

[39]. Structures were calculated by simulated annealing in torsion angle space using 

the Xplor-NIH program [38]. The target function for simulated annealing included a 
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covalent geometry, a quadratic van der Waals repulsion potential [5], square-well 

potentials for interproton distance and torsion angle restraints [6], hydrogen bonding, 

RDC restraints [40], harmonic potentials for 13Ca/13Cb chemical shift restraints [41], a 

multidimensional torsion angle database potential of mean force [42], and a radius of 

gyration term [43]. The radius of gyration represents a weak overall packing 

potential, and residues 10-80 of EDB and residues 204-225 of APT were selected 

for the term excluding disordered regions. Structures were displayed using the 

VMD-XPLOR software [44]. 

 

3. 6. Isothermal titration calorimetry (ITC) 

ITC experiments were performed at 25°C using the ITC200 microcalorimeter 

(GE Healthcare). 0.8 mM EDB or EDB truncation mutants were titrated into 100 

mM APT in 20 mM sodium phosphate, pH 6.0. Twenty consecutive 2 mL aliquots 

of proteins were titrated into the cell. The duration of each injection was 4 s, and 

injections were made at intervals of 150 s. The heats associated with the dilution 

were subtracted from the measured heats of binding. ITC titration data were 

analyzed with the Origin version 7.0 program provided with the instrument. 
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4. Results  

 

 

4.1. Binding between EDB and APTEDB 

For over-expression of APTEDB in E. coli cell, I used the sequence of APTEDB 

(amino acids sequence: GSSSPIQGSWTWENGKWTWKGIIRLEQ) with two 

minor modifications, which was different from original sequence of APTEDB 

optimized in previous screening.[45] The first modification was that N-term 

cysteine residue of the original sequence was mutated to a serine residue to prevent 

the formation of an intermolecular disulfide bond. The second, an extra N-term 

glycine residue was left after removal of the Trx- and His6-tag using the thrombin 

enzyme (thrombin cleavage site: LVPRGS). The extra residue can generate 

differences on solubility, binding affinity and complex structure. However, both 

26-mer and 27-mer APTEDB showed identical dissociation constant (KD) (26-mer: 

240 nM and 27-mer: 230 nM, respectively) and 1H-15N HSQC spectrum on the 

complex formation (Figure 6). The mutants of APTEDB also were designed to 

confirm the binding interface and mechanism (Table 1). The expressed EDB 

sequence (residues 5-95) also contained two extra N-terminal residues (Gly-Ser) 

after reacting the thrombin enzyme.  

For estimating binding interface of EDB upon APTEDB, I performed a NMR 

titration experiment that was adding the APTEDB on the 15N-EDB. The 1H-15N 

HSQC spectra of NMR titration showed that the EDB-APTEDB complex was in 
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slow exchange on the chemical shift time scale with a dissociation constant (KD) of 

230 nM and a 1:1 binding stoichiometry determined from isothermal titration 

calorimetry (ITC). The most of peaks of 1H-15N HSQC spectra disappeared and 

new peaks appeared simultaneously, during NMR titration until the EDB and 

APTEDB became equal concentration. The backbone amide resonances of EDB 

showed extensive chemical shift perturbations upon complex formation with 

APTEDB, implying a large conformational change upon the formation of the 

EDB-APTEDB complex (Figure 7a). Thus, I could not assign the back bone as well 

as confirming the binding interface of EDB upon APTEDB. The largest chemical 

shift perturbation (CSP) was observed in the b strand C', where the maximal DwH 

was ~7500 Hz for Gly60, and the maximal DwN was ~4600 Hz for Ser57. In similar 

with 1H-15N HSQC, most of the residues showed chemical shift perturbations. 

Specially, the residues in b strands F and G of EDB exhibited generally chemical 

shift perturbations (Figure 7b). It indicated that EDB conformation was changed by 

binding with APTEDB. 
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Figure 6. Comparison of 1H-15N HSQC spectrum of EDB-APTEDB (27-mer amino acid, 

black) and APTEDB (26-mer amino acid, red) recorded at 600 MHz and 25°C in 20 mM 

NaPi, pH 6.0. 
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Table 1. APTEDB mutants. The mutated residues were marked on red. 

 Amino acids Sequence Solubility 

APTEDB mut1 27 GSSSPIQGSWTWENGKWTWKGGGRGEQ ○ 

APTEDB mut2 27 GGGGPIQGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut3 27 GSSSPGGGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut4 27 GSSSPIQGSWTWENGKWTWKGIIGLGQ ○ 

APTEDB mut5 27 GGGGGGGGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut6 27 GSSSPIQGSWTWENGKWTWKGGGGGGG ○ 

APTEDB mut7 27 GGGGPIQGSWTWENGKWTWKGGGGGG ○ 

APTEDB mut8 27 GGGGGGGGSWTWENGKWTWKGGGGGGG ○ 

APTEDB mut9 27 GSSSPIQGSWTVENGKVTWKGIIRLEQ Low solubility 

APTEDB mut10 27 GSSSPIQGSWTVENGKWTVKGIIRLEQ Low solubility 

APTEDB mut11 27 GSSSPIQGSVTWENGKWTVKGIIRLEQ ○ 

APTEDB mut12 27 GSSSPIQGSWTWENGQWTWKGIIRLEQ ○ 

APTEDB mut13 27 GSSSPIQGSWTWENGQWTWQGIIRLEQ ○ 

APTEDB mut14 27 GGGGGGGGSWTWENGQWTWKGGGGGGG ○ 

APTEDB mut15 27 GSSSPIQGSWTWENGKWTWKGIGRLEQ ○ 

APTEDB mut16 27 GSSSPIQGSWTWENGKWTWKGIIGLEQ Low solubility 

APTEDB mut17 27 GSSSPIQGSWTWENGKWTWKGIIRGEQ ○ 

APTEDB mut18 26 SSSPIQGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut19 26 GGGGGGGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut20 26 SSSPIQGSWTWENGKWTWKGGGGGGG ○ 

APTEDB mut21 26 GGGGGGGSWTWENGKWTWKGGGGGGG ○ 

APTEDB mut22 26 SSSPIQGSWTWENGKWTWKGIGRLEQ ○ 

APTEDB mut23 26 SSSPIQGSWTWENGKWTWKGIIGLEQ ○ 

APTEDB mut24 26 SSSPIQGSWTWENGKWTWKGIIRGEQ ○ 

APTEDB mut25 24 SPIQGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut26 25 SSPIQGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut27 28 GGSSSPIQGSWTWENGKWTWKGIIRLEQ ○ 

