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Highlights 

- hAHb2 has larger accessibility of small gaseous molecules compared to hAHb1.

- The flexibility of helix B and the smooth change in energetics assist ligand migration in hAHb2.

- Ligand binding shapes a channel in AHb1, which agrees with the NO detoxification role.

- The lack of a similar channel in O2AHb2 supports a functional role in storage and transport.
- A linkage between protein dynamics, inner cavities/channels and function can be found.
Abbreviations 

MD: molecular dynamics; ED: essential dynamics; PELE: Protein Energy Landscape Exploration; ANM: anisotropic network model; RMSD: root-mean square deviation; RMDF: root-mean square fluctuation; Kd: dissociation constant.

1. Introduction

Structural flexibility plays a fundamental role in the migration of ligands through the interior of proteins. One of the best studied families are globins, a paradigmatic case for illustrating the relevance of protein dynamics in the migration of small gaseous ligands [1-4]. Globins exhibit a series of permanent or fluctuating, mostly hydrophobic cavities in the protein matrix that provide transient docking sites and eventually define migration pathways. These connect the distal regions of the heme with the bulk solvent, contributing to the entry and release of ligands. The crucial role played by thermal fluctuations raises the question about the relationship that may exist between the dynamics of the globin fold, the topological plasticity of cavities, and the energetics of ligand migration, as the overall outcome of these properties will dictate the suitability of a globin to accomplish its specific function in the cell.

The relevance of the preceding question explains the effort in refining experimental and computational techniques to explore the molecular processes involved in ligand diffusion, thus complementing conventional approaches such as crystallization under high xenon (Xe) pressure or kinetic studies performed for mutated proteins [5,6]. For instance, time resolved X-ray crystallography provides real time visualization of structural rearrangements and ligand movements through internal cavities with atomic resolution [7,8]. Likewise, Temperature Derivative FTIR spectroscopy has been used at cryogenic temperatures to track migration through temporary sites for ligand complexes with hemeproteins [9], while ligand rebinding kinetics after laser flash photolysis permit to study ligand migration at room temperature [10,11]. On the other hand, atomistic molecular dynamics, generally coupled to enhanced sampling techniques, provide a microscopic description of the plasticity of molecular cavities, yielding information about diffusion pathways and the free energy landscape for ligand migration [12-15]. Thus, simulations provide a structural basis to interpret the intermediates and reaction rates observed in experimental kinetics assays.

In this context, the aim of this study is to compare the topological and dynamical properties of inner cavities in two plant non-symbiotic hemoglobins, AHb1 and AHb2 from Arabidopsis thaliana, and to investigate their implications in the biological function. The choice of these proteins is motivated by several reasons. The two proteins belong to the 3/3 globin fold and have a sequence identity of about 60%, but they present different expression patterns. While AHb1 is prevalently induced in both roots and rosette leaves by low oxygen levels and exposure to nitrate, AHb2 is expressed at low levels in rosette leaves and induced at low temperatures [16,17]. Bis-histidyl hexacoordination is a common feature to both AHb1 and AHb2, which can still bind exogenous ligands upon displacement of the distal HisE7 [18]. However, while AHb2 is fully hexacoordinated, AHb1 displays a substantial fraction (( 40%) with a pentacoordinated heme. The two globins present different oxygen affinities, with AHb1 showing a low dissociation constant (Kd) of about 2-10 nM and AHb2 a higher value of about 140 nM [16,19]. Moreover, steady state and time-resolved spectroscopic analyses [20-23] highlighted distinct rebinding kinetics. In particular, a very small geminate rebinding was observed for AHb1, whereas a large and temperature-dependent geminate rebinding was found for AHb2. Taken together, these differences suggest that AHb1 and AHb2 have different functional roles. In fact, AHb1 has been associated with NO detoxification mechanisms [20,24,25], while recent studies have suggested that AHb2 might function as an oxygen carrier [26]. 

On the basis of the preceding information, it is reasonable to assume that the distinct physiological roles of AHb1 and AHb2 must be reflected in the nature and distribution of hydrophobic cavities present in the interior of the two proteins, which have presumably been shaped by evolution to accomplish specific tasks. In particular, two main issues are addressed in this study. First, we want to explore the existence of channels that might facilitate the access of small gaseous ligands to the protein interior and favour the transition from bis-histidyl hexacoordination to the ligand-bound form. In contrast to AHb1, where a significant fraction exists in the pentacoordinated form suited to bind exogenous ligands, this question is of paramount importance for AHb2, as this protein is fully hexacoordinated and it seems then necessary to develop mechanisms that facilitate the ligand access to the protein matrix. The second aim is to explore the relationship between the nature of inner cavities or channels in the O2-bound hexacoordinated proteins that might be implicated in the biological function. Particularly, if AHb1 and AHb2 are involved in distinct physiological roles, it is reasonable to assume that the protein matrix will develop different cavities. 

To shed light into these questions, we report here the results of a comparative analysis focused on the topological characterization of inner cavities and the intrinsic dynamics of AHb1 and AHb2. Furthermore, attention is paid to the analysis of the ligand migration pathways found for the two proteins in both bis-histidyl and ligand-bound hexacoordination states. Finally, the functional implications of these analyses are discussed in light of the different biological roles proposed for AHb1 and AHb2.

