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Abstract 

 

Mechanistic study of domain motions for the 

activation of enzyme I of the Escherichia coli 

phosphotransferase system 

 

Young Joo Yun 

Department of Agricultural Biotechnology Graduate School  

Seoul National University 

 

Enzyme I (EI) functions only as a dimer as the first protein to initiate a series of 

phosphotransfer reactions in the bacterial phosphotransferase system (PTS), which 

catalyzes the sugar transport coupled with phosphorylation. PEP binding into EI 

induces not only large domain motion for autophosphorylation but also loop 

motion at the dimer interface, especially a loop β3α3, leading to tight dimerization. 

The structural link between the loop motion and the domain motions, however, was 

unclear. Here, we suggest a reason why only dimeric EI can be active by describing 

that the loop motion mechanically couples the tight dimerization and the catalytic 

domain motions. Mutation at the reside G356 perturbed the PEP induced structural 

change of the loop β3α3 and tight dimer state, resulting in a reduced 

autophosphorylation activity. The mutation did not affect the intrinsic affinity of EI 

for PEP, but significantly altered the catalytic domain motion, which amounted to a 

free energy loss of ~2 kcal mol-1. We further demonstrated that an impaired 
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association between the catalytic domain and the PEP-binding domain was 

responsible for the altered domain motion. However, the reduced 

autophosphorylation activity was recovered by EI (H189A), which has a normal 

dimer interface, in the hetero dimer state. Taken together, we propose that the loop 

β3α3 at the dimer interface operates as an allosteric switch that connects PEP 

binding and domain motions to achieve the phosphoryl transfer reaction of the 

opposite subunit. Our findings would aid in the understanding of many puzzling 

aspects of bacterial physiology. 

 

Key words: EI; EIC; PEP; domain motion; dimerization; autophosphorylation 

activity; thermodynamics 
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General Introduction 
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The bacterial phosphoenolpyruvate (PEP): sugar phosphotransferase system (PTS) 

catalyzes the sugar transport coupled with phosphorylation and controls the carbon 

metabolism. In general, the mechanism is sequentially mediated by three functional 

phosphoprotein units, Enzyme I (EI), Histidine-containing phosphocarrier protein 

(HPr), and Enzyme II (EII). In the cytoplasm, EI autophosphorylated by PEP 

transfers the phosphoryl group to the histidine phosphocarrier protein, HPr. Then, 

the phosphoryl group is delivered from HPr to various sugar-specific membrane 

associated transporters, EII, as follows [1-3].  

PEP à Enzyme I à HPr à Sugar specific EII à Sugars 

Although a single bacterial species usually possess more than 20 PTS systems as 

many as sugar substrates types, most of the systems in a given species use only the 

same two proteins, Enzyme I and HPr for the first steps of the pathway [1]. The 

phosphotransfer potential of PEP is 14.7 kcal mo1-1, about twice that of ATP and 

higher than any other naturally occurring derivative. As the phosphotransfer 

potential of the PTS proteins are close to that of PEP, the energetics of the system 

strongly favor sugar uptake, so the PTS activity must be stringently regulated [18]. 

Most of PTS proteins control the system by regulating their activity allosterically 

or via reversible phosphorylation except for the last, phosphorylation of the sugar 

acceptor [3]. This means that the ratio phospho-IIA/IIA depends on the state of 

phosphorylation of the other PTS proteins and eventually of the first protein in the 

cascade, EI [15]. Therefore, EI stringently regulates its activity in many different 

manners by responding to many parameters sensitively. This is the reason why EI 

is regarded as the putative promising candidate for governing the system as the first 

protein to initiate a series of phosphotransfer reactions [18].  

The controlling way can be classified into 3 major groups on the basis of the 

structural and functional properties of individual domain comprising Escherichia 
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coli EI (EcEI), which is a 128 kDa dimeric-protein (575 amino-acid). First is 

concerned with the Escherichia coli N-terminal domain of EI (EcEIN) containing 

the phosphorylation site, His189, in EINαβ domain and the HPr binding site in EINα 

domain [4, 5]. The binding between EIN and HPr is influenced by their 

phosphorylation state as well as physiological condition such as temperature and 

ionic strength [23]. X-ray crystallography and NMR spectroscopy determined that 

autophosphorylation of dimeric-EI happens at His189 Nε2 atom of EIN αβ, and is 

transferred to His 15 Nδ1 atom of HPr [18, 24, 25]. As forming ~500 Å of solvent 

accessible surface area (SASA), EINαβ is generally in contact with EINα [26]. 

Organized structure in this way enables EIN to manage efficiently the phosphoryl 

transfer reaction to HPr. Therefore, the equilibrium dissociation affinity between 

EIN and HPr is considerably low about 5 μM with the increased SASA of ~860 Å, 

and even the KD is about 108 μM in a biphosphorylated EIN-HPr complex [23]. 

Second is related to the Escherichia coli C-terminal domain of EI (EcEIC) 

contributing PEP binding through the N-terminal end of the helix and dimerization 

through C-terminal end of the helix [5]. According to the results so far achieved, EI 

is only active in homodimer state, but no one knows why, and the transition 

between a 64 KDa monomer and a 128 KDa dimer is affected by virtually many 

parameters including temperature, phosphorylation, pH, ionic strength and 

especially the ligands Mg2+ and PEP [27-29]. Mg2+ dependent PEP binding lowers 

KD for EI dimerization, one of major factor for EI activity, by inducing compaction 

of EI, albeit it was suggested by calculation founded on experimentally determined 

sedimentation coefficient. Moreover, this correlated result, the increased s-value 

with PEP, was also observed in EIC. According to their calculation, if the shapes of 

EI or EIC are assumed to be prolate ellipsoid, the molecular diameters for the EI or 
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EIC dimer changes form 240Å or 151Å when alone to 213Å or 130Å in the 

presence of MgCl2 and PEP; likewise the diameter changes from 142Å or 100Å 

to 132Å or 92Å for the oblate ellipsoid model. In any case, calculated diameters 

from both prolate and oblate ellipsoids are smaller in the presence of both ligands 

than in the absence of the ligands, and it implies that PEP definitely induces 

structural changes at dimer interface of EIC [15, 30]. This speculation becomes 

accepted by structural analysis. A comparison of the crystal structures between the 

dephosphorylated form of S.aureus EI (SaEI) and the phosphorylated form of 

Escherichia coli EI (EcEI) reveal that PEP binding induces not only large 

conformational change from A state to B state but also local conformational change 

at the loop β3α3 of the dimer interface [10, 12]. Relaxation dispersion experimental 

results of Escherichia coli EIC (EcEIC)-PEP complex further buttress the 

assumption as showing significant relaxation dispersion on the residues located at 

the dimer interface including loop β3α3, in particular L355, W357, N467 [31]. 

E.coli strain 1103 and S. typhimurium strain SB1681 produces EI mutants with 

lowered dimerization affinity and leaky activity due to incapability for 

autophosphorylation, but not phosphoryl transfer reaction to HPr [16-22]. The 

residues corresponding to G338 and G356S are located at the dimer interface of EI, 

especially, the loop β3α3. Thus, it is quite acceptable that the loop β3α3 of the 

dimer interface could take part in the tight dimer association of phosphorylated EI, 

and perhaps account for the activity of EI [10]. However, whether the structural 

change at the loop β3α3 upon PEP binding virtually affects to EI activity and if so, 

how to control the activity has been still an open question.  

Third is relevant to linkers, virtually domain-domain motions. EI activity is 

controlled by two types of domain-domain motions. The first motion is the hinge 
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motion between EINα and EINαβ. The hinge motion of a 65º rotation around an 

effective hinge axis running between residues located on the two linker (22-24 and 

145-152) pulls back and disengages EINα from EINαβ. The second motion is the 

swivel motion between EIC and EIN, actually EINαβ. The swivel motion of 70º 

rotation around a swivel helix linker, a 30 residue α–helical linker (231-260), 

brings EIC and EINαβ together. The solution structure of EI and complex structure 

between isolated EIN and HPr showed that one face of the EINα contacts the 

helical side of the EINαβ whereas the other face is exposed to solvent. Moreover, 

EINαβ is placed in proximity to HPr with His-189~P appropriately oriented for in 

line phosphotransfer to the His-15 Nδ atom of HPr (this state is called A state or 

dephosphorylated state). In contrast, His-189~P of EINαβ points toward the oxalate 

bound to the PEP binding site of EIC as disengaging from EINα in the crystal 

structure of phosphorylated EI quenched by the inhibitor oxalate. The crystal 

structure represents EI intermediate just after phosphotransfer from PEP and before 

a conformational transition that brings His189~P in proximity to the phosphoryl 

group acceptor, His~15 of HPr (this state is called B state or phosphorylated state). 

In other words, EINαβ must undergo a large conformational change during EI 

phosphotransfer reaction by large scale domain motions that can be modeled as two 

separate rigid body motions [6-14]. Likewise, domain motions coupled with ligand 

binding are closely related to the biological activity of EI. Therefore, there has 

been a great deal of effort to describe the physical nature of the domain motions 

coupled with ligand binding using high-resolution structure and biophysical 

properties, which also give information to understand the relation between the 

ligand binding and modulation of a particular motion. However, much less is still 

known about the thermodynamic nature of the motion itself apart from the ligand 

binding because they are tightly coupled.  
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Taken together, dimeric EI can phosphotransfer to HPr upon PEP binding, which 

induces large local conformational change by domain motions as well as local 

conformational change at the dimer interface, especially the loop β3α3 (Figure 1). 

Thus, I hypothesize that two structural changes induced by PEP have a deep 

relation, and further the relevance can explain why EI can functions only as a dimer, 

but not as a monomer.   

 

 

 

 

Figure 1. The structures of EI with distinct domain−domain arrangements shown in a 

cartoon diagram for the A state of free unphosphorylated EI and the B state of 

phosphorylated EI quenched by oxalate The active site His189, phospho-His189, is 

shown as space-filling models (gray). The EINα domain is colored in cyan, the EINαβ 

domain in blue, the EIC domain in red, and the hinge loop and the swivel helix in green. 

The physical nature of the hinge and swivel motions required for the A→B state transition 

is depicted in between the cartoon structures of the A and B states. The loop β3α3 and β6α6 

are indicated by yellow and purple respectively.  
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Chapter 2 

Literature Review 
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The bacterial phosphoenolpyruvate: sugar phosphotransferase system (PTS) is the 

critical signal transduction pathway involved in the regulation of central carbon 

metabolism in bacteria. The PTS comprises a sequential cascade of bimolecular 

protein complexes to phosphorylate sugar from PEP for the transportation of sugar 

across the membrane. The first two steps of the PTS are common to all sugars: 

Enzyme I (EI) is autophosphorylated by PEP and subsequently transfers the 

phosphoryl group to the histidine phosphocarrier protein HPr.  

Many structural studies of individual domain as well as its own intact structure of 

EI in the free or complex state have been ongoing for many years, which are aimed 

for understanding biology of EI on the structural basis within the PTS. 

 

The structure of the isolated N-terminal domain of E.coli EI  

The first structure of EI to be determined was the isolated N-terminal domain of 

E.coli EI (EcEI) by x-ray crystallography in 1996. The crystal structure of EIN 

(MW ~30 kDa) determined and refined at 2.5 Å resolution (PDB: 1ZYM). It has 

two distinct structural subdomains; one contains four a helices arranged as two 

hairpins in a claw-like conformation. The other consists of ab sandwich containing 

a three-stranded antiparallel b sheet and a four-stranded parallel b sheet, together 

with three short a helices. The ab subdomain of EIN (EINab) was topologically 

similar to the phosphohistidine domain of the enzyme pyruvate phosphate dikinase 

(PPDK), which is phosphorylated by PEP on a histidyl residue but does not interact 

with HPr. Therefore they conjectured that the helical subdomain of EIN might be 
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likely involved in phosphoryl transfer to HPr. After 1year, solution structure of 

EcEIN (PDB: 1EZB), which was aimed for understanding the structural basis of 

specific protein–protein recognition within the PTS, was also determined by NMR. 

The solution structure was similar to the crystal structure of EIN. They showed that 

the two domains were connected by two linkers (residues 21-32 and 144-147), and 

in addition, at the C-terminus there was another helix as a linker between the N and 

C terminal domains of intact enzyme I. In the structure, the active site His189 was 

located in a cleft at the junction of the a and ab domains and had a trans 

conformation about c1, a g+ conformation about c2, and its Ne2 atom accepts a 

hydrogen bond from the hydroxyl proton of Thr168. Thus, His189 was thought to 

be phosphorylated at the Ne2 position. In 1999, for the first time, the complex 

structure between EIN and HPr (PDB: 3EZB) was determined by NMR 

spectroscopy including the use of residual dipolar couplings which provide long-

range structural information. It was the first structure of a PTS protein–protein 

complex. The complex was a classic example of surface complementarity, 

involving an essentially all helical interface, comprising helices 2, 2', 3 and 4 of the 

a-subdomain of EIN and helices 1 and 2 of HPr, which requires virtually no 

changes in conformation of the components relative to that in their respective free 

states. The specificity of the complex was dependent on the correct placement of 

both van der Waals and electrostatic contacts. They suggested that the transition 

state can be formed with minimal changes in overall conformation, and might be 

stabilized in favor of phosphorylated HPr, thereby accounting for the directionality 
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of phosphoryl transfer. Then, the structural impact of phosphorylation on the 

interaction between EIN and HPr was examined by G. Marius group using NMR 

spectroscopy. Phosphorylation on His189 located at the interface of the a and ab 

domains of EIN resulted in rather widespread chemical shift perturbation. 

Furthermore, Mutations of the active site designed to mimic the phosphorylated 

states revealed binding equilibria that favor phosphoryl transfer from EIN to HPr. 

However, Residual dipolar coupling measurements demonstrated that no 

significant changes in backbone conformation occurred upon phosphorylation: for 

example, the relative orientation of the a and ab domains remained unchanged. 

Hence, they concluded that the phosphorylation states influenced on the binding 

equilibria predominantly by modulating intermolecular electrostatic interactions 

without altering either backbone scaffold or binding interface, facilitated highly 

efficient phosphoryl transfer between EIN and HPr, which was estimated to occur 

at a rate of ~850 s-1 from exchange spectroscopy.  

 

 The structure of the intact E.coli EI 

Before the determination of the structure of intact E.coli EI, 2.5 Å crystal 

structure from S.carnosus EI (PDB: 2HRO) was determined. The structure revealed 

an extensive interaction surface between two molecules in adjacent asymmetric 

units. Structural comparison with related domains indicated that this surface 

represented contact area of dimeric EI, and each monomer had an extended 

configuration of the a and ab domains clearly separated from the C-terminal 
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dimerization and PEP binding domain. They proposed that large conformational 

changes must occur during the process of autophosphorylation due to the large 

distance of more than 35 A˚ between the active site and the PEP binding site. The 

assumption was proved by crystal structure of E.coli EI (PDB: 2HWG) in the 

trapped phosphorylated-intermediate state just after phosphotransfer from PEP and 

before a conformational transition that brings His189~P in proximity to the 

phosphoryl group acceptor, His15 of HPr in the same year. From the two structural 

comparisons, they revealed that the conformational transition required large-scale 

domain motions that can be modeled as two separate rigid-body motions: one is 

that the 65° hinge motion between EINα and EINαβ pulls back and disengages EINα 

from EINαβ. Another is that the 70° swivel motion of EIC around the swivel helix 

brings EIC and EINαβ together. This possibility confirmed by other structure such 

as 2.4 Å crystal structure from S. aureus (PDB: 2WQD) in the free state and 

solution structure of EcEI in the free (PDB: 2KX9) or HPr bound state (PDB: 

2XDF). Moreover, there is one more noticeable thing in the structural comparison 

between the two states. Structural change also occurred at the dimer interface 

including loopβ2α2, β3α3 and β6α6. Therefore, O. Herzberg brought forward 

views which these key contacts could explain PEP induced the tight dimer 

association because the C-terminal end of the helix contributed to the dimer 

interface and the substrate bound at the helix N-terminal end.  
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The structure of the isolated C-terminal domain of E.coli EI 

Unfortunately, the structure of the isolated C-terminal domain of EcEI has not 

been solved yet because of the character to be prone to proteolysis unlike the 

isolated EcEIN. However, crystal structures of the isolated EIC domain from T. 

tengcongensis in the free state (PDB: 2BG5) and PEP (PDB: 2XZ7) or pyruvate 

(PDB: 2XZ9) bound state were obtained. The structure of the EIC domain was the 

same in the intact EI, and further there were no significant difference at the dimer 

interface of the isolated EIC between the free and ligand bound state. However 

spectroscopic and kinetic investigations showed that in solution the EIC domain 

might be present as an ensemble of different conformations which were not 

apparent in the crystal structures. This was identified by G.Marius group in 2012. 

They suggested that EcEIC domain underwent the conformational selection upon 

PEP binding. NMR relaxation dispersion measurements indicated that residues 

around the PEP binding site and in the loop β3α3 located at the dimer interface, as 

resulting in a rapid transition on the sub-millisecond time scale (with an exchange 

rate constant of ~1500 s-1) between major open (~97 %) and minor closed (~3 %) 

conformations. Upon PEP binding, the loop β3α3 could be effectively locked in the 

closed state by the formation of salt bridges between the phosphate group of PEP 

and the side chains of Lys340 and Arg358, thereby stabilizing the dimer. 
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Chapter 3 

Objectives of the individual chapters 
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In this paper, I aim to explain why EI can functions only as a dimer by proving 

the relation between the local conformational changes at the dimer interface and 

the large conformational changes, namely domain motions (Chapter 6). However, 

there are two hurdles to jump over. 

First is about thermodynamics determination of domain motion. PEP binding and 

domain motions are too tightly coupled to separate the thermodynamic nature of 

the motion itself apart from the ligand binding. Therefore, some domain deletion 

constructs, which never occur a particular domain motion, has been devised. The 

free energy of the domain motions, hinge and swivel, were calculated by measuring 

and comparing the ligand binding thermodynamics of these constructs. The 

detailed contents are contained in Chapter 5. 

