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ABSTRACT: Hemoglobin transports O2 by binding the gas
at its four hemes. Hydrogen bonding between the distal
histidine (HisE7) and heme-bound O2 significantly increases
the affinity of human hemoglobin (HbA) for this ligand. HisE7
is also proposed to regulate the release of O2 to the solvent via
a transient E7 channel. To reveal the O2 escape routes
controlled by HisE7 and to evaluate its role in gating heme
access, we compare simulations of O2 diffusion from the distal heme pockets of the T and R states of HbA performed with HisE7
in its open (protonated) and closed (neutral) conformations. Irrespective of HisE7’s conformation, we observe the same four or
five escape routes leading directly from the α- or β-distal heme pockets to the solvent. Only 21−53% of O2 escapes occur via
these routes, with the remainder escaping through routes that encompass multiple internal cavities in HbA. The conformation of
the distal HisE7 controls the escape of O2 from the heme by altering the distal pocket architecture in a pH-dependent manner,
not by gating the E7 channel. Removal of the HisE7 side chain in the GlyE7 variant exposes the distal pockets to the solvent, and
the percentage of O2 escapes to the solvent directly from the α- or β-distal pockets of the mutant increases to 70−88%. In
contrast to O2, the dominant water route from the bulk solvent is gated by HisE7 because protonation and opening of this
residue dramatically increase the rate of influx of water into the empty distal heme pockets. The occupancy of the distal heme site
by a water molecule, which functions as an additional nonprotein barrier to binding of the ligand to the heme, is also controlled
by HisE7. Overall, analysis of gas and water diffusion routes in the subunits of HbA and its GlyE7 variant sheds light on the
contribution of distal HisE7 in controlling polar and nonpolar ligand movement between the solvent and the hemes.

Human hemoglobin (HbA) is tasked with binding O2 in
the lungs and releasing it to tissues. The distal histidine

(residue HisE7; αH58 or βH63) in its neutral Nε2-H tautomer
donates a hydrogen bond to the heme-bound O2, which plays a
vital role in stabilizing this ligand that would otherwise be
displaced by CO in the red blood cell.1,2 Crystal structures of
the HbA tetramer reveal that HisE7 also forms a visible barrier
between the heme iron and solvent in the α- and β-subunits
(Figure 1a,d,g),3 which led to the hypothesis that access of the
ligand to the heme is gated by swinging of the imidazole ring of
HisE7 out of the distal heme pocket to form a transient ligand
channel to the solvent, the alleged E7 channel.2−5 A recent
crystal structure of HbA confirmed that HisE7 can adopt an
open conformation in the β-subunit (Figure 1b),6 supporting
the E7 gate hypothesis. Extension of HisE7 (H64) toward the
solvent also has been reported in crystals at low pH of CO-
ligated myoglobin (Mb),7 a monomeric globin structurally
related to HbA. Moreover, the pH dependence of Mb’s ligand
binding kinetics and the spectra of its ligated forms are
attributed to protonation-linked reorientation of the imidazole
ring of HisE7 and opening of the E7 channel.4,5,8

We observe that the neutral form of HisE7 remains in its
closed conformation more than 99% of the simulated time in
atomistic molecular dynamics (MD) simulations (DOI:

10.1021/acs.biochem.5b00368). This does not prevent O2
from escaping to the solvent directly from the distal heme
site with the putative E7 gate closed (DOI: 10.1021/
acs.biochem.5b00368). Also, 67−77% of O2 escapes occur
from the T and R quaternary states of HbA via its interior
tunnels with HisE7 closed (DOI: 10.1021/acs.bio-
chem.5b00368). Because our simulation results with HisE7
closed are at odds with the E7 gate hypothesis, we asked if
opening of HisE7 would favor direct escape to the solvent from
the distal heme pockets of HbA. We found in preliminary
simulations that the imidazolium ring of the protonated HisE7
spontaneously rotates out toward the solvent (Figure 1e,h) and
exploit this observation here to simulate diffusion of O2 from
the distal heme pockets with HisE7 in its protonated open
conformation in the high-affinity R and low-affinity T
quaternary states of HbA. We additionally examine the
consequences of fully removing the HisE7 side chain in the
R and T states of the HbA(α,βHisE7Gly) variant, which has an
open gap in its distal heme pocket (Figure 1c,f,i). Our
simulations of O2 escape provide a detailed picture of the O2
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exit routes from the distal heme sites to the solvent in each
model of HbA examined but do not identify a gated gas
channel. In addition to stabilizing the heme-bound O2 ligand,

1,2

HisE7 controls its dwell time in the distal sites by modulating
the architecture of the distal heme pockets.
We further probe how the protonation-linked conformation

of HisE7 and its mutation to GlyE7 affect hydration of the
distal heme cavity.9 Analysis of the penetration of bulk water
into HbA’s subunits reveals a major role for HisE7 in gating
water access and in stabilizing a distal water molecule that acts
as a nonprotein barrier to binding of O2 to the α-heme.2,9

