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ABSTRACT: Tetrameric hemoglobins (Hbs) are prototypal systems for studies
aimed at unveiling basic structure−function relationships as well as investigating
the molecular/structural basis of adaptation of living organisms to extreme
conditions. However, a chronological analysis of decade-long studies conducted
on Hbs is illuminating on the difficulties associated with the attempts of gaining
functional insights from static structures. Here, we applied molecular dynamics
(MD) simulations to explore the functional transition from the T to the R state of
the hemoglobin of the Antarctic fish Trematomus bernacchii (HbTb). Our study
clearly demonstrates the ability of the MD technique to accurately describe the
transition of HbTb from the T to R-like states, as shown by a number of global
and local structural indicators. A comparative analysis of the structural states that
HbTb assumes in the simulations with those detected in previous MD analyses
conducted on HbA (human Hb) highlights interesting analogies (similarity of the
transition pathway) and differences (distinct population of intermediate states). In particular, the ability of HbTb to significantly
populate intermediate states along the functional pathway explains the observed propensity of this protein to assume these structures
in the crystalline state. It also explains some functional data reported on the protein that indicate the occurrence of other functional
states in addition to the canonical R and T ones. These findings are in line with the emerging idea that the classical two-state view
underlying tetrameric Hb functionality is probably an oversimplification and that other structural states play important roles in these
proteins. The ability of MD simulations to accurately describe the functional pathway in tetrameric Hbs suggests that this approach
may be effectively applied to unravel the molecular and structural basis of Hbs exhibiting peculiar functional properties as a
consequence of the environmental adaptation of the host organism.

■ INTRODUCTION
In recent years, the field of protein structure prediction has
been revolutionized by the development of machine-learning
approaches.1,2 The application of these algorithms to the
proteome of many species that are widely studied has largely
expanded our knowledge of protein structures (see the EBI-
AlphaFold Database at https://alphafold.ebi.ac.uk/). It is likely
that in the near future, the amount of structural data will
further increase with the application of these approaches to
virtually all known protein sequences. Although the release of
these structures will have a tremendous impact on our
understanding of protein function, it is important to note
that, in many cases, the definition of the precise functional
implications of these static structural data will not be
straightforward. In this context, a chronological analysis of
studies conducted on vertebrate tetrameric hemoglobins
(Hbs), which are prototype systems for elucidating struc-
ture−function relationships, is illuminating.3−5 Although the
determination of the three-dimensional structure of these
proteins, even in different binding states, dates back to the
sixties,6 the elucidation of the structural mechanism underlying
their functional transition is a long-standing issue that is still a
topic of intense research activities. In this scenario, the

discovery that all-atoms molecular dynamics (MD) simulations
are able not only to emulate the transition from the T (tense)
to the R (relaxed) crystallographic states but also to properly
sample the intermediates that have been experimentally
detected7 may represent a significant advance in the field.8−13

In addition to the classical questions related to the atomic-
level forces that drive the transition from the oxygen low (T
state) to the high (R state) affinity structures in response to
physiological stimuli and to the origin of the Hb cooperativity,
functional studies have highlighted a wide range of tetrameric
Hb modifications as an effective tool for the adaptation needed
to survive in specific environmental conditions. Among these,
particularly intriguing are the studies devoted to unravel
sequence/function and structure/function relationships in
unusual environments such as birds flying at high altitudes14,15
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or fishes living in extreme conditions as those adapted to
survive in the Antarctic Ocean.16,17 Extensive functional
studies on Antarctic fish Hbs (AntHbs) have highlighted a
remarkable diversification in Hb functionality ranging from
iceless fish, which lacks Hb,18 to fish containing multiple forms
of this protein.19−21 AntHbs also display a variety of different
properties as a consequence of external effectors. Although
some AntHbs present pH-independent oxygen affinities, most
of them are endowed with a strong Root effect.22 In vitro
functional and structural investigations have unraveled some
peculiar properties of these Hbs. In particular, AntHbs present
a remarkable propensity to undergo oxidation with the ability
of the iron to adopt a multitude of Fe(III) forms such as
aquomet, hemichrome, and penta-coordinated states.23 Struc-
tural studies have shown that not only these states occur in the
fully folded protein but they also frequently possess three-
dimensional structures that perfectly fall in the T to R
functional transition, thus providing a strong evidence of
similarities between their unfolding and functional path-
ways.7,24−29 To provide structural explanations for the peculiar
properties of these proteins and to check whether fully
atomistic MD simulations can reproduce the functional
transition in nonhuman tetrameric Hbs, we here report an
extensive analysis of the Hb isolated from the Antarctic fish
Trematomus bernacchii (HbTb). These MD simulations were
validated by comparing the trajectory structures with crystallo-
graphic intermediate states identified for the closely related
Trematomus newnesi hemoglobin (HbTn). Moreover, MD
results were also compared to those recently obtained in
similar MD studies conducted on human Hb (HbA).12 Our
findings indicate that this approach can effectively describe the
transition and also provide interesting analogies and differences
between HbTb and human HbA.