2. Materials and Methods

2.1. Structural and dynamical analysis. 

The structural and dynamical properties of AHb1 and AHb2 were studied by running 50 ns-long molecular dynamics (MD) simulations. Details of these simulations have been reported previously [26,27]. Briefly, MD simulations were run using the parmm99SB force field [28] and the Amber-9 package [29].  The heme parameters were developed in previous works [30,31]. The protein was immersed in a pre-equilibrated octahedral box of TIP3P [32] water molecules. Electrical neutrality of the simulated systems was imposed by addition of counterions. The SHAKE algorithm [33] was used to keep bonds involving hydrogen atoms at their equilibrium length, in conjunction with a 1 fs time step for the integration of the Newton’s equations. Trajectories were collected in the NPT (1 atm, 298 K) ensemble using periodic boundary conditions and Ewald sums (grid spacing of 1 Å) for long-range electrostatic interactions [34]. The systems were minimized using a multistep protocol, involving first the adjustment of hydrogens, then the refinement of water molecules, and finally the minimization of the whole system. The equilibration was performed by heating from 100 to 298 K in four 100-ps steps. Finally, for each simulated system 50 ns production trajectories were run, collecting frames at 1 ps intervals.

2.2. Protein dynamics. 

The structural flexibility of the proteins was examined by Essential Dynamics (ED) [35,36], which can identify large concerted motions from MD trajectories. The ED method is based on the diagonalization of the covariance matrix of atomic positions along the trajectory, which gives the eigenvectors able to define the essential motions of the molecule. The analysis was only applied to the backbone atoms, removing the flexible N- (residues 1-10) and C-terminal (residues 157-160) regions. Additional analyses were also performed considering only the helical segments. The first 10 ns of the trajectories were excluded from the analysis. To investigate the essential motions involved in the transition between the bis-histidyl and ligand-bound hexacoordinated species, hybrid trajectories were constructed and subjected to ED analysis.

2.3. Ligand migration pathways

The preferred docking sites and migration pathways were identified using MDpocket [37], which uses a fast geometrical algorithm based on a Voronoi tessellation centered on the atoms and the associated alpha spheres to characterize pockets and channels [38]. Analyses were performed using 8000 snapshots taken equally spread over the last 40 ns of the trajectories. The minimum and maximum alpha sphere radius was 2.8 Å and 5.5 Å, respectively. The identified cavities were superposed in time and space and a density map was generated from this superposition. Stable cavities are identified as high-density 3D isocontours, while low-density isocontours denote transient or nearly non-existent cavities in the MD simulation.
The Protein Energy Landscape Exploration (PELE) technique [39] was used to follow the ligand migration in AHb1 and AHb2. This method combines a steered stochastic approach with protein structure prediction methods. Three main steps define the algorithm: a protein backbone plus ligand perturbation, side-chain sampling, and minimization. The ligand is perturbed through random rotations and translations. In the case of the protein, the perturbations are based on the displacement of α-carbons according to an anisotropic network model (ANM) [40]. The side-chain sampling step uses Xiang and Honig’s rotamer libraries [41] to predict all side chains local to the ligand (within a defined distance), as well as the side chains with higher energy increase along the ANM step. Finally, the last stage involves the minimization of a region including, at least, all residues local to the atoms involved in the perturbation and side-chain steps. These three steps compose a move that is accepted (defining a new minimum) or rejected based on a Metropolis criterion for a given temperature. The method has already been applied to the study of ligand migration in truncated hemoglobin, human hemoglobin and myoglobin with results in agreement with both theoretical and experimental data [13,42]. All simulations were initiated with the introduction of a CO molecule near the iron atom in the distal pocket and the ligand was allowed to move freely in any direction. Twenty simulations, with different initial random seed, were performed for every system and ligation state. Simulations were interrupted when the ligand escapes the protein or when a total of 48 hours simulation time was reached.

3. Results
3.1. Structural analysis.

The structural comparison between the energy-minimized average structures of bis-histidyl hexacoordinated (hAHb1, hAHb2) and oxygenated (O2AHb1, O2AHb2) proteins is shown in Table 1, which displays the positional root-mean square deviation (RMSD) between the backbone atoms of the proteins, and Figure 1, which displays the superposed average structures. A large structural resemblance is observed for the backbone atoms of the two proteins in the bis-histidyl hexacoordinated state, as noted in a RMSD value of 0.78 Å when the contribution of loops CD and EF is not considered (note that a much larger RMSD is obtained if these regions are included in the comparison). The structural similarity can be explained by the geometrical restraint imposed by coordination of the heme to the distal HisE7. Such a structural similarity is also found between the ligand-bound proteins (RMSD of 1.00 Å) due to the hydrogen bond between the heme-bound O2 and HisE7. In this case, however, the contribution of loops CD and EF is much smaller than for the hexacoordinated proteins. 

