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1. ABSTRACT 

 

Periplasmic heme-binding proteins (PBPs) in Gram-negative bacteria are components of the 

heme-acquisition systems. These proteins shuttle heme across the periplasmic space from outer 

membrane receptors to ATP-binding cassette (ABC) heme importers located in the inner 

membrane. In the present study, X-ray crystallographic, spectroscopic and biochemical 

approaches were used to characterize a PBP (RhuT) from a thermophile Roseiflexus sp. RS-1. 

In solution, RhuT has the ability to bind two heme molecules sequentially depending on the 

heme concentration. The crystal structures of RhuT were solved in apo and 2-heme-bound 

forms at the resolution of 2.4 and 2.0 Å, respectively. The overall structure of RhuT showed 

the typical two-domain structure of type III substrate-binding proteins. Unlike other PBPs, in 

the 2-heme-bound form of RhuT, pairs of Tyr and Arg residues from each domain are 

symmetrically located to interact with the hemes and shows a unique mechanism of heme-

binding. The mutagenesis studies revealed that one Tyr from either domain is enough to retain 

the heme-binding property. Structural comparison of PBPs from five different species showed 

the diverse mode of the heme-recognition and the heme-binding cleft of PBPs can adopt an 

“open” state in the apo and 2-heme-bound forms, and a “closed” state in the 1-heme-bound 

form with unique conformational changes. Such a conformational change might adjust the 

interaction of the heme(s) with the residues in PBP and facilitate the transfer of the heme into 

the translocation channel of the importer. 
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2. INTRODUCTION 

 

Iron is an essential nutrient for all life since it is involved in many important biological 

phenomena by virtue of characteristic chemical properties such as oxidation-reduction and 

reversible binding of ligands1. Therefore, most living creatures have their own iron acquisition 

system. In the case of pathogens,2 the iron from the heme (iron-porphyrin complex) of the host 

is acquired through their heme-acquisition systems. As shown in Figure 1, in the first step of 

the heme-uptake by Gram-negative pathogens, the heme is transferred into the periplasmic 

space by a TonB-dependent cell-surface heme receptor (HR),3 and then the heme is transported 

into the cytoplasm by an active transport system located in the inner membrane. The bacterial 

active heme-transport system is facilitated by the ABC (ATP-binding cassette) heme importer,4, 

5 which is composed of a soluble periplasmic heme-binding protein (PBP), membrane-

integrated heme permease subunits (TMD: trans-membrane domain), and ATPase subunits 

(NBD: nucleotide-binding domain). In this system, PBP shuttles the heme from the outer 

Figure 1. Heme-acquisition systems of Gram-negative bacteria. PBP captures the 

heme in the periplasmic space. Then the heme-bound PBP binds with the TMD of the 

ABC heme-importer and release the heme to TMD. 
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membrane to the dimeric TMD of the inner membrane. The TMD imports the heme across the 

inner membrane through the heme translocation channel where it undergoes structural changes 

coupled with ATP hydrolysis in NBD. Heme oxygenase or other heme-degrading enzymes 

then break down the heme imported into the cytoplasm and the iron is released (Figure 1).6, 7  

 

In the ABC importer systems, the periplasmic substrate-binding proteins are known to 

comprise a broad family with significant selectivity and specificity.8 The substrate-binding 

proteins (SBPs) consist of N- and C-terminal domains divided by a substrate-binding cleft. The 

connection of these 2 domains is used to categorize the proteins into 3 classes (Figure 2).9 

Along with the vitamin B12-binding protein and the iron siderophore-binding protein, the 

periplasmic heme-binding protein (PBP) in the heme import system belongs to class III, in 

which a single α-helix connects the N- and C-domains (Figure 2C).  

Figure 2. Classification of the substrate-binding proteins (SBPs). The different 

clusters of SBPs are shown with their distinct structural feature colored in orange. (A) 

Class I contains SBPs with three interconnecting segments between the two domains 

(example: RBP, PDB code: 1DRJ). (B) Class II contains SBPs with two relative short 

hinges (example: HisJ, PDB code: 1HSL). (C) Class III contains proteins having a 

single connection between the two domains in the form of a rigid helix (example: BtuF, 

PDB code: 1N2Z).  
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Previously, the crystal structures of three PBPs from Gram-negative pathogen have been 

reported; ShuT from Shigella dysenteriae,10 PhuT from Pseudomonas aeruginosa,10 and HmuT 

from Yersinia pestis.11 These three proteins exhibit the same fold in their overall structure as 

other class III SBPs (Figure 3). However, it is noted that the heme binding to the cleft is 

different among these three crystal structures; ShuT and PhuT bind one molecule of the heme, 

while HmuT has two stacked hemes in its cleft. The orientation of the hemes is also different 

among them. Thermodynamic study of HmuT has shown that the two hemes are bound with 

physiologically relevant affinities (KD = 0.29-29 nM).11 These data suggested a new perspective 

of ATP-to-substrate stoichiometry because most ABC transporters are thought to transport one 

Figure 3. Crystal structures of reported PBPs. A) ShuT from Shigella dysenteriae 

(PDB code: 2R7A) and (B) PhuT from Pseudomonas aeruginosa (PDB code: 2R79) 

in 1-heme-bound form; (C) HmuT from Yersinia pestis (PDB code: 3NU1) in 2-heme-

bound form. 
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substrate during the hydrolyzation of two ATP molecules, as demonstrated in OpuA.12 It was 

also proposed that PBP might have adapted to acquire more than one substrate in relation to an 

evolutionary advantage.11 However, it remains unclear how PBP changes its conformation 

during heme-binding, and how it transfers heme to the transporter.  

 

Here, I present the crystal structures of a PBP (RhuT13) from a thermophilic Gram-negative 

bacteria, Roseiflexus sp. RS-1 in apo and heme-binding states. I used spectroscopic and 

biochemical techniques to understanding the heme-binding property of RhuT and performed 

mutagenesis studies to understand the structure-function relationship. In addition, another PBP 

(BhuT13 from Burkholderia cenocepacia) structures were solved by our group, and I will 

compare all the structures of PBPs from five species (RhuT, BhuT, HmuT, PhuT and ShuT) to 

understand the conservative and/or diversity in the heme-binding mechanism and how the 

heme is transferred from PBP to TMD.  
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3. MATERIALS AND METHODS 

 

3-1 Plasmid construction and protein expression 

 

The synthesized gene encoding residues 96-360 of RhuT was cloned into a pGEX-6P-1 vector 

(GE Healthcare) using BamHI and EcoRI sites. The plasmids for mutants were generated using 

a QuikChange II Site-directed Mutagenesis Kit (Agilent) according to the instruction manual. 

The protein fused to a glutathione S-transferase (GST) tag in the N-terminal with a PreScission 

Protease (GE Healthcare) site was expressed in Escherichia coli Rosetta2 (DE3) cells (Merck 

Millipore). The transformed cell was picked from the LB agarose plate containing 50 μg/ml 

ampicillin and 34 μg/ml chloramphenicol and grown in 50 mL of LB medium at 37 °C. Then, 

10 mL of pre-culture was transferred to 1 L of LB medium and overexpression of the protein 

was induced by 0.3 mM IPTG at an OD600 of 0.6-0.8. The cell culture was continued for an 

additional 20 hours at 20 °C. 

