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ABSTRACT

Nonsymbiotic hemoglobins (nsHbs) form a widely distributed class of plant proteins, which function remains unknown. Despite
the fact that class 1 plant nonsymbiotic hemoglobins are hexacoordinate (6¢c) heme proteins (hxHbs), their hexacoordination equi-
librium constants are much lower than in hxHbs from animals or bacteria. In addition, they are characterized by having very high
oxygen affinities and low oxygen dissociation rate constants. Rice hemoglobin 1 (rHb1) is a class 1 nonsymbiotic hemoglobin. It
crystallizes as a fully associated homodimer with both subunits in 6c state, but showing slightly different conformations, thus lead-
ing to an asymmetric crystallographic homodimer. The residues that constitute the dimeric interface are conserved among all
nsHbs, suggesting that the quaternary structure could be relevant to explain the chemical behavior and biological function of this
family of proteins. In this work, we analyze the molecular basis that determine the hexacoordination equilibrium in rHbl. Our
results indicate that dynamical features of the quaternary structure significantly affect the hexacoordination process. Specifically,
we observe that the pentacoordinate state is stabilized in the dimer with respect to the isolated monomers. Moreover, the dimer
behaves asymmetrically, in a negative cooperative scheme. The results presented in this work are fully consistent with our previous
hypothesis about the key role played by the nature of the CD region in determining the coordination state of globins.
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INTRODUCTION observed in human neulroglobin,6 human cytoglobin,” rice
hemoglobin,3 and tomato hemoglobin® among others.

To bind exogenous ligands, the so-called 6¢ globins
need to populate at least transiently the pentacoordinate
state (5¢). This leads to the existence of a subtly regu-

lated equilibrium between these states, that results in

Hemoglobins are a large group of proteins responsible of
a great variety of biological functions in all kingdoms of
life.1=3 Many of these functions are related with
the cafabﬂity to coordinate small ligands to the heme
group.® The iron in the heme group possesses six coordina-
tion sites: four equatorial sites occupied by the porphyrin

pYrrOIe nitrogens and two axial sites. One of the axial sites, Additional Supporting Information may be found in the online version of this

known as proximal site is usually occupied in hemoglobins
by a histidine residue. The sixth coordination site is known
as the distal position. In many cases, this site is occupied by
exogenous ligands such as O,, CO, and NO. Several hemo-
globins also contain a histidine (HisE7) called distal residue,
which contributes to stabilize the heme-ligand complex
through hydrogen bonding.® In some cases, however, this
residue is also capable of binding to the iron leading to the
formation of a hexacoordinated (6¢) globin (hxHb), as
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hexacoordinated hemoglobins displaying moderate O,
affinities, as noted for neuroglobin (Psy ~ 2 torr).10

In the vegetal kingdom, there are three known types of
hemoglobins: symbiotic hemoglobins (sHb), truncated
hemoglobins (trHb), and nonsymbiotic hemoglobins
(nsHb). The last two types have been recently discov-
ered.11 While symbiotic hemoglobins are 5¢ and found in
nodules of nitrogen-fixing plants, nonsymbiotic hemoglo-
bins are 6¢ and are present in all plants. Although it has
been proven that their expression is enhanced under
hypoxic conditions,!2 their physiological function is still
unclear. Three classes (class 1, 2, and 3) of nsHbs have
been distinguished.!3 Class 1 hemoglobins are found in all
plants and are characterized by having much lower hexa-
coordination equilibrium constants than in hxHbs from
animals or bacteria (K, &~ 2) high oxygen affinities (Psq ~
2 nM), and low oxygen dissociation rate constant (Kp ~
0.16 s ').14-18 This behavior can be explained by the fact
that the distal histidine stabilizes the bound ligand.1® Sev-
eral observations as low concentrations in vivo, small oxy-
gen dissociation rate constants, high oxygen affinity and
redox potential suggest that class 1 nsHbs are unlikely to
function in oxygen or electron transport.16:19,20