■ RESULTS
Overall Analysis of the T to R Transition of HbTb.

Recent literature investigations have demonstrated that the
functional transition of human Hb could be monitored by MD

simulations starting from the tense T state. In these studies, the
transition was facilitated by weakening a key interaction that
stabilizes the tetramer in the T state, the electrostatic
interaction between the side chains of Asp94β and the
terminal His146β. By analogy, we here set up the simulations
using as starting model the high-resolution structure of HbTb
T state26 in which the carboxyl−carboxylate interaction
(Asp95α1−Asp101β2) of the aspartic triad, which is believed
to stabilize this state,26,30 was removed being Asp side chains
deprotonated at physiological pH (see Methods for details).
To perform an adequate sampling of the T state evolution, we
performed 10 independent simulations (r1-r10). These were
preliminarily analyzed by monitoring the root-mean-square
deviation (RMSD) values of the trajectory structures versus the
starting model (Figure 1). The inspection of the time evolution
of these simulations indicates that in five of them (runs r1, r2,
r5, r7, and r9), a transition was observed, and, importantly, the
post-transition trajectory structures were much closer to the
relaxed R state than to the starting T state. In other simulations
(runs r4, r6, r8, and r10), no transition was observed. In the
case of r3, an intermediate situation was detected, with
structures of the second part of the trajectory displaying similar
RMSD values when compared with either the R or the T state.
To gain further insights into the time evolution of the HbTb T
state, we compared the structures of the five trajectories that
exhibit a clear transition with some crystallographic structures
of vertebrate Hbs endowed with intermediate quaternary
structures. In particular, we considered the well-characterized
intermediate states (A, B,7 and H28) of the closely related
HbTn, whose sequence presents only 13 amino acid
mutations, out of 288 residues, compared to HbTb.20 The A
and the B states, although structurally located in the T−R
transition, present some similarities with the T state. On the
other hand, the H state is a genuine intermediate state being
clearly distinct from both the T and the R state. In addition to
these states, we also considered the only intermediate state,
although quite close to the R state, hitherto reported for HbA
and denoted as HL-(C).31 As shown in Figure S1, trajectory

Figure 1. Root-mean-square deviation (RMSD) analysis. RMSD values (computed on Cα atoms) of the trajectory structures versus the starting T
model (black, PDB ID: 2H8F) and the R state (red, PDB ID: 1PBX) in the HbTb simulations (runs r1 to r10). Green boxes indicate simulation
runs with observed T → R transition.
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structures when compared to the HL-(C) states essentially
present RMSD values that are similar to those detected against
the R state. Analogously, the RMSD values against the A and B
states follow the trend observed for the T state. On the other
hand, the RMSD trend against the H state presents an
intermediate behavior between the R and the T state since it
does not present major variations along the trajectories.
The observation reported in the previous paragraphs