 

3-2 Protein purification 

 

All of the following purification steps were performed either at 4 °C or on ice. The harvested 

cells expressing GST-tagged RhuT were disrupted with the French pressure cell press with Tris-

buffered saline (TBS buffer consisted of 50 mM Tris-HCl pH 7.5, 150 mM NaCl). The lysate 

was centrifuged at 40,000 rpm for 1 hour using a Hitachi P45AT rotor with an ultracentrifuge 

CP80NX to remove the cell debris. The supernatant was loaded onto a column with 30 mL of 

Glutathione Sepharose 4B resin (GE Healthcare). The resin was washed with TBS buffer and 

bound protein were eluted with 10 mM reduced glutathione in 50 mM Tris-HCl pH 7.5 and 

150 mM NaCl. The eluted fraction was mixed with PreScission Protease (GE Healthcare) and 

was dialyzed in 50 mM Tris-HCl pH 7.5, 1 mM DTT, and was again loaded into a GS4B resin 

column. The GST-tag cleaved RhuT sample was collected in the flow-through fraction and 

dialyzed in 50 mM Tris-HCl pH 8.0. Next, the sample was loaded onto an anion exchange 

column HiTrap Q HP (GE Healthcare) to separate the apo (90%) and heme-bound (10%) RhuT 

using a linear gradient of 0 to 100 mM NaCl. The protein was collected and concentrated using 

Amicon Ultra centrifugal filter devices (10 kDa cutoff; Merck Millipore). Purification of RhuT 

mutants was performed using the same procedure as WT. 
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3-3 Spectroscopic titration experiments 

 

A 0.5 mM hemin stock solution was prepared as described.11 3.3 mg hemin chloride (Sigma-

Aldrich) was dissolved in 500 μL of 0.1 M NaOH, to which 500 μL of 1 M Tris-HCl pH 8.0 

was added. The solution was diluted with 20 mM Tris-HCl pH 7.5 and 150 mM NaCl to form 

a total volume of 10 mL. The hemin concentration was determined by pyridinehemochrome 

assay.14 For the absolute spectra of hemin titration, 0.5 mM hemin (in 1 μM steps) was added 

to a sample cuvette containing 5.3 μM of purified protein. To avoid the effect of free hemin, 

the difference spectra of hemin titration was measured by adding 0.5 mM hemin (in 1 μM steps) 

to a sample cuvette containing 5.3 μM of purified protein and to a reference cuvette containing 

only buffer 50 mM Tris-HCl pH 8.0. The samples were equilibrated for 10 min following the 

addition of each heme aliquot. The UV/Vis spectra between 300 nm and 700 nm were recorded 

at 20 °C using a Hitachi U-3010 spectrometer with a temperature control unit. For the mutants, 

the difference spectra of hemin titration were measured using the same method as WT with a 

protein concentration of 5 μM. 

 

3-4 Isothermal titration calorimetry (ITC) experiments 

 

ITC measurements of RhuT with hemin solution were performed at 25 ºC using a VP-ITC 

calorimeter (MicroCal Inc.). The apo-proteins were dialyzed for 10 h at 4 ºC in 50 mM Tris-

HCl pH 7.5 and 150 mM NaCl. The external buffer for dialysis was used to dilute the 10 mM 

hemin solubilized by DMSO to prepare a 0.5 mM hemin solution used for titration. DMSO 

was added to the protein solution (final concentration of 5%) and the protein concentrations 

were adjusted to 20 μM with dialysis buffer. Prior to loading the protein and hemin solution in 

the calorimeter, these solutions were filtered using a PVDF syringe filter with a 0.22 μm pore 

size (Merck Millipore) and were degassed using a ThermoVac apparatus (Microcal Inc.). The 

final hemin concentration was corrected by measuring the absorption spectra. For titration, 1.5 

mL of protein was placed in the reaction cell of a calorimeter. The titration was performed by 

a total of 25 injections of 10 μL of hemin solution into protein solution. The spacing time was 

set to 8 min for the initial 12 injections and 16 min for the latter 13 injections due to needing a 

longer equilibration time. For BhuT, the titration was performed by a total of 25 injections of 

10 μL into protein solution spaced at 8 min intervals until the protein sample was saturated 

with hemin. The experimental data were fitted to a theoretical titration curve using ORIGIN 

software (Microcal Inc.). 
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3-5 Crystallization 

 

Apo (heme-free) RhuT was concentrated to 52.3 mg/mL and crystallized by vapor diffusion 

(sitting-drop) method and incubated at 20 °C using a reservoir solution containing 0.2 M MgCl2, 

50 mM glycine and 9% PEG 400. Colorless needle-shaped crystals appeared within 5 days. 

The crystals were cryo-protected by soaking in the solution containing 0.2 M MgCl2, 50 mM 

glycine, 9% PEG 400, and 30% glycerol. 

 

For the preparation of heme-bound RhuT crystals, purified apo (heme-free) protein 

(concentration: 15 mg/mL) was supplemented with a low concentration of hemin that was 

dissolved by DMSO (protein: hemin = 2:1) and crystallized by vapor diffusion (sitting-drop) 

method and incubated at 20 °C in a reservoir solution containing 50 mM MES [2-(N-

morpholino) ethanesulfonic acid] pH 6.0, 0.1 M zinc acetate and 5% PEG 8000. Brown crystals 

appeared within 5 days. The crystals were soaked in a solution containing 50 mM MES pH 6.0, 

0.1 M zinc acetate, 5% PEG 8000, 20% DMSO, and 30% glycerol.  

 

For the preparation of the heme-bound form crystals of RhuT mutant (Y239F), purified sample 

(concentration: 16.5 mg/mL) was supplemented with high concentration of hemin dissolved by 

DMSO (protein: hemin = 1:2) and crystallized by vapor diffusion (sitting-drop) method and 

incubated at 20 °C in a reservoir solution containing 0.1 M MES pH 6.0, 0.2 M zinc acetate, 

15% (v/v) ethanol. Brown crystals appeared within 5 days. The crystals were soaked in a 

solution containing 0.1 M MES pH 6.0, 0.2 M zinc acetate, 15% (v/v) ethanol, and 30% 

glycerol. All crystals were flash-frozen and stored in liquid nitrogen. 