Rice contains four nsHbs,21 two of which have been
studied in purified recombinant form (riceHbl and
riceHb2). It was postulated that they could be involved in
energy maintenance and NADH reduction. This hypothesis
is consistent with the upregulation observed in plants
grown under stress conditions.22:23 In addition, for rice
rHb1 genes are induced by nitrate, nitrite, and nitric oxide
donors in association with NADH-nitrate reductase.24
This suggests that rHb1 could be involved in nitric oxide
scavenging detoxification.2>

The crystal structure of rHbl has been solved by Har-
grove et al.8 It crystallizes as a fully associated dimer with
both subunits in 6¢ state (bis-histidil-6¢ state).8 Under
physiological conditions, it is a partially associated homo-
dimer (K4 = 80-610 uM depending on the oxidation states
and the ligand bound of the heme group).2® The tertiary
structure consists of six helices commonly named A, B, E,
E, G, and H present in most hemoglobins (Fig. 1). The
crystal structure shows a very short and distorted C helix.
The D helix region forms an extended and poorly ordered
loop suggesting that the CD region may be highly flexible
under physiological conditions. It was also observed that
residue Phe40(B10), which is conserved in plant nonsym-
biotic hemoglobins, displays a great variability in its side
chain position. Interestingly, studies by Smagghe et al. have
identified this residue as an important regulatory element
in hexacoordination and ligand binding.2”

The dimeric interface observed in the crystal structure is
symmetrical, and it is formed by amino acids from the CD
region and the G helix. More specifically, the interactions
observed between the two subunits are two hydrogen bonds
between Ser49 from one subunit and the Glul19 from the
other and a hydrophobic core formed by Phel23, Val120,
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Figure 1

Visual representation of the monomeric rHb1 structure. The heme is
depicted in balls and sticks drawing representation and the rest of the
protein is in ribbon representation.

and Val46. Residues Ser49, Glul19, Val46, and Val120 have
shown to play a critical role in the formation of the quater-
nary structure. These residues are relatively conserved
among all the nsHbs8 suggesting that this quaternary struc-
ture could be relevant to explain the chemical behavior and
biological function of this family of proteins. Interestingly,
both subunits (labeled A and B) display different structures.
The backbone root mean square deviation (RMSD) between
the two monomers is 1.6 A. Specific backbone structural
differences between the two monomers are found mainly in
the loop CD conformation but also in the F helix.8 This
kind of asymmetry has also been reported to be present in
several, in principle symmetric, protein homodimers.28-30

In previous works, our group has pointed out the cru-
cial role of the CD region as the main determinant of the
equilibrium in human neuroglobin.3 1,32 In the present
work, we analyze the molecular basis that determine the
hexacoordination equilibrium in rHb1 and its connection
with the quaternary structure. Our results indicate that
quaternary structure affects significantly the hexacoordi-
nation process. Specifically, we observed that the 5c state
is stabilized by dimerization, which means that the role
played by the dimeric interface could be related to the
modulation of the hexacoordination equilibrium. Our
results are fully consistent with our previous hypothesis
about the key role played by the nature of the CD region
in determining the coordination state of globins.31’32

MATERIALS AND VIETHODS
Starting structures

The initial structure of rHb1 was obtained from X-ray
structures (PDB entries 1D8U8). The 5c¢ structures were
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obtained from the 6¢ one by releasing the Fe-HisE7 bond
constraint followed by 5-ns MD simulations, which pro-
motes distal histidine dissociation from the heme. For
each one of the monomeric subunits of rHbl, 50-ns MD
simulation was performed in all the possible coordination
states. Four MD trajectories were run corresponding to
5c-A, 6¢-A, 5¢c-B, and 6¢-B (where the labels A and B
correspond to each chain in the dimer). For the dimeric
state, 60-ns MD simulation trajectories were collected for
the A6c-B6¢ and A5c¢—B5c. In the case of A6¢c-B5c¢ and
A5c—B6¢ states, 65-ns and 70-ns MD simulations were
collected, respectively.