Second is about thermodynamics determination and structure analysis of EcEIC, 

which is one of the domain deletion constructs, upon ligand binding. Unlike highly 

stable monomeric-EcEIN, EcEIC is thermally and proteolytically unstable in full-

length EI as well as the when expressed separately [4]. Accordingly, it has been 

poorly reported regarding to not only biochemical, biophysical properties but also 

structure information of EcEIC in spite of enormous efforts for a long time. 

Isolation of EcEIC, however, is still suffered from proteolysis during expression, 

and protein ligation was the only, but uneconomic method of choice. Thus, 

expression of stable, soluble and functional EcEIC has to get solved to determine 

thermodynamics and structure upon ligand binding by priority. The results are 

described in Chapter 4 in detail.  

By settling the two difficult tasks preferentially, in Chapter 6, I show that the local 

conformational change of loop β3α3 at the dimer interface mechanically coupled 

the tight dimerization and the catalytic domain motions, so EI can function only as 

a dimer. 
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Chapter 4 

Calorimetric and spectroscopic investigation of the 

interaction between the C-terminal domain of 

Enzyme I and its ligands 
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INTRODUCTION 

 

The bacterial phosphoenolpyruvate (PEP): sugar phosphotransferase system (PTS) 

catalyzes the sugar transport coupled with phosphorylation and controls the carbon 

metabolism. In the general, the mechanism is sequentially mediated by three 

functional phosphoprotein units, Enzyme I (EI), Histidine-containing 

phosphocarrier protein (HPr), and Enzyme II (EII) [1-3]. The first two proteins in 

the PTS, EI and HPr, are common to all branches, whereas subsequent 

phosphorylation transfer steps involve sugar-specific permeases which are also 

known as EII. The phosphotransfer potential of PEP is so high, about twice that of 

ATP, that the PTS must be stringently regulated. One potential mechanism for this 

regulation is dependent on the properties of the EI, the initial protein of PTS [1]. In 

the cytoplasm, EI is a 128 kDa dimeric-protein (575 amino-acid) that initiates a 

cascade of phosphotransfer reactions in the bacterial phosphotransferase system by 

catalyzing two reversible reactions: an Mg2+ dependent autophosphorylation 

reaction using PEP as a substrate, and a phosphotransfer reaction to HPr [4, 5]. 

Being as EI composed of multi-domain, it is possible.  

 The N-terminal domain of Escherichia coli EI (EcEIN) is composed of catalytic 

αβ domain (EINαβ) and HPr-binding α domain (EINα). X-ray crystallography and 

NMR spectroscopy determined that autophosphorylation of dimeric-EI happens at 

His189 Nε2 atom of EINαβ, and is transferred to His 15 Nδ1 atom of HPr [18, 24, 

25]. As forming ~500 Å of solvent accessible surface area (SASA), EINαβ is 

generally in contact with EINα [26]. Organized structure in this way enables EIN to 

manage efficiently the phosphoryl transfer reaction to HPr. Therefore, the 

equilibrium dissociation affinity between EIN and HPr is considerably low about 5 
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μM with the increased SASA of ~860 Å, and even the KD is about 108 μM in a 

biphosphorylated EIN-HPr complex [23]. However, in fact, phosphotransfer 

reaction from PEP to HPr is only possible in intact dimeric EI by adopting multiple 

conformational states or when isolated EIN is with the isolated C-terminal domain 

of Escherichia coli EI (EcEIC) [30. 32], which is responsible for the PEP binding 

and EI dimerization [5]. 

Unlike highly stable monomeric-EIN, EcEIC is thermally and proteolytically 

unstable in full-length EI as well as the when expressed separately [4]. That is why 

it has been poorly reported regarding to not only biochemical, biophysical 

properties but also structure information of EcEIC in spite of enormous efforts for a 

long time. Only the EIC x-ray crystal structure of Thermoanaerobacter 

tengcongenisis (54 % homogeneity with E. coli), one of the thermophilic 

eubacterium, provided some clue in respect of EcEIC structure exhibiting an (α/β)8 

barrel with a pair of additional helices at the C terminus [9], and isolated EcEIC 

using an intein system characterized its interaction with the ligands by 

spectroscopic and kinetic analysis [30]. Isolation of EcEIC, however, is still 

suffered from proteolysis during expression, and protein ligation was the only, but 

uneconomic method of choice. Herein, through E. coli expression system, we have 

expressed multiple constructs of EIC of E. coli varying the linker region between 

EIN and EIC, and obtained a construct that expresses stable EIC in an intact form. I 

have characterized the interaction of EIC with its ligands such as PEP, oxalate and 

pyruvate and also with EIN using calorimetry, circular dichroism, and NMR 

spectroscopy. 
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MATERIALS AND METHODS 

 

Cloning, expression, and purification  

 

EIC231-575, EIC260-575, and EIC270-575 were cloned into a modified pET32a vector 

(Novagen), and the new constructs were verified by DNA sequencing. The 

plasmids were transformed into an Escherichia coli strain BL21 star (DE3), and 

then grown in Luria Bertini or minimal media with 13C6-glucose and 15NH4Cl as the 

sole carbon and nitrogen sources in D2O. The protein expression was induced with 

1 mM isopropyl-b-D-thiogalactopyranoside at an A600 of ~0.8, and harvested by 

centrifugation after 4 hours of induction. The cell pellet was resuspended with 50 

ml (per liter of culture) of 50 mM Tris, pH 7.4, 2 mM β-mercaptoethanol, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor cocktail tablet 

(Sigma-Aldrich, S8830 SIGMAFAST). The suspension was lysed by three 

passages through Emulsiflex (Avestin, Canada) after homogenizing and centrifuged 

at 24000 g for 20 min at 4 oC. The supernatant fraction was filtered and loaded onto 

a His trap column (5 ml; GE Healthcare) with a gradient of 500 mM Imidazole. 

The fractions containing EIC were purified by size exclusion on a Superdex 200 

column (GE Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 

and 2 mM β-mercaptoethanol, and then on a monoQ anion exchange column (8 ml; 

GE Healthcare) with a 160-ml gradient of 1 M NaCl after 6xhis tag removal by 

TEV. 

EIN (residues 1-249) and EI (residues 1-575) were cloned into a pET11a vector 

(Novagen) without tags, and the active site His189 of EIN was mutated to Ala 
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using the QuickChange kit (Stratagene). The plasmids of wild-type EIN were 

individually transformed into an Escherichia coli strain BL21 star (DE3), and then 

grown in either Luria Bertini or minimal media with 13C6-glucose and/or 15NH4Cl 

as the sole carbon or nitrogen source in H2O or D2O. EIN proteins were expressed 

and purified as previously described. 

 

NMR spectroscopy 

 

NMR spectra were recorded at 30 oC on a Bruker Avance 600 or 900 MHz 

spectrometer equipped with an x,y,z-shielded gradient triple resonance probe. 0.2  

mM of 2H,13C,15N-labeled EIC231-575 was prepared in 20 mM Tris-HCl, pH 7.4, 100  

mM NaCl, 1 mM EDTA, 2 mM b-mercaptoethanol, and 4 mM MgCl2. 2D 1H-15N 

transverse relaxation-optimized spectroscopy (TROSY) spectra of EIC231-575 were 

obtained before and after adding 10 mM PEP. To examine EIN upon binding to 

EIC, 0.8 mM unlabeled EIC231-575 was titrated into 0.2 mM 2H,15N-labeled EIN 

with or without 10 mM PEP in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM 

EDTA, 2 mM b-mercaptoethanol, and 4 mM MgCl2. Spectra were processed using 

the NMRPipe program and analyzed using the NMRView program. For 1D 1H 

NMR, 0.5 mM unlabeled EIC231-575 was used with or without 10 mM of PEP, 

oxalate, and pyruvate. 

 

Circular dichroism  

 

Circular dichroism (CD) spectroscopy was conducted at 25 oC using a with 

ChirascanTM-plus CD spectrometer. Wave scans were acquired by sampling data at 
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1 nm intervals between 200 and 250 nm for far UV CD measurement and between 

250 and 350 nm for near UV CD measurement. Far UV CD spectroscopy was 

carried out using 10 mM of EIC231-575 and 4 mM of substrates in 50 mM sodium 

phosphate, pH 7.5, 2 mM b-mercaptoethanol, and 2 mM MgCl2 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. Near UV CD spectroscopy was carried out using 40 mM of 

EIC231-575 and 10 mM of substrates in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2 

mM b-mercaptoethanol, and 4 mM MgCl2 using a 10-mm quartz cuvette. Each 

near UV CD spectrum was obtained from an average of three scans and the results 

were presented as molar ellipticity (deg×cm2/dmol) at each wavelength. 

 

Size exclusion chromatography 

 

Chromatographic separation of standard proteins from Gel Filtration Kits HMW 

(high molecular weight, GE Healthcare, USA). The molecular weight (mw) and the 

elution volume of the stand proteins are as follow: thyroglobulin (669 kDa), 134.25 

ml; ferritin (440 kDa), 152.15 ml; aldolase (158 kDa), 182.91 ml; conalbumin (75 

kDa), 205.68 ml; and ovalbumin (44 kDa), 221.39 ml. The column was 

equilibrated with 20 mM Tris buffer, pH 7.4, and 200 mM NaCl, and eluted with 

the same buffer with the flow rate of 2.5 ml/min. The calibration curve between the 

molecular weight of used standard proteins and the partition coefficient (Kav). Kav 

is calculated from the equation Kav = (Ve – Vo)/(Vc – Vo), where Ve is the elution 

volume, Vo is the column void volume, and Vc is the geometric column volume. 

The void volume was obtained as 105.12 ml from a separate elution using a fresh 
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solution of Blue Dextran 2000. The geometric column volume was calculated as 

318.56 ml from the dimension of the column (radius and length of the column). 

 

Isothermal titration calorimetry (ITC) 

 

ITC experiments were performed at 25 oC using an ITC200 calorimeter (GE 

Healthcare). 20 consecutive 2 ml aliquots of 3 mM PEP or 10 mM sodium oxalate 

were injected into the cell containing 0.25 or 0.5 mM EIC231-575 in 20 mM Tris-HCl, 

pH 7.4, 100 mM NaCl, 2 mM b-mercaptoethanol and 4 mM MgCl2. 20 consecutive 

2 ml aliquots of 0.3 mM PEP or 5 mM sodium oxalate were injected into the cell 

containing 0.03 or 0.5 mM EI (H189A) in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 

2 mM b-mercaptoethanol and 4 mM MgCl2. 20 consecutive 2 ml aliquots of 0.3 

mM PEP were injected into the cell containing 0.02 mM EI (H189A) with 10mM 

Pyruvate in 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2 mM b-mercaptoethanol and 

4 mM MgCl2.The ITC experiments were also carried out in 20 mM sodium 

phosphate, pH 7.4, and 20 mM Hepes, pH 7.4, replacing the 20 mM Tris-HCl, pH 

7.4 with the same buffer composition otherwise, to correct the binding heat by 

buffer contribution. The duration of each injection was 4 seconds, and injections 

were made at intervals of 180 seconds. Dilution heats of the substrates into the 

protein solution were subtracted from measured heats of the binding. ITC titration 

data were analyzed using the Origin software provided with the instrument. 
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RESULTS  

 

E.coli EIC comprised of residues 231-575 is excessively stable and soluble. 

 

Some constructs to produce a stable and soluble EIC protein were designed by 

optimizing the size of α helical linker. The linker composed of 30 residues forms a 

long helix from residue Thr232 to residue Lys257, followed by a short b bridge 

(Ala261-Val269) that connects the helix to the unique (ab)8 barrel fold of EIC. 

Three points of the linker are shown in Figure 1A; the first is the starting-point of 

the linker, the residue 231, the second is the end-point of the linker, the residue 260, 

and the third is the out of the linker, 270. That is, the EIC231-575 construct contains 

the linker helix followed by EIC, whereas the EIC260-575 construct lacks the whole 

linker helix. Finally, the EIC270-575 construct contains only the (ab)8 barrel fold of 

EIC with both the linker helix and the b bridge removed. Three DNA fragments 

corresponding to 691/778/808~1725 (a.a 231/260/270~575) of EIC sequence were 

sub-cloned into modified pET11a vector (Figure 1B and 1C), and the three types 

plasmids were introduced into E.coli strain BL21 (DE3) and expressed with 1 mM 

IPTG at 37 ℃ for 4 hrs. SDS-PAGE showed that EIC construct comprised of 

residues 260~575 was degraded as judged by two bands near the expected 

molecular size (34.8 kDa), while the rest EIC constructs were stably expressed 

without proteolysis (Figure 2A). Especially, the EIC construct composed of 

residues 231~575 was only excessively soluble as compared to EIC construct 

composed of residues 270~575 (Figure 2B). Thus, I adopted only EIC231-575 for 

further study.  
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EIC231-575 with a good quality of purity was purified. 

 

However, it was very difficult to get pure EIC despite of purification procedures 

via various types of chromatography (Figure 3A), so the EIC231-575 construct was 

sub cloned again into modified pET32a vector having N-terminal histidine and Trx 

tag to improve the purity. The construct was expressed with the same condition and 

was still shown stable and soluble properties. The EIC with N-terminal histidine 

and Trx tag was purified by Ni2+-NTA chromatography. Purified EIC elutes upon 

gel filtration as an almost symmetrical peak at the elution volume corresponding to 

an 110 kDa globular protein, as expected size of homodimer EIC with tag. Then, 

pure EIC finally could be obtained by Ni2+-NTA chromatography after elimination 

of N-terminal histidine and Trx tag by TEV enzyme (Figure 3). It is notable that 

EIC231-575 was greatly stable during the purification even at a room temperature, so 

I evaluated that it was sufficiently fit for all experimental measurements in the 

following sections. 

 

EIC231-575 also retains a strong dimerization affinity. 

 

According to the report, EI is well known to be active as a dimer via EIC [16-22], 

which retain dimerization KD of ~10 nM [30]. It was previously confirmed that 

EIC231-575 could form dimer from the size exclusion chromatography during 

purification. However, the dimerization states of EIC231-575 in a diverse range of 

concentration were analyzed to check the strength of dimerization. The 

chromatography indicated that EIC231-575 was approximately eluted in a dimer-state 

at even 1 mM (chapter 6, Figure 3). As the report shown EIC dimerization KD of 

~10 nM, EIC231-575 also likely retains strong dimerization affinity. The serial 
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dilution chromatograms indicated that EI (H189A) was approximately eluted in a 

dimer-state at 20 mM, even though it eluted in a monomer-dimer equilibrium state 

at 1 mM. These results coincide with the previous report that KA for the self-

association of the EIC monomer was about 250 fold greater than the comparable 

value for EI monomer in the presence of Mg2+ at 25 ºC.  

 

Dimeric EIC231-575 was competent to phosphorylate His 189 of EIN. 

 

Then, activity of the dimeric EIC231-575 was checked by NMR. There are two way 

to phosphorylate EIN. First is the way via phosphotransfer reaction of EIC, and 

second is the way via reversible phosphotransfer reaction of HPr [18, 23, 24, 30]. 

In the light of the first way, NMR spectra of 2H, 15N labeled EIN were analyzed in 

the presence of only EIC231-575 or PEP with EIC231-575 to check the EIC231-575 activity. 

Even an excess of EIC231-575 (0.8 mM), four times of EIN, there was no significant 

change in NMR spectrum of 15N labeled EIN without PEP as expected (Figure 4A, 

green). It means that the interaction between dephosphorylated EIN and EIC231-575 

is extremely too weak to observe. On the other hand, characteristic chemical shift 

changes were observed for Gly10, Gly178, Gly185, and Gly204 among others, 

under the presence of both EIC231-575 and PEP (Figure 4B). The chemical shift 

change is consistent with the phosphorylated EIN (Figure 4A, blue), which was 

obtained using EIN mixed with HPr, EI, and PEP, where the phosphoryl group is 

transferred from EI to HPr and finally to EIN. These NMR data showed that EIC231-

575 was enough active to transfer phosphoryl group from PEP to EIN active site, 

H189, which has been described for EIC of Thermoanaerobacter tengcongensis. 

However, there is something to check certainly. If are there contamination of EI 
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and HPr during preparation of EIC231-575 or EIN? To rule out the possibility, I tested 

more. NMR spectrum of 15N labeled EIN was analyzed in the presence of only PEP. 

Furthermore, NMR spectrum of 15N labeled EIIAMtl was analyzed with the mixture 

of EIC231-575 and PEP, and compared to NMR spectrum of phosphorylated 15N-

EIIAMtl, which is well known to be phosphorylated by HPr via EI [1-3]. Fortunately, 

there are no changes in the two spectra. Taken together, I am sure that the observed 

phosphorylation of EIN is caused by the direct interaction between EIN and EIC, 

rather than from contamination of EI and HPr. 

 

 Ligands binding causes local conformational changes near aromatic groups, 

without largely perturbing the secondary structures of EIC231-575. 

 

After confirmation of the activity, to analyze structural properties upon ligands 

binding, I obtained the 1H-15N TROSY spectrum of 2H,13C,15N-labeled EIC231-575. 

However, it was failed to get a high resolution of spectrum due to intrinsic structure 

of EIC as well as size of dimeric EIC, ~77 kDa, which is too big to analyze through 

NMR. Thus, I vicariously approached secondary structural properties of EIC231-575 

upon biding to its natural substrates such as PEP and sodium pyruvate or an 

inhibitor like sodium oxalate by far UV CD spectroscopy (200-250 nm) at 25 ℃. 

EIC231-575 secondary structure exhibiting an (α/β)8 barrel was little changed with 

PEP, which has been studied by isolate EIC obtained from an intein system of New 

England Biolabs [30]. Furthermore, both sodium pyruvate and sodium oxalate also 

had no detectable effect on the secondary structure of EIC231-575, indicating that 

ligands binding does not largely affect the content of secondary structures in 

EIC231-575 (Figure 5A). Tertiary structural properties of EIC231-575 upon ligands 
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biding were also analyzed by near UV CD spectroscopy (250-350 nm), which 

generally gives information on the tertiary structures from asymmetric 

environments of aromatic chromophore group. Crystal structure of oxalate bound 

EI reveals that none of the aromatic residues are closer than 6 Å from ligand 

binding site [10], although EIC231-575 possesses 2 tryptophan, 6 tyrosine and 13 

phenylalanine residues. However, interestingly, the near UV CD spectra of EIC231-

575 exhibited an obvious difference between the free and the ligand-bound states 

(Figure 5B). Upon ligands binding, the molar ellipticity was decreased at 280 nm. 