 

3-6 Optical absorption spectra 

 

Optical absorption spectra in the crystalline state were measured using a 

microspectrophotometer system that consisted of a deuterium tungsten halogen lamp (Ocean 

Optics, DT-MINI), cassegrainian mirrors (Bunkoh-Keiki Co. Ltd.), an optical fiber, and a linear 

CCD-array spectrometer (Ocean Optics, SD2000). The absorption spectra were corrected for 

the air blank baseline and dark reference. The crystals were maintained at 100 K via a nitrogen 

gas stream.  
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3-7 X-ray diffraction measurements, phase determination, and structure 

refinement 

 

X-ray diffraction data were collected using the BL32XU of SPring-8, Japan and were processed 

using the HKL2000 and CCP415 programs. The data collection and refinement statistics are 

shown in Table 1. The initial phases for apo and 2-heme-bound RhuT crystals were obtained 

via MR. The structure of HmuT (PDB code 3MD9) was used as a search model for 2-heme-

bound RhuT data using the Phaser program.16 The obtained phase was improved by DM17 and 

was used to build the automated model by ARP/wARP.18 The apo RhuT phase was determined 

via MR using the 2-heme-bound RhuT model. The initial models were subjected to multiple 

rounds of manual rebuilding using Coot19 followed by a restrained refinement using Refmac5.20 

The structure refinement data are shown in Table 1.  

 

3-8 Resonance Raman spectroscopy 

 

The resonance Raman (RR) spectra were recorded using a single polychromator (Jovin Yvon, 

SPEX750M) equipped with a liquid nitrogen-cooled CCD detector (Roper Scientific, Spec 

10:400B/LN) using the 405.1 nm emission line from a diode laser (Ondax, SureLockTM LM-

405-PLR-40-2). Measurements were carried out at room temperature using a spinning cell 

(2,000 rpm) with a diameter of 8 mm. The incident light through a circular aperture (~1 mm in 

diameter) was focused using a lens with a focal length of 200 mm, and its power was adjusted 

to 5 mW at the sample point. The scattered light was collected at right angles to the incident 

light and focused on the entrance slit (150 μm) of the polychromator. Indene was used as a 

reference for the spectral calibration. The UV−visible absorption spectra were recorded before 

and after the RR experiments in order to verify that the samples were not altered by their 

exposure to the laser beam. A protein sample at a final concentration of 25 μM was prepared in 

50 mM Tris-HCl pH 8.0. The hemin stock solution was prepared dissolving the hemin chloride 

in DMSO. 
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Table 1. X-ray data collection and refinement statistics 

 

 

 
 

WT 

Apo 

WT 

2-heme-bound form 

Y239F 

2-heme-bound-form 

Data collection     

Beamline (SPring-8)  BL32XU BL32XU BL32XU 

Space group  P3121 C2221 C2221 

Wavelength (Å)  1.0 1.0 1.0 

Cell dimensions        

  a, b, c (Å)  71.0, 71.0, 78.2 67.3, 86.3, 118.8 67.8, 86.6, 118.6 

Resolution (Å) a  
50 – 2.4  

(2.44 – 2.40) 

50 – 2.0  

(2.03 – 2.0) 

50 – 2.0  

(2.03 – 2.0) 

Observed reflections  115,667 190,084  230,107 

Unique reflections  9,202 23,911 20,998 

Rsym (%) a,b  9.8 (50.1) 11.4 (54.4) 8.7 (71.9) 

Average I/σ (I) a  26.5 (3.4) 14.7 (2.4) 28.2 (2.7) 

Completeness (%) a  99.3 (94.5) 99.8 (97.8) 99.6 (99.2) 

Redundancy a  12.6 (7.0) 7.9 (7.1) 11.0 (10.0) 

     

Refinement      

Rwork (%) c  18.6  18.3 18.8 

Rfree (%) c  25.5 22.4 22.5 

No. of residues  265 276 268 

No. of waters   46 126 133 

R.m.s.d bond (Å)   0.009 0.016 0.018 

R.m.s.d angles (°)   1.31 1.83 2.04 

Ramachandran plot d     

 Favored region (%)  97.7 98.5 96.3 

 Outlier regions (%)  0.0 0.0 0.0 

 

a Values in parentheses are for the highest-resolution shell.  
b Rsym = ΣhklΣi|Ii(hkl)-<I(hkl)>| / ΣhklΣiIi(hkl), where <I(hkl)> is the average intensity of i observations.  
c Rwork = Σhkl|Fobs(hkl) - Fcalc(hkl)|/ΣhklFobs(hkl), where Fobs and Fcalc are the observed and calculated 

structure factors, respectively. Rfree was calculated with 5% of the reflections. 
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4. RESULTS 

 

4-1 Protein purification and crystallization 

 

Purified protein (~28 kDa) was obtained after affinity chromatography (Glutathione Sepharose 

4B resin). Further, the apo and heme-bound forms were separated by anion-exchange 

chromatography. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Protein purification profile. A) SDS-PAGE after affinity chromatography. 

B) Anion-exchange chromatography result. The blue colored line represent the 

absorbance at 280 nm and red line represents the absorption spectrum at 410 nm. C) 

UV-Vis absorption spectra of separated apo (blue) and heme-bound (red) forms of 

RhuT.  
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The purified sample of apo (heme-free) RhuT was concentrated to 52.3 mg/mL and crystallized 

by vapor diffusion (sitting-drop) method (Figure 5). 

 

  

 

 

 

 

Figure 5. Apo form crystals. The crystals were appeared within five days of 

crystallization by vapor diffusion (sitting drop) method.  

 

100 μm 
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4-2 Crystal structure of apo form 

 

The crystal structure of the apo (heme-free) form of RhuT was determined at resolutions of 2.4 

Å (Figure 6). The overall folds of RhuT share common structural features with class III 

substrate-binding proteins,9 which consists of two topologically similar domains (N-domain 

and C-domain) and the two domains are connected by a rigid α-helix (connecting helix) as an 

inter-domain linker.  

 

Each domain has a β-sheet surrounded by few short α-helices, and there is a loop region 

between each domain and rigid connecting helix, which is important for the domains motion. 

The cleft between the N- and C-domain serves as the heme-binding site. One Glu residue is 

present on the surface of each domain (E147 in the N-domain and E282 in the C-domain), and 

these are well conserved in all PBPs (Figure 7). It has been shown that the interaction of these 

Glu of PBP and the conserved Arg residues on the periplasmic surface of the TMD of the ABC 

heme importer creates the salt bridge to form the stable complex.11, 21  

 

The structure of the heme-binding cleft of apo RhuT is illustrated in Figure 6B. In the heme-

binding cleft of apo RhuT, some hydrophilic (Y140, Q141, R142, R143, Y239, R241) and 

hydrophobic (L295, F276, L334) side chains and several water molecules are present. Of these 

residues, the Y140 and R142 are conserved residues in most PBPs, as shown in the sequence 

alignment of PBPs from five species (Figure 7). On the other hand, the residues from the C-

domain side are not well conserved. 
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Figure 6. The overall structure and heme-binding cleft in apo form. (A) Apo RhuT 

structure shows an open cleft between the N-domain (green) and the C-domain 

(violet). The connecting helix between two domains is colored by orange. (B) The 

heme-binding cleft shows the residues and water molecules present in the cleft. 

Residues in the cleft are showing as stick (white), water molecules as sphere (cyan) 

and dashed line represents the corresponding H-bonds.  
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Figure 7. Sequence alignment of PBP homologues from representative organisms. 
The residues in the heme binding clefts of RhuT are indicated by green triangles. 