Simulation parameters

The starting structures were immersed in a pre-equili-
brated octahedral box of TIP3P water molecules. A mini-
mum distance of 15 A from the protein surface to the
end of the box was used. This resulted in a total number
of 27,794 atoms for the monomers and 40,939 atoms for
the dimers. The standard protonation state at physiologi-
cal pH was assigned to ionizable residues. Histidine
residues protonation were assigned on the basis of the
hydrogen-bond pattern with neighboring residues. For
distal (HisE7) and proximal (HisF8) histidines, protona-
tion was chosen to be in the N3 position. All simulations
were performed at 300 K and pressure of 1 bar using
Berendsen thermostat and barostat.33 Periodic boundary
conditions and Ewald sums (grid spacing of 1 A) were
used to treat long-range electrostatic interactions. The
SHAKE algorithm was used to keep bonds involving
hydrogen atoms at their equilibrium length. The time
step for the integration of Newton’s equations was 2 fs.
The force field used for all residues but the heme was
Amber99.34 Heme parameters were developed and thor-
oughly tested by our group in previous works.31,32,35,36
All simulations were performed with the PMEMD mod-
ule of the AMBER10 package.3” Frames were collected at
1-ps intervals, which were subsequently used to analyze
the trajectories. The equilibration protocol consisted in
an energy minimization of the initial X-ray structures,
followed by a gradual heating up to 300 K (four steps of
5 ps at 150, 200, 250, and 300 K). For each structure, the
first 15 ns were not considered for further analysis.

Essential dynamics

Essential dynamics (ED) analysis involves diagonaliza-
tion of the covariance matrices of atomic positions along
the trajectory, yielding the eigenvectors that define the
essential motions of the protein.38 This analysis was per-
formed only for the backbone atoms. Residues 1-15 and
150-165 were excluded to avoid masking of the essential
motions of the protein core by the high flexibility of the
terminal regions. ED analysis of combined trajectories
(6¢c and 5¢) was also performed to gain insight into the

structural transition.3! This type of analysis has been
successfully applied in previous works to study confor-
mational transitions, including 5c¢ < 6¢ equilibrium in
globins, allowing the understanding on how protein
structure and dynamics contributes to the conforma-
tional change process.31’32’39

Free energy profiles of the 5c—6c transition

To obtain thermodynamic information of the 5¢ « 6¢
transition, free energy profiles for this process were
calculated. The profiles were constructed by performing
constant velocity multiple steered molecular dynamics
simulations by means of the PMEMD module of Amber10
program, and using the Jarzinsky’s equation.40 Here, the
reaction coordinate was chosen as the Fe-Ne2(HisE7) dis-
tance. Calculations were performed using a harmonic
potential with a force constant of 400 kcal mol ™' A™! on
the Fe-Ne2 distance and pulling velocities of 2.5 A ns™ .
Twenty simulations were performed in each direction. The
final profile in each case was obtained by combining the
forward and backward profiles (forward = dissociation
and backward = association). As the coordination transi-
tion involves the formation/breaking of a bond (the
Fe-HisE7 bond), a process not allowed in standard classi-
cal force fields, we introduced a Morse potential to
describe such Fe-coordination bond. The parameters in
this case are an equilibrium distance of 2.01 A and a bond
dissociation energy of 10 kcal mol™". This set of parame-
ters have been used in previous works to study this process
in other globins.31’32 It is important to stress out that the
Morse potential function that describes the Fe-HisE7 bond
was not parameterized for this case in particular but for a
generic hxHb case. Therefore, we do not expect quantita-
tive accuracy for any individual profile but just a meaning-
ful comparison between different states. This scheme has
been successfully applied to the determination of free
energy profiles in proteins for a wide variety of processes
including 5¢ < 6c transition in globins.31,32,41-44