Table 1. RMSD (Å) between the backbone atoms of the energy-minimized average structures extracted from the trajectories. The RMSD was computed excluding the snapshots sampled in the first 10 ns of the MD simulations. In addition, the RMSD values were computed by excluding the N- and C-terminal regions of the protein (plain text), as well the loops CD and EF (in italics).

	
	hAHb2
	O2AHb1
	O2AHb2

	hAHb1
	1.88

0.78
	2.16

1.61
	2.28

1.80

	hAHb2
	
	2.25

1.73
	2.26

1.77

	O2AHb1
	
	
	1.14

1.00


In contrast to the preceding findings, a significant structural change is found upon transition from the bis-histidyl hexacoordination to the ligand-bound state, as noted in RMSD values ranging from 1.61 to 1.80 Å. The main structural difference comes from the displacement of the helix E, which is further assisted by lower adjustments in the helices A, B and F (see Figure 1). Thus, the RMSD determined for this helix (residues 66-86) is 2.97 and 3.17 Å for AHb1 and AHb2, respectively. The changes in other helical segments are generally lower than 1.1 Å, except for helix A (residues 13-25; RMSD of 1.45 Å) in AHb1, and helices B (residues 29-41; RMSD of 1.92 Å) and F (residues 97-106; RMSD of 1.37 Å) in AHb2. In the oxygenated AHb1 the displacement of helix E is stabilized by the formation of a salt bridge between residues Glu79 (helix E) and Arg93 (loop EF). Thus, whereas these residues form transient interactions in hAHb1, the salt bridge is found to be very stable in O2AHb1 (see Figure S1 in Supporting Information). The replacement of Arg93 in AHb1 by Ala in AHb2 precludes the formation of a similar interaction in the oxygenated form of this latter protein.

Figure 1. Superposition of the bis-histidyl (orange) and ligand-bound (blue) hexacoordinated structures of (a) AHb1 and (b) AHb2.
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The two proteins exhibit a large resemblance in the overall profiles obtained for the thermal fluctuations of residues (Figure 2). For the bis-histidyl hexacoordinated proteins the most relevant fluctuations (excluding the N- and C-terminal segments) are related to loops CD (residues 49-65) and EF (residue 87-95). Compared to the bis-histidyl hexacoordinated state, binding of O2 to the heme reduces the thermal fluctuations of loop CD (Figure 2). The RMSF profiles obtained for oxygenated AHb1 and AHb2 are very similar, though helices A and G exhibit somewhat larger fluctuations in AHb1.

Overall, the results point out that there is a large similarity between the average structural features of the two globins in both bis-histidyl and ligand-bound hexaccordinated states, as well as in the structural changes triggered upon binding of the exogenous ligand.
Figure 2. RMSF (Å) of residues for the (top) bis-histidyl and (bottom) ligand-bound hexacoordinated forms of AHb1 (red) and AHb2 (black).
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3.2. Essential dynamics.

ED analysis was used to investigate the principal motions of the protein backbone for AHb1 and AHb2 in their different coordination states. The contribution of the first principal components to the structural variance is given in Table 2. In all cases the first five essential motions account for around 50% of the structural variance of the protein backbone. For the bis-histidyl hexacoordinated proteins the first eigenvector alone accounts for about 21% of the backbone dynamics along the trajectory. Its contribution increases up to 34% in O2AHb1, but remains at the same percentage for O2AHb2 (20%). This suggests that ligand binding involves distinct changes in the overall motions in the protein backbone of AHb1 and AHb2. 
Table 2. Contribution (%) of the first 10 eigenvectors derived from essential dynamics to the conformational flexibility of the protein backbone.

	Essential mode
	hAHb1
	hAHb2
	O2AHb1
	O2AHb2 

	1
	20.7
	22.0
	34.5
	20.2

	2
	14.6
	13.6
	6.9
	9.6

	3
	6.6
	8.5
	5.8
	7.9

	4
	4.4
	5.8
	4.3
	5.5

	5
	4.1
	4.6
	3.7
	3.8

	cumulative
	50.4
	54.5
	55.2
	47.0


Figure 3 shows the first and final frames of the backbone deformation based on the first eigenvector for each protein. For hAHb1 (Figure 3a), the flexibility of the protein backbone affects the CD and EF loops, which is accompanied by the swinging of the last part of helix E and tilting of helix F, while the rest of the backbone shows no relevant displacements. Compared to hAHb1, two major differences are found for hAHb2. First, the backbone rearrangement in the EF region is primarily confined to the loop, so that the helix F does not show a significant structural rearrangement. Second, the largest deformations of the protein backbone in hAHb2 involve the CD loop and the concomitant displacement of helices B and C. Minor contributions due to the AB and FG loops and the terminal and initial segments of helices F and G, respectively (Figure 3b) are also observed. 

Figure 3. Superimposition of backbone in the first (green) and last (orange) frames of the first eigenvector for (a) hAHb1, (b) hAHb2, (c) O2AHb1 and (d) O2AHb2. The less flexible segments are shown in grey. The relevant structural elements in the deformation of the backbone are indicated.
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Binding of O2 to the heme enhances the flexibility of the overall protein backbone in AHb1 (Figures 3c,d). Thus, a rather global deformation is found for O2AHb1, in particular for helices A, E, F and H and for the EF and GH loops. In contrast, the analysis of the first eigenvector for O2AHb2 reveals a drastic difference in the protein flexibility, which is mainly localized in the CD and EF loops as well as structural rearrangements in helices F and H and the terminal segments of helices A and E. Therefore, the results indicate that ligand binding triggers a drastic difference in the dynamical response of the protein backbone in the ligand-bound hexacoordinated forms of AHb1 and AHb2.
3.3. Ligand migration in bis-histidyl hexacoordinated proteins.