Ligands for the heme iron are marked by arrows, and two conserved glutamate 

residues to interact with TMD are marked by blue circles. Percentages of sequence 

identity are shown in the end of the last line. 
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4-3 Heme-binding in solution 

 

To examine the binding of heme to RhuT, the UV/visible absorption spectral changes upon 

titration with hemin into protein solution was measured. The absolute spectra (Figure 8) 

showed two-step spectral change. The first peak appeared at 409 nm and the second peak at 

379 nm. To avoid the free hemin effect, the difference spectra were measured (Figure 9). The 

difference spectra in this titration experiment showed a clear two-step spectral changes. At first, 

the peak at 413 nm was increased with the increment of hemin concentration until the hemin 

concentration equivalent to the protein concentration. Further addition of hemin resulted in a 

new peak appeared and increased at 373 nm with a concomitant decrease of the peak at 413 

nm. Considering the protein to hemin ratio, the peak at 413 nm is assigned as the 1-heme-bound 

form and that at 373 nm as the 2-heme-bound form. These spectral observations indicated that, 

in solution, the cleft of RhuT had the ability to accommodate 2 heme molecules sequentially 

Figure 8. The UV/vis absorption absolute spectra in the hemin titration. 

Spectrophotometric titrations were performed by stepwise addition of hemin (1 μM 

steps) to the solution of RhuT (5.3 μM) in buffer (50 mM Tris, pH 8.0, 150 mM NaCl). 

The solid line represents the spectra with lower hemin concentration to protein 

concentration and dotted line represents the spectra with higher hemin concentration 

to protein concentration. For clarity, few spectra are presented here. 
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depending on the heme concentration. The 1-heme-bound form was isolated until the addition 

of an equimolar amount of heme and then followed by the 2-heme-bound form, as shown in 

the inset of Figure 9, possibly because the affinity for the second heme-binding to RhuT might 

be much lower than that for the first heme. 

 

 

 

 

 

 

Figure 9. The UV/vis absorption difference spectra in the hemin titration. 

Spectrophotometric titrations were performed by stepwise addition of hemin to RhuT 

(5.3 μM) in buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl). A reference was made 

for the measurement of the difference spectra by addition of the same amount of hemin 

to the buffer. The solid line represents the spectra with lower hemin concentration to 

protein concentration (molar ratio less than 1:1) and dotted line represents the spectra 

with higher hemin concentration to protein concentration (molar ratio higher than 1:1). 

For clarity, few spectra are presented here. The changes of the spectral peaks are 

marked by arrows, and their orders are indicated by the numbers in the circles. The 

differences at 413 and 373 nm following the incremental addition of hemin to RhuT 

are plotted in the inset.  
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4-4 Thermodynamic analysis 

 

Isothermal Titration Calorimetry (ITC) was used to characterize the interaction between the 

RhuT and heme. The ITC data (Figure 10) showed a very unique isotherm that was 

characterized by three phases with alternating enthalpies, indicating multiple populations of 

heme-bound to RhuT. Because this data was complex, the analysis using either two sets of site 

models or two sequential models (Figure 11) was unsuccessful. 

Figure 10: Isothermal titration calorimetry of the heme binding to RhuT. Titration 

of 20 μM RhuT with 0.4 mM hemin. Top panel, differential heating power versus time. 

Lower panel, integrated and normalized heat of reaction versus the molar ratio. 

Experimental data are shown by black squares.  



19 | P a g e  

 

The UV/vis difference spectra of RhuT showed that until the molar ratio of protein and hemin 

1:1, only 1-heme-bound form appeared and in higher hemin concentration 2-heme-bound form 

appeared and saturated around the ratio 1:2 of protein: hemin (Figure 9). In ITC data, only one 

phase was observed until the protein to hemin ratio 1:1 (spacing time of 8 min), but it was 

unusual that around molecular ratio of 1:2, RhuT required a very long equilibration time 

(spacing time of 16 min) between each injection for the precise measurement and two phases 

were observed. The long equilibration time indicates the large conformational changes during 

heme binding to RhuT. Although the thermodynamic parameters could not be obtained for 

RhuT, comparison of the ITC data of BhuT13 and HmuT11 (Figure 11) revealed the diverse 

modes and complexity of the heme-recognition by PBPs, which likely reflects the difference 

in the residue type and number of the heme ligand, and their solvent structures in the heme 

Figure 11.  ITC data for homologues. (A) ITC data of BhuT showing two site binding 

model and (B) ITC data of HmuT fitted by two sequential binding model (Modified 

from Mattle, D., Zeltina, A., Woo, J. S., Goetz, B. A., Locher, K. P., J. Mol. Biol. 404, 

220-231 (2010)). The thermogram of HmuT also shows valley at molecular ratio of 

1:2, indicating the similarity with RhuT.   
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cleft. 

4-5 Crystal structure of heme-bound form 

 

The purified apo form (heme-free) of RhuT was supplemented with hemin for the preparation 

of heme-bound form crystals (Figure 12), and crystallized by vapor diffusion (sitting-drop) 

method.  

 

 

Figure 12. Heme-bound form crystals. The crystals appeared within five days of 

crystallization by vapor diffusion (sitting drop) method. 

 

100 μm 
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 The optical absorption spectra in the crystalline form clearly showed that the RhuT crystals of 

the 2-heme-bound form were obtained and showed the soret peak at 373 nm (Figure 13).  The 

crystal structures of the 2-heme-bound form at the resolution of 2.0 Å is shown in Figure 14. 

Until now, any crystal of 1-heme bound form of RhuT has not been obtained, after screening 

many crystallization conditions with different protein: hemin ratios. In the 2-heme-bound form 

(Figure 14), the two heme molecules are stacked with a Fe-Fe distance of 4.5 Å and a heme - 

heme plane distance of 3.6 Å. The propionates of both heme molecules point toward bulk 

solvent. The Y140 phenolate was coordinated to the hemeN iron as the fifth axial ligand and 

interacted with the R14 and Q141 via a hydrogen bonds. The guanidyl group of R143 interacted 

with two propionates of the hemeN. It is interesting that the coordination of hemeC is very 

similar to that of hemeN, where the phenolate of Y239 coordinates with the iron and interacts 

with the R241 via hydrogen-bond. Some hydrophobic residues L295, F276, and L334 are also 

interacting with the hemeC from a distance range of 3.4 to 4.0 Å. 

Figure 13. Absorption spectra of RhuT in crystal and solution. Spectra of 2-heme-

bound form crystal of RhuT are compared with the spectra of 1-heme-bound (solid 

line) and 2-heme-bound (dotted line) forms in solution. Absorbance are shown in an 

arbitrary scale. The inset shows an enlarged portion of the visible region. Presence of 

the free hemin in solution affects the peak wavelength of the spectra of the 2-heme-

bound form. 
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Figure 14. Crystal structure of the heme-bound form. (A) The overall structure of 

RhuT in the 2-heme-bound form, (B) the heme-binding cleft in the 2-heme-bound form 

showing one heme bound to the N-domain as hemeN and the other heme bound to the 

C-domain as hemeC. The Fo-Fc omit maps around the hemes are shown at the 2.5 σ 

level. 
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4-6 Comparison of apo and heme-bound forms 

 

Although the overall structures of the apo and 2-heme-bound forms were similar, the 

superposition of these two structures (Figure 15 A) showed that the relative positions of the N-

and C-domains were substantially changed upon the heme binding to the apo form. The heme 

binding cleft becomes wider to accommodate the two hemes compare to the apo form structure. 