RESULTS

Structural and dynamical analysis
of rHb1 in the dimeric state

To study the structural properties of dimeric rHbl,
four MD simulations, were performed corresponding to
each one of the possible coordination states, namely:
A5c-B5c, A6c-B6c, A6c-B5¢c, and A5c-B6¢ (where 5c¢
and 6¢ indicate the coordination states and letters A and
B are the labels that distinguish each subunit in the
asymmetric dimer). In all cases, no large structural
fluctuations were observed during the time scale of the
simulation, as evidenced in the RMSD versus time
(Supporting Information Figs. S1 and S2). The RMSD
between the average structures of subunits A and B in
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the A6¢c—B6c state (which is the coordination state of the
crystal structure) resulted 3.8 A (compared with 1.6 A in
the crystal structure).

A more detailed analysis of the protein mobility is
obtained by the root mean square fluctuation (RMSF)
versus residue plot, which shows that the more mobile
protein regions are located in the loops AB, EF, GH, and
particularly in the CD region (Fig. 2). Noteworthy, the
figure also shows that the mobility of the CD region is
higher in subunit B compared to subunit A, specially in
the cases where subunit A is in the 6c state.

The ED analysis for the hexacoordination process in
the dimeric state shows that the structural rearrange-
ments that take place during the hexacoordination in
each subunit are mainly associated with a conformational
reorganization of the CD region and the F helix (Sup-
porting Information Fig. S9).

Another relevant observation derived from Figure 2, is
that in the A6c—B6c state [Fig. 2(B)], the GH loop of
subunit A shows a significantly higher mobility compared
to any of the other simulated states. Visual inspection of
the MD trajectory evidences that this effect is related
with the dimeric interface and is caused by the vicinity
of B subunit’s CD region to the H helix of subunit A,
which allows the formation of two hydrogen bonds,
established between Ser60 and Arg58 from subunit B
with Ser144 and Glul48 from subunit A, respectively, as
shown in Figure 3(A,B). This contact also allows the
hydrogen bonding between Ser55 and Glu65 residues
from subunit B’s CD region. The existence of this inter-
action between the GH loop of subunit A and the CD
region of subunit B may explain the observed increase in
the GH flexibility, due to the high flexibility of the CD
region. These interactions [shown in Fig. 3(B)] are
mostly found in both the A6c-B6c and A5c-B6¢ dimer,
and thus are particular of B6¢ state. In contrast, in the
dimeric states in which subunit B is in the 5c state, its
CD region does not interact with subunit A at all.
Instead, a hydrophobic core between the apolar amino
acids in this region is formed, as shown in Figure
3(C,D). In summary, there is a B subunit coordination
dependent, differential interaction with subunit A. On
the other hand, subunit A CD region forms a compact
hydrophobic core, whose behavior seems to be independ-
ent with the other subunit.

Another interesting observation is that in both subu-
nits and both states, the side chain of PheB10 can have
two very distinct orientations as shown in Figure 4(B).
The first one is in the distal pocket direction near the
distal histidine (closed orientation), and in the second, it
points toward the opposite way (open orientation). In
Figure 4(B), it can be observed that in the closed orienta-
tion the distal histidine is severely hindered by PheB10,
while in the open orientation, the distance between both
residues is always higher than 5 A. This effect is a poten-
tial modulator of the 5c—6¢ transition, given that in the
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MD trajectory analysis of the dimer. Subunit A is represented in pink color and subunit B is in cyan. CD regions are represented in red and blue
for subunit A and B, respectively. (A) Representative snapshot from A6c—B6¢ dimer. (B) Interactions between subunit B’s CD region (blue) with
residues from subunit A’s H helix (Pink) in A6c-B6c¢ dimer. These interactions consist in three hydrogen bonds between Ser60 and Arg58 from
subunit B’s CD region with Ser144 and Glul48 from subunit A’s H helix. This movement of the CD region also allows the formation of a hydrogen
bond between Glu65 with Ser55 in subunit B. (C) Selected snapshot from A6c-B5c¢ dimer. (D) Hydrophobic interactions between residues in

subunit B’s CD region in A6c—B5c dimer.