APTEDB mut28 29 GGGSSSPIQGSWTWENGKWTWKGIIRLEQ ○ 

- ○: Soluble APT mutants in 20 mM NaPi, pH 6.0. 
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Figure 7. 1H-15N HSQC and chemical shift perturbation (CSP) between human EDB and 

APTEDB. (a) Comparison of 1H-15N HSQC spectra of free 15N-EDB (black) and the 

complex of 15N-EDB with APTEDB (red). Residues with large chemical shift changes are 

annotated. (b) The weighted average chemical shift perturbation of backbone amide 

resonances of EDB as a function of residue number upon complex formation with APTEDB. 
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4. 2. Determination of complex structure 

The NMR experiments for the assignment and determination of EDB-APTEDB 

complex were conducted using samples containing 0.3 mM of the labeled EDB and 

0.45 mM of the unlabeled APTEDB, to ensure that the labeled protein was 

predominantly in the complex state (> 99 %). I performed three-dimensional 

heteronuclear correlation NMR experiments, that were CBCACONH, HNCACB, 

HBHA(CO)NH, HCCH-TOCSY, and 15N-TOCSY-HSQC, using 

13C,15N-EDB:12C,14N-APTEDB and 12C,14N-EDB:13C,15N-APTEDB samples to 

obtain backbone and side chain assignment.  

The peaks of three dimensional NMR spectra were picked, and the spin-system 

patterns were clustered and matched using the PIPP [5] and the NMRView (One 

Moon Scientific, Inc.) programs. Sequential assignment was achieved by verifying 

and linking of the individual spin-system pattern obtained from the triple NMR 

experiments. The peaks in the nearest neighborhood could be combined into a new 

cluster, when the 1H and 15N chemical shifts represent a unique spin system. The 

peaks from 1H-15N HSQC spectroscopy were combined with inter- and 

intra-residue 13C chemical shift obtained from CBCACONH and HNCACB, 

respectively. The chemical shifts of proton and carbon at sidechain were assigned 

to HCCH-TOCSY, and 15N-TOCSY-HSQC experiments (Table 2 and 3). I also 

confirmed the overlapping and ambiguous peaks of isoleusine, leusine and glysine 

using amino acid selectively labeled [15N-Leu], [15N-Ile], and [15N-Gly]-EDB 

samples (Figure 8). 

The calculation of EDB-APTEDB complex applied three-dimensional 
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13C-separated NOE, 15N-separated NOE, and 13C-separated/12C-filtered NOE 

restraints as well as RDCs of EDB and APTEDB measured in the pf1 phage 

alignment medium (15 mg/ml). The complex structure was determined using 1,907 

NMR restraints including 1,610 experimental NOE restraints (EDB: 1145, APTEDB: 

297, and intermolecular: 168), 225 dihedral angle restraints, and 72 backbone 1DNH 

RDCs. Structures were calculated by simulated annealing using the cyana and the 

Xplor-NIH program.A summary of the structural statistics of the EDB-APTEDB 

complex is provided in Table 4. The rmsd of twenty resultant structures with the 

lowest energy was 0.47 Å for backbone atoms and 0.79 Å for heavy atoms in the 

structured regions comprised of residues 10-81 of EDB and 204-225 of APTEDB. 

PROCHECK-NMR analysis showed that 90.6 and 9.4 % of the backbone angles 

lay in regions of Ramachandran space (Figure 9) classified as most favored and 

additionally allowed, respectively. 
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Figure 8. Comparison of 2D 1H–15N HSQC spectrum of complex structures of EDB, 

[15N-Leu]-EDB (red), and [15N-Ile]-EDB (blue). The residues of selectively labeled EDB 

are annotated. 
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Table2. Backbone 1H, 15N, and 13Cα, and 13Cβ, 
1Hβ chemical shifts of complex EDB. 

Residue 
1H 15N 13Cα 

1Hα 
13Cβ 

1Hβ 

S4 
  

58.29 4.40 63.61 3.80 

E5 8.45 121.96 55.47 4.39 31.95 2.00 

V6 8.27 122.17 56.38 
 

29.50 
 

L9 7.77 123.83 54.82 
 

41.93 
 

D11 
  

53.06 4.73 37.99 2.61 

L12 7.42 122.73 55.06 4.65 43.39 
 

S13 9.02 120.76 56.88 
 

65.57 3.71 

F14 8.37 119.92 61.03 5.51 39.93 2.77 

V15 9.10 117.82 59.07 4.67 36.28 2.13 

D16 8.52 116.85 54.95 4.18 38.65 2.66 

I17 8.09 119.00 63.05 4.14 37.66 1.85 

T18 8.74 122.16 60.57 4.60 70.60 4.91 

D19 8.45 115.60 54.91 4.47 40.23 2.75 

S20 8.12 108.50 57.66 4.62 65.77 4.10 

S21 7.53 116.59 56.96 5.23 66.61 3.81 

I22 8.21 113.85 60.48 4.48 42.19 1.57 

G23 8.30 112.95 44.11 3.88 
  

L24 8.82 123.74 53.93 4.82 42.47 1.58 

R25 8.57 119.98 54.04 4.90 33.15 1.54 

W26 7.96 122.48 56.79 4.87 31.09 2.97 

T27 9.78 119.82 60.69 
 

68.17 
 

P28 
  

63.26 4.47 31.98 2.28 

L29 8.57 124.22 54.4 4.49 43.23 1.74 

N30 8.63 119.95 53.84 4.70 38.18 2.86 

S31 8.09 114.29 57.50 
 

63.48 
 

S32 
  

58.51 4.55 63.69 4.01 

T33 8.00 114.16 62.99 4.22 69.22 
 

I34 7.98 121.09 61.92 
 

38.08 
 

I35 8.81 126.23 61.86 4.22 38.26 1.71 
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G36   45.81 4.00   

