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Summary

The Root effect describes the drastic drop of oxygen affinity
and loss of cooperativity at acidic pH expressed in the hemoglo-
bins (Hb) of certain fish. The comparison between the deoxy
structures of the Root effect Hb from the Antarctic fish Trema-
tomus bernacchii (HbTb) at different pHs (pH = 6.2 and pH =
8.4) shows that the most significant differences are localized at
the CDa region, where a salt bridge between Asp48 and His55
breaks during the low-to-high pH transition. In order to shed
light on the relationship between pH, CDa loop structure and
dynamics, and oxygen access to the active site in the alpha
chain of HbTb, different computer simulation techniques were
performed. Our results highlight the importance of the protona-
tion of His55 in regulating oxygen access, underscoring its piv-
otal role in the structural and functional properties of HbTb.
These data provide further support to the hypothesis that this
residue might contribute to the release of Root protons in
HbTb and underline the fact that an efficient transport of mo-
lecular oxygen in Hbs relies on a subtle balance of tertiary
structure and protein conformational flexibility. © 2011 ITUBMB
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INTRODUCTION

The reduced oxygen affinity of human hemoglobin (Hb) at
acidic pH (the Bohr effect) represents a fundamental property of
this protein that allows an efficient transport of oxygen from the
lungs to the tissues. Characterization of tetrameric Hbs isolated
from other species has evidenced a variety of functional modula-
tions by pH (/-5). In particular, a drastic reduction oxygen-bind-
ing ability and loss of cooperativity (indicated by a Hill coeffi-
cient close to one) at acidic pH is often observed among fish
Hbs (3). This particular behavior is called the Root effect. The
occurrence of the Root effect is supposed to be linked to an over-
stabilization of the T-state versus the R-state at acidic pH, a fact
that makes it extremely difficult to obtain structural data on the
R-state at acidic pH. To investigate the structural basis for the
Root effect, it is crucial to obtain structural and functional infor-
mation on Hb in both R- and T-states and at different representa-
tive pH values (6). Consequently, the structural determinants for
the Root effect and how it controls oxygen affinity remain
largely unknown. Structural studies of ferrous Hbs from several
temperate fish [tuna (2), spot (4) and trout (5)] displaying Root
effect have been performed. Furthermore, several high-Antarctic
fish Hbs have been characterized in both their ferrous and ferric
forms, and their crystal structures have been determined (7-17).
The Root-effect Hb isolated from the Antarctic fish Trematomus
bernacchii (HbTb) has been used in pioneering investigations in



176 BOECHI ET AL.

= /§
\
lis 55

A5.TA

H--"" b, Hi
Asp 48 | o
) -/p\ D

Figure 1. Ribbon representation of the CDa region in the X-ray
structure of HbTb at pH = 6.2 (A) and 8.4 (B). The distance
between His55 and Asp48, salt bridge, is depicted in both struc-
tures as dashed lines. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

this field (7-9). For HbTb, we were able to determine structures
of the deoxy form (T state) of the protein at pH = 6.2 (HbTbo)
and pH = 8.4 (HbTb8) (9). Detailed structural analyses on these
crystals revealed that the most significant differences are located
in the o chains at the CDo corner, where a salt bridge (SB)
between Asp48 and His55 is broken along the low-to-high pH
transition, as shown in Fig. 1.

As this region is close to heme pocket, it was suggested to
be involved in the R/T transition (/8, /9), and it was proposed
to play an important role in the regulation of oxygen affinity (9,
18-20). Although the main pathway for ligand migration in Hbs
is still under discussion (2/-24), with several groups proposing
that ligands may escape through the interior of globins by mul-
tiple pathways (22-24), there are many experiments showing
that the distal His (E7), “the so-called His gate,” is the most
important path for ligand entry and escape between the solvent
and the heme active site (27, 24). Regulation of HisE7 gate
movement is, therefore, a key issue for determining oxygen
association rate and, therefore, affinity.

In the general context, understanding the relationship
between quaternary R/T transitions in Hbs and the tertiary struc-
tural changes that alter the oxygen affinity is a formidable task,
and even for the vastly studied human Hb, the connection is not
completely clear. It is even less clear how and whether tertiary
structure variations that occur due to changes in the environ-
ment pH (Bohr and Root effects) alter each subunit oxygen-
binding properties.

During the last decade, our group performed several computa-
tional studies, using molecular dynamics (MD), including con-
stant pH MDs, multiple steered MD and also ab initio electronic
structure and hybrid quantum mechanics molecular mechanics
(QM/MM) calculations for different members of the globin super-
family, with the aim of studying how tertiary structure and dy-
namics control ligand affinity. In particular, we studied how oxy-
gen dissociation is determined by the oxygen interactions with the
distal cavity, which can be dynamically regulated (25-29).