MDpocket was used to identify the nature of the inner cavities observed for the proteins along the trajectories. The results showed that the bis-histidyl hexacoordinated form of AHb1 contains a single cavity above the heme (shaped by side chains of residues Leu35, Phe36, Ile39, Phe50, Ala70, Val73, Phe74, Leu121 and Tyr145), which protrudes slightly toward the interior of the protein (Figure 4a). The analysis of hAHb2 also depicts a cavity above the heme, mainly shaped by residues Phe32, Ile36, Ala67, Val70 and Val114, which is however smaller than the cavity found for hAHb1 (Figure 4b). In fact, no cavity is easily identified in the interior of the protein, which appears to be tightly packed. 

The most relevant difference between the distal cavities found in hAHb1 and hAHb2 is the distinct accessibility to the solvent: whereas the cavity found above the heme in hAHb1 is largely buried in the protein matrix, the cavity found in hAHb2 appears to extent toward the solvent following a bifurcated pathway (see Figure 4b). One branch is pointing to the space defined by helix B (residues Leu30 and Phe33) and the CD loop (residue Phe49), which will be denoted B/CD. The other branch goes through the space defined by the beginning of helix E (residues Leu63 and Ala65) and the loop CD (residue Phe47), denoted hereafter as E/CD. 

Figure 4. Representation of inner cavities (shown as magenta isocontours) identified by MDpocket analysis for (a) hAHb1 and (b) hAHb2.
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The distinct trends of the inner cavities between bis-histidyl hexacoordinated proteins may be ascribed, at least in part, to the replacement of Leu35 in AHb1 by Phe32 in AHb2 (see Figure 4), which changes the relative position of PheB10 (Phe36 in AHb1 and Phe33 in AHb2). In AHb1 PheB10 has been shown to modulate the balance between hexa- and pentacoordinated forms [27], as noted in the fact that its mutation to Leu enhances the population of pentacoordinated AHb1 (~ 67%) with regard to the wild type protein (the population of the pentacoordinated form is ~ 39%). Thus, the interplay between HisE7 and PheB10 seems to be crucial for regulating the transition from hexa- to pentacoordination enabling the binding of the exogenous ligand. In AHb2, however, the Leu35(Phe mutation would lead to a steric collision with PheB10, which is displaced toward helix C. Note also that this conformational rearrangement is favored by the mutation of Phe40 in AHb1 by Leu37 in AHb2 (see Figure S2 in Supporting Information).

Overall, the net effect is the reshaping of the distal cavity, which seems to be more accessible from the solvent in hAHb2. Noteworthy, this finding agrees with the enhanced dynamics observed by ED analysis for the region involving both helix B and the CD loop (see above and Figure 3b), as the increased flexibility in this region should also contribute to facilitate the migration of small gaseous ligands toward the heme in hAHb2.

PELE computations were performed to confirm the distinct accessibility to the heme in hAHb1 and hAHb2. A preliminary exploration of the ligand’s eggression routes pointed out the presence of two major pathways that nicely reflect the B/CD and E/CD routes outlined from the MDpocket analysis (see Figure 5). Out of the 20 simulations for hAHb1, 70% of the trajectories exited by the B/CD route, 20% used the E/CD pathway and the remaining two trajectories stayed in the vicinity of the heme group. For hAHb2 40% leaved by the B/CD exit, 30% used the E/CD one, 15% remained in the active site and 15% migrated inside the protein (and leaved from there). Thus, the main ligand migration pathways involved the CD loop area, with a strong preference for the B/CD pathway in hAHb1. 

Figure 5. Representation of the two main routes followed by the CO ligand to exit the protein matrix from the distal site for (a) hAHb1 and (b) hAHb2. The green and the orange balls identify the B/CD and the E/CD paths, respectively.
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In order to better examine the B/CD and E/CD pathways, 6+6 additional simulations were performed where the ligand is forced to go forth and back along the pathway 4 times in each simulation (for a total of 24 full passages through each pathway). The resulting protein-ligand interaction energy profiles are shown in Figure 6, where the different colors and symbols represent the various data sets obtained from different runs, with each data point constituting an accepted minimum in the Metropolis algorithm.
As seen in Figure 6, the interaction energy in the active site (at distances in the X-axis  ~6 Å) is larger by almost 3 kcal/mol in hAHb2. Furthermore, the interaction of the ligand at the entrance of two pathways (at ~19 Å in B/CD and ~11 Å in E/CD) is also more favorable in hAHb2, with an interaction energy of approximately -11 kcal/mol, whereas the entry to hAHb1 is destabilized by 4-5 kcal/mol. Thus, the ligand entrance seems to be enhanced in hAHb2. When comparing the two pathways, the B/CD route takes place through a series of isoenergetically minima (two for hAHb1 and 3 for hAHb2; see Figure 6), and the transition between these minima requires to surpass small barriers, typically lower than 2 kcal/mol. Therefore, this energetic feature will permit a smoother exchange of the ligand between the heme cavity and the bulk solvent. The minimum M1 corresponds to the ligand in the distal pocket. In the case of hAHb1 the cavity is surrounded by Leu35, Ile39, Thr46, Phe50, His67, Ala70 and Ala73, while in hAHb2 the site is neighbored by Phe32, Phe47, His66 and Val70. The minimum M2 in hAHb1 involves two distinct positions close to the protein exit: one is found near Thr45, Lys48 and His113, and the other, more buried in the protein, is shaped by four phenylalanines: 36. 40, 50 and 52. In hAHb2 the site M2 is defined by Phe33, Phe47, Phe49 and Leu63, and the third minimum, M3, is located at the entrance of the protein near Pro57 and Phe33. It is worth noting that the involvement of phenylalanine residues in small ligand migration had already been observed for both human hemoglobin and myoglobin [13].