Y37 7.34 120.40 57.93  38.95  

R38   54.50 5.15 31.53  

I39 9.04 129.57 60.00 5.05 40.02 1.45 

T40 8.88 120.43 60.91 3.99 70.84 5.22 

V41   61.37 5.03 33.8  

V42 9.10 127.67 60.64 4.65 35.93 2.01 

A43 9.42 131.34 52.24 4.41 18.40 1.30 

A44 8.26 126.04 53.47 4.12 18.37 1.317 

G45   45.77 4.12   

E46 8.11 119.65 55.81 4.47 30.52 2.17 

G47   45.91    

I48 7.44 120.01 58.50  39.4  

P49   63.59 4.53 31.88 2.30 

I50 8.72 122.12 63.31  38.02  

E52   55.27 5.35 32.2 1.90 

D53 8.85 122.75 52.95 5.00 44.77 2.57 

F54 8.77 121.10 56.42 5.38 41.42 3.02 

V55 8.29 125.76 59.25 4.32 35.04 1.66 

D56 8.46 127.10 55.15 4.56 42.49 2.93 

S57 8.26 119.63 60.63 4.33 62.68 4.10 

S58 9.08 117.03 60.64 4.40 63.38 4.05 

V59 7.57 119.35 65.55 3.79 31.80 2.27 

G60 6.12 104.07 44.47 3.39   

Y61 6.08 117.69 56.69 5.03 41.16 2.75 

Y62 8.44 126.65 58.73 4.44 42.76 3.23 

T63 7.38 122.16 61.61 4.78 69.61 3.62 

V64 8.86 127.94 61.74 3.66 31.21 1.94 

T65 7.29 116.15 59.53 4.64 70.88 4.21 

G66 8.46 105.56 45.86 4.00   

L67 7.86 119.08 53.36 4.18 41.02 1.10 

E68 8.50 120.03 53.27  30.83  

P69   62.74 4.48 31.41 2.14 

G70 8.50 106.94 45.83 4.06   
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I71 7.51 120.08 58.72 4.08 39.70 1.54 

D72 8.20 124.92 54.35 4.94 41.01 2.47 

Y73 9.31 122.44 57.34 5.07 40.39 2.81 

D74 9.29 122.98 54.17 5.22 42.04 2.71 

I75 8.81 124.27 58.24 5.47 40.16 1.73 

S76 8.76 121.30 56.97 5.81 65.53 3.77 

V77 9.42 124.74 61.19 4.76 32.69 2.00 

I78 9.37 126.30 61.16 4.71 40.59 1.89 

T79 8.55 122.35 64.26 4.28 69.13 4.20 

L80 8.66 128.90 54.06 4.73 40.97 1.39 

I81 8.35 121.64 59.30 4.87 40.21 1.933 

N82 8.82 123.24 53.61 4.64 38.80 2.91 

G83 8.63 112.68 45.42 4.00   

G84 8.28 108.56 45.19 3.98   

E85 8.46 120.69 56.67 4.32 29.70 2.06 

S86 8.35 116.86 57.95 4.43 63.56 3.83 

A87 8.24 126.89 50.58 4.58 17.79 1.34 

P88   62.96 4.471 31.46 2.28 

T89 8.27 114.28 62.32 4.34 69.48 4.21 

T90 8.09 116.29 61.89 4.33 69.50 4.20 

L91 8.29 124.66 55.37 4.41 41.60 1.62 

T92 8.10 115.04 61.89 4.30 69.50 4.18 

Q93 8.36 122.80 55.72 4.35 29.05 2.10 

Q94 8.48 122.72 55.78 4.40 29.10 2.14 

T95 7.88 121.21 63.17  70.40  
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Table3. Backbone 1H, 15N, and 13Cα, and 13Cβ, 
1Hβ chemical shifts of complex APTEDB. 

Residue 1H 15N 13Cα 1Hα 13Cβ 1Hβ 

S201 
  

58.43 4.58 64.12 3.91 

S202 8.52 118.00 58.30 4.56 63.89 3.89 

S203 8.36 118.16 56.09 
 

63.92 3.90 

P204 
  

63.95 4.63 32.66 2.41 

I205 7.64 117.53 59.75 4.71 39.74 1.50 

Q206 8.27 125.25 54.63 4.79 31.75 2.15 

G207 8.13 111.33 46.28 3.79 
  

S208 6.99 109.86 57.29 4.55 65.83 3.82 

W209 8.65 122.32 58.02 5.08 31.00 3.17 

T210 9.84 118.41 61.13 4.91 71.67 4.15 

W211 8.62 128.47 55.85 4.71 28.72 2.86 

E212 8.22 126.98 55.45 4.37 32.59 1.78 

N213 9.22 124.48 53.90 4.18 37.48 2.91 

G214 7.67 101.87 45.96 3.75 
  

K215 6.82 117.09 54.81 5.23 35.92 1.66 

W216 9.27 125.33 58.37 5.35 30.31 3.48 

T217 10.01 125.74 61.39 4.92 71.61 4.15 

W218 9.67 135.30 57.92 4.30 28.17 2.34 

K219 7.55 126.23 54.36 5.24 35.32 1.63 

G220 8.502 111.11 45.92 4.29 
  

I221 8.49 120.66 59.07 5.46 41.43 1.67 

I222 9.21 125.74 59.25 5.51 41.72 1.66 

R223 8.30 126.29 55.72 4.74 32.36 1.96 

L224 9.98 127.92 54.49 4.51 41.31 1.58 

E225 8.62 121.37 55.54 4.52 32.20 2.08 

Q226 8.22 125.88 57.79 4.13 30.60 1.93 
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Table 4. Restraints and structural statistics 

Nonredundant NOEs  

EDB 1145 

  APT 297 

  Intermolecular 168 

Dihedral angles, f / y / c 98 / 101 / 26 

Hydrogen bonds 29 

Total number of restraints  

  All residues (1-95, 201-226) 1864 

  Structured region (10-81, 204-225) 1767 (18.8 per residue) 

rms deviation from experimental restraints*  

Distances (Å) (1610) 0.049 ± 0.003 

Torsion angles (°) (225) 0.55 ± 0.08 

Residual dipolar coupling R-factor (%)*†  

1DNH (%) (72) 0.53 ± 0.07 

rms deviation from idealized covalent geometry*  

Bonds (Å) 0.004 ± 0 

Angles (°) 0.50 ± 0.03 

Impropers (°) 0.41 ± 0.01 

Coordinate precision (Å)* ‡  

Backbone 0.47 ± 0.06 

Heavy atoms 0.79 ± 0.11 

Ramachandran statistics (%)*‡§  

Most favorable regions 90.6 

Allowed regions 9.4 

* For ensemble of 20 structures 

† The magnitudes of axial and rhombic components of the alignment tensor were -12.8 Hz 

and 0.41, respectively. 