indicates that the structural transition observed in five distinct
simulations may globally represent the functional transition
associated with the oxygen binding of this protein. To
substantiate this idea, we subsequently monitored the iron−
iron distances in the trajectory structures as it is well
established that in HbA, the T−R transition leads to an
increase of the α1β2 and a concomitant decrease of the β1β2
iron−iron distance.32−37 Similar trends are detected in the
crystal structures of HbTb.21,26 Indeed, comparing the T to the
R state, a clear increase of the α1β2 (from 24.4 to 25.8 Å) and
a decrease of the β1β2 (from 39.9 to 34.6 Å) distances are
observed. As shown in Figure 2, the structures sampled in the
final part of the simulations present larger iron−iron α1β2 and
lower iron−iron β1β2 compared to those located at the
beginning of the simulations. It is important to note that the
largest variations of these distances (Figure 2) are concomitant
with the structural transition detected in the RMSD diagrams
(Figure 1). Collectively, these findings indicate that, at global
level, the structural transition detected in five MD runs
corresponds to the functional transition of these proteins.

HbTb MD Simulation: Essential Dynamics Analysis.
To better characterize the T−R transition detected in the
HbTb simulations described in the previous paragraphs, the
trajectories r1, r2, r5, r7, and r9 were also analyzed by the
essential dynamics (ED) method, where the principal motion
directions of the molecular systems (i.e., the proteins) are
represented by a set of eigenvectors (see Methods for further
details). From the ensemble of the structures obtained from
these trajectories, the eigenvectors were calculated and ranked
according to their eigenvalues. Interestingly, for all of these
simulations, the first principal component (eigenvector)

accounts for most of the whole protein fluctuations (74−
84%). On the basis of this finding, we projected the structures
sampled by MD on the first eigenvector as well as the
crystallographic structures of Antarctic fish Hbs corresponding
to the end points of the transition (T and R states of HbTb)
and to some intermediate states for both the individual runs
(Figure 3) and for the concatenated trajectory in which the
MD structures of the five simulations were collectively
considered (Figure S2). In addition, we also projected some
significant states of human HbA, including potential functional
states (R2, RR2, and R3) that have been reported to fall
beyond the classical T−R pathway.5,33,35,36,38
In line with the expectations, the crystallographic inter-

mediate states fall within the pathway defined by the T and R
states. In particular, the A state of HbTn and the HL-(C) state
of HbA are quite close to the T and R states, respectively. On
the other hand, the H state of HbTn (TnH) appears to be an
intermediate state that is quite distinct from both the T and R
structures. The position of the states R2, RR2, and R3 that fall
beyond the transition further indicates the ability of this
principal component to represent the functional motions of the
protein.
In line with similar data collected for HbA,12 the projection

of the trajectory structures of the HbTb simulations on this
diagram highlights that they are frequently located beyond the
R state and present similarities with the human R2, RR2, and
R3 structures. This finding corroborates the hypotheses that
these states play functional roles.5,33,35,36,38

A deep inspection of the distribution of the trajectory
structures within the T and R states indicates that structural
states presenting similarities with the H intermediate of HbTn
are frequently populated (Figures 3 and S2). This is
particularly evident in r1, r7, and r9 simulation runs (Figure 3).
This result is somehow surprising as MD simulations carried

out on HbA using similar protocol and conditions resulted in
sudden T to R transitions with a marginal population of the
intermediate states.12

HbTb MD Simulations: Monitoring of Specific
Structural Probes of the Transition. Decade-long struc-

Figure 2. Iron−iron distances. Distances between the heme iron (Fe) atoms computed for the α1-β2 (black) and β1-β2 (red) dimers in the HbTb
simulation runs with observed T→R transition. Correspondent Fe−Fe distance values detected in the crystallographic structures of the T and R
state of HbTb are indicated by solid and dashed lines, respectively.
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tural investigations carried out on vertebrate Hbs have
highlighted a number of specific structural features that can
be considered as fingerprints of either the R or the T state.
With the aim of classifying the trajectory structures as a

function of these specific structural parameters, we considered
a number of indicators that were mutuated from studies
conducted on HbA. In particular, we monitored the distance
between the Cα atoms of the terminal His residues (His146) of