Therefore, 1D 1H NMR spectra of EIC231-575 upon ligands binding were also 

checked to determine the side chain conformational change near the aromatic 

residues. To remove the signals from amide proton, the buffer of same composition 

using D2O was used. Figure 5C shows that the 1H NMR spectra of EIC231-575 

manifested chemical shift changes in the aromatic region, which are shaded in pink. 

In addition to, the spectra also changed in the methyl region (Figure 5D). It is 

obvious that ligand binding causes local conformational changes near aromatic 

groups, without largely perturbing the secondary structures of EIC231-575.  

 

PEP binding thermodynamic properties of EI (H189A) and EIC231-575 

 

Then, the equilibrium binding between PEP and EIC231-575 was measured by ITC 

at 25 oC. From the binding between PEP and EIC231-575, endothermic reactions with 

the dissociation constant (KD) of 0.28 mM, the enthalpy changes (ΔH) of +1.8 ± 0.9 

kcal mol-1 and the entropy changes (ΔS) of 22.2 cal mol-1 K-1 were observed. The 

free energy of the interaction between PEP and EIC231-575 could be calculated to 

-4.9 ± 0.2 kcal mol-1, so it means that their interaction could be mainly driven by a 
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favorable entropic gain (Figure 6A and Table 2). The binding thermodynamics 

suggests that hydrophobic interaction might be important in the binding between 

PEP and EIC231-575. To compare PEP binding thermodynamic properties between 

EIC231-575 and EI (H189A) containing EIC231-575 as a part of domain, the equilibrium 

binding between PEP and EI (H189A), which is active site mutant to prevent 

autophosphorylation by PEP, was also measured. From the binding between PEP 

and EI (H189A), endothermic reactions with the dissociation constant (KD) of 0.43 

μM, which is much lower than that of EIC231-575 around 1/1500 times, the enthalpy 

changes (ΔH) of +3.6 ± 0.1 kcal mol-1 and the entropy changes (ΔS) of 41.2 cal 

mol-1 K-1 (Figure 6B and Table 2) were observed. The free energy of the interaction 

between PEP and EI (H189A) could be calculated to -8.7 ± 0.2 kcal mol-1, so it 

means that their interaction also could be mainly driven by a favorable entropic 

gain. It is notable that the PEP binding between PEP and EI (H189A) is 

energetically more favorable than EIC, so this might enable EI (H189A) to have 

stronger binding affinity than EIC231-575. 

 

Oxalate binding thermodynamic properties of EI (H189A) and EIC231-575 

 

The equilibrium binding between oxalate and EIC231-575 was also measured by 

ITC at 25 oC. Unlike PEP binding, binding between oxalate and EIC231-575 showed 

exothermic reactions with KD of 0.66 mM, which is 2.4 times higher than PEP 

binding, ΔH of -0.6 ± 0.2 kcal mol-1 and the entropy changes (ΔS) of 12.4 cal mol-1 

K-1. Moreover, the free energy of the interaction between oxalate and EIC231-575 

could be calculated to -4.3 ± 0.2 kcal mol-1, so it means that their interaction could 

be driven by both contribution from enthapically and entropically favorable 
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reaction (Figure 7A and Table 3) and electrostatic interaction could be the main 

driving force in the binding between oxalate and EIC231-575. To compare oxalate 

binding thermodynamic properties between EIC231-575 and EI (H189A) containing 

EIC231-575 as a part of domain, the equilibrium binding between oxalate and EI 

(H189A) was also measured. From the binding between PEP and EI (H189A), 

exothermic reactions with the dissociation constant (KD) of 0.3 mM, which is just 

two times lower than that of EIC231-575, the enthalpy changes (ΔH) of -0.7 ± 0.1 

kcal mol-1and the entropy changes (ΔS) of 13.5 cal mol-1 K-1 (Figure 7B and Table 

3) were observed. The free energy of the interaction between oxalate and EI 

(H189A) could be calculated to -4.7 ± 0.1 kcal mol-1, so it means that their 

interaction between oxalate and EI (H189A) might be slightly increased by a small 

of favorable entropic gain compare to EIC231-575. 

 

Buffer contribution certification of PEP or oxalate binding of EIC231-575 

 

Generally, the apparent binding enthalpy measured by ITC is the sum of the 

reaction binding enthalpy and the ionization enthalpy from the buffer [33] as 

Equation [1].  

△H 
binding

 = △H 
react

 + N
H

+

 △H 
ioniz             Equation [1] 

To ensure only the reaction binding enthalpy with no buffer contribution, ITC at 

pH 7.4 in different types of buffer, was carried out. Sodium phosphate and Hepes 

buffers as well as Tris buffer were used because they appear different ionization 

enthalpies, as is described by Freire and co-workers. The small variation of the 

measured binding enthalpies indicated little contribution of the ionization enthalpy 

to the apparent binding enthalpies of EIC and the ligands (Figure 8 and Table 4).   
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Pyruvate binding thermodynamic properties of EI (H189A) 

 

The titration between pyruvate and EIC231-575 was conducted, but it was difficult 

get binding thermodynamic information due to a small of measured heat [34]. That 

is why I had views on the different approach to get binding thermodynamic 

properties between pyruvate and EIC231-575, and I finally found the way using 

displacement calorimetry.  

On the basis of the binding thermodynamic properties between PEP and EIC231-575, 

PEP was titrated into EIC with excess of pyruvate (10 mM), but it was difficult to 

get informative results. Therefore, PEP was vicariously titrated into EI (H189A) 

without pyruvate or with excess of pyruvate (10 mM). The apparent association 

constant (KApp) and apparent binding enthalpy (ΔH) from the displacement 

experiments are expressed [35] in Equation [2] and [3]. 

                                                  Equation [2] 

  

 

                                                         Equation [3] 

 

Where KApp is the apparent association constant from the displacement of pyruvate 

by PEP, KEI (H189A): PEP and KEI (H189A): pyr are the equilibrium constants for EI (H189A) 

and PEP or EI (H189A) and pyruvate respectively. [pyr] is the excess pyruvate 

concentration kept constant during the titration , DHapp is the apparent binding 

enthalpy measured in the displacement experiment and DHEI (H189A): PEP and DHEI 

(H189A): Pyr are the binding enthalpy for PEP and EI (H189A), and pyruvate and EI 

(H189A) respectively. KApp was measured as 7.8 ± 2.5 10-5 M-1, and DHapp was 

KApp = 
KEI (H189A): PEP 

1+ KEI (H189A): pyr[pyr] 

DHapp = DHEI (H189A): PEP - DHEI (H189A): Pyr  
KEI (H189A): pyr[pyr] 

1+ KEI (H189A): pyr[pyr] 
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4.8 ± 0.3 kcal mol-1. Using Equation [2] and [3], KD for pyruvate and EI (H189A) 

was calculated as 2.2 ± 0.9 mM, and DH was -0.65 ± 0.45 kcal mol-1 (Figure 9 and 

Table 5). From the results, it was found that PEP binding of EI (H189A) was about 

5000 times stronger than pyruvate binding.  
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. EIC constructs made up of residues 231/260/270~575  

(A) EI Structure comprised of EIN, liker helix, and EIC domains (B) Cloning design 

for EIC production I designed three constructs to produce a stable and soluble EIC protein 

by optimizing the size of the linker helix that connects between EIN and EIC. (C) PCR 

product made up of residues 231/260/270~575 of EI All types of constructs were 

amplified by PCR. I list the primers used in Table 1. 

A. 

B. 

C. 
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Table 1 

 

 

a This primer was designed to insert modified pET11a vector, which has NdeI and XhoI restriction enzyme sites. 

b This primer was designed to insert modified pET32a vector, which has NcoI and XhoI restriction enzyme sites. 

 

Table 1. The domain composition and primers used for PCR reactions in this study 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Excessively stable and soluble EIC231-575   

(A) Overexpression of three types of recombinant EIC Three types of EIC constructs 

were expressed in BL21(DE3) with 1mM IPTG at 37℃ for 4hr and then evaluated by SDS 

PAGE. Arrows and expected molecular weights of individual proteins are drawn to indicate 

the bands from overexpressed proteins. (B) Solubility evaluation of well-expressed EIC 

To check solubility of the two types of expressed EIC, the cells were lysed by B-per buffer, 

which are well known as lysis buffer.  

 

 

 

A. 

B. 
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Figure 3 
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C. 
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Figure 3. Purification of EIC231-575  

(A) Purification using a HisTrap column (B) Purification using a Superdex 200 

column (C) Purification using a monoQ column The cell lysate was filtered and loaded 

onto a HisTrap column and the proteins were eluted with a gradient of 500 mM imidazole. 

The fraction containing proteins were purified by gel filtration on a superdex200 column 

and were then further purified by monoQ anion exchange column with a 160-mL gradient 

of 1 M NaCl after 6xhis tag removal by TEV. Purity of the each step was evaluated by 

SDS-PAGE, and inserted illustration is the profile of the each purification step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



３６ 

 

Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. B. 

C. 
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Figure 4. Ability of dimeric EIC231-575 to phosphorylate His 189 of EIN 

(A) Comparison of the selected regions of 1H-15N HSQC spectra of unphosphorylated 

and phosphorylated EIN 0.2 mM 2H, 15N-EIN (black), 0.2 mM 2H, 15N-EIN with 0.8 mM 

unlabeled EIC (green), 0.2 mM 2H,15N-EIN with 0.8 mM EIC and 10 mM PEP (red), and 

0.2 mM of phosphorylated 15N-EIN by 2 μM EI, 2 μM HPr, and 10 mM PEP (blue). 

Assignments are shown for the cross-peaks of unphosphorylated EIN, and chemical shift 

changes upon phosphorylation are indicated by arrows. (B) Mapping the residues showed 

chemical shift change on the EIN structure (C) Comparison of the selected regions of 

1H-15N HSQC spectra of unphosphorylated and phosphorylated IIAMtl 0.2 mM 15N- 

IIAMtl (black), 0.2 mM 15N- IIAMtl with 0.8 mM EIC and 10 mM PEP (cyan), and 0.2 mM 

of phosphorylated 15N- IIAMtl by 2 μM EI, 2 μM HPr, and 10 mM PEP (red).  
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Figure 5 

 

 

 

 

 

 

 

Figure 5. Conformational change of EIC231-575 upon ligand binding  

(A) Far UV (200-250 nm) CD spectrum of EIC231-575 upon ligand binding (B) near UV 

(250- 350nm) CD spectrum of EIC231-575 upon ligand binding (C) 1H-NMR spectrum of 

EIC231-575 near 7 ppm region corresponding to resonance of aromatic ring residues (D) 

1H-NMR spectrum of EIC231-575 near 1.5 ppm region corresponding to resonance of 

methyl EIC231-575 (black) secondary or tertiary structure upon biding to its natural substrates 

like PEP (red) or pyruvate (purple), or an inhibitor such as oxalate (green) was analyzed via 

far-UV, near-UV CD spectroscopy or 1H NMR.  

A. B. 

  D. C. 
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Figure 6 

 

 

 

 

 

 

 

 

 

Figure 6. Binding thermodynamics between EIC231-575 or EI (H189A) and PEP 

(A) ITC figure of representative titration of PEP into EIC231-575 3 mM PEP in the 

syringe was titrated into 0.25 mM EIC231-575 in the cell. (B) ITC figure of representative 

titration of PEP into EI (H189A) 0.3 mM PEP in the syringe was titrated into 0.03 mM EI 

(H189A) in the cell. Significant heats were observed from the 2
nd

 through 20
th

 injections of 

2 μl PEP and binding enthalpies versus PEP/proteins were corrected and normalized. The 

data were fitted to a one-site binding model. Observed results are described in Table 2 in 

detail. 

A. 

B. 



４０ 

 

Table 2 

 

 

Table 2. ITC results for the PEP binding of EIC or EI (H189A) 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the PEP binding of EIC or EI (H189A) 
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Figure 7 

 

 

 

 

 

 

 

 

 

Figure7. Binding thermodynamics between EIC231-575 or EI (H189A) and Oxalate  

(A) ITC figure of representative titration of PEP into EIC231-575 10 mM sodium oxalate 

in the syringe was titrated into 0.5 mM EIC231-575 in the cell. (B) ITC figure of 

representative titration of PEP into EI (H189A) 5 mM sodium oxalate in the syringe was 

titrated into 0.5 mM EI (H189A) in the cell. Significant heats were observed from the 2
nd

 

through 20
th

 injections of 2 μl oxalate and binding enthalpies versus Oxalate/proteins were 

corrected and normalized. The data were fitted to a one-site binding model. Observed 

results are described in Table 3 in detail. 

 

A. 

B. 
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Table 3 

 

 

Table 3. ITC results for the oxalate binding of EIC or EI (H189A) 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the oxalate binding of EIC or EI (H189A) 
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Figure 8 

 

 

 

Figure 8. Buffer contribution certification of PEP or oxalate binding of EIC231-575 

The equations from the linear least-squares fits of the data, which shows the binding 

enthalpy between EIC231-575 and ligands depending on the buffer ionization enthalpy 

The small variation of the measured binding enthalpies, indicated little contribution of the 

ionization enthalpy to the apparent binding enthalpies of EIC and the ligands. Observed 

results are described in Table 4 in detail. 
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Table 4 

 

 

 

Table 4. ITC results in a diverse of buffer conditions for the PEP or oxalate binding of 

EIC or EI (H189A) 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the PEP or oxalate binding of EIC or EI (H189A) 
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Figure 9 

 

 

 

Figure 9. Binding thermodynamics between EI (H189A) and Pyruvate  

ITC figure of representative titration of PEP into EI (H189A) in the presence of 

pyruvate 0.3 mM PEP in the syringe was titrated into 0.03 mM EI (H189A) with 10mM 

pyruvate together in the cell. Significant heats were observed from the 2
nd

 through 20
th

 

injections of 2 μl PEP and binding enthalpies versus PEP/ EI (H189A) with pyruvate were 

corrected and normalized. The data were fitted to a one-site binding model. Observed 

results are described in Table 5 in detail. 
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Table 5 

 

 

Table 5. ITC results for the pyruvate binding of EI (H189A) 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the pyruvate binding of EI (H189A) 
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DISCUSSION 

 

In this study, three constructs to produce a stable and soluble isolated EIC protein 

were designed by optimizing the size of the α helical linker, which is composed of 

30 residues forming a long helix from residue Thr232 to residue Lys257 and 

followed by a short b bridge (Ala261-Val269) that connects the helix to the unique 

(ab)8 barrel fold of EIC. A stable, soluble EIC composed residues 231~575 among 

three constructs was finally produced. EIC260~575 was degraded and EIC270-575 was 

quite stable as much as EIC231-575 without any sign of proteolysis, but it was not 

appropriate for use due to its formation of an inclusion body during the 

overexpression. Therefore, I assume that an inclusion body of EIC270-575 might be 

formed even before it was degraded owing to proteolysis. Our result is consistent 

with previous studies [21, 30], and indicates that keeping the linker helix is critical 

to confer proteolytic stability on EIC, while the short b bridge is important for 

proper folding of EIC.  

Adopted EIC231-575, fortunately, was purified in a good quality of purity. However 

it is too difficult to check its tertiary structure using NMR due to size of dimeric 

EIC even though 2H,13C,15N-labeled EIC231-575 was used for analysis. Identified 

cross-peaks of EI originating from EIN by simple superimposition of the 1H-15N 

correlation spectra of EI and EIN indicate that the remaining cross-peaks of EI 

were supposed to attribute to EIC [13]. As comparing between the remaining cross-

peaks of EI and 1H-15N correlation spectra of EIC231-575, they are extremely similar. 

The cross-peaks appeared mostly near 8 ppm of HN chemical shift, which is a 

characteristic region of loops and helical region. Surely, the lack of chemical shift 
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dispersion in the NMR spectrum let us have doubts about structure of EIC231-575. 

Therefore, I tried to certify the purified EIC231-575 as a properly folded protein by 

confirming its nature secondary structure exhibiting an (α/β)8 barrel and its 

functions. EIC is well known to be responsible for the EI dimerization and 

phosphotransfer reaction from PEP to EIN covalently connected by helix linker. 

Roseman.S group compared that dimerization affinity (KD ~10 nM) of EcEIC was 

much stronger than that (KD ~660 nM) of EcEI (H189Q) using analytical 

ultracentrifugation: sedimentation equilibrium [15, 30]. The strong dimerization 

affinity of EIC231-575 was observed by the serial dilution chromatogram. Moreover, 

the phosphotransfer ability was also verified by using NMR. There was no 

significant structural change of EIN in the presence of only PEP, but with the 

titration of EIC231-575 in the presence of PEP, dramatic structural transition of EIN 

into the phosphorylation state occurred, although EIC231-575 showed deteriorated 

phosphotransfer capacity in comparison with full length EI. This result agrees with 

the report, which has been described by many groups including Roseman.S and 

Earn.B. They showed that molecularly cloned or isolated EIN after proteolysis of 

intact EI could not be phosphorylated by PEP in the presence of Mg2+, but 

phospho-EIN was formed when molecularly cloned EIC was added to a mixture of 

EIN, PEP and Mg2+ in vitro. Furthermore, there is also obvious evidence generated 

in vivo experiment. When EIN and EIC were expressed in E.coli having an EI 

inactive mutant, the cells regained the ability to utilize and grow on PTS sugars [8, 

30, 32]. Moreover, the reduced phosphotransfer activity might be explained by 

weak activity observed in other PTS proteins when the connecting linker is 

removed. For example, Peterkofsky. A group performed assays for PTS activity in 

vitro using intact EI and a mixture of EI (Δ EINα) and EINα, which are separated 

each other. The results showed that intact EcEI is approximately 100 times as 
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effective as the mixture of the two fragments [36]. That is, my results sufficiently 

support previous studies and further, it provides information concerning structural 

interface formed between EIN and EIC. For these reasons, it is sure that EIC231-575 

is a structurally and functionally intact form, not but truncated by partial digestion 

or unfolded form. 