As the connecting helix is rigid, the two domains motion should be achieved by the loop region 

(situated between each domain and connecting helix) to accommodate the hemes.  

 

In the heme-binding cleft (Figure 15 B), large conformational changes were observed for the 

heme ligand Y140 in N-domain and R241 in the C-domain. These large conformational 

changes enable the interaction between Tyr and Arg in each domain. The Tyr and Arg pair is 

almost conserved in all reported PBPs and is proposed to be important residues for the effective 

heme-capturing mechanism by PBP. The relative position of the other interacting residues 

(Q141, R142, Y239, F276, L295, and L334) in the heme-binding cleft were also changed 

significantly during heme-binding. 

 

The residues in cleft showed comparatively higher B-factor in the apo form structure (figure 

not shown) and show significant conformational changes during heme-binding. Several water 

molecules appeared in the heme cleft of the apo form (Figure 6B), but most of them were 

expelled upon binding of hemes.  
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Figure 15. Comparison of apo and 2-heme-bound forms structures of RhuT. (A) 

Superimpose of the apo form (colored by yellow) and the 2-heme-bound form (colored 

by green) structures. The Cα atoms of the N-domain were used for fitting calculation. 

(B) The heme-binding cleft showing the relative position of the residues in the apo 

(yellow) and in 2-heme-bound (green) forms. The Cα atoms of the connecting helix 

were used for fitting calculation. The residues are showing as stick model. 
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4-7 Heme environmental structure in solution 

 

The resonance Raman (RR) spectra of RhuT was measured to confirm that the unique 

coordination structure of RhuT in the 2-heme-bound form observed by X-ray crystallographic 

analysis is not the artifact of the packing effect in the crystal and to see the coordination 

structure of the 1-heme-bound form. In the UV-visible spectra (Figure 9), the 1-heme-bound 

form was observed in lower hemin concentration (< protein concentration) and 2-heme-bound 

form appeared in the higher hemin concentration (> protein concentration). 

 

In the RR spectra (Figure 16), the ν4 band which is a characteristic of porphyrin π* electron 

density and iron oxidation state was observed near 1370 cm-1 in both lower and higher 

concentrations of the hemin to protein and is indicative of ferric heme. The ν3 band is the 

marker band for the heme coordination and the spin-state of the heme. In lower hemin 

concentration to protein, the ν3 band appeared at 1474 cm-1 (Figure 16A), indicating the 

presence of six-coordinate high-spin (6cHS) heme in the 1-heme-bound form. Possible 

candidates for the sixth ligand are H2O, OH- or the phenol group of Tyr 239. Water is more 

reasonable as there is no evidence of heme binding with two electronegative residues.  

 

On the other hand, in the higher hemin concentration to protein (Figure 16B), the ν3 bands 

shifted to 1489 cm-1 compares to the lower hemin concentration (1474 cm-1), showing the 

presence of five-coordinate high-spin (5cHS) heme in the 2-heme-bound form, which is 

consistent with the crystal structure of the 2-heme-bound form (Figure 14). 

 

 

 

 

 

 



26 | P a g e  

 

 

 

Figure 16. Resonance Raman (RR) spectra of RhuT with addition of hemin. The 

high-frequency region of RR spectra of RhuT after adding the hemin solution. (A) The 

spectra of 25 μM RhuT with the lower hemin concentration (20 μM) and (B) the 

spectra of 25 μM RhuT with the higher concentration of hemin (52 μM). The DMSO 

was used to dissolve the hemin and showed the bands in the 1418-1423 cm-1 region. 
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4-8 Mutagenesis studies 

 

To understand the structure-function relationship, the site-directed mutagenesis was performed 

targeting the residues interacting with the two hemes (Figure 17).  The following eight mutants 

including single and double mutants were prepared using the site-directed mutagenesis method 

for mutagenesis studies: 

 

 Y140F and Y239F: The ligands of the hemes 

 R142V and R241V: Residues interacting with the two Tyr ligands 

 Y140F/R142V and Y239F/R241V: Two Tyr-Arg motifs in the cleft 

 F276A and L295A:  Hydrophobic residues which interact with the hemeC 

 

4-8-1 Heme-binding property of mutants 

 

To examine the heme-binding property of RhuT mutants, UV-visible absorption spectra of 

RhuT mutants in the hemin titration were compared with those of WT (Figure 9). The 

difference absorption spectra of hemin titration experiments of mutants showed a significant 

difference in the absorption peak positions as well as in the overall pattern of the absorption 

spectra.  

Figure 17. Targeting residues in the heme-binding cleft for mutagenesis studies. 
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Tyrosine and Arginine mutants (Y140F, Y140F/R142V, Y239F, Y239F/R241V, R142V, and 

R241V):  

The UV-visible difference absorption spectra showed two peak positions for all of these 

mutants. In the case of Y140F and Y140F/R142V mutants, two common peaks appeared at 405 

nm and 380 nm (Figure 18 A and B). In both mutants, the peak maximum at 380 nm reached 

in hemin concentration 8-9 μM, whereas the peak maximum at 405 nm reached in hemin 

concentration 7 μM or 4 μM for Y140F and Y140F/R142V mutants respectively. In the case 

of Y239F and Y239F/R241V mutants, one common peak appeared at 385 nm and another peak 

at 406 or 404 nm respectively (Figure 18 C and D). In both mutants, the peak maximum at 385 

nm reached in hemin concentration 14 μM, whereas in 406 or 404 nm, the peak maximum 

reached in the hemin concentration 8 μM or 4 μM for Y239F and Y239F/R241V mutants 

respectively. In the case of R142V mutant, two peaks appeared at 405 and 375 nm whereas for 

R241V mutants at 407 and 377 nm (Figure 18 E and F). In both mutants, the peak maximum 

at 375 or 377 nm reached in hemin concentration 10 μM, whereas in 405 or 407 nm, the peak 

maximum reached in a hemin concentration of 6 μM. Compared with the spectral change of 

WT (Figure 9), the first peak of these mutants shifted from 413 nm to a range of 404-407 nm, 

but the second peak varied widely within a range of 375-385 nm (Figure 18 A-F). For both 

single and double mutants (Y140F and Y140F/R142V) of N-terminal heme ligands, the second 

peak shifted to 380 nm, whereas it shifted to 385 nm for C-terminal heme ligand mutants 

(Y239F and Y239F/R241V). The two Arg mutants (R142V, R241V) showed a shift to 375-

377 nm as observed in WT at 373 nm. All of the single and double mutants of these four 

residues (Y140F, Y140F/142V, Y239F and Y239F/R241V) of RhuT showed two peaks of the 

absorption spectra, which indicate that they retain the 2-heme-binding ability. In the case of 

WT (Figure 9), in lower hemin concentrations, only the 1-heme-bound form appeared and then 

the 2-heme-bound form appeared in higher hemin concentrations, whereas all these mutants 

showed a mixture of 1-heme- and 2-heme-bound forms even at lower hemin concentrations.  