Figure 3. Essential dynamics analysis. Projection on the first eigenvector of the MD trajectories with observed T→R transition. The vertical solid
lines correspond to the projections of the crystallographic structures of HbTb states: T (black, PDB ID: 2H8F) and R (red, PDB ID: 1PBX);
HbTn intermediates: TnA (dark green, PDB ID: 5LFG), TnB (magenta, PDB ID: 5LFG), and TnH (cyan, PDB ID: 3D1K); HbA states:
intermediate HL-(C) (violet, PDB ID: 4N7P), R2 (blue, PDB ID: 1BBB), RR2 (yellow, PDB ID: 1MKO), and R3 (orange, PDB ID: 4NI0).
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the two β chains (Cα His146β1−Cα His146β2) that is very
sensitive to the T to R transition and the key interactions that
specifically stabilize the T state (i.e., Lys40α1 side chain−
H146β2 COOH terminal group and Tyr42α1−Asp99β2 side
chains).12,32,39 We also checked the distance between the
residues located in the switch region α1CD-β2FG at the
interface between the dimers α1β1 and α2β2 (Cα Ser44α1−
Cα His97β2). In addition, we also considered some structural
features that emerged from the analysis of crystallographic
studies of AntHbs. In particular, the Cα−Cα distance between
proximal and distal His residues, which was found to
significantly decrease in some intermediate states, and the
distances among the side chains of the aspartic triad (Asp95α,
Asp99β, and Asp101β).
As shown in Figures 4 and S3−S6 that report the evolution

of the probes mutuated from HbA, the analysis of these
specific parameters corroborates the indications arising from

the global analysis. Indeed, the T−R transition is associated
with the disappearance of the strong electrostatic interaction
formed by the Lys40α1 side chain and the His146β2 COOH
terminal group. Moreover, the analysis of the other probes
clearly indicates that in a significant number of structures,
these parameters assume the values observed in the HbTn
states (see, for example, the distances Cα His146β1−Cα

His146β2 and Tyr42α1−Asp99β2 side chains).
The Cα−Cα distances between the distal and proximal His,

whose shortening has been associated with intermediate states
of the quaternary structure of AntHbs,7,28 do not highlight
significant variations throughout the simulations (Figure S7).
This implies that the transition does not require the major
compression of the EF corner usually observed in crystallo-
graphic structures. Therefore, the closing of this region
observed in these structures is due to the peculiar oxidation

Figure 4. Time evolution of the structural probes that are characteristic of the different HbTb states in the r1 simulation run. Specifically, the
distances (a) Nζ Lys40α1−OT His146β2, (b) Oη Tyr42α1−Oδ Asp99β2, (c) Cα Ser44α1−Cα His97β2, and (d) Cα His146β1−Cα His146β2 are
monitored.
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states of the iron (hemichrome, aquomet, oxidized penta-
coordination).
As the carboxyl−carboxylate interaction formed by Asp95α1

and Asp101β2 (and Asp95α2-Asp101β1) of the catalytic triad
is believed to be a key interaction that stabilizes the T state of
HbTb at low pH values, thus producing the physiological

strong dependence of the oxygen affinity of the protein as a
function of the pH (Root effect26,30), we also monitored the
evolution of these inter-aspartic distances along the MD
trajectories (Figure 5). As shown in Figures 5 and 6, the
distance between Asp95α1 and Asp101β2 (and Asp95α2 and
Asp101β1) side chains is larger (with values spanning from ∼4

Figure 5. Inter-aspartic distances at α1β2 (left) and α2β1 (right) interfaces as observed along the MD trajctories. Minimum distances between Asp
Oδ atoms of the pairs Asp95α1−Asp101β2 and Asp95α2−Asp101β1 are reported. Red line at 3.0 Å is given as an indicative H-bond length
threshold.

Figure 6. Cartoon representation of the three-dimensional structure of HbTb tetramer in the T state (PDB ID: 2H8F). (a) Asp95α1, Asp99β2, and
Asp101β2 of the catalytic triad are shown as sticks. Close-up view of the α1β2 interfacing Asp residues (b) in the X-ray starting structure (PDB ID:
2H8F) and (c) in a representative trajectory frame (r2 simulation run, t = 75.5 ns) upon T → R transition. See also Figure 5.
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to ∼15 Å) than that found in the T state crystalline structure
(2.5 Å) where the two residues form the carboxyl−carboxylate
interaction. The distance between these residues often
increases upon the T to R transition.