To advance in our understanding of the relation between ter-
tiary structural modifications produced by a change in the pH
and the oxygen affinity regulation mechanisms, we have per-
formed a MD study of the pH-dependent structural changes in
the a-chain of HbTb and their relation to oxygen access to the
heme. Our results reveal interplay between the environment pH,
the CD-corner conformation and the O, access to the active
site, also suggesting an involvement of His55 protonation in the
observed Root effect of this Hb.

COMPUTATIONAL METHODS
Set-up of the System

Starting structures for all MD simulations were built from
crystallographic HbTb6 and HbTbS o-chain structures (pdb
codes 2H8F and 2H8D, respectively) (9). Four different systems
were built to perform MD simulations corresponding to (a)
HbTb a-chain with protonated His55 (HIP), using HbTb6 crys-
tal as starting point (called oHIP); (b) HbTb o-chain, with
deprotonated o tautomer His55 (HID), using HbTb8 crystal as
starting point (called «HID); (¢) HbTb a-chain, with HIP, using
HbTDHS crystal as starting point (we called «H2L as an acronym
for High pH structure simulated a Low pH); (d) HbTb «-chain,
with deprotonated o tautomer His55, using HbTb6 crystal as
starting point (we called «.2H). The «HIP and «HID were also
used for constant pH MD simulations (CPHMD) as will be
explained below. All systems were immersed in an octahedral
box of waters, and the heme was simulated in the deoxy (or
ligand-free) state consistent with the crystal structures.

MD Simulation Parameters

All MD simulations were carried out using the AMBER9
suite of programs (30). The AMBER parm99 force field (37)
was used for all residue parameters, TIP3P was the water
model, and the generalized Born implicit solvation model was
used for the CPHMD. The heme deoxy parameters were the
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same as those used in other works (25-29). Temperature was
weakly coupled to a Berendsen temperature bath at 300 K with
a time constant of 2 ps. Bond lengths including hydrogen were
constrained by using the SHAKE algorithm allowing the use of
a 2fs time step. Explicit water MD simulations were performed
using Periodic Boundary conditions and Ewald sums for treating
long-range electrostatic interactions while a direct cutoff for of
12 A was applied to all nonbonded interactions. All these are
commonly used parameters for this type of simulations using
AMBER (30).

The CPHMD approach was applied as implemented in
AMBER (32). The method addresses the dynamic dependence
of pKa through Monte Carlo sampling of the Boltzmann distri-
bution of protonation states concurrent with the MD simula-
tions. The nature of the distribution is affected by solvent refer-
ence pH, which is set as an external parameter. In particular, at
each scheduled Monte Carlo step (100 ps in our simulations), a
titratable site and a new protonation state for that site are ran-
domly chosen. The total transition energy AG, which depends
on the local structure and reference pH, is calculated and used
as the Metropolis criterion to decide if the simulation continues
with previous or new protonation state. After simulation is fin-
ished, populations of each protonation state can be recovered
and, therefore, the corresponding residue pKa can be computed.
Aspartates, glutamates, and His55 have been titrated for the
CPHMD simulations at pH = 6.2 and pH = 7, while lysines,
tyrosines, and His55 for the CPHMD simulations at pH = 8.4.
The CPHMD simulations were also repeated using a harmonic
restraint of 1 kcal/mol/A on Co atoms of the protein residues to
avoid partial protein denaturation due to use of implicit solva-
tion method. This methodology was successfully applied to
compute protein residues pKa values (29).

Equilibration and Production Simulation Protocol

For all systems, structures were first energy-minimized using
steepest descent algorithm followed by the conjugate gradient
algorithm giving 12,000 steps. Harmonic restraints applied to
the Co atoms were slowly relaxed from 25 to 1 kcal/mol/A by
the end of the energy minimization step. The equilibration pe-
riod in the MD simulations consisted of three stages. In the first
one, the system was gradually heated to 300 K for 30 ps at
100-K intervals followed by 70 ps at 300 K. The remaining
restraints were gradually reduced to zero in this stage. The sec-
ond stage consisted of 50 ps of unrestrained equilibration.
Finally, in the third stage, 20-ns long explicit water production
MD simulations were performed for the oHIP, oHID, ol2H,
and «H2L systems. The CPHMD simulations were performed
starting from the optimized structures but removing the explicit
waters. In total, eight CPHMD simulations were performed
starting from either the «HIP or oHID structures, at reference
solution pH values of 6.2, 7.0, and 8.4. A summary of the simu-
lated systems is reported in Supporting Information Table S1.