 

Mutants of hydrophobic residues (F276A and L295A):  

The structure shows that the hydrophobic residues (F276 and L295) interact with the hemeC 

(Figure 17). Both mutants (F276A and L295A) show (Figure 18 G and H) similar spectra of 

WT (Figure 9) indicating the less effect on the heme-binding environment compare to those 

interacting either with the heme or the heme ligands by hydrogen-bonds (Tyr and Arg). 
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4-8-2 Crystal structure of a mutant in the heme-binding form 

 

 Crystals of RhuT mutant Y239F were obtained in the presence of high concentration of hemin 

(protein: hemin = 1:2) (Figure 19). The crystal structure of the Y239F mutant of RhuT was 

determined in the 2-heme-bound form at the resolutions of 2.0 Å (Figure 20). In the structure, 

two heme molecules are stacked with a Fe-Fe distance of 4.2 Å and a heme - heme plane 

distance of 3.3 Å. In the case of WT, the orientation of hemeC and hemeN are in the same 

direction (towards the solvent), whereas in the RhuT mutant Y239F, the hemeC orientation is 

Figure 18. The UV/vis absorption difference spectra of RhuT mutants in the 

hemin titration. The UV-visible difference spectra of the hemin titration of RhuT 

mutants (A) Y140F, (B) Y140F/R142V, (C) Y239F, (D) Y239F/R241V, (E) R142V, 

(F) R241V, (G) F276A and (H) L295A are plotted. Although the hemin was added in 

1 μM steps into a sample cuvette containing 5 μM of purified protein and a reference 

cuvette containing only buffer (50 mM Tris-HCl pH 8.0), few spectra are presented 

here for clarity. The change in the value in absorption maxima against hemin 

concentration is plotted in the inset.  

Figure 19. Heme-bound form crystals of RhuT mutant Y239F. The crystals 

appeared within five days of crystallization by vapor diffusion (sitting drop) method.  

 

100 μm 
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opposite compared to the WT (towards inside), while keeping the same orientation of hemeN 

as WT. The environment of hemeN is the same as that of WT in which Y140 phenolate was 

coordinated to the hemeN iron as the fifth axial ligand, and interacted with R142 and Q141 via 

hydrogen bonds. The guanidyl group of R143 also interacted with two propionates of the hemeN. 

In the case of C-domain side, one water molecule is coordinated with the hemeC and another 

water molecule is interacting with the propionate of hemeC and A254; and Q247 is interacting 

with another propionate group of the hemeC. 

 

 
Figure 20. Crystal Structure of RhuT mutant Y239F in 2-heme-binding form. (A) 

The overall structure of the RhuT mutant Y239F in the 2-heme-bound form, (B) heme-

binding cleft of RhuT mutant Y239F showing the heme bound to N-domain as hemeN 

and heme bound to C-domain as hemeC. Residues in the cleft are showing as stick 

(orange) and water molecules as sphere (red). 
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4-8-3 Heme coordination structure of mutants 

 

The resonance Raman (RR) spectra of Tyr mutants of RhuT (Y140F and Y239F) were 

measured to confirm the coordination structure of the RhuT mutant (Y239F) in the 2-heme-

bound form, which was observed by X-ray crystallographic analysis and to understand the 

difference between WT and mutants. The UV-visible spectra, in the case of WT (Figure 9), in 

lower hemin concentrations (< protein concentration) only the 1-heme-bound form appeared 

and then the 2-heme-bound form appeared in higher hemin concentrations (> protein 

concentration), whereas both mutants (Y140F and Y239F) showed a mixture of the 1-heme- 

and 2-heme-bound forms even at lower hemin concentrations (Figure 18 A and C). The peak 

positions were also shifted for mutants compared to WT, indicating the difference in the heme 

environment among WT and mutants. 

 

In the RR spectra of mutants Y140F and Y239F (Figure 21), like the WT, the ν4 band which is 

a characteristic of porphyrin π* electron density and iron oxidation state, was observed near 

1370 cm-1 in both lower and high concentration of the hemin into protein, and is indicative of 

ferric heme. The ν3 band is the marker band for the heme coordination and the spin-state of 

heme. In both lower and higher hemin concentration to both RhuT mutants (Y140F and Y239F), 

the ν3 band appeared at a range of 1487-1489 cm-1 (Figure 21), indicating the presence of five-

coordinate high-spin (5cHS) heme, which was observed in the crystal structure of Y239F 

mutant. Between the two mutants (Y140F and Y239F), one significant difference is that in 

lower hemin concentration, a small shoulder peak appeared at 1476 cm-1 for the Y140F mutant, 

showing a mixture of 6cHS and 5cHS hemes. 
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Figure 21. Resonance Raman (RR) spectra of RhuT WT and mutants with 

addition of hemin. The high-frequency region of resonance Raman spectra of RhuT 

WT and mutants (WT – black, mutant Y140F - blue, Y239F - red) after adding the 

hemin solution. The spectra of 25 μM protein with the lower hemin concentration (20 

μM) are showing as solid line and the spectra of 25 μM protein with the higher 

concentration of hemin (52 μM) are showing as dotted line; line with the respective 

color of WT, mutant Y140F and Y239F. The DMSO was used to dissolve the hemin 

and showed the bands in the 1418-1423 cm-1 region.  
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5. DISCUSSION 

 

5-1  Heme-binding mechanism of RhuT 

 

Based on the spectroscopic and crystallographic study of RhuT WT and its mutants, I propose 

a non-uniform heme-binding model of RhuT as illustrated in Figure 22. The two Tyr from the 

N-domain and C-domain might have the same level of affinity for heme and the first heme can 

bind to a Tyr from either domain (Figure 22 A). Then the second heme will bind to the vacant 

domain. This unique feature of RhuT in the heme-recognition would be a result of two Tyr and 

the conformational flexibility in the cleft of RhuT by the loop regions. ITC experiment also 

supports that heme-binding to RhuT do not follow simple sequential binding model (Figure 

10). The non-homogeneity in conformation appears to prevent the crystallization of 1-heme-

bound form. 

 

Figure 22. Non-uniform heme-binding mechanism of RhuT. (A) An equilibrium 

between the 1-heme-bound to either in the N-domain or C-domain, and (B) the 2-

heme-bound form. 
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5-2  Similarity and diversity of heme recognition in PBPs 

 

The amino acid sequence of RhuT is homologous to those of 4 other PBPs (~ 36% identity) 

(Figure 7). However, the orientation of the heme, the heme-binding ligands and the 

environment of the heme-binding cleft of RhuT were entirely distinct from those of other 4 

PBPs, showing diverse recognition of the heme by PBPs. The spectroscopic and 

thermodynamic analysis also demonstrated the diverse modes of heme recognition. 