Using qualified EIC231-575 as mentioned above, the structural change upon ligands 

binding was characterized. I found out that ligand binding likely caused local 

conformational changes near aromatic groups, without largely perturbing the 

secondary structures of EIC231-575 from CD spectroscopy and 1D 1H NMR spectra. 

Far UV and near UV results totally corresponded to the results, which had been 

studied by isolate EIC obtained from an intein system of New England Biolabs 

[30]. Moreover, 1H-15N TROSY spectrum of EIC261-575 of Clore. G.M group 

showed that PEP binding effects on conformational rearrangements in the loop βα3, 

which is rich in aromatic residues including Y344, F347, F354 and W3357 [31].  

Thermodynamic properties upon ligands binding were also determined. 

Roseman.S group showed the KD between EIC and PEP was 0.28 mM from CD 

spectroscopy, 0.17 mM from analytical ultracentrifugation: sedimentation 

equilibrium, and 0.22 mM from fluorescence spectroscopy analysis [30]. That was 

very similar to the KD values (0.22 ~ 0.28 mM) between PEP and EIC231-575 

obtained from calorimetry. A further ITC study using EI (H189A) indicated that 

binding between PEP and EI (H189A) is about two orders of magnitude stronger 

than the binding between PEP and EIC231-575. This result is quite similar to the 

previous ITC study that has reported that the KD between the active-site mutant EI 

(H189A) and PEP is ~1 mM [34]. The measured thermodynamic parameters for EI 

(H189A) and PEP involve not only the binding of PEP to EIC, but also the 
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interaction between EIN and EIC by domain motions occurred in multi-domain EI, 

which is shown by structural comparison between dephosphorylated EI and 

phosphorylated EI [6-14]. That is, the differences of thermodynamic parameters 

could be resulted from the EI domain motion. The KD of 0.66 mM between oxalate 

and EIC was measured. Kinetics studies has shown that oxalate is a potent inhibitor 

for the autophosphorylation reaction of EI by PEP with the inhibition constant (KI) 

of 0.02 mM [37]. The large difference of KI from KD between oxalate and EIC can 

be also explained by the domain motion mechanism of inhibition. Oxalate 

occupying the PEP-binding site in EI is well known as an inhibitor to block 

autophosphorylation reaction by quenching the phosphorylated active site of EI 

[10], so it means that the oxalate binding into EIC also causes domain motion of 

the phosphorylated EI. In other word, the event for the oxalate binding into EIC 

was just measured when oxalate was titrated into EIC231-575 and EI (H189A). That is 

why there is a large deference between KI and KD for oxalate binding into 

dephosphorylated EI (H189A) as well as EIC231-575. Besides, for the first time, the 

KD of 2.2 mM between pyruvate and EI (H189A) was obtained by displacement 

calorimetry, and it is approximately equal to the Michaelis constant (KM) for 

dephosphorylated EI and PEP. The autophosphorylation of EI is a reversible 

reaction like other PTS proteins, so pyruvate can also bind to phosphorylated EI to 

produce PEP. Therefore, KM is estimated as 2 mM for pyruvate and phosphorylated 

EI, and 20 mM for pyruvate and dephosphorylated EI, respectively [38]. That is, I 

speculate that the KD between pyruvate and EIC231-575 might be similar to the 

obtained the KD between pyruvate and EI (H189A) in dephosphorylated state for 

reasons mentioned in oxalate case. In addition to, I presume that the strong 

preference of EI or EIC toward PEP rather than pyruvate can facilitate the 

phosphorylate transfer cascade in PTS by fast priming of EI after its phosphoryl 
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transfer reaction to HPr. 

In conclusion, obtained stable and active EIC231-575 showed distinctive secondary 

structure exhibiting an (α/β)8 barrel, and it was little changed with the ligands such 

PEP, pyruvate or oxalate while the tertiary structure was considerably changed. 

Some thermodynamic properties from the binding of ligands into EIC231-575 were 

also analyzed. The ITC results showed that the PEP binding EIC231-575 was about 

2.4 times stronger than oxalate regardless of buffer contribution, and it might be 

about 10 times stronger than pyruvate. From comparison the ligand binding affinity 

between EIC231-575 and EI (H189A), I supposed contribution of domain motion 

regarding to the ligand binding. However, it is not clear how the domain motions 

evolve with the ligand binding and phosphotransfer reactions. Thus, I suggest that 

EIC231-575 will be useful to investigate the large inter-domain motions coupled with 

ligand binding, by characterizing the interaction between EIC231-575 and EIN under 

ligands. Consequently, it would provide useful information to understand the 

mechanism underlying the domain motions. 
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Chapter 5 

Thermodynamic dissection of large-scale domain 

motions coupled with ligand binding of Enzyme I 
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INTRODUCTION 

 

The bacterial phosphoenolpyruvate (PEP): sugar phosphotransferase system (PTS) 

catalyzes the sugar transport coupled with phosphorylation and controls the carbon 

metabolism. In the general, the mechanism is sequentially mediated by three 

functional phosphoprotein units, Enzyme I (EI), Histidine-containing 

phosphocarrier protein (HPr), and Enzyme II (EII). The first two proteins in the 

PTS, EI and HPr, are common to all branches, whereas subsequent phosphorylation 

transfer steps involve sugar-specific permeases which are also known as EII [1-3]. 

 In the cytoplasm, Escherichia coli EI (EcEI) is a ~130 kDa dimeric-protein (575 

amino-acid) that initiates a cascade of phosphotransfer reactions in the bacterial 

phosphotransferase system by catalyzing two reversible reactions: an Mg2+ 

dependent autophosphorylation reaction using PEP as a substrate, and a 

phosphotransfer reaction to HPr [4, 5]. These complicated processes are progressed 

favorably by cooperation among the EI comprised domains, which have excelled in 

the respective roles; the N-terminal domain of Escherichia coli EI (EcEIN) is 

responsible for the autophosphorylation and HPr binding and the C-terminal 

domain of Escherichia coli EI (EcEIC) takes in charge of PEP binding and EI 

dimerization. The cooperation can be conducted by ligand induced domain-domain 

motion leading domain rearrangement.  

The N-terminal domain of Escherichia coli EI (EcEIN) is composed of catalytic 

αβ domain (EINαβ) and HPr-binding α domain (EINα). The solution structure of EI 

and complex structure between isolated EIN and HPr showed that one face of the 

EINα contacts the helical side of the EINαβ whereas the other face is exposed to 

solvent. Moreover, EINαβ is placed in proximity to HPr with His-189~P 
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appropriately oriented for in line phosphotransfer to the His-15 Nδ atom of HPr 

(this state is called A state or dephosphorylated state). In contrast, His-189~P of 

EINαβ points toward the oxalate bound to the PEP binding site of EIC as 

disengaging from EINα in the crystal structure of phosphorylated EI quenched by 

the inhibitor oxalate. The crystal structure represents EI intermediate just after 

phosphotransfer from PEP and before a conformational transition that brings 

His189~P in proximity to the phosphoryl group acceptor, His~15 of HPr (this state 

is called B state or phosphorylated state). In other words, EINαβ must undergo a 

large conformational change during EI phosphotransfer reaction by large scale 

domain motions that can be modeled as two separate rigid body motions. 

The first motion is the hinge motion between EINα and EINαβ. The hinge motion 

of a 65º rotation around an effective hinge axis running between residues located 

on the two linker (22-24 and 145-152) pulls back and disengages EINα from EINαβ. 

The second motion is the swivel motion between EIC and EIN, actually EINαβ. The 

swivel motion of 70º rotation around a swivel helix linker, a 30 residue α–helical 

linker (231-260), brings EIC and EINαβ together (Figure 1) [6-14].  

The conformational switch of EI between the A state and the B state upon PEP 

binding is supported by the following observations. First, both the solution and 

crystal structures demonstrated that free unphosphorylated EI existed 

predominantly in the A state conformation [13, 14]. Second, PEP binding coupled 

the thermal unfolding of the EIN and EIC domains in EI (H189A), which otherwise 

exhibited well-separate melting temperatures [39]. Third, the PEP binding to EI 

(H189A) was three orders of magnitude stronger than the PEP binding to isolated 

EIC [30, 34, 40]. Taken together, the PEP binding to EI triggers the conformational 

transition and stabilizes the B state conformation.  

 Likewise, domain motions coupled with ligand binding are closely related to the 
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biological functions of EI, which undergoes conformational change between A and 

B states to carry out phosphotransfer reaction. That is why there has been a great 

deal of effort to describe the physical nature of the domain motions coupled with 

ligand binding using high-resolution structure and biophysical properties, which 

also give information to understand the relation between the ligand binding and 

modulation of a particular motion [41-48]. However, much less is still known about 

the thermodynamic nature of the motion itself apart from the ligand binding 

because they are tightly coupled. Thus, I intend to dissect the thermodynamics of 

the motion itself using calorimetry, which makes me effectively measure the 

thermodynamic parameters of the overall equilibrium ligand binding and 

accompanying domain motions [49, 50], and domain-deletion constructs removed 

particular domain motions of interest.  

 Here, the free energy landscape of domain motions was described by 

characterizing the thermodynamics of invisible intermediate events respectively 

and by dividing the process of PEP binding and concomitant conformational 

changes between A and B states into the three steps (Figure 2B); ① the binding 

between PEP and EIC (A state ® C state), ② the hinge motion between EINa and 

EINab to make a room for EIC (C state ® D state), ③ the swivel motion between 

EIC and EINab, finally resulting in the association between EINab and EIC: PEP (D 

state ® B state). Only the A and the B states have been experimentally observed, 

and the C and the D states are assumed to be the invisible intermediate states.  
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MATERIALS AND METHODS 

 

Cloning, expression, and purification 

 

The domain-deletion constructs of EI were cloned into a pET11a vector with an 

N-terminal His6 tag. The plasmids were introduced into Escherichia coli strain 

BL21star(DE3) (Novagen), and the transformant was grown in either Luria Bertini 

or minimal media with 15NH4Cl and/or 13C6-glucose as the sole nitrogen or carbon 

sources. The culture was induced at an A600 of ~0.8 by the addition of 1 mM 

isopropyl-β-D-thiogalactopyranoside, and harvested by centrifugation after 4 hours 

of induction. The cell pellet was resuspended in 50 mL (per liter of culture) of 50 

mM Tris-HCl, pH 7.4, 200 mM NaCl, 2 mM b-mercaptoethanol (b-me), 1 mM 

phenylmethylsulfonyl (PMSF) fluoride, and 1 tablet of protease cocktail inhibitor 

(Sigma-Aldrich, S8830 SIGMAFAST). The suspension was lysed by three 

passages through Emulsiflex (Avestin, Canada) after homogenizing and was 

centrifuged at 24000 g for 20 min at 4 °C. The supernatant fraction was filtered and 

loaded onto a HisTrap column (GE Healthcare), and the proteins were eluted with a 

gradient of 500 mM imidazole. The fractions containing the proteins were purified 

by gel filtration on a superdex200 column (GE Healthcare) equilibrated with 20 

mM Tris-HCl, pH 7.4, 200 mM NaCl, and 2 mM b-mercaptoethanol and were then 

further purified by monoQ anion exchange column (8 mL; GE Healthcare) with a 

160-mL gradient of 1 M NaCl. EINab(H189A) were purified by resuspending the 

cell pellet and lysing in 50 mL (per liter of culture) of 50 mM Tris-HCl, pH 8.0, 1 

mM EDTA, and 1 mM phenylmethylsulfonyl fluoride. The supernatant fraction 
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was loaded onto a DEAE column (GE Healthcare), and the proteins were eluted 

with a gradient of 1 M NaCl. The fractions containing the proteins were purified by 

gel filtration on a superdex75 column (GE Healthcare) equilibrated 20 mM Tris-

HCl, pH 7.4, 200 mM NaCl and were further purified on a monoQ column using 

20 mM Tris-HCl, pH 7.4, with a gradient of 1 M NaCl. All proteins were dialyzed 

against 20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 2 mM b-mercaptoethanol and 4 

mM MgCl2 (Buffer A) for the ITC and NMR measurements. 

 

Circular dichroism  

 

It was analyzed in accordance with the previous methods (chapter 4).  

 

Size exclusion chromatography 

 

It was analyzed in accordance with the previous methods (chapter 4). 

 

Isothermal titration calorimetry 

 

Titrations were performed using the ITC200 microcalorimeter (GE Healthcare) at 

25 °C. For the PEP titration, 300 mM PEP was titrated into 30 mM EI (H189A) or 

EI (DEINa, H189A) in Buffer A. For the oxalate titration, 10 mM oxalate was 

titrated into 300 mM EI or EI (DEINa) with 10 mM PEP in Buffer A. For the 

titration between isolated EIN and isolated EIC, 3.5 mM EIC was titrated into 400 

mM EINab (H189A) with 10 mM PEP in Buffer A. Twenty consecutive 2-mL 

aliquots of ligands or proteins were titrated into the cell. The duration of each 
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injection was 4 sec, and injections were made at intervals of 150 sec. The heats 

associated with the dilution of the substrates were subtracted from the measured 

heats of binding. ITC titration data were analyzed with the Origin version 7.0 

program provided by MicroCal. 

 

NMR spectroscopy 

 

NMR spectra were recorded at 25 °C on Bruker Avance 600 MHz spectrometers 

equipped with x,y,z-shielded or z-shielded gradient triple resonance probes. To 

examine the binding interface of isolated EINab toward isolated EIC, two-

dimensional 1H-15N heteronuclear single quantum correlation spectra of the 0.3 

mM 15N-labeled EINab (H189A) were obtained titrating with unlabeled EIC in the 

presence and absence of 10 mM PEP in Buffer A. The backbone assignment of 

EINab (H189A) was carried out using the three-dimensional triple resonance 

through-bond scalar correlation CBCACONH and HNCACB experiments. NMR 

spectra were processed using the NMRPipe program and analyzed using the 

NMRView program. 
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RESULTS  

 

The domain deletion constructs removed particular domain motions 

were designed.  

 

The active-site mutation, H189A, was inevitably employed to prevent the 

autophosphorylation of EI in the presence of PEP in this study and two types of 

domain deletion constructs removed particular domain motions of interest from EI 

(H189A) were designed. First type is EI (ΔEINα) which lacks the EINα related to 

the hinge motion. Previous study showed that it still possesses function for the 

autophosphorylation reaction by PEP. It means that it could undergo swivel motion 

soon after PEP binding; even so it is defective in the hinge motion. Namely, EI 

(ΔEINα) only shows conformational transition from A state to B state via only C 

state (A à C à B) compare to EI (H189A) showing conformational transition 

from A state to B state via C and D state (A à C à D à B) in Figure 2B. Second 

type is isolated EIC which lacks both EINa and EINab domains, so it just could 

bind to PEP without any domain motion including swivel motion as well as hinge 

motion. That is, isolated EIC only shows conformational transition from A state to 

C state (A à C) in Figure 2B. The domain composition and the spanning residues 

of individual constructs are described in detail in Figure 2A and I list the primers 

used to produce the mutants in Table 1.  

 

The domain deletion mutants have well folded structures. 

 

Prior to the main experiments, the structural qualities of the constructs had to be 
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confirmed by indirect means as it is too difficult to get the tertiary structure using 

NMR because of the size limitation. The secondary structure was first checked. 

The far UV (200-260 nm) circular dichroism spectra showed that the secondary 

structure of EI (ΔEINα, H189A) was similar to EI (H189A) and isolated EIC 

exhibiting remarkable α/β fold (Figure 3). Then, ability of dimer formation of the 

constructs was examined because all constructs included EIC domain, which is 

responsible for dimerization [16-22]. The size exclusion chromatography was used 

for check the dimer state of the constructs. The serial dilution chromatograms 

indicated that EI (H189A) was approximately eluted in a dimer-state at 20 mM, 

even though it eluted in a monomer-dimer equilibrium state at 1 mM. Similarly, EI 

(DEINa, H189A) were dimeric at 20 mM. However, unlike EI (H189A), most of EI 

(DEINa, H189A) was also in a dimer state at even 1 mM. It accounts that EI (DEINa, 

H189A) has stronger dimerization affinity than EI (H189A) (Figure 4). Concerning 

isolated EIC, I already checked in Part 4. As keeping this result in mind, all 

experiments were conducted using dimeric constructs in the consideration of 

concentration to avoid existence of the mutants in inactive monomer state.  

 

EI (H189A) consumes 1.4 kcal mol-1 energy for the hinge motion. 

 

As mentioned above, EI (H189A) shows conformational transition from A state to 

B state via C and D state (A à C à D à B), so the DG of the overall reaction 

between PEP and EI (H189A) can be expressed as the sum of the contributions 

from individual events as equation [1]: 

DGEI (H189A): PEP = DGEIC: PEP + DGEI_hinge + DGEI_swivel,    [1] 

where DGEI (H189A): PEP represents the free energy for the overall binding and domain 



６１ 

 

motions of EI (H189A) with PEP, DGEIC: PEP for the binding between PEP and EIC, 

DGEI_hinge for the hinge motion, and DGEI_swivel for the swivel motion. On the other 

hand, the DG of the overall reaction between PEP and EI (DEINa, H189A), which 

lacks the EINα related to the hinge motion, can be expressed as the sum of the 

contributions from individual events as equation [2]: 

DGEI (DEINa, H189A): PEP = DGEIC: PEP + DGEI_swivel,         [2] 

where DGEI(DEINa,H189A):PEP represents the free energy for the overall binding and 

domain motions of EI (DEINa,H189A) with PEP, and the other terms are defined in 

Equation [1]. Subtracting Equation [2] from [1] provides DG for the hinge motion, 

DGEI_hinge, as equation [3].  