‡ Residues 10-81 of EDB and 204-225 of APT 

§ Calculated using the program PROCHECK [46] 
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Figure 9. Ramachandran plot of 20 lowest energy NMR structure of EDB-APTEDB 

complex. The yellow squares are residues of EDB (10-85). 
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4. 3. Description on EDB in complex structure 

EDB includes seven b strands forming a b sandwich structure (A, B, and E 

strands forming one b sheet, and C, C', F, and G forming another b sheet) (Figure 

2), which is well conserved between fibronectin type III repeats [23]. EDB in the 

complex structure with APTEDB also maintained a similar b sandwich fold except 

for the C-term b strand. The complex EDB comprised six b strands (b strand A, 

residues 12-17; B, residues 20-25; C, residues 36-43; C', residues 52-55; E, 

residues 60-66; F, residues 72-78), which were similar to the length of secondary 

structure of free EDB (Figure 10a). There was extraordinary structural difference 

between free and complex EDB, which the C-term b strand G of free EDB 

completely unfolded upon complex formation with APTEDB (Figure 10b). In other 

words, C-term b strand G stayed on the disordered secondary structure in the 

EDB-APTEDB complex. Also, secondary structure lengths of complex EDB were 

more shot than free EDB after binding with APTEDB. APTEDB unzipped b strand G 

of EDB upon binding, and alternatively formed a new intermolecular b sheet using 

b strand II region of APTEDB instead of the b strand G of EDB. Unfolding b strand 

G of EDB in the complex structure was provoked to losing the intramolecular 

hydrogen bonding network between b strands F and G in free EDB. EDB-APTEDB 

complex showed that the six b strands of EDB were well ordered to keep the b 

sandwich structure. The complex EDB structure was connected with APTEDB to 

form an antiparallel b strand (Figure 10).  
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Figure 10. (a) The complex structure as a ribbon diagram with EDB in yellow and APTEDB 

in green (PDB cord, 2MNU). (b) Comparison between free (blue) and complex (green) 

EDB. The C-term β strand G was annotated. 
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4. 4. Proofs upon unfolding of b strand G of EDB 

Unfolding of b strand G of EDB upon binding to APTEDB like as showed 

calculated EDB-APTEDB complex was supported by several experimental 

evidences such as heteronuclear 1H-15N NOE, chemical shift index (CSI) [47], 

TALOS+ [39], and 15N R2 relaxation.  

First, heteronuclear 1H-15N NOE data between free EDB and the EDB-APTEDB 

complex indicated a pronounced difference in the b strand G region (Figure 11). 

The backbone heteronuclear 1H-15N NOE provides information about the motion 

of individual N-H bond vectors. Those that go through fast motion (pico and nano 

second time scale) and the overall tumbling of the molecules showed a decreased 

comparative NOE intensity on the average observed for the majority of the residues. 

For instance, decreased values are usually found at both N- and C-term ends of the 

protein. Therefore, large 1H-15N NOE values (> 0.8) were observed for free EDB 

in b strand G along with the other six b strands, and also the 1H-15N NOE values of 

other secondary structures except for b strand G in complex EDB were similar with 

free EDB. However, EDB-APTEDB showed significantly reduced 1H-15N NOE 

values (< 0.4) in the b strand G region (residues 84-93). It clearly indicated that b 

strand G becomes disordered upon binding with APTEDB.  

Second, I designed the truncated EDB5-83 mutant (residues 5-83) for removing b 

strand G. If b strand G is unfolded by APTEDB, both EDB and EDB5-83 would be 

observed similar to 1H-15N HSQC spectra. The figure 12 showed a remarkably 

similar 1H-15N HSQC spectrum to that of free EDB. Backbone amide group 
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chemical shifts in the 1H-15N HSQC spectrum were mostly identical except for 

disappeared amino acids (truncated residues 84-95). Also, I reversely monitored 

the 1H-15N HSQC spectra of 15N-APTEDB upon complex formation with EDB and 

EDB5-83. EDB-APTEDB and EDB5-83-APTEDB complexes showed indistinguishable 

1H-15N HSQC spectra (Figure 13). Therefore, similar chemical shift perturbation 

profiles in the 1H-15N HSQC spectra of complex EDB and APTEDB supported the 

unfolding of b strand G upon binding. It also indicated that b strand G of EDB 

acted as a flexible tail without significant interactions with APTEDB in the complex. 

Third, secondary structure predictions from the chemical shift index [47] (Table 5) 

and TALOS+ [39] (Figure 14) showed fully coherent with an unfolding case of b 

strand G in the EDB-APTEDB complex. 15N R2 relaxation rates of backbone amides 

in b strand G were also greatly reduced when EDB bound to APT, which is 

typically observed in disordered tail regions. Therefore, I could confirm the 

determined EDB-APTEDB complex structure, especially the unfolded b strand G, 

through supported NMR experiments. 
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Figure 11. 1H-15N heteronuclear NOE data as a function of the residue number of EDB (a) 

in the free state, and (b) in complex with APT. 
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Figure 12. Superimposed 1H-15N HSQC spectra of 15N-EDB (black) and 15N-EDB5-83 (red) 

in complex with APT. The missing resonances of 15N-EDB5-83 due to the truncation are 

annotated by residue types and numbers. 
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Figure 13. Superimposed 1H-15N HSQC spectra of 15N-APT in complex with EDB (black) 

and EDB5-83 (red). The assignments for backbone amides of APT are annotated in the 

spectra, and the side chain He resonances of four tryptophan residues are annotated by 

asterisks. 
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Table 5. Chemical shift index (CSI) of free and complex EDB. The residues appear the 

length of b strand. 

b strand Residues of free EDB Residues of complex EDB 

A 9 - 15 5 - 15 

B 20 - 26 20 - 28 

C 33 - 42 34 - 42 

C’ 51 - 55 51 - 55 

E 61 - 65 62 - 64 

F 74 - 81 72 - 80 

G 90 - 94 * 

* Random coil region of complex EDB 
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Figure 14. Predicted secondary structure of free (a) and complex (b) EDB. The positive 

bars means a β sheet, and the negative bars is a helix. The height of the bars reflects the 

probability of the neural network secondary structure prediction. 
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4. 5. Description on APTEDB in complex structure 