Low-Temperature Hbtb MD Simulations. The results
illustrated in the previous paragraphs clearly indicate that
HbTb undergoes a major structural transition during the
simulations that recapitulates the variations associated with the
conversion between its different functional states. One
intriguing observation that emerged from these analyses is
the significant population of intermediate states. It is important
to note that the simulations as well as the crystallization
experiments have been conducted at room temperature, which
is quite different from the temperature of the Antarctic Ocean
(∼ −1.8 °C) where this species lives.40 To verify whether the
results obtained at room temperature were biased by the
nonphysiological temperature (300 K) used in the simulations,
these were repeated at 273 K (low-temperature simulations).
In particular, ten 100 ns long independent runs were carried

out. As shown in Figures 7a and S8, we observed the transition
in a single run (r1L) only. Due to the low temperature used in
this set of MD simulations, which might reflect a decrease in
the transition rate, we also performed a longer (250 ns, r1L*)
simulation, which indeed exhibited a clear T to R transition
(Figure 7c).
The eigenvector analysis of the two low-temperature

simulations in which the transition was observed clearly
indicates that states resembling TnH were significantly
populated (Figure 7b,d). This indication was also corroborated
by the analysis of the specific probes (Figures S9−S10).

■ DISCUSSION
Tetrameric hemoglobins are prototypal systems for studies
aimed at unveiling basic structure−function relationships.6,41,42
As these proteins are present in organisms living in extremely
different environmental conditions, they are particularly suited
also for studies focused on the identification of the basis of
molecular adaptation. However, the rapid transition of these

Figure 7. HbTb T−R transition at T = 273 K. RMSD values (computed on Cα atoms) of the trajectory structures versus the starting T model
(black, PDB ID: 2H8F) and the R state (red, PDB ID: 1PBX) for (a) r1L and (b) r1L* simulations performed at 273 K. Projection of the MD
trajectory on the first eigenvector for (c) r1L and (d) r1L*. The vertical solid lines correspond to the projections of the crystallographic structures
of HbTb states: T (black, PDB ID: 2H8F) and R (red, PDB ID: 1PBX); HbTn intermediates: TnA (dark green, PDB ID: 5LFG), TnB (magenta,
PDB ID: 5LFG), and TnH (cyan, PDB ID: 3D1K); HbA states: intermediate HL-(C) (violet, PDB ID: 4N7P), R2 (blue, PDB ID: 1BBB), RR2
(yellow, PDB ID: 1MKO), and R3 (orange, PDB ID: 4NI0).
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proteins from oxygen-bound to ligand-free states has hampered
for decades a detailed structural characterization of their
functional pathway, thus limiting the understanding of the
underlying structure−function relationships. Indeed, the vast
majority of crystallographic data available on tetrameric Hbs
essentially represents variations of the R or the T state, with
the valuable addition of the off-pathway structures R2, RR2,
and R3.5 In this scenario, structural studies conducted on
AntHbs constitute an intriguing exception as a significant
portion of their crystallographic structures are structural
intermediates of the canonical states. By exploiting the ability
of all-atoms MD simulations to characterize at the atomic level
the functional T−R transition of human HbA,8,9,11,12 we here
applied this technique to the hemoglobin of the Antarctic fish
T. bernacchii as MD simulations on AntHbs have been limited
to the analysis of the behavior of isolated single chains.43 Our
study, which, to the best of our knowledge, represents the first
attempt to investigate the functional pathway of a nonhuman
Hb by means of MD, clearly demonstrates the ability of this
technique to accurately describe the transition of HbTb from
T-like to R-like states, as demonstrated by a number of global
and local structural indicators. The ED analysis also indicates
that the starting T state not only does evolve toward R-like
structures but also samples different conformational states,
such as R2, RR2, and R3, which lie outside the T−R
pathway.5,33,35,36,38 This finding suggests, in line with previous
hypotheses, that the actual functional pathway of tetrameric
Hbs also includes these states. It is worth underlining that a
similar result has been obtained in MD simulations carried out
on HbA.12 A comparative analysis of the structural states that
HbTb sampled in the simulations with those detected in MD
analyses conducted on HbA using a similar approach highlights
interesting analogies and differences. In particular, the overall
and the local structural features of the trajectory structures
indicate that these proteins essentially follow a very similar
pathway. In both cases, the ED analysis indicates that the first
eigenvector is able to represent the vast majority of the protein
motions. Moreover, the position of the crystallographic
structures on the essential subspace provided by this
eigenvector indicates that it essentially describes the motion
direction underlying the T−R transition. These similarities
clearly indicate that atomic-level features of the functional
switch of these Hbs are well conserved, despite the hundredths
of millions of years that evolutionarily separate these proteins.
However, although the two proteins follow the same