5c state, the distal histidine is slightly displaced away
from the heme. Thus, PheB10 could play the role of
modulating the 5c state stability.

To explore the possible interplay between PheB10 con-
formation and hexacoordination equilibrium, we ana-
lyzed the populations of the PheB10 opened and closed
states. Interestingly, as illustrated in Table I, both subu-
nits display a clear differential preference for the closed
orientation of PheB10 when the other subunit is in the
5c state. On the other hand, the population of PheB10 in
the opened orientation in each subunit is highly increased
when the other subunit is in the 6¢ state, with the notable
exception of the A5c—B5c state, where PheB10 residue
presents a clear predominance of the opened orientation
in subunit B and closed orientation in subunit A.

A feasible mechanism whereby a change in the coordi-
nation state of each subunit results in a modification of

PheB10 side chain orientation in the other subunit, could
be related with the structural differences that exist
between each subunit 5¢ and 6c states. Figure 4(B) shows
a comparison between the behavior of the F helix and
the heme in the 5c¢ and 6c¢ states of subunit A, in the
A5c-B6¢ and A6¢c-B6¢ dimers. As can be observed, in the
5c state the distal histidine rotates towards the distal
pocket allowing a small sliding of the heme. This move-
ment of the heme also forces the F helix to change its
position through the bound proximal histidine. The
movement of the F helix, alters the relative position of
the G helix. In particular, residues Phel23 and Vall20
that compose the dimeric interface, and that are directly
bound with Val46 (B16) generating a displacement in the
B helix of the other subunit, where PheB10 is located
[Fig. 4(C)]. The magnitude of the displacements caused
by hexacoordination in the residues involved in the
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(A) Superposition of representative snapshots of subunit A in the simulation obtained for A6c—B6c (white) and A5c—B6¢ (black) dimers. The F
helix is observed in ribbon representation, distal and proximal histidines and the heme are in licorice representation. (B) Representative snapshot of
subunit B in the 5c¢ state. The two possible orientations for the residue PheB10 are shown. The first position (white) and the second one (black) are
obtained from A5c-B5c¢ and A6c-B5c simulations, respectively. (C) Superposition of representative snapshots of subunit B fixing A in 5c state
(white) and 6c state (black). The heme exhibits the connection between the structural orientation of PheB10 (1 = “closed orientation” and 2 =

“open orientation”) and the dimeric interface residues Phel23 and Val46.

dimeric interface are shown in Supporting Information
Table S10.

The observations described and analyzed above suggest
that in rHb1l the dimeric interface and the CD region,
display a dynamical behavior, which is conditioned by
the coordination state of each subunit heme group.
Moreover, it may constitute a mechanism whereby the
quaternary structure modulates the 5c—6¢ transition equi-
librium. This modulation can be achieved not only
because PheB10 can directly influence the dissociation of
the distal histidine from the heme to reach the 5c state,
but also due to the fact that, as observed in previous
works,14:31,32 changes in the CD region conformation
(as those caused by the dimeric interface described
above) can produce a shift in the 5c—6¢ transition free
energy.