Overall, the energetic results derived from PELE calculations confirm the enhanced accessibility to the distal cavitiy in hAHb2, as well as the feasibility for migration through the B/CD pathway.

Figure 6. Interaction energy landscape (E; kcal/mol) for CO migration (distance to the reference point in Å) through the (left) B/CD and (right) E/CD pathways.M1-M3 denote the isoenergetic minima found along the B/CD route.
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3.4. Ligand migration in ligand-bound hexacoordinated proteins.

Ligand binding to the heme triggers relevant differences in the nature of inner cavities. As noted in previous studies [27], O2AHb1 shows an inner channel that connects the distal cavity and the protein surface. This channel grows from the distal cavity found in the bis-histidyl hexacoordinated protein and is defined by residues Met24, Phe74, Cys77, Cys78, Ser80, Ala81, Leu84, Val90, Trp141, Ala144, His147 and Leu148, thus leading from the heme to the end of helix E (Figure 7a). His147 seems to be involved in controlling the accessibility of the tunnel at the base of the protein through an entry shaped by residues in helices E (residues Ser80 and Leu84) and H (residues His147 and Leu 148) and the EF loop (residue Val90). At the same isocontour level, however, the interior of O2AHb2 contains three main disconnected cavities, which is in contrast with the lack of inner cavities found in the bis-histidyl hexacoordinated form (see Figure 4b; see also Figure S3 in Supporting Information)). Among them, the largest cavity (number 3 in Figure S3) is mainly shaped by residues in helices A, G and H, and its formation is presumably facilitated by mutations Trp133(Tyr130 (GH loop) and Met24(Leu21 (helix A) between the two proteins. With regard to the other cavities, one (cavity 1) is located above the heme and the other (cavity 2) is reminiscent of the final segment of the channel found in O2AHb1. 

Compared to O2AHb1, the most striking difference is the lack of the exit to the bulk solvent through helices E and H (Figure 7b). This difference may be attributed to the distinct pattern of salt bridges formed by helix E. A common feature of the two proteins is the salt bridge between Arg85 (in helix E), Glu11 and Glu14 (in helix A; Arg82, Glu8 and Glu11 in O2AHb2). In addition, Arg83 (EF loop) interacts with Glu79 (helix E) in O2AHb1 (Figure 7). Though this interaction is lost in O2AHb2 due to the replacement of Arg93 by Ala90, a more dense number of salt bridges are found in this latter protein. In particular, the mutation of Val18 in AHb1 by Lys15 (helix A) in AHb2 permits the formation of a salt bridge with Glu83 (helix E; see Figure 6), and another salt bridge is also afforded by Lys69 (helix E), which bridges Asp91 (EF loop) and one of the heme propionates (Figure 7b; this interaction is not found in O2AHb1 due to mutation of Lys69 to Ser72). It is worth noting that the lower number of salt bridges formed in O2AHb1 explains the larger mobility of helix E compared to O2AHb2 (see Figure 3c,d), which should then facilitate the opening of transient paths leading from the distal cavity to the solvent through helices E and H (see Figure 7a).

Figure 7. Representation of inner cavities (shown as magenta isocontours) identified by MDpocket analysis for (a) O2AHb1 and (b) O2AHb2.
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The distinct accessibility for ligand migration was further confirmed by PELE calculations. Out of the 20 simulations for O2AHb1, only a minor fraction (25%) followed the B/CD and E/CD pathways. Rather, the main egression pathway (75%) involved the exploration of the inner part of the protein, leading to the exterior through the channel located between helix E and the EF loop and the region near the AB corner (Figure 8). Thus, we observe a change from 90% to 20% in the escape through the CD loop area. In contrast, the results for O2AHb2 indicate a less radical  change: 25% of the trajectories kept the distal exit pathway, 30% stayed in the protein matrix, and 45% left from the AB corner. Remarkably, no exit in between the helix E and the EF loop was observed in O2AHb2. Overall, the simulations indicate a less dominant exit to the solvent in O2AHb2, with a significantly larger ratio of oxygen molecules not leaving the protein.
Figure 8. Representation of the two main routes followed by the CO ligand to exit the protein matrix from the distal site for (left) O2AHb1 and (b) O2AHb2.
[image: image10.emf]









4. Concluding remarks

The preceding results have shown the large degree of structural plasticity of internal cavities in both AHb1 and AHb2. The hexacoordinated proteins exhibit little flexibility, mainly involving the loops CD and EF, which in part reflects the restraint imposed by the bond between the heme iron and the distal HisE7. The protein matrix is tightly packed and the cavities are limited to the region above the heme. In order to accomplish its biological function, small gaseous ligands have to access the heme cavity and eventually coordinate the heme. This process does not offer serious limitations for AHb1, as the equilibrium between bis-histidyl hexacoordinated and pentacoordinated forms gives rise to a significant population of the pentacoordinated AHb1 [18-23]. However, the preference for the fully hexaccordinated state of AHb2 might prevent the efficient binding of the exogenous ligand and imposes a severe restriction to its biological function. Our results, however, suggest that this potential limitation is alleviated by an enhanced accessibility of ligands to the distal cavity in AHb2, which is mainly influenced by the presence of the pathway between helix B and the CD loop.  