APTEDB is comprised of a twelve-residue b-hairpin structure in its central 

region (SWTWENGKWTWK) with target binding arms at the N- and C-term of 

the hairpin (Figure 18b). Target binding regions comprises six variable residues 

(N-term residues: SSSPIQ and C-term residues: IIRLEQ) associated with the b 

hairpin via a glycine linker residue. In previous study, the b-hairpin structure has 

been reported to form a highly stable (Tm = 72°C) trpzip scaffold. Cross-strand 

interactions between two pairs of tryptophan residues (one pair: W2-W4 and 

another pair: W9-W11) stabilize the trpzip scaffold [48]. Even if free APTEDB was 

observed to maintain the stable b-hairpin scaffold in its center, any conformation 

in the target binding arms did not presume [45]. Also, ~ 50 peaks were observed on 

1H-15N HSQC spectrum, indicating that free APTEDB existed on approximately two 

states (Figure 15). 

APTEDB in the EDB-APTEDB complex maintained a similar b hairpin scaffold 

with two b strands (b strand I, residues 208-211; b strand II, residues 216-219), 

with the tryptophan residues participating in characteristic edge-to-face packing 

interactions, like as the trpzip scaffold [48]. The target binding regions maintained a 

well-defined conformation, where the C-term region was more closely approached 

to EDB than the N-term region (Figure 10a). The C-term target binding region 

was observed to be highly ordered except for the Gln226 from the heteronuclear 

1H-15N NOE data, whereas the N-term target binding region from Ser201 to 

Ser203 was less ordered in the EDB-APTEDB complex (Figure 16). The 
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well-ordered N- and C-term target binding arms were bent at Pro204 andArg223, 

respectively, because locating on the cleft between the two layers of b sheets of 

EDB.  
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Figure 15. Comparison of 1H-15N HSQC spectrum between free (black) and complex 

(red) APTEDB.  
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Figure 16. 1H-15N heteronuclear NOE as a function of the residue number of APT in 

complex with EDB. The resonance for Ser202 of APT could not be detected in the presence 

of 1H saturation, indicating that its 1H-15N heteronuclear NOE was close to zero. 
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4. 6. Binding interface between EDB and APTEDB 

The binding interface was an elongated ellipsoid primarily formed by b strands 

A and F of EDB after unfolding the b strand G (Figure 17). The interaction 

interface was relatively flat and buries ~ 670 Å2 of EDB and ~ 840 Å2 of APTEDB. 

The interaction interface of EDB comprised Leu12, Phe14, Ile17 (b strand A), 

Asp19 (loop AB), Ile22 (b strand B), Glu68 (loop EF), Asp72, Tyr73, Asp74, Tyr75, 

Ser76, Val77, Ile78, and Thr79 (b strand F). The interaction interface of APT 

comprised Pro204, Ile205 (N-terminal target binding region), Trp209 (b strand I), 

Trp216, Thr217, Trp218, Lys219 (b strand II), Ile222, Arg223, and Leu224 

(C-terminal target binding region) (Figure 17). 

Unfolding of b strand G exposed a wide hydrophobic core region that provided 

key interaction surfaces for APTEDB. The hydrophobic patch formed by Phe14, 

Ile17, and Ile22 of EDB was exposed by unfolding b strand G, and provided the 

interface for Pro204, Ile205, and Leu224 of APT. Leu12 and Val77 of EDB were 

similarly exposed to provide the hydrophobic interface for Trp209 and Trp218 of 

APT. In addition, the backbone and aliphatic groups of Asp72, Tyr73, Asp74, and 

Ile75 in b strand F of EDB participated in van der Waals interactions with Ile222. 

Finally, the backbone carbonyl groups of Asp19, Glu68, and Ile71 were in close 

contact with the guanidinium side chain of Arg223 via electrostatic and hydrogen 

bonding interactions. The key molecular interactions from the target binding arms 

of APT were thus provided by Ile222, Arg223, and Leu224 from the C-terminal 

region, and Pro204 and Ile205 from the N-terminal region. 

When β strand G of EDB was unfolded and opened to the concealed 
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hydrophobic area on EDB, the stable complex EDB-APTEDB structure was formed 

by inducing the hydrophobic interaction with I222, R223 and L224. I designed 

three APTEDB mutants (mut15: Ile222→Gly, mut16: Arg223→G, and mut17: 

Leu224→Gly) to find the key residue. The equilibrium dissociation constants of 

the mutants were reduced 17-20 folds; APTEDB mut15 and 17 (APTEDB mut3 

precipitation) were KD 4.7 uM and 3.9 uM, respectively (Table 6). In 1H-15N 

HSQC spectrum, APTEDB mut15 did not form the stable complex structure, 

whereas APTEDB mut17 showed a similar 1H-15N HSQC spectrum with 

EDB-APTEDB complex. As a result, the L224 among the three residues plays 

important role in stabilizing the EDB-APTEDB complex. 

The interaction interface presented a hydrogen bond network between the 

backbone amide groups of b strand F of EDB and b strand II of APT to form an 

intermolecular b sheet of b strand II. Hydrophobic and electrostatic interactions 

between side chain groups further stabilized the interaction of EDB-APTEDB 

complex. Specifically, the amide group of Thr79 forms a hydrogen bond with the 

carbonyl group of Trp216, and the amide and carbonyl groups of Val77 form a pair 

of hydrogen bonds with the carbonyl and amide groups of Trp218 (Figure 18b). By 

contrast, the amide group of Thr79 in the EDB did not participate in the hydrogen 

bond, because Ala87 in the opposite strand protruded to form a b-bulge structure 

(Figure 18a). The hydrogen bonds of Thr89 with Val77 were replaced by Trp218 of 

APTEDB in the complex. In determined complex structure, I conformed that the 

C-terminal target binding arm was more important than that at the N-term. In 

previous study, It is reasonable because both the APTEDB derivatives with N- and 
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C-term deletions showed dramatic decreases of their binding affinities, which 

dropped from 65 nm to 12 and 592 um, respectively [45]. Therefore, the interactions 

of EDB-APTEDB complex were comprised of intermolecular hydrogen bonds 

through b-hairpin scaffold of APTEDB and hydrophobic and electrostatic 

interactions through the target binding regions. 
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Figure 17. The interface between EDB and APTEDB. Interfacial residues of EDB in red and 

APT in blue with the backbone are shown as ribbon model and the side chains shown as 

sticks. Interaction interface residues of APTEDB are annotated (yellow). 
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Table 6. Thermodynamic parameters for the interaction between EDB and APTEDB (APTEDB 

mutants). Equilibrium dissociation constants (KD), binding free energy (DG), binding 

enthalpy (DH), and binding entropy (DS) were obtained from ITC at 25°C. 