 

The present study enables to compare the crystal structures of RhuT with the reported 

structures of homologues BhuT, HmuT, PhuT, and ShuT (Figure 23). The comparison provided 

a structural basis for the recognition of the heme in PBP and of the conformational changes 

upon heme binding. Of the PBP-heme interaction, the most conserved feature is the Tyr 

phenolate coordination to the heme iron as a fifth ligand. The significance of the Tyr binding 

to the heme in the heme acquisition system has been comprehensively discussed on the basis 

of crystallographic, UV-vis, magnetic circular dichroism (MCD), and resonance Raman 

spectroscopic data.11, 22 In addition, the cationic residues (Arg or Lys) interacting with the Tyr 

ligand in the N-domain are also conserved in primary and tertiary structures of PBPs (Figure 

22). The significance of the Tyr-Arg interaction in heme-binding proteins has been examined 

extensively.10 This interaction has been observed not only in PBPs but also in catalase,23 as a 

common structural motif in tyrosinate-coordinated heme proteins. Therefore, it is highly 

plausible that the Tyr-Arg would stabilize the deprotonated state of Tyr (phenolate) and the 

Fe3+-Tyr bonds, thereby resulting in heme binding with high affinity. Indeed, isothermal 

titration calorimetry (ITC) experiments of BhuT and HmuT have shown that heme exhibits a 

high affinity. 11, 13 In addition, the extracellular heme acquisition protein HasA from Serratia 

marcescens24 uses Tyr as a heme ligand. Unlike PBP, HasA uses His to stabilize the 

coordination of Tyr to the iron. The elimination of the Tyr-His interaction of HasA by the 

substitution of His is reported to lower the affinity to heme by 2 orders of magnitude.25 The 

NEAT domains of cell-wall-anchored Isd proteins from Staphylococcus aureus26-29 also use Tyr 

as a ligand for the heme. In NEAT, another Tyr interacts with Tyr ligand. Thus, the structural 

characteristics of a conserved heme ligand is essential for the tight heme binding in PBP, 

because PBP have to maintain the high affinity in the periplasm to protect the cell form high 

cyto-toxicity of the free heme.30  
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Figure 23. Comparison of the heme-binding cleft among the PBPs from different 

species. Crystal structures of (A) the 1-heme-bound or (B) 2-heme-bound forms are 

shown for BhuT (PDB code: 5Y89, 5Y8A), RhuT (PDB Code: 5GJ3), HmuT (PDB 

code: 3NU1), PhuT (PDB code: 2R79), and ShuT (PDB code: 2R7A). All the PBPs 

exhibit the same fold in their overall structure. However, the orientation of the heme(s) 

and most of the residues for heme recognition in the cleft differ among species with 

the exception of the Tyr-Arg (or Lys) pair of the N-domain. 
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On the other hand, other features observed in the interactions of the heme with PBP are the 

diverse recognitions including the numbers of acceptable heme molecules, the heme orientation, 

and interacting residues of the C-terminal domain in the cleft. The structures of the 1-heme-

bound form have been characterized as ShuT, PhuT, and BhuT, while those of the 2-heme-

bound form include RhuT, BhuT and HmuT (Figure 23). In the 1-heme-bound form, the heme 

propionates in BhuT and ShuT are buried, while that in PhuT points toward solvent. In the 2-

heme-bound form, the hemeN and hemeC exhibit different orientations in BhuT, but their 

orientations of HmuT are reverse of BhuT. In RhuT, propionates of both of two hemes point 

outward to the solvent. 

 

One example of the diversity in heme-protein interaction includes another conserved Tyr 

(except RhuT, in the case of RhuT: F276) in the C-terminal domain (Figure 22), which interacts 

with the heme in a variety of manners. The Y201 in ShuT or the Y225 in the 1-heme-bound 

form of BhuT interacts with one of the heme propionates, while there is no such hydrogen-

bonding interaction in the Y207 of PhuT (Figure 23), due to an exposure of the heme 

propionates to the solvent. In the 2-heme-bound form, the Y200 in HmuT interacts with one 

propionate of hemeN, while the Y225 in BhuT interacts with one propionate of hemeC. Such 

diversities in recognition of the heme by the residues of the C-terminal domain likely provide 

a tolerance for the different orientation of the heme in the cleft of PBP. These structural 

comparisons suggest the possible mechanism of the heme transfer to TMD: the heme 

orientation in the PBP cleft might have no significant relevance to the mechanism of 

transferring the heme from a PBP to a TMD of ABC heme importer. 

 

However, there is no direct evidence that suggests the binding of a stacked pair of hemes is 

physiologically relevant. In addition, orientations of the heme in PBP might be affected by the 

mechanism of the heme transfer from TonB-dependent heme receptor in the outer membrane 

to PBP. Therefore, the present structural data do not exclude the possibility that there are 

system-dependent mechanistic preferences for particular heme orientations in the PBPs. With 

respect to the 1- or 2-heme(s) binding to PBP, Locher and co-workers have discussed the 

possible biological significance in the function of ABC heme importers,11 on the basis of the 

crystal structure of the 2-heme-bound form of HmuT, and implied that the import of 2-heme 

molecules in one reaction cycle of the ABC heme importer could be energetically feasible, 

since most ABC transporters are thought to hydrolyze two ATP molecules during one reaction 
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cycle. In addition, since HmuT has Tyr and His ligands for the heme from the N- and C-domains, 

respectively, they also suggested11 that the presence of His in a corresponding position in C-

domain in the primary structure (Figure 24) can predict a 2-heme-binding. Although the His 

residue (H192) in the C-domain is present in a corresponding position of BhuT, it does not bind 

to the iron in the 1-heme-bound form of BhuT, and swings out from the heme-binding cleft in 

the 2-heme-bound form, as were observed in the crystal structures and resonance Raman 

spectra13. Therefore, it was suggested that the Fe-His coordination is not necessarily required 

for the heme binding in BhuT. In the case of RhuT, there are two Tyr-Arg motifs in the cleft, 

i.e., Y140-R142 in the N-domain and Y239-R241 in the C-domain. The site-directed 

mutagenesis experiments showed that all of the single and double mutants of these four 

residues of RhuT retained the 2-heme binding ability (Figure 18). Based on these results, I 

suggest that the second ligand residue in the heme cleft are not highly responsible for the 

determination of one- or 2-heme(s) binding. Rather, conformational flexibility with the 

residues of the heme cleft are the structural factors controlling 1- or 2-heme binding in PBPs.  

 

 

5-3 Evolution of bacteria and PBPs 

 

Figure 24 illustrates the sequence alignment of some PBPs from thermophile and 

proteobacteria and some heme-binding proteins from Gram-positive bacteria. The thermophile 

is showing the existence of the two Tyr as heme ligands symmetrically located on both N-

domain and C-domain regions (RhuT). For all orthologues, one Tyr from either domain seems 

much conserved, indicating an essential role of Tyr for heme-binding. It is interesting that the 

sequence alignment show that some proteiobacteria have a His residue (marked by blue color) 

in the same place of the C-domain and two of them reported to bind two hemes (BhuT, HmuT). 