Implicit Ligand Sampling Analysis

To analyze possible oxygen entry paths from the solvent to
the heme active site in «HIP and «HID, we performed implicit
ligand sampling (ILS) analysis (33) by using the visual molecu-
lar dynamics (VMD) software package (34). In the ILS method,
the free energy of placing an oxygen ligand in each place
around and inside the protein is computed using a statistical
thermodynamic approach and dividing the space in a finite grid.
The results consist of free energy isosurfaces that map possible
pathways for oxygen (or other ligand) migration from the sol-
vent into the protein. The method treats the ligand as a pertur-
bation to the protein once the protein dynamics has been al-
ready sampled (i.e., the assumption is made that the ligand does
not affect protein dynamics). However, it has been shown to
yield quantitative results for ligand migration process when
compared with more costly free energy methods that treat the
ligand explicitly (33, 35).

Calculation of Oxygen Molecule Entry
Free Energy Profile

Free energy profile of oxygen molecule access to the heme
was determined in the two different structures obtained by oHIP
or «HID simulations. The profiles were computed by means of
constant velocity multiple steered molecular dynamics simula-
tions, and using the Jarzinski’s equality, as already done in
many other works from our group [see, e.g., 25, 28].

Briefly, calculations were performed using a force constant
of 200 kcal/(mol Az) and a pulling velocity of 12 A/ns. To con-
struct the free energy profile of O, access to heme, a set of 20
independent steered molecular dynamics (SMD) simulations
were performed. Convergence of each profile was determined
by computing different exponential averages, each using an
increasing number of individual work profiles, until no signifi-
cant changes in the resulting free energy profile were obtained
with the incorporation of new work profiles (Supporting Infor-
mation Fig. S1). On the other hand, distribution of single SMD
is given as another way to show convergence in the free energy
profiles (Supporting Information Fig. S2). The relatively small
number of SMD required to achieve convergence in the com-
puted free energy profiles possibly reflects the fact that the
ligand migration process does not imply significant protein reor-
ganization.

RESULTS AND DISCUSSION

Protonation State of His55 Determines CDa Loop
Structure and Dynamics

We begin our analysis investigating the structure and dynam-
ics of oHIP and «HID systems, that is, the HbTb a-chain with
protonated and deprotonated His55, respectively. Both simula-
tions are stable, as shown by the root mean square deviation
(RMSD) versus time plot using the starting X-ray structure as a
reference (Supporting Information Fig. S3). Consistently with
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Figure 2. Time evolution of distance between the ND1 atom of
His55 and the ODI1 atom of Asp48, for oHIP (black, lower
curve) and «HID (red, upper curve) simulations, respectively.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

the starting crystal structures, the differences between the aver-
age conformations obtained for oHIP and oHID simulations are
mainly located at the CD loop. To give a better characterization
of the observed differences, the average structures obtained
from the simulations (Ave_oHIP and Ave_oHID) were com-
pared with original HbTb6 and HbTb8 crystal structures but
computing the RMSD values of only the CD-loop regions (resi-
dues 48 to 55). A summary of the results for this comparison is
reported in Supporting Information Table S2.

The data reveal that the differences in the CDa loop struc-
ture are conserved during the simulations. Indeed the RMSD
between the CD regions in HbTb6 and Ave_oHIP and between
HbTb8 and Ave_oHID are smaller (ca. 0.4 A) than those calcu-
lated comparing the same regions of HbTb8 and Ave_oHIP and
HbTb6 and Ave_oHID (0.6 to 0.8 A). The main reason of these
differences is linked to the presence/absence of the SB between
Asp48 and His55 side chains (See Fig. 1). In fact, in the oHIP
state, the aforementioned SB is conserved during almost the
whole simulation (it is lost only in the last 2 ns, Fig. 2). On the
other hand, for the oHID case, both Asp48 and His55 side
chains are exposed to the solvent and the SB between these res-
idues is not formed during the whole simulation timescale (Fig.
2). On the basis of these results, we can hypothesize that the
presence of the Asp48-His55 SB is sufficient to preserve the
different structure of the CDa loop observed in the crystals.

We evaluated the Ca root mean square fluctuations of both
oHIP and «HID systems, to study the dynamic behavior of each
residue of the protein (Supporting Information Fig. S4). As
expected, most secondary structure regions show low mobility
during the simulations, whereas pronounced fluctuations are
observed in the loop regions. Interestingly, although «HIP and
oHID present a similar fluctuation pattern, many residues,

including those constituting the CD region (residues 48-55), are
slightly more flexible in «HID.