 Kd (nM) 
ΔS 

(cal/mol/deg) 
ΔH 

(kcal/mol) 
ΔG 

(kcal/mol) 

APTEDB 230 ± 36 39.6 ± 0.32 2.8 ± 0.03 -9.0 ± 0.09 

APTEDB mut18 240 ± 44 36.9 ± 0.38 2.0 ± 0.02 -9.0 ± 0.11 

APTEDB mut2 500 ± 250 35.1 ± 1.05 1.9 ± 0.09 -8.6 ± 0.3 

APTEDB mut3 1500 ± 200 46.3 ± 0.40 5.9 ± 0.09 -7.9 ± 0.08 

APTEDB mut5 230 ± 36 39.6 ± 0.32 2.8 ± 0.03 -9.0 ± 0.09 

APTEDB mut6 2800 ± 560  24.8 ± 0.42 1.2 ± 0.04 -6.2 ± 0.12 

APTEDB mut15 4700 ± 140 28.5 ± 0.66 1.2 ± 0.08 -7.3 ± 0.18 

APTEDB mut17 3900 ± 500 34.8 ± 0.36 3.0 ± 0.07 -7.4 ± 0.08 
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Figure 18. (a)The intermolecular hydrogen bonds between b strand F and G. (b) the 

intramolecular backbone hydrogen bonds between b strands F and b strand II of APT in the 

complex. The hydrogen bonds between b strands are denoted by vertical bars (red). 
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4. 7. Thermodynamics on EDB and APTEDB 

I probed the binding thermodynamics of EDB and APTEDB to understand the 

binding mechanism, which was unfolding and binding sequentially, using a series 

of C-term truncation mutants (residues 5-94, 5-92, 5-90, 5-86, 5-83) of EDB. 

The mutants of the truncated C-term were analyzed on the structural stability and 

similarity using the 1H-15N HSQC spectrum. The 1H-15N HSQC spectra of the 

complex structures of each EDB mutants with APTEDB showed that their NMR 

spectra were same, differing only in the lengths of the unfolded C-terminal tail 

region. On the other hand, the truncated mutants showed variations on 

thermodynamic profiles. The EDB-APTEDB complex formation was predominantly 

driven by a large entropic gain (-TDS = -11.8 kcal/mol), which was consistent with 

the observed b strand G unfolding (Table 7). The enthalpic change was unfavorable 

in the EDB-APT complex formation, implying the energetic cost to pull b strand G 

apart. C-terminal truncations decreased the entropic gains and also relieved the 

enthalpic burdens for unfolding. Notably, the deletion of a single C-terminal 

residue dramatically changed the DH and -TDS profiles, whereas further 

truncations resulted in smaller changes. This observation indicates that the integrity 

of b strand G critically depends on the presence of C-terminal residues. b strand G 

harbors a b-bulge region in the middle, which may destabilize the inter-strand 

hydrogen bonding network and make b strand G susceptible to unfolding. The 

b-bulge region in the b strand G was designed to three mutants that were insertion 

of Glycine (between Ala 87 and Pro 88) and deletion of Ala 87 or Pro 88. However, 

the b strand G of mutants was already unfolded in the free state on the 1H-15N 
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HSQC spectrum. It did not provide the information of unfolding of the b strand G 

upon the b-bulge region. 

 I also examined if an isolated b-hairpin peptide (12 aa) without the target 

binding regions could interact with EDB. The b-hairpin peptide caused significant 

line-broadening of 15N-EDB, and the residues that exhibited large chemical shift 

perturbations by APT were mainly broadened out. Peaks of residues on the β strand 

F and F-G loop (L67, G70, I71, D72, Y73, D74, I78, T79, I81, G83, G84, E85, 

S86, A87, T89, and T90) also were disappeared. The intermediate exchange 

indicates that the b-hairpin peptide bound to EDB, but did not form a stable 

complex due to the lack of target binding arms for further stabilizing interactions.  

The N-term and C-terms of APTEDB were replaced on glycine. The APTEDB 

mut6 (C-term glycine) showed the similar 1H-15NHSQC spectrum with the 

EDB:b-hairpin peptide complex, whereas the The APTEDB mut5 (N-term glycine) 

showed the similar 1H-15NHSQC spectrum with the EDB-APTEDB complex. It 

means that the β hairpin structure of APTEDB is interacted with the β strand F, G 

and F-G loop, and the stable complex is formed by C-term binding region. I insist 

that the target recognition of APT proceeds in two steps. First, b hairpin of APT 

binds to EDB and unfolds b strand G. Second, the target binding arms of APT find 

the specific interaction surfaces of EDB to form a stable complex (Figure 19). 

Given that the b hairpin of APT replaces the b-bulge region of EDB, it is possible 

that APT first recognizes the b-bulge region to begin unfolding of EDB (Figure 

18a). 
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Table 7. Thermodynamic parameters for the interaction between EDB (or EDB mutants) 

and APT, and between EDB-FN8 and APT. Equilibrium dissociation constants (KD), 

binding free energy (DG), binding enthalpy (DH), and binding entropy (DS) were obtained 

from ITC at 25°C. 

 
KD  

(nM) 
ΔG 

(kcal/mol) 
ΔH 

(kcal/mol) 
ΔS 

(cal/mol/deg) 

EDB 230 ± 36 -9.0 ± 0.09  2.8 ± 0.03 39.6 ± 0.32 

EDB5-94 170 ± 33 -9.2 ± 0.11 -2.1 ± 0.03 23.8 ± 0.38 

EDB5-92 100 ± 40 -9.6 ± 0.24 -3.8 ± 0.06 19.3 ± 0.83 

EDB5-90  91 ± 24 -9.6 ± 0.18 -4.4 ± 0.05 17.4 ± 0.63 

EDB5-86 110 ± 37 -9.5 ± 0.20 -4.7 ± 0.06 16.1 ± 0.70 

EDB5-83 120 ± 32 -9.5 ± 0.16 -4.6 ± 0.05 16.3 ± 0.56 

EDB-FN8 3200 ± 300 -7.5 ± 0.06  6.6 ± 0.1 47.3 ± 0.39 

* Equilibrium dissociation constant (KD) was not detected in ITC because of low binding 

affinity. 
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Figure 19. Schematic illustration of coupled unfolding and binding during the interaction 

between EDB and APTEDB. 
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4. 8. Relationship between EDB and FN8 

In cellular FN, the EDB is introduced between FN type III repeats FN7 and FN8. 