Free energy profiles for the 5c — B¢
transitions in the dimer

To get a thermodynamic and kinetic prospect on the
hexacoordination equilibrium, the free energy profiles
corresponding to the 5¢ < 6¢ transition were calculated
for all the possible coordination states of the dimer. The
complete results are shown in Figure 5. The free energy
profile observed for subunit A, suggests that the thermo-
dynamic hexacoordination tendency is poorly influenced
by the coordination state of subunit B (Fig. 5, upper
panel). Thus, the reorientation of PheB10 described in
the previous section does not seem to affect significantly
the hexacoordination kinetics or equilibrium in subunit
A. In contrast, the free energy profiles for subunit B
revealed a behavior consistent with the hypothesis
that the hexacoordination equilibrium is altered by the
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position of PheB10 (Fig. 5, lower panel). As observed in
Figure 4(B), 5c state is stabilized when subunit A is in 6¢
state (open orientation of PheB10) or destabilized if sub-
unit A is in 5c¢ state (closed orientation of PheB10). In
other words, subunit B presents a coordination behavior
that seems to depend on the PheB10 side chain orienta-
tion, but more important it seems to depend on the
coordination state of subunit A in a sort of negative
cooperativity scheme (i.e., 5¢ state is stabilized in subunit
B, when subunit A is 6¢c or destabilized when subunit A
is 5¢). Noteworthy, this observation supports the hypoth-
esis that the asymmetrical properties of the dimeric
interface modulate the hexacoordination equilibrium.
One interrogation that arises here is how can the hexa-
coordination equilibrium be highly dependent on the
orientation of PheB10 in one subunit and apparently
have no influence in the other? A possible explanation
for this difference relies on the size and shape of the dis-
tal cavity, which is partially defined by the CD region
structure, that defines the presence of different subunit
conformations. In subunit A, the distal cavity is much
more compact and rigid than in subunit B. When
PheB10 is in the open orientation, PheB9 partially

Table |
Open and Closed PheB10 Conformation Populations for Each State of
the Dimer

_________________________________________________________________________|
A B
Closed (%) Opened (%) Closed (%) Opened (%)
Abc-B6c 2 98 0 100
A5c-B6c 5 95 88 12
A6c-B5¢c 99 1 0 100
Abc-Bbc 90 10 17 83
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Free energy profile for the5c < 6ctransition for subunit A (A) and B
(B). A: Dashed line corresponds to A6c — B5c < A5c — B5c process. Dot-
ted line corresponds to Aé6c — Béc <+ A5c — Béc process. B: Dotted line
corresponds to A6c — B6c < A6c — B5c process. Dashed line corresponds
to A5c — B6c «» A5c — B5c process.

occupies the space region occupied by the side chain of
PheB10 in the closed orientation. In fact, the equilibrium
Fe-Ne2 distance in the 5c state is around 3.8 A in subu-
nit A and 5.5 A in subunit B (A6c-B5c dimer) (Fig. 5).
Thus, it is possible that the more compact conformation
of the CD region and distal pocket produces a steric
hindrance that prevents the distal histidine in subunit A
to reach the same equilibrium position observed for
subunit B.

Structural and dynamical analysis of the
monomeric state

Despite the absence of an initial X-ray structure and
the consequent lack of a starting monomeric state for the
simulations, the initial conformation of the monomer
was obtained from the dimeric initial structure by a
standard relaxation and thermalization protocol (see
computational methods). MD simulation (50 ns) of the

monomeric conformations obtained from each subunit
in rHb1 homodimer (conformations A and B) were per-
formed in the two possible coordination states, 5c and
6¢c. Four MD trajectories were collected corresponding to
5c-A, 6¢c-A, 5¢-B, and 6¢-B (where 5¢ and 6¢ indicate the
coordination state and the conformations where labeled
as A and B in correspondence to each initial subunit
conformation, as found in the dimer). In all cases, the
structure of the protein remains stable and no large con-
formational changes are observed during the simulation,
as noted in the positional root mean square deviation
(RMSD) (See Supporting Information Fig. S2). The cal-
culated RMSD along the MD trajectory also show larger
fluctuations in the B conformation for both coordination
states, indicating a higher flexibility than that observed
for conformation A. Visual inspection of the MD trajec-
tories and the calculated RMSF values per residue indi-
cate that the most important structural differences
between the conformations A and B are located in the
CD region (Fig. 6). This is reasonable considering that
the CD region is the most flexible part of the protein,
followed by the EF and GH corners. Moreover, while in
5¢-A and 6¢-A short C and D helices can be observed in
5¢-B and 6¢-B case, the CD region is unusually extended
and completely unwound. In both cases, the PheB10
residue is capable of exploring both the open and close
orientations observed for the dimer.