The larger accessibility of small gaseous molecules in hAHb2 compared to hAHb1 may be ascribed to three main features. First, the mutation Leu35(AHb1)(Phe32 (AHb2) alters the structural arrangement of residues in the distal cavity, particularly PheB10, which is then pushed toward the CD loop compared to the average position found in hAHb1. Second, the enhanced flexibility of helix B in hAHb2, which in conjunction with the deformability of the CD loop, should facilitate the entry and migration of ligands to the heme cavity. Finally, the smooth change in the energetic profile, which is assisted by a series of isoenergetic minima, would enable the exchange of ligands to/from the distal cavity.
On the other hand, the results also highlight that binding of the exogenous ligands introduces relevant structural changes, primarily involving the displacement of the helix E in conjunction with readjustments in loops CD and EF. These structural changes not only enlarge the accessible volume in the interior of the protein, which is reflected in a series of disconnected cavities in O2AHb2, but lead to the formation of a well-defined channel in O2AHb1. The integrity of this tunnel is likely assisted by the formation of a stable salt bridge between Arg93, located in the loop EF near the beginning of helix F, and Glu79, placed in helix E. From a structural point of view, the most relevant difference between O2AHb1 and O2AHb2 is the lack of a visible exit to the solvent. This differential trend can be ascribed to the larger number of salt bridges formed in O2AHb2, which should keep helix E tightly bound, as noted in the reduced flexibility of this helix compared to O2AHb1. 

From a functional point of view, the presence of a well-defined tunnel formed upon O2 binding to the heme agrees with the low geminate rebinding observed in flash photolysis experiments [20-23]. On the other hand, it suggests that the tunnel must have a direct functional implication, presumably related to the putative NO nitrogenase activity proposed for AHb1 [20,24,25]. Thus, this tunnel might facilitate the access of NO to the oxygenated AHb1. In addition, the closure of the distal cavity in O2AHb1 revealed by PELE calculations could be necessary to preserve the oxygen bound to the heme from leaving the catalytic site prior to the accomplishment of its dioxygenase function for NO detoxification. The lack of a similar channel connecting the distal site to the solvent through temporary docking sites in O2AHb2 supports the higher fraction of geminate rebinding previously observed for this protein. This is noted in the larger fraction of molecules that remain inside the protein in PELE calculations compared to O2AHb1. This finding also argues against a potential involvement in NO detoxification processes, and in fact, our results reinforce the assumption that AHb2 might be involved in ligand storage and transport.

As a final remark, it is worth noting that taken together our results highlight the delicate linkage between protein dynamics, the formation of cavities and channels in the protein matrix, and the functional role to be accomplished by these proteins. Clearly, the differenti architectural changing of the protein matrix triggered upon ligand binding, leading to either a tunnel in AHb1 or separate cavities in AHb2, appear to arise from a set of mutations at specific, but critical positions in the protein fold. It might then be challenging to explore the spectroscopic and kinetics changes arising from mutations such as Leu35(Phe32 in AHb1 or Phe32(Leu in AHb2, as well as to alter the pattern of salt bridges formed by residues in helix E, which should modifiy the dynamics of the protein fold and thus affect ligand migration. 
Acknowledgements
This work was supported by the Spanish Ministerio de Innovación y Ciencia (SAF2011-27642) and the Generalitat de Catalunya (2009-SGR00298 and XRQTC). The Barcelona Supercomputer Center (BSC) and the Centre de Serveis Científics i Acadèmics de Catalunya (CESCA) are acknowledged for providing the computational resources.

References

[1]
R. Elber, Ligand diffusion in globins: simulation versus experiment, Curr. Opin. Struct. Biol. 20 (2010) 162-167.

[2]
D. Lavalette, C. Tétreau, L. Mouawad, Ligand migration and escape pathways in haem proteins, Biochem. Soc. Trans. 34 (2006) 975-978.

[3]
H. Frauenfelder, G. Chen, J. Berendzen, P.W. Fenimore, H. Jansson, B.H. McMahon, I.R. Stroe, J. Swenson, R.D. Young, A unified model of protein dynamics, Proc. Natl. Acad. Sci. USA, 106 (2009) 5129-5134.

[4]
D. Kern, E.R.P. Zuiderweg, The role of dynamics in allosteric regulation, Curr. Opin. Struct. Biol. 13 (2003) 748-757.

[5] 
A. Pesce, M. Milani, M. Nardini, M. Bolognesi, Mapping heme-ligand tunnels in group I truncated(2/2) hemoglobins, Meth. Enzymol. 436 (2008) 303–315.

[6]
M.D. Salter, G.C. Blouin, J. Soman, E.W. Singleton, S. Dewilde, L. Moens, A. Pesce, M. Nardini, M. Bolognesi, J.S. Olson, Determination of Ligand Pathways in Globins: Apolar tunnels versus polar gates, J. Biol. Chem. 287 (2012) 33163-33178.