To verify the relationship between the His55 protonation
state, the presence of the Asp48-His55 SB and the CD loop
structure, we performed two additional simulations called low-
to-high (L2H) and high-to-low (H2L). The H2L simulation uses
HbTb8 crystal structure as starting point (where the Asp-His
interaction was not present), and His55 is in the protonated
state. The H2L simulation starts from HbTb6 crystal structure
(where the Asp-His interaction was present), and His55 is simu-
lated in the deprotonated delta state.

Visual inspection of L2H simulation shows that immediately
after short equilibration (less than 1 ns), the Asp48-His55 bond
breaks, and Asp48 moves away from His55 toward the solvent
(see Supporting Information Fig. SS5), evidencing that His55
protonation is involved in the SB formation between Asp48 and
His55. On the other hand, the H2L simulations reveals that pro-
tonation of His55 is not sufficient to establish the SB with
Asp48, although the HIP is located closer to Asp48 (Supporting
Information Fig. S5). Probably, longer simulations should be
performed to obtain the correct interaction pattern. In summary,
the results show that different protonation state of His55
accounts for the structural differences in the CD loop.

The His55 pKa

In the preceding simulations, the His55 protonation was fixed
as protonated (HIP) or deprotonated state (HID). Although our
results show that different protonation state of His55 is suffi-
cient to account for the observed pH-dependent structural differ-
ences, a key question is whether His55 pKa has the adequate
value to account for the observed transition between pH values
of 6.2 and 8.0. To determine His55 pKa, we performed
CPHMD simulations, starting from both HbTb6 and HbTb8
structures, and with external reference pH values of 6.2, 7.0,
and 8.4. Consistent with the hypothesis that His55 should be
deprotonated at pH = 8.4 and protonated at pH = 6.2, we
obtained a calculated pKa value for His55 of around 6.6 (Sup-
porting Information Table S3).

The analyses of the distance between the O&1 atom of
Asp48 and the No2 atom of His55 as function of time in the
CPHMD simulations further support the conclusion that the
charge of His55 is determinant for the formation of the Asp48-
His55 SB, since the protonation/deprotonation of the His during
the simulations is associated with frequent formation/loss of the
corresponding SB (see, e.g., Supporting Information Fig. S6).

CD loop-Hist7 Gate Connection

So far, we have shown that His55 protonation state controls
CD structure and dynamics. Given the predicted His55 pKa of
about 6.6, this residue emerges as possible main source of the
Root protons. To analyze how the protonation of His55 could
modulate oxygen affinity, and, that is, how the protonation state
of His55 could be related to the Root effect, we analyzed
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Figure 3. Open conformation of distal His in «HID representa-
tive structure. The hydrogen bond with Trp46 is shown as
dashed lines. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

whether there is a connection between the conformation of the
CD region and that of residues constituting the heme pocket in
oHIP and «HID. Visual inspection of the dynamics shows that

there is interplay between the protonation state of His55 and the
conformation of His59, which corresponds to distal HisE7
“gate” (Supporting Information Fig. S7 and Fig. 3). In this
respect, it is interesting to note that a correlation between CD
loop and the distal His has been also suggested for the deoxy
state of myoglobin (36), and that CD loop displacement is pro-
posed to be the first step along the allosteric pathway from the
R to the T state in human Hb (37).

Our results show that when His55 is in the deprotonated state
(high pH) and the SB between Asp48-His55 is broken, the CD
loop is flexible and the side chain of HisE7 rotates and moves to-
ward the solvent acquiring the so-called “open” conformation
(Supporting Information Fig. S7). The swinging out of HisE7
resembles the characteristic movement predicted by Perutz for the
heme pocket in human Hb (38), which was also observed in the
X-ray structures of other globins (39—41), like Myoglobin (42,
43). A detailed inspection of the trajectories suggests that the
opening of His59 (HisE7 gate) in the oHID simulation is favored
by the formation of a stable hydrogen bond between NE2 of
His59 and NE1 of Trp46 (Fig. 3 and Supporting Information Fig.
S8) and by hydrophobic interactions that His59 itself establishes
with Trp46 and Phe43. On the other hand, when His55 is proto-
nated, a stable cluster is formed by the side chains of Trp46,
Asp48, and His55. The presence of this cluster, which is observed
also in the crystal structure at pH = 6.2 (Fig. 1A), reduces the

Figure 4. Implicit ligand sampling computed free energy maps for molecular oxygen migration inside the o-chain of HbTb
obtained for the «HIP (A) and «HID (B) simulations, respectively. The shown isosurface represents a free energy value of —2.4
kcal/mol. The heme is displayed with the proximal and distal histidine in sticks. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 5. Free energy profiles for oxygen migration from sol-
vent to the active site through HisE7 gate in the o-chain of
HbTb at pH = 6.2 (grey) and pH = 8.4 (black).

flexibility of the CD loop and limits the conformational variations
of Trp46 side chain that it not available to interact with His59.
This should favor the HisE7 closed conformation at low pH.