It is reasonable to expect that simulations of the mono-
mer, no matter the initial structure used, would yield the
same results, provided that a sufficiently long simulation
is performed. However, during the time scale of our simu-
lations, interconversion between A and B subunit type
conformations is not observed. Thus, all monomeric states
remain in a similar conformation to the starting one.
Nevertheless, based on the fact that the total surface area
buried by dimeric interface is at the lower end of what is
expected for a stable dimer,8 it is reasonable to assume
that these two conformations (A and B) could be taken as
possible representative monomeric states.

Figure 6 highlights the differences between the two
monomeric conformations and how the coordination
state affects it. First, the CD region is more flexible in
the conformation B than in the A case for both coordi-
nation states. Moreover, while 6¢c-A state shows a moder-
ate increase in CD region’s flexibility with respect to the
5c state, 5¢c-B and 6¢-B states have similar suppleness in
this region. This result implies that the differences
observed between conformations A and B are crucial in
determining the way through which hexacoordination
modifies the protein structure.

Essential dynamics analysis for the
monomeric conformations

The essential motions along the MD trajectory of each
one of the monomeric conformations were obtained for
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Figure 6

MD trajectory analysis of each one of the monomeric conformations. A (left): Root-mean-square-fluctuation along the protein sequence for
conformation A; (right): representative snapshot obtained from conformation A MD trajectories. The 6¢ state is displayed in black and 5c state is
displayed in gray. B (left): Root-mean-square-fluctuation along the protein sequence for conformation B; (right): representative snapshot obtained
from conformation B MD trajectories. The 6c state is displayed in black and 5c state is displayed in gray.

both the 5¢ and 6¢ states to examine the structural
changes associated with the hexacoordination process. In
all cases, the contribution of the first three essential
modes to the overall protein motion is higher than 55%.
As expected, these results show that for the 6¢ state both
subunits display first three essential modes mainly
located in the CD region. In contrast, the 5c state shows
for both A and B conformations, essential motions that
include important contribution from the EF loop.

To further analyze the 5¢ < 6¢ transition, the essential
modes corresponding to this process were derived by
combining the 5¢ and 6¢ trajectories.32 Interestingly, the
transition mode of both subunits mainly involves a con-
formational rearrangement mostly limited to the CD
region and at less extent the EF fragment (Fig. 7).
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Free energy profiles for the 5c — G¢
transitions in the monomer

As in the dimer’s case, to characterize the hexacoordi-
nation equilibrium in the monomer, free energy profiles
for this process were obtained for each monomeric
conformation. Figure 8 shows that despite the structural
differences observed between A and B conformations, the
activation and the overall free energy difference for the
5¢ — 6¢ process are very similar for both conformations.
The relevance of this result relies on the comparison
between monomeric and dimeric free energy profiles. In
the first case, the profiles of each one of the monomeric
conformations indicate that the predominant state is by
far the 6¢c. On the other hand, in the dimer 5c state
seems to be stabilized in the mixed coordination state
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Figure 7

A and B represent the contribution of each residue to the first two transition essential modes (mode 1: solid line and mode 2: dashed line) for
conformations A and B, respectively. Figure in the right is a representation of the transition essential modes. Results for conformations A and B are
shown in black and gray, respectively. CD region and EF loop are showed in each case.

A6c-B5c¢ with respect to both monomeric conformations.
The overall result is that in the dimeric state given the
structural asymmetry and negative cooperativity found in
the time scale of the simulation the effective proportion
of the 5c state increases with respect to the monomeric
state.