Individual FN domains are tightly interacted with each other via their loop regions 

to form an extended structure [23], identifying also FN7-EDB-FN8 domain. For 

conforming changes such as binding affinity and unfolding conformation of 

EDB-APTEDB complex, EDB-FN8 was cloned. Before further study, I noted that 

FN8 did not interact with APTEDB via 1H-15N HSQC spectrum (Figure 19). The 

binding affinity of the EDB-FN8:APTEDB complex reduced by 14-fold compared 

to that of EDB-APTEDB (KD: 230 nM) and the KD was measured as 3.2 mM (Table 

5). The reduced binding was caused by an extra energetic cost to break the loop 

interactions between EDB and FN8. The 1H-15N HSQC spectrum of free 

15N-EDB-FN8 showed chemical shift changes from the overlaid HSQC spectra of 

separately expressed individual domains. The chemical shift perturbation resulted 

from the loop interactions indicating that the two domains were associated. The 

HSQC spectrum of the 15N-EDB-FN8:APT complex was remarkably similar to 

the spectra of individual complexes (complex EDB, FN8, and EDB-FN8), 

indicating that EDB in complex with APT was associated with FN8 (Figure 20). 

The results showed that APTEDB binds to EDB-FN8 and unfolds b strand G of 

EDB regardless of FN8 domain. The unfolding perturbs the loop interaction 

between EDB and FN8, and disengages the two domains in the complex.  
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Figure 20. Superimposed 1H-15N HSQC spectra of 15N-FN (black) and 15N-FN in complex 

with APTEDB (red).  
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Figure 21. Comparison of 1H-15N HSQC spectrum between EDB linked with FN8 and 

EDB unlinked with FN8. (a) 1H-15N HSQC spectrum of EDB-FN8:APTEDB (black), EDB 

(red), and FN8 (blue). EDB and FN8 were chemical shift change against EDB-FN8 due to 

loop interaction between EDB and FN8. (b) Comparison of 1H-15N HSQC spectrum of 

EDB-FN8:APTEDB (black), EDB:APTEDB (red), and  FN8:APTEDB (blue). 

EDB:APTEDB-FN8 spectra was similar to two spectrum combined with EDB:APTEDB and 

FN8:APTEDB. 
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5. Discussion 

 

 

The crystal structures of FN type III domains show that individual FN domains 

are covalently linked [23]. The interdomain interfaces between FN subunits 

determine both the domain orientation and the loop structures, which are important 

in molecular interactions and biological functions of FN [16, 49]. For example, 

insertion of EDB between FN7 and FN8 alters both FN8 orientation and domain 

interfaces, which promotes cell adhesion and spreading [50].  

In this study, I determined the complex structure of EDB and the specific aptide 

(APTEDB) using NMR spectroscopy, and characterized the binding mechanism. 

APTEDB binding triggers the unfolding of an entire b strand G of EDB, exposing 

and enabling interaction with a wide hydrophobic surface normally buried within 

EDB. The binding mechanism divides two step, unfolding and binding. First, b 

hairpin of APT containing four tryptophan binds to the bulge of EDB and unfolds b 

strand G. Therefore, the β-hairpin structure plays the important role to take off the 

cover (β strand G of EDB) for interacting to the hidden binding interface. Second, 

the target binding arms of APT find the specific binding interface of EDB and 

forming a stable complex. And figure 31 shows that APT binds to EDB-FN8 and 

lead to be unfolded β strand G of EDB, even if C-term of EDB is linked on FN8. 

In vivo, Perturbation of the domain interaction between EDB and FN8 can change 

the global FN structure and also loop conformations, which would influence the 
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molecular interactions of FN and downstream angiogenic signaling. The complex 

structure of EDB and APTEDB demonstrates that protein-protein interactions can 

generate their binding interface by unfolding a secondary structural element. The 

complex formation between EDB and APT was a reversible process, so that 

association and dissociation of the protein complex was accompanied by unfolding 

and refolding of b strand G. The unfolding-upon-binding mechanism has several 

biological implications. First, it expands the diversity of known protein-protein 

interactions. Unfolding-upon-binding allows for a specific interaction via hidden 

interfaces, so that variations in hydrophobic core residues can contribute to binding 

specificity. Second, the stability of the secondary structure may modulate the 

binding affinity. Since unfolding of the secondary structure is balanced by an 

enthalpic cost and an entropic gain, the folding propensity of the secondary 

structure can offer a new option to modulate the binding affinity. Finally, 

characterizing the structural determinants that dictate protein unfolding and binding 

may help to predict and design inhibitors that target protein-protein interactions. 
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6. Conclusion 

 

 

In this paper, small aptamer-like peptides (aptides, APT) of twenty six amino 

acids can recognize diverse protein targets with high affinity [45]. Aptides selected 

through phage display screening against EDB have exhibited a high in vitro affinity 

and a specific tumor targeting profile in a human glioblastoma xenograft model. A 

clearly understanding of the structural determinants that enable aptides to achieve 

specific target recognition will enhance the development of low molecular weight 

antibody alternatives [37, 51-53]. APT specifically targeting tumors in vivo have the 

potential application as a signal modulator for the inhibition of tumor angiogenesis 

[53]. None of the antibody epitopes overlap with the binding interface for APT, 

suggesting that APT can be reliably used in combination with the known antibody 

fragments for cancer diagnosis and treatment.  