structural pathway in the simulations, a comparative analysis
indicates that some intermediate states detected in the
crystallographic studies on tetrameric Hbs, notably tetramer
H of HbTn, that are barely detected in the HbA MD
simulations12 are frequently well populated in HbTb
simulations (Figure 3). Our data suggest that the inter-
conversion between the T and the R state, which is very rapid
in HbA, is somehow smoothed in HbTb. This finding provides
a clear explanation to the puzzling observation that
intermediate states are frequently detected for AntHb, while
they are extremely elusive for HbA, despite the several
hundredths of independent structures reported for this protein
in the PDB.39 In this scenario, the larger population of these
states in AntHb compared to HbA has allowed their trapping
in the crystalline state and the visualization of a variety of
peculiar and partially oxidized states that are not compatible
with the canonical R and T states. Moreover, the present
results perfectly fit with the observation that in HbTb, a

significant degree of oxygen-binding cooperativity can be
ascribed to tertiary conformational changes toward R-like
positions that anticipate the real T−R quaternary transition.44
In general terms, these findings are in line with the emerging
idea that the classical two-state view underlying tetrameric Hb
functionality is probably an oversimplification and that other
structural states play important roles in these proteins.45

The ability of MD simulations to accurately describe the
functional pathway in both HbA and Hb isolated from an
organism living in extreme conditions strongly suggests that
this approach may be effectively applied to unravel the
molecular and structural basis of Hbs exhibiting peculiar
functional properties, as a consequence of the environmental
adaptation of the host organism.
In conclusion, the historical analysis of the controversial and

several decade-long investigations aimed at describing Hb
functionality at atomic level perfectly illustrates the difficulties
associated with gaining functional insights from static
structures. The present study demonstrates that the application
of current standard protocols may provide important
information in this field. This finding is particularly important
in the AlphaFold era, in which a huge amount of structural data
should be appropriately exploited to gain biologically relevant
insights.

■ METHODS
Structural Models. Fully atomistic MD simulations were

performed on the T state of HbTb. In detail, the transition
from this form to the R state was studied at neutral pH using
the high-resolution crystallographic structure of the tetrameric
TbHb in the deoxygenated form determined at pH 6.2 (PDB
ID: 2H8F)26 as starting model. The protonation states of the
histidine residues were chosen following the protocol adopted
for HbA in Balasco et al.12 In detail, for conserved His between
HbA and HbTb, the same protonation state of HbA was
adopted also for HbTb, whereas the state of the additional His
residues of HbTb was assigned by GROMACS software. As
done for HbA,8−11 to favor the T−R transition, the terminal
His of the β chains were kept in the deprotonated state.
Moreover, to emulate pH conditions close to neutrality, the
three Asp residues (Asp95α, Asp99β, and Asp101β) of the
aspartic triad were kept deprotonated (Asp side-chain pKa ∼
3.9).
To analyze the overall and local structural features of the

trajectory models, we considered a number of both canonical
and putative states identified for HbA,31 for HbTb, and for the
hemoglobins from the Antarctic T. newnesi (HbTn) fish (96%
sequence identity) whose intermediate states along the
functional transition have been well-characterized.7,28 Coor-
dinates of these structural models were retrieved from the
Protein Data Bank (https://www.rcsb.org/). In detail, for
HbTb, the canonical T (PDB ID: 2H8F)26 and R (PDB ID:
1PBX)21 states were considered. For HbA the following PDB
structures were used: 1BBB (R2 state),33 1MKO (RR2
state),35 4NI0 (R3 state),46 and 4N7P31 (intermediate half-
liganded HL-(C) state). The structures of HbTn tetramers A,
B7 (TnA and TnB, PDB ID: 5LFG), and H28 (TnH, PDB ID:
3D1K) were also considered. Structural details of these
crystallographic models are reported in Table S1.