DGEI (H189A): PEP – DGEI (DEINa, H189A): PEP = [1] – [2] = DGEI_hinge,      [3] 

In the previous study, DGEI (H189A): PEP, the thermodynamic parameters of the overall 

binding and domain motions of EI (H189A) were already obtained from the ITC 

analysis conducted at 25 ºC. It was -8.7 ± 0.2 kcal mol-1. In the same way, DGEI 

(DEINa, H189A): PEP, -10.1 ± 0.02 kcal mol-1, was measured, thus DGEI_hinge, +1.4 ± 0.2 

kcal mol-1, could be calculated. It means that the hinge motion requires the 

energetic cost of +1.4 ± 0.2 kcal mol-1 and it is elucidated by the enthalpy 

(DHEI_hinge) and the entropy (DSEI_hinge) of the hinge motion, which were also 

calculated in a similar way. DHEI_hinge and DSEI_hinge were calculated to be -2.9 ± 0.2 

kcal mol-1 and -14.4 ± 0.8 cal mol-1 K-1 respectively. It is notable that the hinge 

motion is energetically unfavorable because of the large entropic cost, which 

dominates the favorable enthalpic gain (Figure 5 and Table 2). 

 

EINα domain has hardly impact on the swivel motion and the hinge motion of 

EI (H189A). 
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DGEI_hinge, +1.4 ± 0.2 kcal mol-1, was determined by subtracting equation [2] from 

equation [1]. This can be valid only if the term of DGEI_swivel in equation [1] is the 

same as that in equation [2]. However, it seems that this necessary condition is not 

satisfied because DGEI_swivel in equation [1] only corresponds to the free energy 

difference between D state and B state. In other words, DGEI_swivel in equation [1] is 

not totally same as DGEI_swivel in equation [2] since DGEI_swivel in equation [2] does 

not involve the contribution from the interactions between EINα and EIC, due to 

lack of EINα. Therefore, this term should include contributions, albeit negligible 

influence. In fact, the crystal structure of phosphorylated EI (B state) shows a 

direct contact between the two domains. For example, there is a salt bridge 

between K69 of EINα and E312 of EIC [10]. Besides, solution structure of 

dephosphorylated EI (A state) also shows a salt bridge between E67 and E68 of 

EINα and R279 of EIC [13, 14]. Therefore EI (H189A, R279A), EI (H189A, 

E312A), EI (DEINa, H189A, R279A) and EI (DEINa, H189A, E312A) were 

prepared. Fortunately, these types of mutants were showed same DGEI_hinge value 

(Figure 6 and Table 3). That is, not only DGEI_hinge but also DGEI_swivel were little 

affected by in the interaction between EINα and EIC.  

 

Phosphorylated EI also needs 1.1 kcal mol-1 energy for the hinge motion. 

 

To confirm the result regarding to obtained DGEI_hinge, the binding 

thermodynamics between phosphorylated EI or and phosphorylated EI (DEINa) 

and oxalate (enolpyruvate analogue) were also compared, since it is considered that 

similar domain motion might occur in the quenching reaction of oxalate toward 
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phosphorylated-EI. To make the phosphorylated EI condition during the ITC 

measurement, excess PEP was placed with a mixture of wild type EI in the cell.  

The DG of the overall reaction between oxalate and phosphorylated EI can be 

expressed as the sum of the contributions from individual events as equation [4]: 

DGp-EI : oxalate = DGEIC: oxalate + DGp-EI_hinge + DGp-EI_swivel,        [4] 

where DG p-EI : oxalate represents the free energy for the overall binding and domain 

motions of phosphorylated EI with oxalate, DGEIC: oxalate for the binding between 

EIC and oxalate, DG p-EI_hinge for the hinge motion, and DG p-EI_swivel for the swivel 

motion. On the other hand, DG p-EI (DEINa): oxalate represents the free energy for the 

overall binding and domain motions of phosphorylated EI with oxalate, can be 

expressed as the sum of the contributions from individual events as equation [5]: 

DGp-EI (DEINa): oxalate = DGEIC: oxalate + DGp-EI_swivel,                 [5] 

where DGp-EI(DEINa):oxalate represents the free energy for the overall binding and 

domain motions of phosphorylated EI (DEINa) with oxalate, and the other terms 

are defined in Equation [4]. Subtracting Equation [5] from [4] provides DG for the 

hinge motion, DG p-EI_hinge , as equation [6].  

DGp-EI : oxalate – DGp-EI (DEINa): oxalate = [4] – [5] = DGp-EI_hinge,                [6] 

The DG values for the overall binding and domain motions, DGp-EI : oxalate and DGp-EI 

(DEINa): oxalate, were obtained to be -5.0 ± 0.1 kcal mol-1 and -6.1± 0.1 kcal mol-1, 

respectively from ITC analysis conducted at 25 ºC, thus DG p-EI_hinge was calculated 

as 1.1 ± 0.1 kcal mol-1. It means that the hinge motion of phosphorylated EI also 

requires the energetic cost of + 1.1 ± 0.2 kcal mol-1 although it is slightly lower 

than that in dephosphorylated EI. The energetic cost of + 1.1 ± 0.2 kcal mol-1 is 

also described by the enthalpy (DHEI_hinge) and the entropy (DSEI_hinge) of the hinge 
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motion, which were also calculated in a similar way. DH p-EI_hinge and DS p-EI_hinge 

were calculated to be -0.6 ± 0.3 kcal mol-1 and -5.7 ± 1.0 cal mol-1 K-1, 

respectively. Again, the hinge motion of the phosphorylated EI is also energetically 

unfavorable with the large entropic cost and without the favorable enthalpic gain 

(Figure 7 and Table 4).  

 

1.4 kcal mol-1 energy for the hinge motion is used for the exposure of the 

hydrophobic residues at the interface between the EINa and EINab domains. 

 

To recognize what makes EI (H189A) pay the energetic cost for the hinge motion, 

I took note of my results that the large entropic cost sprang with the large entropic 

cost regardless of phosphorylation state. One of many factors affecting the large 

entropic cost is the exposure of the hydrophobic residues, so I assumed that the 

large entropic cost might result from the hydrophobic residue exposure. To 

recognize the relevance between the large entropic cost for the hinge motion and 

the hydrophobic residue exposure, the heat capacity change (ΔCp) of the hinge 

motion was analyzed from the temperature dependence of enthalpy changes upon 

PEP binding of EI (H189A) or EI (DEINa, H189A). To do that, ITC at the diverse 

range of temperature, from 10 ºC to 25 ºC, was carried out. The heat capacity 

change (ΔCpEI_hinge) was obtained by subtracting DHEI (DEINa, H189A): PEP from DHEI 

(H189A):PEP at individual temperatures. It was quite small (- 60± 14 cal mol-1 K-1) 

(Figure 8 and Table 5), but it indicated that there were contribution from the 

hydrophobic residue exposure concerning the entropic cost for the hinge motion 

[51-53]. The solvent accessible surface area (SASA) between EINαβ and EINα in 

the phosphorylation state or dephosphorylation state of EI was also analyzed. As 
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forming ~500 Å of SASA, EINαβ is in contact with EINα in the 

dephosphorylation state (A state), and 29 residues including Phe65, Phe73 and 

Met193 are involved in the interaction. However, in the phosphorylation state (B 

state), only 8 residues take part in the interaction, so SASA between EINαβ and 

EINα is barely ~90 Å2 (Table 6). These results describes that the entropic cost of the 

hinge motion most likely resulted from the exposure of the hydrophobic residues 

(e.g., Phe65, Phe73, Pro165, and Met193) at the inter-domain interface of ~500 Å2 

between the EINa and EINab domains. 

 

The energetic cost of hinge motions is compensated by swivel motion. 

 

Then, how does EI complete the conformational transition from A state to B state 

as pushing through the energy required process? The binding between PEP and 

isolated EIC, corresponding to DGEIC:PEP of -4.9 ± 0.2 kcal mol-1, was previously 

characterized, so DGEI_swivel is calculated to be -5.2 ± 0.2 kcal mol-1 by substituting 

the value in equation [1]. That is, the swivel motion is the process of the energetic 

gain. In addition to, DHEI_swivel of 4.6 ± 0.8 kcal mol-1 and DSEI_swivel of 32.9 ± 2.8 

cal mol-1K-1 respectively were also obtained in a similar way (Figure 5 and Table 

2). Hereby, I found that an energetically favorable process was caused by the large 

entropic gain. Moreover, analysis of SASA between EINαβ and EIC in the 

phosphorylation state or dephosphorylation state of EI provides an account 

respecting the large entropic gain of swivel motion. As forming only ~100 Å of 

SASA, EINαβ is in contact with EIC in the dephosphorylation state (A state), and 

only 9 residues involve in the interaction at this time. However, the swivel motion 

makes EIC closes to EINαβ via the interface comprising 62 residues and burying 



６６ 

 

~1000 Å of SASA in the phosphorylation station (B state) (Table 7). Note that the 

free energy change in favor of the swivel motion is much larger than the energetic 

cost of the hinge motion, which would drive the A® B state conformational 

transition of EI.  

 

The domain-domain association between EINab and PEP bound EIC mainly 

contributes to the swivel motion. 

 

Given that the swivel motion involves the physical rotation of EIC around the 

swivel helix linker, I could not overlook the contribution of the swivel helix as a 

mechanical joint for the swivel motion. In other words, the obtained DGEI_swivel, 

-5.2 ± 0.2 kcal mol-1, is the sum of DGEI_swivel linker motion and of DGEI_domain-domain 

association between EINab and PEP bound EIC. To clarify the contribution of the individual free 

energy, the free energy of the binding between isolated EINαβ and isolated EIC in 

the presence of PEP was measured, but it was almost –4.9 ± 0.1 kcal mol-1 (Figure 

9 and Table 8). The contribution of swivel helix linker for the conformational 

change could then be calculated to be -0.3 ± 0.2 kcal mol-1, and namely it is close 

to zero unlike our anticipation.  

Furthermore, I also found out that effective morality (Meff) [54] between 

intramolecular and intermolecular reactions was about 1.06 by substituting the 

values, KD
 inter 

EIN
αβ

: PEP bound EIC obtained from this ITC experiment and KD
 intra 

EIN
αβ

: 

PEP bound EIC calculated from equation [8], into equation [7]. 

Meff = KD
 inter

 EIN
αβ

: PEP bound EIC
 /KD

 intra
 EIN

αβ
: PEP bound EIC                                 [7] 

KD app = KD
 
EI(DEINa, H189A)•PEP =KD1KD2 = KD

 
PEP•EIC KD

 intra 
EIN

αβ
• PEP bound EIC       [8] 

Where KD app is the apparent dissociation constant between PEP and EI (DEINa, 
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H189A), which includes the two equilibrium constants; the equilibrium constants 

between EIC and PEP and between EINαβ and PEP bound EIC. Especially, the 

equilibrium constants between EINαβ and PEP bound EIC means KD
 intra 

EIN
αβ

• PEP 

bound EIC because EINαβ and EIC are connected by the swivel helix linker in this 

condition. 

Consequently, swivel motion does not need any energetic cost, and is rather 

achieved by the spontaneous domain-domain association between EINαβ and PEP 

bound EIC, which favorably leads conformational transition from D state to B state.  

 

Energetically unfavorable hinge motion is essential for energetically favorable 

swivel motion. 

 

To search which residues virtually contributes for the domain-domain association, 

NMR spectra of 15N labeled EIN (H189A) or EINαβ (H189A) were analyzed as 

titrating unlabeled, isolated EIC. Even an excess of isolated EIC (0.9 mM), three 

times of EIN, there was little changed in NMR spectra of both 15N labeled EIN 

(H189A) and EINαβ (H189A) without PEP as expected. However, NMR spectrum 

of 15N labeled EIN (H189A) was also not changed even in the presence of PEP 

(Figure 10A). It means that the interaction between EIN (H189A) and isolated EIC 

is extremely too weak to observe even in the presence of PEP. On the other 

contrary, NMR spectrum of 15N labeled EINαβ showed line broadening in EIC 

concentration dependent manner. With 0.45 mM isolated EIC titration, intensity of 

NMR peaks corresponding to G184, G185, S188, T190, R195 and G206 residues 

was decreased more than 90 % in compared to other residues (Figure 10B;red) and 

0.9 mM isolated EIC titration finally resulted in global NMR line–broadening 

effects on EINαβ (Figure 10B;cyan). I consider that this line broadening effect is 
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caused by EINαβ-PEP bound EIC complex size, 102 kDa, so the residues, which are 

mainly located in the helix 6 and loop connecting between parallel β-sheet 3 and 

helix 6, are shown to be related to the EINαβ-PEP bound EIC complex. The residues 

are virtually at the interaction interface in the B state conformation. Especially, 

R186 and R195 of EIN which is known to form a salt bridge with G504 of EIC in 

the B state [8, 10], while these residues except G206 face to the N-terminal end of 

helix 2, the C-terminal end of helix 3 and N-terminal end of helix 4 of EINα in the 

A state (Figure 10C) [12-14]. These results suggest that the energy of 1.4 kcal mol-1 

is used for exposure of not only the hydrophobic residues but also these residues, 

which are buried by EINα in the A state to form EINαβ: PEP bound EIC complex in 

the B state. These NMR results emphasize the importance of the hinge motion prior 

to swivel motion and PEP binding for the conformational transition. 
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Figure 1 

 

 

 

 

 

 

 

 

Figure 1. The structures of EI with distinct domain−domain arrangements shown in a 

cartoon diagram for the A state of free unphosphorylated EI and the B state of 

phosphorylated EI quenched by oxalate  

The active site His189, phospho-His189, and oxalate are shown as space-filling models. 

The EINα domain is colored in cyan, the EINαβ domain in blue, the EIC domain in red, and 

the hinge loop and the swivel helix in green. The physical nature of the hinge and swivel 

motions required for the A→B state transition is depicted in between the cartoon structures 

of the A and B states. 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The dissection of the PEP binding and domain motions of EI during the 

A→B state transition shown in a schematic diagram  

(A) The domain composition diagram of the domain deletion mutants removed 

particular domain motions (B) The A→B state transition is divided by the 

intermediate C and D states, each of which accounts for the PEP binding and 

individual motions. The postulated intermediate states are enclosed by the square brackets. 

 

A. 
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Table 1 

 

 

 

Table 1. The domain composition and primers used for PCR reactions in this study  
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Far UV (200-250 nm) CD spectrum of the constructs 

The secondary structure of EI (H189A) (black), EI (ΔEINα, H189A) (red) or EIC (green) 

were confirmed by far UV CD spectrum. 
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Figure 4 
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Figure 4. Monomer/Dimer transition of EI (H189A) or EI (ΔEINα, H189A) 

(A) The elution profile of EI (H189A) using 26/60 Superdex 200 As the calculated MW 

of EI (H189A) is 64 kDa as a monomer, the elution profile of EI (H189A) indicates an 

dimer at 14 μM (upper). (B) The elution profile of EI (ΔEINα, H189A) using 26/60 

Superdex 200 As the calculated MW of EI (ΔEINα, H189A) is 50 kDa as a monomer, the 

elution profile of EI (ΔEINα, H189A) indicates an dimer at 16 μM (upper). Furthermore, EI 

(ΔEINα, H189A) approximately eluted in a dimer state at 1.5 μM (lower).  
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Figure 5 
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Figure 5. Binding thermodynamics between EI (H189A) or EI (ΔEINα, H189A) and 

PEP 

(A) ITC figure of representative titration of PEP into EI (H189A) 0.3 mM PEP in the 

syringe was titrated into 0.03 mM EI (H189A) in the cell. (B) ITC figure of 

representative titration of PEP into EI (ΔEINα, H189A) 0.3 mM PEP in the syringe was 

titrated into 0.03 mM EI (ΔEINα, H189A) in the cell. Significant heats were observed from 

the 2
nd

 through 20
th

 injections of 2 μl PEP and binding enthalpies versus PEP/proteins were 

corrected and normalized. The data were fitted to a one-site binding model. Observed 

results are described in Table 2 in detail. (C) The thermodynamic profiles of PEP 

binding and domain motions of EI The changes in Gibbs free energy (ΔG; black), 

enthalpy (ΔH; red), and entropy (−TΔS; blue) are shown in kcal mol−1. 
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Table 2 

 

 

Table 2. ITC results for the PEP binding and domain motions of EI (H189A) or EI 

(ΔEINα, H189A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



７８ 

 

Figure 6 

 

Figure 6. Binding thermodynamics between EI (H189A, R279A/E312A) or EI (ΔEINα, 

H189A, R279A/E312A) and PEP  

(A) ITC figure of representative titration of PEP into EI (H189A, R279A) 0.3 mM PEP 

in the syringe was titrated into 0.03 mM EI (H189A, R279A) in the cell. (B) ITC figure of 

representative titration of PEP into EI (H189A, E312A) 0.3 mM PEP in the syringe was 

titrated into 0.03 mM EI (H189A, E312A) in the cell. (C) ITC figure of representative 

titration of PEP into EI (ΔEINα, H189A, R279A) 0.3 mM PEP in the syringe was titrated 

into 0.03 mM EI (ΔEINα, H189A, R279A) in the cell. (D) ITC figure of representative 

titration of PEP into EI (ΔEINα, H189A, E312A) 0.3 mM PEP in the syringe was titrated 

into 0.03 mM EI (ΔEINα, H189A, E312A) in the cell. Significant heats were observed from 

the 2
nd

 through 20
th

 injections of 2 μl PEP and binding enthalpies versus PEP/proteins were 

corrected and normalized. The data were fitted to a one-site binding model. Observed 

results are described in Table 3 in detail. 

A. B. 

C. D. 
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Table 3 

 

 

 

 

Table 3. ITC results for the PEP binding and domain motions of EI (H189A, R279A), 

EI (H189A, E312A), (ΔEINα, H189A, R279A) or EI (ΔEINα, H189A, E312A) 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the PEP binding and domain motions of EI (H189A, R279A), EI (H189A, 

E312A), (ΔEINα, H189A, R279A) or EI (ΔEINα, H189A, E312A) 
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B. 

A. 

Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Binding thermodynamics between phosphorylated EI or EI (ΔEINα) and 

Oxalate  

(A) ITC figure of representative titration of PEP into phosphorylated EI 10 mM 

oxalate in the syringe was titrated into 0.3 mM EI with 10mM PEP together in the cell. (B) 

ITC figure of representative titration of PEP into phosphorylated EI (ΔEINα) 10 mM 

oxalate in the syringe was titrated into 0.3 mM EI (ΔEINα) with 10 mM PEP together in the 

cell. Significant heats were observed from the 2
nd

 through 20
th

 injections of 2 μl oxalate and 

binding enthalpies versus oxalate/phosphorylated proteins were corrected and normalized. 

The data were fitted to a one-site binding model. Observed results are described in Table 4 

in detail. 
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Table 4 

 

 

 

Table 4. ITC results for the oxalate binding and domain motions of phosphorylated EI 

or EI (ΔEINα) 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the oxalate binding and domain motions of phosphorylated EI or EI 

(ΔEINα) 
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Figure 8 

 

 

 

 

 

 

Figure 8. Temperature dependence of ΔH for PEP binding and motions of EI (H189A) 

(○), EI (ΔEINα, H189A) (●), and the hinge motion of C→D state transition (▼) 

Observed results are described in Table 5 in detail. 
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Table 5 

 

 

 

 

 

Table 5. Temperature dependence of ΔH for PEP binding 

Temperature dependence of ΔH for PEP binding and hinge motions of EI (H189A) or EI 

(ΔEINα, H189A) 
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Table 6 

 

 

 

Table 6. Summary of domain−domain interfaces between EINα and EINαβ in the A 

and B states of EI  

The domains were defined as follows: EINα (residue 33−143), and EINαβ (residue 2−19, 

148−230). The interfaces between EINα and EINαβ were calculated for the A state (PDB 

code 3EZA) and the B state (PDB code 2HWG). The interfacial residues were calculated 

and analyzed using the program PDBePISA. The EINα and EINαβ domains without the 

hinge loop and the swivel helix were used for the calculation of the domain−domain 

interfaces. 
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Table 7 

 

 

 

Table 7. Summary of domain−domain interfaces between EINαβ and EIC in the A 

state and B state of EI  

The domains were defined as follows: EINαβ (residue 2−19, 148−230), and EIC (residue 

260−573). The interfaces between EINαβ and EIC were calculated for the A state (PDB code 

2KX9) and the B state (PDB code 2HWG). The interfacial residues were calculated and 

analyzed using the program PDBePISA. The EINαβ and EIC domains without the swivel 

helix were used for the calculation of the domain−domain interfaces. 
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Figure 9 

 

 

 

 

 

 

 

 

 

Figure 9. Binding thermodynamics between EIC and EIN (ΔEINα, H189A) in the 

presence of PEP 

ITC figure of representative titration of isolated EIC into EIN (ΔEINα, H189A) in the 

presence of PEP 3.5mM EIC with 10 mM PEP together in the syringe was titrated into 0.4 

mM EIN (ΔEINα, H189A) with 10 mM PEP together in the cell. Significant heats were 

observed from the 2
nd

 through 20
th

 injections of 2 μl EIC with PEP together and binding 

enthalpies versus proteins/proteins were corrected and normalized. The data were fitted to a 

one-site binding model. Observed results are described in Table 8 in detail. 
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Table 8 

 

 

 

 

Table 8. ITC results for the domain-domain association between PEP bound EIC and 

EINαβ 

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the domain-domain association between PEP bound EIC and EINαβ 
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Figure 10 
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Figure 10. Comparison of the domain−domain interfaces between phosphorylated 

EINαβ and EIC in the B state of EI 

(A) Comparison of the 1H-15N HSQC spectra of EIN (H189A) 0.3 mM 15N-EIN (H189A) 

(black), 0.3 mM 15N-EIN (H189A) with 0.9 mM unlabeled EIC (red), 0.2 mM 15N-EIN 

(H189A) with 0.9 mM EIC and 10 mM PEP (cyan). (B) Comparison of the selected 

regions of 1H-15N HSQC spectra of EIN (ΔEINα, H189A) 0.3 mM 15N-EIN (ΔEINα, 

H189A) (black), 0.3 mM 15N-EIN (ΔEINα, H189A) with 0.9 mM unlabeled EIC (red), 0.2 

mM 15N-EIN (ΔEINα, H189A) with 0.9 mM EIC and 10 mM PEP (cyan). Assignments are 

shown for the cross-peaks of EIN (ΔEINα, H189A). (C) Mapping the residues (yellow) 

showed chemical shift change on the free EIN (PDB code: 1ZYM) or the 

phosphorylated EI (PDB code: 2HWG) structure 
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Figure 11 

 

 

Figure 11. Free energy level diagram showing the individual conformational states of 

EI along the A→C→D→B transitions  

PEP binding and domain motions are presented in a schematic diagram. The A state is 

arbitrarily assigned a free energy value of 0. 
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DISCUSSION 

 

There are now numerous structural evidences to support domain motion, hinge 

motion and swivel motion, of EI upon ligand binding. The isolated EcEIN has been 

solved in the dephosphorylated state by NMR and crystallography and in the 

phosphorylated state and HPr bound state by NMR. In these cases, the relative 

orientation of EINα and EINαβ as well as its structure remain unchanged. There are 

two crystal structures of the dephosphorylated form of EI from S. Carnosus and S. 

Aureus, and two solution structures of the free or HPr bound form of EI from E.coli 

determined by the combined use of NMR and X-ray scattering. Particularly, there 

is only one crystal structure of EcEI in the phosphorylated intermediate state 

trapped by inhibitor, oxalate. Comparison among these structures for 

dephosphorylated and phosphorylated state EI reveals that ligand binding induces 

the large rigid body conformational transitions involving domain reorientation of 

EIN relative to EIC, as well as reorientation of EINα and EINαβ relative to each 

other [6-14]. Furthermore, Roseman.S group also mentioned that Mg2+ and PEP 

had a big impact on the tertiary structure of EI (H189Q) without significant change 

in the secondary structure from UV CD spectroscopy analysis, and this change in 

the tertiary structure reflected the swivel motion [15]. 

Herein, on the basis of these studies, a chain of conformational changes between 

A and B states upon PEP binding can be divided into the three steps as Figure 2B. 

For this study, two types of domain deletion constructs removed particular domain 

motions of interest from EI (H189A) were designed; one is EI (ΔEINα) showing 

PEP binding and swivel motion, and another is isolated EIC showing only PEP 
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binding without any domain motion. The constructs were qualified as a properly 

folded protein by confirming its nature secondary structure exhibiting an (α/β)8 

barrel and its dimeric state. This is fully consistent with the previous report of 

Peterkofsy.A group. They showed that the KD of EI (DEINa) is slightly lower about 

1.2 times than EI [36].  

The structure of EIN in the A state and B state shows that ~500 Å2 of SASA 

between EINαβ and EINα in the A state is reduced around 5 times in the B state. It 

implies that hinge motion resulting in the exposure of hydrophobic residue is 

probably energetically unfavorable process. The possibility was probed by 

measuring DGEI_hinge of +1.4 ± 0.2 kcal mol-1, DHEI_hinge of -2.9 ± 0.2 kcal mol-1, 

and DSEI_hinge of -14.4 ± 0.8 cal mol-1 K-1. However, the heat capacity change (DCp) 

of the hinge motion was unexpectedly small (60 ± 14 cal mol−1 K−1) considering 

the SASA changes associated with hinge motion. It could be also explained by the 

structure of EIN in the A state and B state. During the transition from A to B state, 

~100 Å2 of SASA between EINαβ and EIC in the A state is increased about 10times 

in the B state. As a result, the sum of hydrophobic residues exposed on EINαβ might 

be reduced by interaction with EIC. The NMR results revealed that line broadening 

effect on helix 6 and loop β3α6 of EINαβ, which is regarded as a potential interface 

between EINαβ and EIC, in the B state was shown, and the region also forms 

interface with EINα in the A state. This represents that EINα and EIC might compete 

for the same region of EINαβ as an interface, so I assume that hydrophobic residues 

exposed on EINαβ after hinge motion might be covered by interaction formed with 

EIC after swivel motion. Furthermore, it is determined that the swivel motion was 

an energetically favorable process caused by the large entropic gain. In general, the 

large entropic gain is relation to domain-domain interaction, so the swivel motion 
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interprets as self-originated by domain-domain association between EINαβ and EIC. 

Therefore, the exposed hydrophobic residues of EINαβ in unstable condition might 

generate the initial power to make a domain-domain association between EINαβ and 

EIC. These assumptions could be the reason why a small of DCp_hinge , which might 

be related with only contribution of hydrophobic residues exposed on EINα such as 

A71, I72, G75, M78, L79, L115 and L126, was obtained. As mentioned above, the 

swivel motion arises spontaneously from domain-domain association between 

EINαβ and EIC rather than swivel helix, even though it is a mechanical joint 

connecting the two domains. The weak dependence on the linker might be caused 

by the inflexibility of the swivel helix linker because the Meff generally depends on 

the length and flexibility of the linker between the two reactive groups [54]. 

However, the swivel helix might have serious implications for their binding by 

improving the stability of isolated EIC because isolated EIC is prone to proteolysis 

[40]. In addition to, I guardedly speculate that the swivel linker could buttress a 

driving force for the hinge motion of EI in the dephosphorylated state. There are 

little sign of interaction between EIN (H189A) and isolated EIC even in the 

presence of PEP, unlike EINαβ (H189A), which is the mutant standing for already 

happened hinge motion. It means that it is very difficult for PEP bound EIC to raise 

hinge motion spontaneously. However, in the previous study, it is clearly observed 

that EIN was able to be phosphorylated in the presence of PEP and EIC, although 

the extent of phosphorylation was quite decreased compared to when in full length 

of EI. It is obvious that PEP bound EIC must be the powerful driving force for the 

hinge motion as well as swivel motion. However, the threshold for raising hinge 

motion might be too high, so that it is very difficult for PEP bound EIC to overpass 

the threshold by itself. At this time, the swivel helix might bring PEP bound EIC 

into EIN repeatedly by increasing the local concentration. That is, the swivel helix 
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might lower the threshold for the hinge motion by giving the chance for PEP bound 

EIC to knock EIN.  

Lastly, the differences of hinge motion between dephosphorylated EI and 

phosphorylated EI was also compared. The energetic cost associated with the hinge 

motion in phosphorylated EI was slightly less than that in dephosphorylated EI. 

Because the phospho-His189 is located between EINa and EINab, the altered 

domain-domain interface by the phosphoryl group likely caused the free energy 

difference of the hinge motion. The reduced energetic cost of the hinge motion in 

phosphorylated EI can explain the reduced thermal stability of the EIN domain in 

phosphorylated EI [55]. The higher probability of the hinge motion would loosen 

the association between EINa and EINab and decrease the thermal stability of EIN. 

Moreover, the free energy of the swivel motion was decreased as much as 3.4 kcal 

mol−1 in phosphorylated EI (ΔGpEI_swivel = −1.8 kcal mol−1) compared to that of 

the dephosphorylated EI (ΔGEI_swivel = −5.2 kcal mol−1). Electrostatic repulsion 

between negative charges on the phosphoryl group and oxalate could be 

responsible for the decrease as the charges are brought in close proximity in the 

phosphorylated states. Similar observation has been reported between EIN and HPr, 

where ΔG for the binding decreased by 2.3 kcal mol−1 in a biphosphorylated 

complex [23]. 

 From these results, I finally complete to describe the free energy landscape of 

domain motions by characterizing the thermodynamics of invisible intermediate 

events respectively. The free energy landscape was shown in Figure 11. Domain 

motions coupled with ligand binding are closely related to the biological functions 

of EI, which undergoes conformational change between A and B states to carry out 
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its own phosphotransfer reaction. Accordingly, it could be helpful to study 

regarding to relation between EI activity and domain motion. By extension, the 

thermodynamic information concerning the motions will complement the structural 

and dynamics information towards a better understanding of the energetics and 

driving forces of the motions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



９６ 

 

 

 

 

 

 

 

 

Chapter 6 

Relation between the PEP induced structural change 

of the loop β3α3 and the activity of Ezyme I 
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INTRODUCTION 

 

  Analyses of genomes showed that 67% of eukaryotic and 56% of prokaryotic 

proteins are composed of multidomain. Multidomain proteins possess many 

different conformations to carry out their biological functions following the free-

energy landscape, which provides integrated information regarding the dynamic 

properties of protein [59].  

  As the first protein of the bacterial phosphotransferase system (PTS), which 

catalyzes the sugar transport coupled with phosphorylation, Enzyme I (EI) of 64 

KDa is also a multidomain protein. EI consists of three subdomains: EINα for HPr 

binding, EINαβ for autophosphorylation and EIC for PEP binding and dimerization 

[1-5]. Above all, roles of EIC are extremely significant for EI activity. PEP binding 

induces large conformational change of EI via the concerted domain motions, the 

65° hinge motion between EINα and EINαβ and the 70° swivel motion of EIC 

around the swivel helix, for in line autophosphotransfer [6-14]. Moreover, it has 

been well known that EI can function only as a dimer, although no one knows why. 

Especially, MgCl2 dependent PEP binding into EI or EIC lowers KD for 

dimerization by inducing compaction, so it implies that PEP definitely induces 

structural changes at dimer interface of EIC [15, 30]. This implication has been 

accepted by structural analysis. A comparison of the crystal structures between the 

dephosphorylated form of S.aureus EI (SaEI) and the phosphorylated form of 

Escherichia coli EI (EcEI) reveals that PEP binding induces not only large 

conformational change from A state to B state but also local conformational change 

at the loop β3α3 of the dimer interface [10, 12]. Experimentally determined 

relaxation dispersion results of EcEIC-PEP complex further buttress the 

comparative view, which can be accounted as conformational selection of the loop 



９８ 

 

β3α3 [31]. Thus, it has been assumed that the loop β3α3 at the dimer interface 

could take part in tight dimerization, which is induced by the MgCl2 dependent PEP 

binding [15, 30], and perhaps account for the activity of EI [10, 12, 21]. In fact, 

E.coli strain 1103 and S. typhimurium strain SB1681, which produces EI with 

mutation at the loop β3α3, shows a lowered dimerization affinity and a leaky 

activity [16-22]. However, whether the structural change at the loop β3α3 upon 

PEP binding virtually affects to EI activity and if so, how to control the activity has 

been still an open question. Therefore, I intend to determine why EI can function 

only as a dimer, but not as a monomer, on the basis of structural change of the loop 

β3α3 upon PEP binding.  

Here, I have showed that the local conformational change of loop β3α3 at the 

dimer interface mechanically couples the tight dimerization and the catalytic 

domain motions. I have demonstrated that the mutation at the loop β3α3 perturbed 

tight dimerization state, lowering KA for EIC dimerization by disturbing adequate 

conformational change upon PEP binding. Furthermore, the mutant showed the 

free energy loss for the domain motions, resulting in impaired autophosphorylation 

activity. However, the reduced activity was recovered by normal dimer interface of 

opposite subunit in the hetero dimer state. Taken together, I propose that the loop 

β3α3 at the dimer interface plays a key role as an allosteric switch for the concerted 

domain motions to achieve optimal geometry of opposite subunit for the 

autophosphorylation reaction. Accordingly, it is counted that EI can function only 

as a dimer because monomer has no opposite subunit to control its swivel motion 

for autophosphorylation activity in this reason. 
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MATERIALS AND METHODS 

 

Cloning, expression, and purification 

 

The EIC mutants were cloned into a pET11a vector and the EI mutants and the 

domain-deletion mutants of EI were cloned into a pET11a vector with an N-

terminal His6 tag. The proteins were expressed and purified in accordance with the 

previous methods (chapter 5). 

 

Florescence spectroscopy 

 

Florescence spectroscopy was performed with an Varian Cary Eclipse 

Florescence spectrophotometer. Spectra of 5μM EIC or EIC (G356S) in Buffer A 

at 25 °C in the absence or presence of PEP were acquired with polarizers 

positioned at 54.7° in the excitation light beam (4nm bandwidth). Temperature was 

controlled by a programmable Neslab water bath using a water-jacked turret 

containing the cuvettes (1ml, with 1 cm path length). Samples in the cuvettes were 

stirred using a magnetic stirrer. The excrement was performed by monitoring 

change in relative fluorescence intensity at 338 nm.  

 

Size exclusion chromatography (SEC) 

 

It was analyzed in accordance with the previous methods (chapter 4). 

 

Isothermal titration calorimetry 
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Titrations were performed using the ITC200 microcalorimetery (GE Healthcare) at 

25 °C. For the PEP titration, 300 mM PEP was titrated into 30 mM EI (H189A, 

G338D), EI (H189A, G356S), EI (DEINa, H189A, G338D) or EI (DEINa, H189A, 

G356S) in Buffer A. Furthermore, 10 mM or 3 mM PEP was titrated into 1mM 

EIC (G338D) or 0.3 mM EIC (G356S) respectively. Twenty consecutive 2-mL 

aliquots of ligands or proteins were titrated into the cell. The duration of each 

injection was 4 sec, and injections were made at intervals of 150 sec. The heats 

associated with the dilution of the substrates were subtracted from the measured 

heats of binding. ITC titration data were analyzed with the Origin version 7.0 

program provided by MicroCal. 

 

NMR spectroscopy 

 

NMR spectra were recorded at 25 °C on Bruker Avance 600 MHz equipped with 

x,y,z-shielded or z-shielded gradient triple resonance probes. To examine the 

binding interface of isolated EINab toward isolated EIC, unlabeled EIC or EIC 

mutants were titrated into 0.3 mM 15N-labeled EINab(H189A) in the presence or 

absence of 10 mM PEP in Buffer A. For 1D 31P NMR, 0.4 mM unlabeled EI (wt) 

or EI (wt) derived mutants was used with or without 10 mM of PEP.  