One of the most striking consequences of these observations
lies on the fact that usually HisE7 gate opening is associated
with the protonation/deprotonation of the HisE7 itself, as
observed for the low-pH crystal structures of Myoglobin (42,
43). To the best of our knowledge, this study represents the first
direct evidence of the interplay between the conformation of
the CD loop and that of the distal HisE7 in Root-effect Hbs.
Notably, the acquisition of the distal histidine open conforma-
tion in the a-chain of HbTb should be favored at basic pH.

ILS Study of Oxygen Access to the Heme

Until this point, our results revealed a connection between the
His55 protonation, and the conformation of the CD loop that is
further linked to the distal HisE7 gate conformation. We now an-
alyze whether the HisE7 open conformation observed in the
oHID simulations displays a more open access to the heme iron
when compared with the «HIP simulations. To analyze the pres-
ence of ligand migration paths, we computed the free energy for
placing an oxygen molecule in each space region around and
inside the protein with the ILS method (See Methods) using the
explicit water MD simulations corresponding to the «HID and
oHIP systems. The results are shown as free energy isosurfaces
in Fig. 4. The results clearly show the presence of a large tunnel
connecting the heme iron with the solvent in the oHID system.
The specific pathway starts in a cavity close to His55, Phe43,
AlaS8, and Lys62 and reaches the heme. On the other hand, no
continuous path connecting the solvent with the heme iron is
observed for the «HIP system, even at high free energy values.
This is in line with the fact that we did not observe any opening
of the distal His during the «HIP simulation.

Free Energy Profile for O, Access to the Heme

To obtain a quantitative measure of the oxygen ligand entry
process, we computed free energy profiles for O, access to the dis-
tal cavity from the solvent, in both pH states corresponding to the
HisE7 open and closed conformations. The results shown in Fig.
5 confirm the ILS suggestions. At pH = 8.4, the HisE7 adopts the
open conformation and after a small (less than 1 kcal/mol) barrier,
the oxygen is captured by an —2.5 kcal/mol well. On the other
hand, at pH = 6.2, the HisE7 assumes the closed conformation,
producing a 2.5 kcal/mol barrier, and the energy of the distal cav-
ity is about 1.5 kcal/mol higher than the solvent. The results
clearly show that the different conformations of HisE7 affect the
free energy profile for O, access to the distal cavity from the sol-
vent (Fig. 5). Although these results are limited to a single chain
of HbTb and to ligand diffusion toward the distal cavity, they are
in line with the experimental thermodynamic data, which show a
reduction of oxygen affinity for HbTb at acid pH.

CONCLUSIONS

The relationship between protonation state of His55, confor-
mation of CD corner and oxygen entry to heme pocket in the o-
chain of HbTb has been studied using computer simulations. Our
data provide a clear picture of the correlation between the swing
motion of His59 (HisE7), the protonation/deprotonation of His55
and the structure/dynamic modifications of the CDu region, sug-
gesting a path for oxygen diffusion to/from the heme. Although
our findings are limited to the study of tertiary structure modifica-
tions within the isolated a-chain, they suggest that a fine tuning
of the structure and dynamics of CDo loop provides a mechanism
to modulate HbTb O, affinity, supporting the hypothesis that this
region could play a role in the Root effect (/0, /7). It can be
envisaged that, at the high pH, when His55 is deprotonated, the
CD region of the a-chain of HbTb undergoes to structural modifi-
cations that favor the open conformation of the distal His
(His59), facilitating the entry of the ligand to the active site. On
the contrary, when His55 is protonated, the O, access to heme
pocket should be restricted by a slight increase in the free energy,
caused by the closed conformation of distal His. In conclusion,
these data suggest that His55 residue may provide Root effect
protons and that its protonation/deprotonation may influence the
oxygen affinity in HbTb. In a more general perspective, our
results underline the fact that an efficient transport of molecular
oxygen in globins relies on a subtle balance of tertiary structure
and protein conformational flexibility.
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