[7]
V. Srajer, Z. Ren, Y. T. Teng, M. Schmidt, T. Ursby, D. Bourgeois, C. Pradervand, W. Schildkamp, M. Wulff, K. Moffat, Protein conformational relaxation and ligand migration in myoglobin: A nanosecond to millisecond molecular movie from time-resolved Laue X-ray diffraction. Biochemistry 40 (2001) 13802-13815.

[8]
F. Schotte, M. Lim, T.A. Jackson, A.V. Smirnov, J. Soman, J.S. Olson, G.N. Philips, Jr., M. Wulff, P.A. Anfinrud, Watching a protein as it functions with 150-ps time-resolved X-ray crystallography, Science 300 (2003) 1944-1947.

[9]
K. Nienhaus, G.U. Nienhaus, Ligand dynamics in heme proteins observed by Fourier transform infrared-temperature derivative spectroscopy. Biochim. Biophys. Acta - Proteins and Proteomics 1814 (2011) 1030-1041.

[10]
S. Sottini, S. Abbruzzetti, F. Spyrakis, S. Bettati, L. Ronda, A. Mozzarelli, C. Viappiani, Geminate rebinding in R state hemoglobin: kinetic and computational evidence for multiple hydrophobic pockets. J. Am. Chem. Soc. 127 (2005) 17427-17432.

[11]
S. Abbruzzetti, S. Bruno, S. Faggiano, E. Grandi, A. Mozzarelli, C. Viappiani, C. Monitoring haem proteins at work with nanosecond laser flash photolysis. Photochem. Photobiol. Sci. 5 (2006) 1109-1120.

[12]
J. Cohen, K.W. Olsen, K. Schulten, Finding gas migration pathways in proteins using implicit ligand sampling. Meth. Enzymol. 437 (2008) 439-457.

[13]
M.F. Lucas, V. Guallar, An atomistic view on human hemoglobin carbon monoxide migration processes. Biophys J. 102 (2012) 887-896.

[14]
M. Anselmi, A.D. Nola, A. Amadei, Kinetics of carbon monoxide migration and binding in solvated neuroglobin as revealed by molecular dynamics simulations and quantum mechanical calculations. J. Phys. Chem. B 115 (2011) 2436-2446.
[15]
P. Arroyo-Mañez, D.E. Bikiel, L. Boechi, L. Capece, S. Di Lella, D. A. Estrín, M. A. Martí, D. M. Moreno, A. D. Nadra, A. A. Petruk, Protein dynamics and ligand migration interplay as studied by computer simulation, Biochim. Biophys. Acta - Proteins and Proteomics 1814 (2011) 1054-1064.

[16]
B. Trevaskis, R.A. Watts, C.R. Andersson, D.J. Llewellyn, M.S. Hargrove, J.S.Olson, E.S.Dennis, W.J. Peacock, Two hemoglobin genes in Arabidopsis thaliana: the evolutionary origins of leghemoglobins. Proc Natl Acad Sci U S A, 1997. 94 (1997) 12230-12234.
[17]
R. Wang, K. Guegler, S.T. LaBrie, N.M. Crawford, Genomic analysis of a nutrient response in Arabidopsis reveals diverse expression patterns and novel metabolic and potential regulatory genes induced by nitrate, Plant Cell 12 (2000) 1491-1509.

 [18]
B.J. Smagghe, S. Kundu, J.A. Hoy, P. Halder, T.R. Weiland, A. Savage, A. Venugopal, M. Goddman, S. Premer, M.S. Hargrove, Role of phenylalanine B10 in plant nonsymbiotic hemoglobins, Biochemistry 45 (2006) 9735-9745. 

[19]
R.A. Watts, P.W. Hunt, A.N. Hvitved, M.S. Hargrove, W.J. Peacock, E.S. Dennis, A hemoglobin from plants homologous to truncated hemoglobins of microorganisms, Proc. Natl. Acad. Sci. USA 98 (2001) 10119-10124. 
[20] 
S. Bruno, S. Faggiano, F. Spyrakis, A. Mozzarelli, S. Abbruzzetti, E. Grandi, C. Viappiani, A. Feis, S. Mackowiak, G. Smulevich, E. Cacciatori, P. Dominici, The reactivity with CO of AHb1 and AHb2 from Arabidopsis thaliana is controlled by the distal HisE7 and internal hydrophobic cavities,, J. Am. Chem. Soc. 129 (2007) 2880-2889. 

[21] 
S. Abbruzzetti, S. Faggiano, F. Spyrakis, S. Bruno, A. Mozzarelli, A. Astegno, P. Dominici, C. Viappiani, Oxygen and nitric oxide rebinding kinetics in nonsymbiotic hemoglobin AHb1 from Arabidopsis thaliana, IUBMB Life 63 (2011) 1094-1100. 
[22] 
S. Abbruzzetti, E. Grandi, S. Bruno, S. Faggiano, F. Spyrakis, A. Mozzarelli, E. Cacciatori, P. Dominici, C. Viappiani, Ligand migration in nonsymbiotic hemoglobin AHb1 from Arabidopsis thaliana. J. Phys. Chem. B 111 (2007) 12582-12590.  