Protocol. The GROMACS47 software (version 2020.3) has
been used to carry out fully atomistic MD simulations of the
HbTb T state using the CHARMM-3648 all-atom force field.
The protein model was solvated with water molecules of the
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TIP3P model49 in a cubic box of 150 Å edge size. The system
was neutralized with sodium and chloride counterions to
achieve a salt concentration of 0.15 mol/L. Electrostatic
interactions were treated with the particle-mesh Ewald (PME)
method50 (1 Å grid spacing and 10−6 relative tolerance),
whereas a 10 Å switching was considered for the Lennard−
Jones (LJ) interactions. The LINCS algorithm51 was used to
constrain bond lengths. The system was energy minimized in
50000 steps using the steepest descent algorithm. Then, it was
equilibrated in two phases. First, the system temperature was
raised to 300 K in 300 ps using increments of 10 K (NVT).
The system pressure was then equilibrated at 1 atm in 500 ps
(NpT). The Velocity Rescaling and Parrinello−Rahman
algorithms52,53 were applied for temperature and pressure
control, respectively.
MD production runs were performed at the constant

pressure of 1 atm and at two different temperatures with a
time step of 2 fs. In detail, 10 independent replicas of 100 ns
were performed at 300 K (r1−r10) and 273 K (r1L−r10L) with
random initial velocities (gen_seed option in mdp input file).
In addition, we run a longer simulation (250 ns) to improve
the conformational sampling at T = 273 K (r1L*).
We apply the essential dynamics54 technique to carry out the

principal component analysis of the MD runs. In detail, we
built the covariance matrix of the protein Cα atomic positions.
The diagonalization of this matrix provides a set of
eigenvectors with their associated eigenvalues that represent
the principal protein motions. Using this approach, it is
possible to represent the protein overall dynamics in a reduced
essential subspace described by the first eigenvectors, which
are therefore defined as principal components. The gmx covar
and gmx anaeig tools of GROMACS software were used to
build the covariance matrix and to calculate the projection with
respect to the first eigenvector.

Data and Software Availability. Coordinates of the
three-dimensional structures used in this project were retrieved
from the Protein Data Bank (https://www.rcsb.org/). MD
simulations were performed using GROMACS47 software
(version 2020.3). GROMACS tools and the Visual Molecular
Dynamics (VMD) program55 were used to conduct the
structural analyses of trajectory models. Figures were generated
using the VMD and Xmgrace software version 50125 (https://
plasma-gate.weizmann.ac.il/Grace/). Authors will release MD
trajectories upon article publication using Zenodo repository
(https://zenodo.org/).
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Root-mean-square deviation (RMSD) analysis of the
HbTb simulation runs with observed T → R transition
(Figure S1); essential dynamics analysis on the
concatenated MD trajectories with observed T → R
transition (Figure S2); time evolution of the structural
probes that are characteristic of the different HbTb
states in simulation runs with observed T→ R transition
(Figures S3−S6); distributions of the Cα−Cα distance
between the distal and proximal His residues in α1, α2
(His58-His87) and β1, β2 (His63-His92) chains in MD
runs with observed T → R transition (Figure S7); root-
mean-square deviation (RMSD) analysis of the HbTb

simulations carried at T = 273 K (Figure S8); time
evolution of the structural probes that are characteristic
of the different HbTb states in r1L and r1L* simulation
runs at T = 273 K (Figures S9−S10); and details of
representative crystallographic structures of HbTb (T
and R), HbA (R2, RR2, R3, and HL-(C)), and HbTn
(TnA, TnB, and TnH) (Table S1) (PDF)
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