 

Multiangle light scattering (MALS) 

 

Purified proteins were characterized by MALS following SEC. Proteins were 

injected onto a Superdex 200 10/300 GL gel-filtration chromatography column 
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equilibrated in a buffer containing 20 mM Tris (pH 7.4), 100 mM NaCl, 4 mM 

MgCl2 and 2 mM b-me in the absence or presence of 10 mM PEP. The 

chromatography system was connected in series with an 18-angle light-scattering 

detector (DAWN HELEOS II; Wyatt Technology), a dynamic lightscattering 

detector (DynaPro Nanostar; Wyatt Technology), and a refractive index detector 

(Optilab t-rEX; Wyatt Technology). Data were collected every 1 s at a flow rate of 

0.5 ml/min at 25 °C. Data analysis was carried out using the program ASTRA 6, 

yielding the molar mass and mass distribution (polydispersity) of the sample. 
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RESULTS 

 

The mutants and constructs used for the study 

 

 I targeted Gly 356 in the loop β3α3 at the dimer interface because the mutant have 

been well known as a lowered KA for dimerization and a leaky activity for 

autophosphorylation, and further the residue is one of residues shown large 

perturbation upon PEP binding. Furthermore, domain deletion constructs were also 

employed in order to analyze the free energy for domain motions of EI (G356S) 

mutant. In chapter 5, I already adopted EI (DEINa) lacking the EINa domain 

required for the hinge motion, and isolated EIC lacking the EIN domain required 

for both of the hinge and swivel motion. Using the domain deletion constructs, the 

thermodynamic parameters of individual domain motions and ligand binding of EI 

were characterized. In most of experiment except for EI autophosphorylation 

analysis, the active site mutation (H189A) for EI and EI (G356S) was inevitably 

employed to prevent the autophosphorylation of EI in the presence of PEP. The 

domain composition and the spanning residues of individual constructs are 

described in detail in figure 2A of Chapter 5. It is confirmed that the EI or EIC 

(G356S) maintained the secondary structures similar to EI or EIC from the circular 

dichroism spectra (Figure 1). Furthermore the mutation had no influenced on the 

PEP binding of EIC, so I could rule out the possibility that the lowered activity of 

EI (G356S) might be attributed to lowered PEP binding affinity (Figure 9 and Table 

1). 

 

Contribution of G356 for PEP induced structural change of the loop β3α3  

and tight dimerization 
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As mentioned in chapter 4 (Figure 5), PEP binding causes local conformational 

changes of EIC near aromatic groups, and it might be related with the loop β3α3, 

which is rich in aromatic ring residues including Y344, F347, F354 and W357. 

Therefore, first of all, the structural change of the loop β3α3 was analyzed. 

Fluorescence analysis revealed that the mutation itself had no impact on the 

structure of the loop β3α3 where one of the two tryptophan of EIC, W357, was. 

However, EIC (G356S) mutant underwent different structural change upon PEP 

binding (Figure 2). Next, contribution of the employed mutation at the dimer 

interface for monomer/dimer transition was confirmed. As previously reported, gel 

filtration chromatography at room temperature showed that EI (H189A, G356S) 

mutant was suffered from impaired dimer association unlike EI (H189A) (Figure 

3A). Similar propensity occurred in EIC (G356S) mutant. EIC was approximately 

eluted in a dimer-state even at less than 1 μM concentration, while EIC (G356S) 

was approximately eluted in a monomer-state (Figure 3B). These results were also 

shown from MALS analysis. At 3 μM concentration, EIC (G356S) mutant was 

eluted in an impaired dimer-state corresponding to 65 KDa and 42 kDa unlike EIC 

in a dimer-state. Then, contribution of the mutation for PEP induced tight 

dimerization was also examined. Despite of an increased M/D transition upon PEP 

binding, the EIC (G356S) mutant still showed lowered KA for dimerization 

compared to EIC (Figure 4). It means that the mutation at the residue G356 

attenuates dimer association in the B state of EI as well as the A state. In other 

words, the mutation might result in inadequate conformational selection of the loop 

β3α3 upon PEP binding, as leading to perturbation of tight dimer association. 

Therefore, I presume that M/D transition partially could recover via the tight 

dimerization of the other part at the dimer interface except for the loop β3α3. In 
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fact, the subunit interface is extremely extensive enough to cover 1800Å surface 

area per monomer. X-ray crystal structure of phosphorylated EcEI shows that not 

only the loop β3α3 but also the loop β6α6 involves in the subunit interaction 

(Figure 5). Especially, the mutant substituted Arg for Pro483 in the vicinity of the 

loop β6α6 of a Tolerant Streptococcus gordonii strain EI (SgEI) also showed in 

diminished activity, which was supposed to be related to the dimerization status. I 

checked that residue 479 at the loopβ6α6 also contributed for M/D transition using 

EcEI mutant substituted arg for Pro479 corresponding to Pro 483 of SgEI (Figure 

6). 

 

Contribution of G356 for autophosphorylation activity 

 

Then, activity of the mutant was confirmed using refolded EI and EI (G356S) to 

prevent undesirable activity from contamination of the endogenous E.coli PTS 

system related proteins such as EcEI. At first, the phosphotransfer activity to HPr 

was checked to confirm the reduced activity of the EI (G356S) mutant. 0.2 mM 15N 

labeled HPr was added with EI or EI (G356S) in the range of 0.1 nM to 30 μM. 

HPr was totally phosphorylated even with 10nM EI, whereas it was only ~30 % 

phosphorylated with 100 nM EI (G356S). Similar phosphorylation status was 

observed with the addition of 5 nM EI (Figure 7A, B). That is, the EI (G356S) 

mutant showed lowered activity about 25 times compared to EI. Considering 

previous report that the reduced activity by 4 % of wild-type resulted from 

incapability for autophosphorylation, but not phosphoryl transfer reaction to HPr, I 

can regard that the autophosphorylation activity of the EI (G356S) mutant is 

lowered about 30 folds. Therefore, I carried out 31P NMR to analyze whether 
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autophosphorylation activity of EI (G356S) was virtually reduced or not. With the 

PEP addition, EI exhibited new peaks near the 2 ppm corresponding to phosphate 

and near the -5ppm corresponding to phosphorylated EI as hydrorizing PEP into 

phosphate and pyruvate. On the other hand, EI (G356S) mutant only showed 

considerably reduced peak near the -5 ppm (Figure 7C). It is obvious that the 

mutation at the residue G356 diminishes autophosphorylation activity. So far, it has 

been noted that dimerization is required for the autophosphorylation activity. 

However, most of the EI (G356S) mutant was in dimer-state at more than 20 μM 

concentration upon PEP binding (Figure 8). Accordingly, since 0.4 mM dimeric EI 

and EI (G356S) mutant were used in this experiment, it is sure that the reduced 

autophosphorylation activity relates to the impaired conformational change of the 

loop β3α3.  

 

Contribution of the loop β3α3 for domain motions 

 

To determine why the EI (G356S) mutant showed lowered autophosphorylation 

activity despite of the dimer state, the thermodynamic parameters of individual 

domain motions and ligand binding of EI (G356S) mutant were characterized 

(Figure 9, Table1). Using the isolated domains, I previously showed that the 

unfavorable hinge motion (ΔG = 1.4 kcal mol−1) of EI was driven by the favorable 

swivel motion (ΔG = −5.2 kcalmol−1). Furthermore, I found out that the free energy 

change of the domain motions, ΔG= -3.8 kcal mol-1, enabled EI to have far 

stronger PEP binding affinity than EIC in Par 5. The equilibrium dissociation 

constant (KD), ~0.4 mM, and overall ΔG, -4.7 kcal mol-1, of EIC (G356S) mutant 

upon PEP binding were quite similar to EIC, while KD of EI (H189A, G356S) 

mutant was remarkably lowered about 30 fold compared to EI (H189A) and overall 
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ΔG was also decreased by 2 kcal•mol-1. Considering equation [1], the reduced free 

energy resulted from the domain motions. 

ΔGEI (H189A, G356S): PEP = ΔGEIC (G356S): PEP + ΔGEI (H189A, G356S)_hinge +  

ΔG EI (H189A, G356S) _swivel          [1] 

The overall ΔG of EI (ΔEINα, H189A, G356S) mutant upon PEP binding was also 

measured and further ΔG of the swivel motion, -3.3kcal•mol-1, from equation [2] 

and ΔG of the hinge motion, 1.4kcal•mol-1, by subtracting equation [2] from [1] 

were calculated. 

ΔGEI (ΔEIN
α

, H189A, G356S): PEP = ΔGEIC (G356S): PEP +  

ΔG EI (ΔEIN
α

, H189A, G356S) _swivel          [2] 

It means that the free energy loss of which amounted about 2 kcal•mol-1 is 

attributed to the swivel motion, not but hinge motion (Table 1). In the previous 

study, I interpreted that the large energetic preference for the swivel motion might 

be from EIC domain- EINαβ domain association via the interface comprising 62 

residues and burying ~1000 Å of SASA in the B state. In the presence of PEP, 

residues of 15N labeled-EINαβ (H189A), such as A7, G178, G184, G185, S188, 

T190, R195, G206 and N230, at the interface in the B state showed line broadening 

at 40% EIC-bound state (0.45 mM titration); furthermore bulk of peak was 

disappeared with an excess of EIC (0.9 mM titration) leading to saturate binding. 

However, with 0.45mM EIC (G356S) titration, there was little changed in NMR 

spectrum of 15N labeled-EINαβ (H189A). Besides, there were only small changes at 

residues corresponding to I5, L177, G184, G204, N230 and N233 and only 

residues I5, G184 and G204 could conduce toward productive binding despite of 

excess of EIC(G356S) mutant (Figure 10). It represents that the mutation at the 

dimer interface influences on the EINαβ binding interface of EIC, which is far away 

from the dimer interface. I suppose that it correlates with the inadequate 
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conformational change of the loop β3α3, leading to impaired tight dimer 

association, swivel motion and autophosphorylation activity. The explanation of 

the attenuated swivel motion and activity must be possible if the relevance between 

dimer interface and EINαβ binding interface gets clear.  

 

Contribution of the G356 for EINαβ binding interface of EIC  

apart from the dimer interface 

 

To make clear the relation, I compared the structure of EI in the A and B states, 

and took note of the experimentally determined relaxation dispersion results of 

EcEIC-PEP complex (Figure 11A). In the locked the loopβ3α3, some residues 

including L355, G356 and W357 at the loopβ3α3 face to N467 at the loopβ6α6 of 

the opposite subunit. N467 is located in the vicinity of R465, which interacts with 

the phosphate moiety of PEP in the B state or forms an alternative salt bridge with 

the carboxylate of E504 in the A state. E504 is important residue to form a new salt 

bridge with R186 and R195 of EINαβ in the B state, maintaining phosphorylated 

H189 of EIN close to the PEP binding site of EIC. Therefore, I suppose that G356 

in the locked loopβ3α3 make backbone of N467 and R465 of the opposite subunit 

stabilize in the B state, and further stabilizing the salt bridge between E504 and 

R186/R195. NMR results support the assumption. R195 of EINαβ (H189A) showed 

line broadening with EIC addition, but EIC (G356S) mutant causes no significant 

change. Moreover, our assumption could explain why the activity of EI (G356S) 

mutant was increased about 5 folds in a hetero dimer state with EI (R126C) mutant, 

forms dimer in a manner similar to EI (wt) but shows no detectable activity due to 

the phosphoryl transfer ability. The similar result (Figure 11B) was observed in 31P 

NMR to analyze autophosphorylation activity of EI (G356S) in a hetero dimer state 
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with EI (H189A), instead of EI (R126C). EI (H189A) has a normal dimer interface 

like EI (R126C), but abnormal active site, so the increased activity definitely 

results from the EI (G356S) mutant in a hetero dimer state. In the basis of these 

results, I speculate that L355, G356 and W357 in the locked loopβ3α3 of EI 

(R126C) or EI (H189A) mutants might stabilize the salt bridge between E504 and 

R186/R195 of EI (G356S) mutant, so EI mutant hetero dimer could recover the 

activity.  
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Far UV (200-250nm) CD spectrum of (A) EI (H189A, G356S) and (B) EIC 

(G356S) mutant  

The mutation at the loop β3α3 has little influenced on the secondary structures exhibiting 

an (α/β)8 barrel. Black line represents EI or EIC and red line represents EI or EIC mutants. 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Florescence analysis of EIC (G356S) in the absence (upper) and in the 

presence of PEP (lower)  

The mutation has no impact on the structure of EIC. However, in the presence of PEP, EIC 

(G356S) mutant (red) undergoes different structural change compared to EIC (black). The 

structural change might be from the loop β3α3 where one of the two tryptophan residue of 

EIC is.  
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Figure 3 

 

 

 

 

Figure 3. Size exclusion chromatography of (A) EI (H189A, G356S) and (B) EIC 

(G356S) mutant using 26/60 Superdex  

(A) The elution profile of EI (H189A) (upper) and EI (H189A, G356S) mutant (lower) 

at 14μM (black), 1.5μM (red) and 0.2μM (green). (B) The elution profile of EIC 

(upper) and EIC (G356S) mutant (lower) at 14μM (black), 1.5μM (red) and 0.2μM 

(green).  
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. MALS analysis of EIC (G356S) in the absence (upper) and in the presence of 

PEP (lower)  

At 3uM concentration, most of EIC (black) is approximately in a dimer-state even in the 

absence of PEP, while EIC (G356S) mutant (red) is in an impaired dimer-state regardless of 

the PEP presence. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Structure of dimer interface  

Red represents one subunit and gray represents the opposite subunit. The loop β3α3 is 

indicated by yellow, and the loop β6α6 is indicated by purple. Cys 502 at the PEP binding 

site is indicated by green. In inserted figure, side chain of G356 and P479 is indicated by 

green and cyan respectively.  
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. MALS analysis of EI (H189A, P479R) in the absence (upper) and in the 

presence (lower) of PEP  

At 20uM concentration, most of EI (H189A) (black) is approximately in a dimer-state even 

in the absence of PEP, while EI (H189A, P479R) mutant (red) is in an impaired dimer-state 

regardless of the PEP presence.  
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Figure 7 
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Figure 7. The EI (G356S) mutant has reduced activity in an impaired tight dimer-state.  

(A) 1H-15N HSQC spectra of 15N-HPr (wt) Similar phosphorylation status is observed at 

residues including G13 and G54 with the addition of 3 nM EI (wt)(balck) and 100 nM EI 

(G356S)(red) in the presence of 10mM PEP. (B) Phosphotransfer activity of EI 

(wt)(black) and EI (G356S)(red) according to the concentration (C) 31P NMR of EI 

(wt)(balck) and EI (G356S)(red) mutant Unlike EI wild type exhibiting peaks 

corresponding to phosphate and autophosphorylated EI, EI mutant shows considerably 

reduced autophosphorylation activity with the PEP addition. 
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Figure 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. MALS analysis of EI (H189A, G356S) in the absence (upper) and in the 

presence of PEP (lower)  

At 20uM concentration, most of EI (H189A) (black) is approximately in a dimer-state even 

in the absence of PEP. EI (H189A, G356S) mutant (red) is in an impaired dimer-state in the 

absence of PEP, but it elutes in a dimer state upon PEP binding.  
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Figure 9 
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Figure 9. Reduced activity of the mutant is caused by abnormal swivel motion upon 

PEP binding.  

(A) ITC results of representative titration of PEP into EI mutants The free-energy of 

individual domain motions and ligand binding of EI (H189A, G356S) using strategic 

domain-deletion constructs which is selectively removed particular motions. 3 mM PEP in 

the syringe was titrated into 0.3 mM EI (H189A, G356S) (upper) and EI (ΔEINα, H189A, 

G356S) (middle). 3 mM PEP in the syringe was titrated into 0.25 mM EIC (G356S) (lower) 

in the cell. (B) Gibbs free energies (DG) of the domain motions  
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Table 1 

 

 

Table 1. ITC results for the PEP binding and domain motions of EIC derived mutants, 

(H189A) derived mutants or EI (ΔEINα, H189A) derived mutants  

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the PEP binding and domain motions of EIC derived mutants, (H189A) 

derived mutants or EI (ΔEINα, H189A) derived mutants 
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Figure 10 

 

 

 

 

 

 

 

 

 

 

Figure 10. Comparison of the 1H-15N HSQC spectra of EIN (ΔEINα, H189A) and the 

domain−domain interfaces between EIC (G356S) and EINαβ  

(A) 1H-15N HSQC spectra of EIN (ΔEINα, H189A) in the absence of PEP 0.3 mM 15N-

EIN (ΔEINα, H189A) with 0.9 mM unlabeled EIC (G356S) (red) (B) 1H-15N HSQC 

spectra (left) of EIN (ΔEINα, H189A) in the presence of PEP and Mapping the residues 

(yellow) showed chemical shift change on the phosphorylated EI (PDB code: 2HWG) 

0.3 mM 15N-EIN (H189A) (black), 0.3 mM 15N-EIN (H189A) with 0.9 mM unlabeled EIC 

(cyan) and EIC (G356S) (red) in the presence of 10mM PEP.  
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B. 
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Figure 11 
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Figure 11. Structure of dimer interface and 31P NMR analysis of EI (G356S) in a 

hetero dimer state  

(A) Structure of dimer interface and EIN binding siteαβ Red represents one subunit and 

gray represents the opposite subunit. The loop β3α3 is indicated by yellow. In the loop β3α3 

of the one subunit, G356 residue is indicated by green. In the opposite subunit, N467 

residue is indicated by blue, R465 and E504 residues are indicated by black, R186 and 195 

residues are indicated by orange. (B) 31P NMR of 0.2 mM EI (H189A) (black), 0.2 mM 

EI (G356S) (blue) and 0.2 mM EI (G356S) with 0.2 mM EI (H189A) (red) The reduced 

activity of the EI (G356S) mutant is recovered in a hetero dimer state with EI (H189A). 
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Figure 12 

 

 

 

 

Figure 12. A schematic model to describe the relation between tight dimerization and 

activity 
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DISCUSSION 

 

In the present study, to determine the exact relationship between PEP induced 

structural change of the loop β3α3 and subsequent autophosphorylation activity, I 

adopted EI mutant substituted Ser for Gly 356 (G356S). The mutant from S. 

typhimurium strain SB1681 was identified as lowered KA for dimerization and 

lowered activity related to disorder of autophosphorylation, but not phosphoryl 

transfer reaction to HPr. Waygood. EB determined that EI in crude extracts from 

the strain did not form dimer during molecular sieve chromatography at room 

temperature [16-22, 56]. The residues are located at the dimer interface of EI, 

especially, the loop β3α3, so it is considered that the mutation at the dimer interface 

has been impact on the subsequent autophosphorylation capability of EI by 

attenuating the dimer formation [10]. Furthermore, many structural studies buttress 

the possibility. Upon ligand binding, EI undergoes not only large conformational 

change from A state to B state but also local conformational change in the loop 

β3α3 of the dimer interface [6-14, 31]. Thus, it is quite accepted that the loop β3α3 

at the dimer interface could take part in the tight dimerization of phosphorylated EI, 

and perhaps account for the activity of EI [10]. I also observed that the EIC (G356S) 

mutant showed increased KD for dimerization compared to wild type as previously 

reported. However, unexpectedly, I observed somewhat reduced KD for 

dimerization of the EIC (G356S) or EI (G356S) mutants upon PEP binding, so 

most of EI (G356S) mutant was in a dimer state during autophosphorylation 

analysis. It reflects that the mutant also can tightly dimerize like EI wild type. 