On the other hand, ShuT and PhuT do not have a His in that position of the C-domain and 

reported to bind with only one heme. I propose that the common ancestor of PBPs might have 

two domains with Tyr in each domain, but one Tyr survived to maintain the affinity of the heme. 

On the other hand, the residues in the cleft except one Tyr ligand might evolve divergently to 

less specific interaction to facilitate the heme dissociation. 
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5-4  Conformational changes in PBPs during heme transfer to the transporter 

 

In the present study, the “open” and “closed” conformation of PBPs can be defined in terms of 

the distance between the Cα atoms of two well-conserved Glu residues (Figure 25). In the 

comparison of multiple states of conformation for three PBPs, the apo and 2-heme-bound forms 

show open conformation and the 1-heme-bound form shows a closed conformation. Since these 

two Glu residues are interaction sites with the TMD, the “open” or “closed” conformation of 

PBP when it associates with TMD during heme transport could be discussed.  

 

The structure of a full complex of an ABC heme importer BhuUV-T from B. cenocepacia has 

been reported31 (PDB code: 5B58) in heme and nucleotide free state, where BhuT is in the apo 

form and dimerized BhuU (TMD) is in an inward-facing conformation, wherein the pathway 

Figure 24. Sequence alignment of some orthologues of RhuT. The alignment is 

showing the region of heme ligand residues in the N-domain and C-domain. The heme 

liganded Tyr residues are marked by red color. The background of thermophile are 

colored by yellow, the proteobacteria with a conserved His in C-domain colored by 

light-green (His marked by blue color) and the proteobacteria without His are colored 

by green. Gram positive bacteria colored by cyan.   
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for heme import is opened toward the cytoplasmic side and closed at the periplasmic gate 

(Figure 26A). BhuT interacts with the periplasmic surface of BhuU through the electrostatic 

interaction of the two conserved Glu residues of BhuT (E94 and E231) with the two Arg 

residues (R84) of each subunit of a dimerized BhuU. The distance between the two Glu residues 

of BhuT in the BhuUV-T complex was 47.5 Å, and the distance between the Arg84 and Arg84 

of BhuU dimer was 49.5 Å. The Glu-Glu distance of BhuT in the complex was comparable to 

those of apo (46.2 Å) and 2-heme-bound form (47.4 Å) of BhuT, suggesting that the BhuT in 

the BhuUV-T complex should be in an “open” conformation. Unfortunately, a structure of PBP-

TMD complex where TMD in the outward facing conformation is not yet available. On the 

other hand, the structure of another ABC-heme importer, HmuUV in the TMD-NBD complex  

from Y. pestis was reported32 in heme and nucleotide free state. Although its cognate PBP 

Figure 25. Conformational changes in PBPs during heme-binding. Crystal 

structures of RhuT in (A) apo and (B) 2-heme-bound forms. (C) Table shows the 

distance between two conserved Glu on the surface in different states of conformation 

of PBPs.  (n.d.: no data available) 
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(HmuT) was not bound, the HmuU (TMD) in the HmuUV complex was in the outward facing 

conformation, in which the periplasmic gate of the heme translocation channel was open 

(Figure 26B). 

 

 

Figure 26. The crystal structures of the heme importer. (A) Burkholderia 

cenocepacia BhuUV-T complex (PDB code: 5B58) and (B) Yersinia pestis HmuUV 

(PDB code: 4G1U); HmuT (PDB code: 3NU1). Two conserved glutamate residues of 

PBP (E94 and E231 of BhuT, and E77 and E206 of HmuT) and two conserved arginine 

residues of TMD (R84 of BhuU and R55 of HmuU) are shown as stick models. The 

periplasmic gate is situated between two H5a helices that are shown as a cylinder. In 

the BhuUV-T complex, the periplasmic gate is completely closed while it is open in 

HmuUV structure. The distances between two conserved arginine residues in TMD 

are 49.5 and 53.1 Å for BhuUV and HmuUV, respectively. 
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Since all transporter from these orthologues exhibits higher similarity in the amino acid 

sequences, similarities in the tertiary structures seem likely. In this HmuUV complex, the 

distance between the two R55 residues in the TMD dimer was 53.1 Å. When the heme-bound 

PBP forms a complex with TMD in the outward-facing conformation, the conserved Glu-Glu 

distance in the PBP should be around 51 Å in order to maintain the Glu-Arg interaction like 

the interaction was observed in the BhuUV-T complex. The Glu-Glu distance in the complex 

should be longer than that of 2-heme-bound form of HmuT (44.9 Å) in the “open conformation,” 

and was much longer than that of the 1-heme-bound form of BhuT (41.1 Å) in the “closed 

conformation.” 

 

Therefore, I suggest that a complex formation of heme(s)-bound PBPs with a heme transporter 

in the outward facing conformation would transform the PBPs into a “more open” 

conformation (Figure 27), in which the heme-binding cleft of the PBP must be opened more 

than that of even the isolated 2-heme-bound form. This conformational change in the heme 

cleft of PBP could weaken or disrupt interactions of the heme(s) with its (their) surroundings, 

including the heme-Tyr coordination bond. Such conformational change might be a trigger to 

the heme transfer from the hydrophilic cleft of PBP to the hydrophobic channel of TMD. 

 

Figure 27. The alternative access mechanism of ABC transporter. After heme-

binding, heme-bound PBP will dock with the outward facing conformation of TMD 

(hypothetical model) and PBP will release the heme to the TMD of the transporter. 

Upon ATP-hydrolysis, the TMD will change to inward facing conformation (BhuUV-

T), which enable the heme entry to cytoplasm. 
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6. CONCLUSION 

 

PBPs in the bacterial heme-acquisition systems can capture heme molecules in a heme-binding 

cleft, via Tyr coordination to the heme iron, but various interactions with cleft residues 

accompany an “open” or “closed” conformational change. The conserved Tyr-Arg linkage 

observed in the heme iron ligand of PBPs possibly stabilizes the deprotonated state of Tyr and 

would function as an effective heme-capturing system. The heme cleft of PBPs can adopt 

“closed,” “open” or “more open” conformations, depending on the heme concentration and on 

binding to the cognate TMD of the heme importer. Since PBPs themselves possess an effective 

heme capturing system, as described above, it is unlikely that the heme dissociates from PBPs 

without any conformational changes. Namely, the “more open” conformation of a PBP upon 

binding to a TMD would be responsible for the heme transfer. Therefore, for the heme-

acquisition systems of Gram-negative bacteria, I propose that the conformational changes 

within the domain motion of PBPs control the affinity of the heme, and could be important for 

the heme transport from PBP to the TMD. 

 

 

 

 

Figure 28. Model of heme-binding and release from PBP. PBPs can bind 1 or 2 

heme molecules depending on the heme concentration. The cleft of PBPs can adopt 

closed and open conformation during binding with heme(s), and a more open 

conformation during docking with dimeric TMD. 
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