[23] 
S. Bruno, S. Faggiano, F. Spyrakis, A. Mozzarelli, E. Cacciatori, P. Dominici, E. Grandi, S. Abbruzzetti, C. Viappiani, Different roles of protein dynamics and ligand migration in non-symbiotic hemoglobins AHb1 and AHb2 from Arabidopsis thaliana. Gene 398 (2007) 224-233. 

[24] 
M. Perazzolli, P. Dominici, M.C. Romero-Puertas, E. Zago, J. Zeier, M. Sonoda, C. Lamb, M. Delledonne, Arabidopsis nonsymbiotic hemoglobin AHb1 modulates nitric oxide bioactivity, Plant Cell 16 (2004) 2785-2794.

[25] 
M. Perazzolli, M.C. Romero-Puertas, M. Delledonne, Modulation of nitric oxide bioactivity by plant haemoglobins. J. Exp. Bot. 57 (2006) 479-488. 
[26]
F. Spyrakis, S. Bruno, A. Bidon-Chanal, F.J. Luque, S. Abbruzzetti, C. Viappiani, P. Dominici, A. Mozzarelli, Oxygen binding to Arabidopsis thaliana AHb2 nonsymbiotic hemoglobin: evidence for a role in oxygen transport. IUBMB Life 63 (2011) 355-362.  

[27]
Faggiano, S., et al., Structural plasticity and functional implications of internal cavities in distal mutants of type 1 non-symbiotic hemoglobin AHb1 from Arabidopsis thaliana. J Phys Chem B 113 (2009) 16028-16038.  

[28]
V. Hornak, R. Abel, A. Okur, B. Strockbine, A. Roitberg, C. Simmerling C, Comparison of multiple Amber force fields and development of improved protein backbone parameters, Proteins 65 (2006) 712–725.
[29]
D.A. Case, T.A. Darden, T.E. Cheatham, III, C.L. Simmerling, J. Wang, R.E. Duke, R. Luo, K.M. Merz, D.A. Pearlman, M. Crowley, R.C. Walker, W. Zhang, B. Wang, S. Hayik, A. Roitberg, G. Seabra, K.F. Wong, F. Paesani, X. Wu, S. Brozell, V. Tsui, H. Gohlke, L. Yang, C. Tan, J. Mongan, V. Hornak, G. Cui, P. Beroza, D.H. Mathews, C. Schafmeister, W.S. Ross, and P.A. Kollman, AMBER 9 University of California, San Francisco, 2006.
[30]
M.A. Martí, A. Crespo, L. Capece, L. Boechi, D.E. Bikiel, D.A. Scherlis, D.A. estrin, Dioxygen affinity in heme proteins investigated by computer simulation, J. Inorg. Biochem. 100 (2006) 761-770.

 [31]
A. Bidon-Chanal, M.A. Martí, A. Crespo, M. Milani, M. Orozco, M. Bolognesi, F.J. Luque, D.A. Estrin, Ligand-induced dynamical regulation of NO conversion in Mycobacterium tuberculosis truncated-hemoglobin-N, Proteins 64 (2006) 457-464. 

[32]
W.L. Jorgensen, J. Chandrasekhar, J.D.Madura, R.W. Impey, M.L. Klein, Comparison of simple potential functions for simulating liquid water, J. Chem. Phys. 79 (1983) 926–935.
[33]
J.P. Ryckaert, G. Ciccotti, H.J.C. Berendsen, Numerical integration of the Cartesian equations of motion of a system with constraints: Molecular Dynamics of n-alkanes, J. Comput. Phys. 23 (1977) 327-341.
[34]
D.M. York, T.A. Darden, L.G. Pedersen, The effect of long‐range electrostatic interactions in simulations of macromolecular crystals: A comparison of the Ewald and truncated list methods, J. Chem. Phys. 99 (1993) 8345-8348.
[35]
A.E. Garcia, Large-amplitude nonlinear motions in proteins. Phys. Rev. Lett. 68 (1992) 2696-2699.  

[36]
A. Amadei, A.B. Linssen, H.J. Berendsen, Essential dynamics of proteins. Proteins 17 (1993) 412-425. 
[37]
P. Schmidtke, A. Bidon-Chanal, F.J. Luque, X. Barril, MDpocket: open-source cavity detection and characterization on molecular dynamics trajectories. Bioinformatics 27 (2011) 3276-3285.
[38]
V. Le Guilloux, P. Schmidtke, P. Tuffery, Fpocket: an open source platform for ligand pocket detection. BMC Bioinformatics 10 (2009) 168.

[39]
Borrelli KW, Vitalis A, Alcantara R, Guallar V: PELE: Protein Energy Landscape Exploration. A Novel Monte Carlo Based Technique. J Chem Theory Comput 2005, 1(6):1304.
[40]
I. Bahar, A.R. Atilgan, B. Erman, Direct evaluation of thermal fluctuations in proteins using a single-parameter harmonic potential. Fold. Des. 2 (1997) 173-181.  
[41]
Z. Xiang, B. Honig, Extending the accuracy limits of prediction for side-chain conformations, J. Mol. Biol. 311 (2001) 421-430. 

[42]
V. Guallar, C. Lu, K. Borrelli, T. Egawa, S.R. Yeh, Ligand migration in the truncated hemoglobin-II from Mycobacterium tuberculosis: the role of G8 tryptophan, J. Biol. Chem. 284 (200) 3106-3116. 