Accordingly, because dimerization and probably tight dimerization could be 

closely related to EI activity, EI (G356S) mutant might be active enough to 
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phosphorylate itself or HPr. However it was not. So far, it is considered that EI 

(G356S) mutant showed leaky activity because it failed to dimerize. Actually, it is 

true since most of the activity assay in the previous studies was conducted at low 

concentration under ~1uM, so EI mutant were almost in the monomer state [20-22]. 

If so, why is EI (G356S) mutant inactive despite of dimer state during 

autophosphorylation analysis? In this study, I found the clues from the structure 

analysis of the loop β3α3. EI (G356S) mutant underwent in inadequate 

conformational change upon PEP binding, as leading to perturbation of tight dimer 

association via the loop β3α3. It means that accurate tight dimerization via the loop 

β3α3 is extremely essential for EI activity.  

On the basis of our results, I attempt to explain how the loop β3α3 controls PEP 

induced tight dimerization and domain motions for the autophosphorylation 

activity by the schematic model shown in Figure 12.  

Reaction 1: PEP binds to EIC with ~KD of 0.3 mM, which makes the loopβ3α3 

effectively lock in the B state by the formation of salt bridge between phosphate 

group of PEP and the side chain of K340 and further backbone hydrogen bonds 

between the backbone amide group of G337 to the backbone carbonyl of K340. 

These key interactions also stabilize the backbone conformation of L355 and W357 

at the dimer interface, thereby stabilizing the EIC dimer. That is, the locked 

loopβ3α3 in the tight dimer state bears residues not only to bind the phosphoryl 

group of PEP, but also to bind inter subunit. Therefore, EIC (G356S) mutant is in 

the impaired tight dimer state due to the inadequate conformational selection 

although it has no problem to bind PEP.  
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Reaction 2: The locked loopβ3α3 in tight dimer state stabilizes the local 

conformation of the EINαβ binding site of EIC. In the locked the loopβ3α3, some 

residues including L355, G356 and W357 at the loopβ3α3 face to N467 at the 

loopβ6α6 of the opposite subunit. Therefore, G356 could affect the stability of the 

salt bridge between R465 near N467 and E504 on the opposite subunit, which is 

formed in A state and has to break in B state. That is why the reduced activity of 

the EI (G356S) mutant could be recovered by EI opposite subunit, which has 

normal dimer interface.  

Reaction 3: EINαβ is released and can swing assay from EINα, then is associated 

with the stabilized EINαβ binding site of EIC. The unfavorable hinge motion (ΔG = 

1.4 kcal mol−1) between EINαβ and EINα was driven by the favorable swivel motion 

(ΔG = −5.2 kcalmol−1), which is completed by EINαβ-EIC association. Therefore, 

EI (G356S) mutant with the unlocked loopβ3α3 in the B state showed the free 

energy loss of which amounted about 2 kcal•mol-1 for the swivel motion, resulting 

in impaired autophosphorylation activity. 

 Taken together, I make clear the relation between structure of the loop β3α3 at the 

dimer interface and the autophosphorylation activity for the first time. Furthermore, 

I clarify why EI can function only as a dimer, but not as a monomer by elucidating 

that the loop β3α3 at the dimer interface plays a key role as an allosteric switch for 

the concerted domain motions to achieve optimal geometry for the phosphoryl 

transfer reaction of the opposite subunit. These findings would aid in the 

understanding of many puzzling aspects of bacterial physiology. 

 



１２８ 

 

 

 

 

 

 

 

 

 

Chapter 7 

Supplementary results 

 

 

 

 

 

 

 

 



１２９ 

 

 In this chapter, I deal with supplementary results to support Chapter 6 using 

G338D mutant. The mutant, which also showed a lowered dimerization affinity and 

a leaky activity, was discovered from E.coli strain 1103. Furthermore, the mutation 

is also positioned at the loop β3α3 like G356S. Thus, to support the results of 

G356S mutant, I adopted EI (G338D) and domain deletion constructs in order to 

analyze the free energy for domain motions of EI (G338D). 

 Results of EIC (G338D) mutant from ITC analysis and tryptophan florescence 

analysis are quite different from EIC (G356S) mutant. Both EIC and EIC (G356S) 

showed a similar the equilibrium dissociation constant of around 300 μM, whereas 

EIC (G338D) showed lower binding affinity by around 10%, Kd of 2300 ± 920 μM 

and (Figure 1A and Table 1). Crystal structures of TtEIC-PEP complex and 

phosphorylated EI indicate that salt bridge between phosphate group of PEP and 

the side chain of K340 near the G338 as shown in Figure 1B. Therefore, we 

inferred that negatively charged side chain of G338D might disrupt the salt bridge 

formed between phosphate group of PEP and the side chain of K340 because of 

electrostatic repulsion between PEP and negative charge of G338D or electrostatic 

attraction between positive charge of K340 and negative charge of G338D instead 

of PEP. In other words, the obstructed salt bridge between PEP and K340 could be 

reason for the reduced binding affinity of EIC (G338D). Previous studies of 

Peterkofsky. A group showed that a replacement of the Gly 338 by an Ala residue 

could be tolerated, but other replacement such as Val, Glu, Asp, His and Arg 

resulted in substantial or total loss of activity. That is, the charged mutation on 

residue 338 caused severe results. Furthermore, in structure analysis of the loop 

β3α3 using tryptophan fluorescence, EIC (G356S) showed marked difference in 

only B state, while EIC (G338D) showed clear distinction in only A state (Figure 

2). It might be from difference of the position for the mutations, G338 and G356. 
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Both of them are located at the loop β3α3, but G338 is close to the PEP binding 

site and G356 is situated at the dimer interface. Especially, G356 is next to W357. 

Therefore, difference of the location for the mutation might affect to the structure 

of the loop β3α3, especially W357, in a different way in A and B state individually.  

 However, even though different characters as mentioned above, results of 

G338D mutant from MALS analysis for M/D transition, 31P NMR analysis for 

autophosphorylation, ITC analysis for domain motion thermodynamics, and 2D 

NMR analysis for EINαβ binding site are almost similar to G356S mutant. Gel 

filtration chromatography at room temperature showed that most of EI (H189A) 

was approximately eluted in a dimer-state even at 1μM concentration, while EI 

(H189A, G338D) and EI (H189A, G356S) had impaired dimerization, leading to 

monomer state at below 1μM (Figure 3A). Such phenomena also occurs in EIC 

(G338D) and EIC (G356S) (Figure 3B), so it means that the two types of mutation 

causes impaired dimerization in the absence of PEP. That is, the loop β3α3, 

especially the residue G338 and G356S, might be critical for the dimerization of 

the A state. Furthermore, reduced M/D transition of EIC (G338D) was far more 

increased under PEP compared to EIC (G356) (Figure 4A). However, despite of 

stronger tight dimer state as compared with EIC (G356S), EI (G338D) also showed 

considerably reduced autophosphorylation activity similar to EI (G356S) (Figure 

4B). Moreover, the attenuated activity was also caused by abnormal domain 

motion, especially swivel motion. The equilibrium dissociation constant (KD) 

between EI (H189A, G338D) and PEP was measured to be 185 ± 13 μM, which 

value was increased by around 1/430 compared to EI (H189A). In the 

consideration of reduced PEP binding affinity of EIC (G338D) about a tenth part, 

EI (H189A, G338D) had lowered the PEP binding affinity around 1/43. Our result 
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was agreement with the previous report of EI (G338D), which showed an altered 

binding affinity for PEP. Besides, The overall ΔG of EI (ΔEINα, H189A, G338D) 

mutant upon PEP binding was also measured and further ΔG of the swivel motion, 

-2.8 kcal•mol-1, from equation [2] and ΔG of the hinge motion, 1.3 kcal•mol-1, by 

subtracting equation [2] from [1] were calculated (Figure 5 and Table1).  

 ΔG EI (H189A, G338D): PEP = ΔG EIC (G338D): PEP + ΔG EI (H189A, G338D) _hinge +  

                                    EI (H189A, G338D) _swivel        [1] 

 ΔG EI (ΔEIN
α

, H189A, G338D): PEP = ΔG EIC (G338D): PEP + ΔG EI (ΔEIN
α

, H189A, G338D) _swivel [2] 

Finally, 2D NMR using 15N labeled EINαβ revealed that the reduced swivel motion 

might be related with the EINαβ binding site of EIC (G338D) (Figure 6). This result 

was also similar to EIC (G356S) result. That is, the mutation at the dimer interface 

has an influence on the EINαβ binding interface of EIC, which is far away from the 

dimer interface.  

 In conclusion, it is obvious that the G338D mutant also shows impaired swivel 

motion as leading to reduced autophosphorylation activity due to the abnormal 

structural change at the EINαβ binding interface of EIC. However, it is still unclear 

that G338D mutation little impacts on the structural change of the loop β3α3 upon 

PEP binding because only W357 on the loop β3α3 was analyzed.  
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Binding thermodynamics between EIC (G338D) and PEP  

(A) ITC figure of representative titration of PEP into EIC (G338D) 10 mM PEP in the 

syringe was titrated into 1 mM EIC (G338D) in the cell. (B) Structure of PEP binding 

site at the loop β3α3 The resides G337, G338 and K340 are indicated by red, cyan and 

blue respectively. 
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B. 
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   Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Florescence analysis of EIC (G338D) in the absence (upper) and in the 

presence of PEP (lower)  

The mutation has no impact on the structure of EIC. However, in the presence of PEP, EIC 

(G338D) mutant (red) undergoes different structural change compared to EIC (black). The 

structural change might be from the loop β3α3 where one of the two tryptophan residue of 

EIC is.  
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A. 

Figure 3 

 

 

 

Figure 3. Size exclusion chromatography of (A) EI (H189A, G338D) and (B) EIC 

(G338D) mutant using 26/60 Superdex  

(A) The elution profile of EI (H189A) (upper) and EI (H189A, G338D) mutant (lower) 

at 14μM (black), 1.5μM (red) and 0.2μM (green). (B) The elution profile of EIC 

(upper) and EIC (G338D) mutant (lower) at 14μM (black), 1.5μM (red) and 0.2μM 

(green).  
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. MALS analysis of EIC (G338D) and 31P NMR analysis of EI (wt) and EI 

(G338D) mutant (red)  

(A) MALS analysis of EIC (G338D) in the absence (black) and in the presence of PEP 

(red) At 3uM concentration, EIC (G338D) mutant is in an impaired dimer-state, but PEP 

binding increases dimer formation of EIC (G338D) mutant. (B) 31P NMR of EI (wt) and 

EI (G338D) mutant (red) Unlike EI wild type exhibiting peaks corresponding to 

phosphate and autophosphorylated EI, EI mutant shows considerably reduced 

autophosphorylation activity with the PEP addition. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Binding thermodynamics between EI (H189A, G338D) or EI (ΔEINα, H189A, 

G338D) and PEP  

The free-energy of individual domain motions and ligand binding of EI (H189A, G338D) 

using strategic domain-deletion constructs which is selectively removed particular motions. 

PEP is titrated into EI (H189A, G338D) (upper), EI (ΔEINα, H189A, G338D) (middle). 
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Table 1 

 

 

Table 1. ITC results for the PEP binding and domain motions of EIC derived mutants, 

(H189A) derived mutants or EI (ΔEINα, H189A) derived mutants  

The equilibrium dissociation constants (KD), Gibbs free energies (DG), enthalpies (DH), and 

entropies (DS) for the PEP binding and domain motions of EIC derived mutants, (H189A) 

derived mutants or EI (ΔEINα, H189A) derived mutants . 3 mM PEP in the syringe was 

titrated into 0.3 mM EI (H189A, G338D) (upper) and EI (ΔEINα, H189A, G338D) 

(lower).  
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Comparison of the 1H-15N HSQC spectra of EIN (ΔEINα, H189A) and the 

domain−domain interfaces between EIC (G338D) and EINαβ  

(A) 1H-15N HSQC spectra of EIN (ΔEINα, H189A) in the absence of PEP 0.3 mM 15N-

EIN (ΔEINα, H189A) with 0.9 mM unlabeled EIC (G338D) (red) (B) 1H-15N HSQC 

spectra (left) of EIN (ΔEINα, H189A) in the presence of PEP and Mapping the residues 

(yellow) showed chemical shift change on the phosphorylated EI (PDB code: 2HWG) 

0.3 mM 15N-EIN (H189A) (black), 0.3 mM 15N-EIN (H189A) with 0.9 mM unlabeled EIC 

(cyan) and EIC (G338D) (red) in the presence of 10mM PEP  

A. 

B.  
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GENERAL CONCLUSION 

 

 

 

 

 

 

 

 



１４０ 

 

Enzyme I (EI) is the first protein to initiate a series of phosphotransfer reactions 

in the bacterial phosphotransferase system (PTS), which catalyzes the sugar 

transport coupled with phosphorylation. EI binds to phosphoenolpyruvate (PEP) 

and is autophosphorylated via large domain motions. It has been well known that 

PEP binding causes tight EI dimerization and induces domain motions for the 

autophosphorylation reaction. The structural link between the tight dimerization 

and the domain motions, however, was unclear.  

To make clear that, first of all, I had to describe the free energy landscape of 

domain motions by characterizing the thermodynamics of invisible intermediate 

events respectively by dividing the process of PEP binding and concomitant 

conformational changes between A and B states. However, it was very difficult to 

analyze the thermodynamic nature of the motion itself apart from the ligand 

binding because they are tightly coupled. Thus, I intended to dissect the 

thermodynamics of the motion itself using calorimetry, which made me effectively 

measure the thermodynamic parameters of the overall equilibrium ligand binding 

and accompanying domain motions, using domain-deletion mutants removed 

particular domain motions of interest.  

 For the first time, I designed three constructs to produce a stable and soluble 

isolated EIC domain, which is prone to proteolysis, by optimizing the size of the α 

helical linker. Finally I found out good quality of isolated EIC231-575, and 

characterized thermodynamic of PEP binding. Then, using other domain-deletion 

mutants including the isolated EIC, I found out that the unfavorable hinge motion 

(ΔG = 1.4 kcal mol−1) of EI was driven by the favorable swivel motion (ΔG = 

−5.2 kcalmol−1). On the basis of these results, I determined EI (G356S) mutant, 

which is well known for reduced dimerization ability and leaky 
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autophosphorylation activity, was still inactive even in the dimer state. The EI 

(G356S) mutant was undergone different structural change at the loop β3α3 , so it 

had a problem tight dimer formation upon PEP binding. Furthermore, it showed a 

reduced energy for the hinge motion about 2kcal •mol-1. 

 From these results, I conclude that the loop β3α3 at the dimer interface, especially 

G356 residue, plays a key role as an allosteric switch for the concerted domain 

motions to achieve optimal geometry for the phosphoryl transfer reaction. For the 

first time, I clarify the relation between tight dimerization of the loop β3α3 at the 

dimer interface and the autophosphorylation activity, which would aid in the 

understanding of many puzzling aspects of bacterial physiology. 
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문  

 

당  포 내 흡수  해 는 산화 과정  담당하는 

박 리아  산  전달 시스  첫 번째 단백질  Enzyme I 다. 

량체 상태에 만 활  보 는 Enzyme I  3 개  도  

어 는 단백질 , 각 도  적  운동에 해  

가 산화가 루어지  활 화 다. Enzyme I  c-terminal 

도 에 결합하는 질  PEP 는 바  그 도  운동  키는 

원동 , 동시에 Enzyme I 량체 결합  조변화  통해 

량체   강하게 만드는 (tight 량체 상태)  알 져 다.  

그럼에도 여전히 PEP 에 한 량체 결합  적  조적 

변화  도  운동에 한 큰 규  조적 변화 사  상 계는 

밝혀지지 않았다. 본 연 에 는  상 계  밝힘  Enzyme I  

량체 상태에 만 활  보 는  알아보고  한다.  하여 

특정 도  제거  Enzyme I 들  제 하여 도  운동에 한 

열역학적 특 들  하 다.  바탕 , 량체 결합  

돌연변 체  도  운동  열역학적 특 들  비 하 다. 그 결과, 

량체 결합  돌연변 체는 PEP 하에  loopβ3α3  적  

조가 드 타 과는 다  보 , tight 량체 형 능  
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저하 어 었다. 게다가,  돌연변 체  도  운동 에 지는 2 kcal 

mol-1 나 저하 어 가 산화 활 능  현저히 어져 었다. 

것  PEP 결합 도 과 활  도  사  결합  어져 

발생하는 문제  드러났다. 하지만 처럼 어든 활 능  량체 

결합 가 제  형  subunit 과  hetero 량체 상태에  

회복 었다.  량체 결합  loopβ3α3  마주 보고 는 

subunit  리 어진 도  운동  조절하는 allosteric switch , 

산  전달과정  효 적  조절하는 한 역할  함  밝히게 

었다.  바탕 Enzyme I  단량체 상태가 아닌 량체 

상태에 만 활  보 는  제시할 수 게 었다. 

 

주 어 : Enzyme I; EIC; PEP; 도  운동; 량화; 가 산화 활  

학번 : 2010-31345 
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