DISCUSSION

Rice hemoglobin type 1 (rHbl) is a class 1 nonsymbi-
otic hemoglobin. Under physiological conditions, it
behaves as a partially associated homodimer.20 It has
been shown that the residues that create the dimer inter-
face in rHDb1 are conserved among all the nsHbs. This
suggests that the quaternary structure could play an im-
portant role in determining the chemical and biological
behavior of this family of proteins.

In the present work quaternary structure proved to
have a significant influence on the hexacoordination
equilibrium. Our results for all possible combination of
dimer states (5c¢c-5¢, 5¢-6¢, 6¢-5¢, and 6¢-6¢) simulation
suggest that the flexibility of the CD region, the intersu-
bunit interactions, and the conformation of key residue
PheB10 are asymmetric and dependent on the other sub-
unit coordination state. Free energy calculations for the
dimer consistently revealed a strong dependence between

the 5¢ to 6¢ equilibrium in one subunit and the other
subunit coordination state. Specifically, while in subunit
A the hexacoordination process seems to be poorly
influenced by dimerization, the results for subunit B
show that its 5c—6¢ equilibrium is strongly influenced
by the coordination state of subunit A, in a negative

25 T T T T T T T T T T T T
' — Monomeric conformation B
= — - Monomeric conformation A
O 20} -
£ |
S
15 =
M
S
3
= 10p .
]
c |
L
O s —
o
L L
] - - N PR I IR R

1
2 25 3 3,5 4 45 5 5,5

Ne2 - Fe Distance (A)

Figure 8

Free energy profile for the5c < 6ctransition for the monomeric confor-
mations A (A dashed line) and B (B solid line).
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cooperativity scheme (i.e., 5¢ state is stabilized in subunit
B, when subunit A is 6¢c or destabilized when subunit A
is 5¢).

The simulations of the monomeric structures maintain
the asymmetry observed in the dimeric state in the time
scale of our simulations. The differences between the dy-
namical properties of these two conformations are mainly
related with the folding and flexibility of the CD region.
In 5¢-B and 6¢-B, this region presents an unwound struc-
ture with very high flexibility, whereas in 5c-A and 6c-A,
a stiffer structure with the characteristic C and D helices
is observed. In addition, the results obtained from the
ED analysis in the monomers suggest that the structural
variation associated with the 6c«5c process may involve
a rearrangement in the CD region and in less extent the
EF loop. Nevertheless, the free energy profiles for the
5¢ <> 6¢ transition in subunits A and B were similar.

Finally, the comparison between the free energy pro-
files for the hexacoordination process between the dimer
and the monomers, indicates that dimerization tends to
stabilize the 5c¢ state in the mixed coordination states
(i.e., A5c—B6¢c or A6c-B5c), thus reducing in this way the
value of the hexacoordination equilibrium constant in
the dimeric state. This suggests a key role played by the
asymmetric properties of the dimeric protein in regulat-
ing the hexacoordination in the time scale of the simula-
tion. These results could seem to present a discrepancy
with the experimental work of Hargrove et al2® In the
mentioned work, the authors have constructed a RiceHbl1
mutant protein that is not able to form the dimeric state
and measured the histidine binding and dissociation rate,
obtaining very similar values than in the wild-type pro-
tein.4> A possible reason for this discrepancy can rely on
a protein concentration effect. However, it is also possible
that the dynamical asymmetry would not be evidenced
in ensemble-based solution experimental measurements.

In any case, the results obtained in this work suggest
that the CD region may play an important role in regulat-
ing the 5¢c—6¢ equilibrium. Moreover, our results also show
that the dimerization process in RiceHbl1 affects this equi-
librium, in part by modifying the CD region’s structure
and dynamics. These results add up to our previous obser-
vations which also highlighted the role played by the CD
region in controlling the equilibrium in the archetypical
globins, myoglobin and neuroglobin.31:32 Thus, taken to-
gether, these results provide also evidence regarding the
possible role of the CD region in the hexacoordination
equilibrium in the classical 3-over-3 globins.
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