Further, the complex structure of EDB-APT ensures that the b turn of APT is 

open to solvents, allowing for conjugation to a fluorescence probe for tumor 

diagnosis, or to a tumor-targeted cytotoxic agent without impairing the affinity. In 

particular, the lysine residue (Lys215) in the b turn is amenable to tag conjugation 

by canonical chemical reactions, as was demonstrated in the previous in vivo tumor 

imaging and therapy studies. 
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IV. 약 

 

 

Part I. 상   상  통한 단 질 복합체  탐색과  가시   

재 지는 X-ray  NMR  통해 많  단 질과 단 질 복합체  

 는 연 가 진행 었 에도 하고, 생체 내에  그 

능  수행 할 수 도  하는  복합체   과 에 한 

연  과는 미비한 실 다. 근에 실험  결과  통해 가 아닌 

시뮬  용한 연 에   단 질  우연  충돌  했  , 

시  비특  복합체 (encounter complex)  할 수  

었다. Encounter complex 는 안  시키는 상 용  아직 

약하  에 쉽게 다시 어질 수 고, 는 상   지하  

 어지  에 씩  꾸어 가  다  encounter 

complex   수 다.  과 에   encounter complex 는 

실  능  하는 특  복합체  해 안  복합체  루는 , 

러한  과  탐색과  (target search process) 라고 

다. 

중간 산 에 해당하는 encounter complex 는 안 하여  

그 재가 어  뿐, 실험  들  직  찰하고 

하는  가능하게 생각 어 다. 그러  2006  처  

NMR 상   (paramagnetic relaxation enhancement, PRE)라는 

상  용하여 순간  encounter complex  찰하는 실험   

었다.  에 는 상   상  용하여 encounter 

complex 에 한 가  생  연  동시에  아가 target 
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searching pathway 에 한 연  진행  하 다. 는 비특  

복합체  하는 미량  재하는 encounter complex ensemble 중 

특  복합체  진 하는 핵심  ecounter comple 가 재하 , 러한 

복합체  통해 비특  복합체에  특  복합체  어지는 

pathway 가 재함  증 하  한 연 다.  같  실험  

증 하  해  E. coli  phosphotransferase system (PTS)  

하는 N-terminal domain of enzyme I (EIN)과 Histidine 

phosphocarrier protein (HPr)  사용하 다.  

EIN 과 HPr  탐색과  탐색하  해 EIN  단 질  

특  복합체  하는  에 탐색에  중 한 단 질 

에 는  찾  해  단 질  mutants  하 다.  

단 질  2, 3 차  과 본래 EIN 단 질과 동 한  

가지고  하  해  circular dichroism (CD) spectroscopy, 

1H-15N heteronuclear single quantum coherence (HSQC) spectroscopy, 

residual dipolar coupling (RDC)  통해  할 수 었다. 또한 

EIN mutants  HPr  복합체  affinity  하  해 

isothermal titration calorimetry (ITC)  사용하 ,  

HPr  통해 encounter complex   찰하여 HPr 단 질  특  

복합체  하  한 중 한 encounter complex  찾고 그 복합체  

가는 pathway  증  할 수 었다. 

단 질  탐색과  해 함   어할 수 게 다 , 

 단 질 공학에 용한 도  사용  수  것 다. 

탐색과  보다  해하고 어하는  열리  단 질  

 란하지 않  결합  하는 새 운   

것 다. 상   용한 연 는 과  과  해 

 다양한 단 질 시스 에 하여 용  가능하다.  



122 

 

Part II. Fibronectin Extradomain B  Aptide   식 커니즘과 

 에 한 연  

재 지 질병과  단 질 또는 질병   타겟  

하는   가지  특  결합하는 여러 가지 합 , 

항체들  연  었고, 진단과 료 야에  많  용 가  가지고 

용 었다. 특  항체에 한 연 가 지  루어   

그럼에도 하고 항체는 생산비용, 생체 내  변질 라는 여러 가지 

 재한다. 하지만  펩타 드는 생산 단가가 낮고 

  역   키지 않  합  통해  

생산  에 변 하  쉽고 순도가   만들 수 는 

 가지고 다. 하지만  펩타 드 역시 그 단  

후보약   해 는 낮  타겟 과 특 , 단 질 가수 해 

에 한 생체 내 안 과 같  한계  극복해야 한다.  

에  언  어지는 펩타 드 압타  (Aptide)는 새 운 

스 폴드  통해 특  질에 한  과 가질 수 도  

  peptide  재 지 그 질과 복합체 과 에 한 

연 가 아직 한 상태 다.  

Aptide 는 β-hairpin motif scaffold  trpzip 과 N- 과 C- 말단 

에 각각 6 개  아미 산  루어진  26 개  아미 산  가진 

펩타 드 다. 는  펩타 드  단  안  trpzip  

안 한  통해 극복함과 동시에 결합   개   

루어진 가변  펩타 드  용하여 시 지 과   타겟에 

해 매우  과 특  보하고 다. 그리고 fibronectin 

extra-domain B (EDB), vascular endothelial growth factor (VEGF), 

human serum albumin (HSA)과 hexa-histidine tag 과 같  여러 다  

타겟에 해   nanomolar   가진다. 특  

aggressive solid human tumors  마커  alternative splicing  
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fibronectin EDB 에 해  aptide 는 수 nanomolar 수준   

가지 다. 본  EDB 단 질과   가지고 는 aptide 

(APTEDB)  복합체  3 차  NMR  용하여 내고, 복합체 

 시 생하는 EDB  APTEDB  특  결합 커니즘  

규 하는  그 연  목  고 다.  

EDB  APTEDB  복합체  3 차원   해  NMR  

통해  실시하 다. EDB  APTEDB  backbone 과 각각  

residues  side chain  assignment 는 CBCACONH, HNCACB, 

HBHA(CO)NH, HCCH-TOCSY, CCH-TOCSY, 15N-TOCSY-HSQC 

3 차원 NMR spectrum  용하여  하 고, side chain 에 

재하는 aromatic ring  assignment 는 13C-NOESY-HSQC, HDCB 

NMR 실험  통해  하 다.  계산하  한 거리 보는 

13C-separated NOESY, 15N-separated NOESY, 13C-separated/12C-

filtered NOESY 실험 통해 얻었다.  같  실험  탕  단 질 

복합체 계산  Xplor-NIH  통하여  계산 하 , EDB  

APTEDB 복합체   연  하 다.  시 특   식 

니즘  가지는 것  알 수 었다. 

EDB  APTEDB 복합체  시  단 질 에 결합 가 

재하여 결합체  만드는 것과 달리, 특  2 차  unfolding  

통해 단 질 내 에 재하는 결합 가   어 그 

에 APTEDB 가 결합한다. 러한 결합체  재 처  

보고가 어 다.  
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