■ COMPUTATIONAL PROCEDURES

To study O2 escape routes in HbA, we combined all-atom
Langevin dynamics simulations with γ = 0.5 ps−1 and TLES10 as
described in detail elsewhere (DOI: 10.1021/acs.bio-
chem.5b00368).11 In the six HbA models examined here, Rc,
Ro, R−, Tc, To, and T−, the subscripts refer to closed (c) and
open (o) conformations of HisE7 or to the absence (−) of the
imidazole side chain in the GlyE7 variant. Crystal structures of
deoxyHbA and CO-HbA were chosen as the initial structures
for the T (PDB entry 2DXM)12 and R (PDB entry 2DN3)13

models, respectively, and the Tc and Rc results were obtained
with the distal HisE7 in the neutral Nε2-H tautomer,11 which
remained in the closed conformation found in the crystal
structures for 99% of the MD simulation time (Figure 1a,d,g
and Figure S1). To and Ro were modeled by HisE7 protonation
in each subunit. The imidazole ring of positively charged HisE7
spontaneously rotates out toward the solvent between residues
αF46 and αK61 in the α-subunit (Figure1e) and βF45 and
βK66 in the β-subunit (Figure 1b,h) and remains in this
conformation on the simulation time scale (Figure S1a). The
initial T− and R− structures of the HbA(α,βHisE7Gly) variant

were built from wild-type HbA by removing the HisE7 side
chain (Figure 1c,f,i). The CO and distal water molecules were
removed to allow placement of the O2 copies in the distal heme
sites, and after structural equilibration, all-atom MD simulations
of O2 diffusion were performed in explicit solvent at 310 K.
Because the ligands do not migrate between the subunits (DOI:
10.1021/acs.biochem.5b00368),11 15 TLES O2 copies were
placed in the α- or β-distal site of HbA. Thirty-two replicate
simulations 2 ns in duration provide 480 O2 trajectories that
separately map gas migration within each subunit for the six
HbA models defined here (Table S1).
Because ligand and water molecules compete for the distal

heme site,9 water influx was examined by standard MD
simulations in the absence of ligands. MD runs of 32 ns were
performed to sample a large conformational subspace, including
subspaces of T, R, and the T−R transition (Table S1). Notably,
spontaneous quaternary change in T (DOI: 10.1021/
acs.biochem.5b00368)14 had little effect on water influx,
because hydration of the distal pocket is regulated mainly by
the conformation of HisE7. Fifteen independent simulations
were run starting from Tc and Rc, but two simulations defined
hydration of To, Ro, T−, and R− because of the rapid
equilibration of water between the heme pocket and solvent
with the distal HisE7 open or removed. Also, we conducted
four simulations for Tc and Rc with the distal heme sites
occupied by a water molecule [Tcw and Rcw (Table S1)] to
examine rates of escape of distal water from the α- and β-
subunits.
All simulations were performed using NAMD 2.7,15 and the

simulation results were plotted using the VMD package.16

Details of system preparation and simulation parameters were
described previously in DOI: 10.1021/acs.biochem.5b00368.

Figure 1. Distal heme pocket of T-state HbA models with a closed and open HisE7 and of the GlyE7 variant. Distal βHisE7 (βH63) side chain in (a)
a closed conformation (deoxyHbA, PDB entry 2DXM),12 (b) an open conformation (carbonmonoxyHbA, PDB entry 3D17),6 and (c) the modeled
GlyE7 variant based on PDB entry 2DXM. The backbone atoms of the β-subunit are shown as blue ribbons, and the heme is shown as red sticks.
βHisE7 rotates out between residues βPheCD4 (βF45) and βLysE10 (βK66) (amber sticks) with the C−Cα−Cβ−Cγ torsion angle (green numbers)
defining the βHisE7 conformation. (d−i) Surface models looking into the E7 channel, the shortest path between the distal site and the solvent, of the
(d−f) α-distal and (g−i) β-distal heme sites of Tc, To, and T−. Note that O2 (yellow ball) located in the distal site is visible looking down the E7
channel in To and T− but is hidden by the closed distal HisE7 in Tc. The heme and the α- and β-subunits are represented as red spheres and green
and blue surfaces, respectively. The distal E7 (αH58, αG58, βH63, or βG63) is colored amber. The thickness of the red arrow increases with the
number of O2 escapes directly from the distal heme pocket (Table 3), while the thicker purple arrow indicates that more bulk water enters the To vs
T− distal heme pocket. The closed HisE7 blocks the access of water to the Tc heme via the E7 channel (Figure 2).
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■ RESULTS

The O2 Diffusion Tunnel Network Is Minimally
Affected by Opening or Removal of the HisE7 Barrier.
TLES O2 copies placed in the α- or β-distal heme site, which
corresponds to the primary geminate state on photolysis of the
Fe−ligand bond,17 exit directly to the solvent from the α- or β-
distal heme site via several distal portals or diffuse through
barrier B10E11G8 into the interior tunnels (Figure 2 and
Figure S4). Opening or removing the HisE7 barrier does not
significantly disturb the network in either subunit but does alter

the O2 distribution within the tunnels (Figures S2 and S3).
Also, the quaternary state of HbA has little effect on the
diffusion tunnels (Figures S2 and S3) (DOI: 10.1021/
acs.biochem.5b00368). We have previously provided detailed
analyses of O2 diffusion in HbA’s interior tunnels (DOI:
10.1021/acs.biochem.5b00368)11 and concentrate here on how
the protonation-linked conformations of HisE7 influence O2

escape and access of water to the heme.
The Neutral HisE7 Very Rarely Adopts an Open

Conformation during the Simulations. The open and

Figure 2. O2 and water distribution around the heme of the α-subunit (green) and β-subunit (blue) of the T-state HbA models viewed from the
distal side. (a−c and g−i) Black dots represent O2 positions derived from 480 trajectories of TLES O2 diffusion from the α- and β-distal sites labeled
in panels a and g. (d−f and j−l) Red and white lines represent the water positions observed during a 0.5 ns window of ligand-free standard MD
simulations (Table S1). The key distal residues that control O2 and access of water to the heme, E7 (αH58, βH63, αG58, or βG63), PheCD4 (αF46
or βF45), and LysE10 (αK61 or βK66), as well as the B10E11G8 barrier between the heme and the interior tunnels (residues αL29, αV62, and
αL101 or βL28, βV67, and βL106) are shown as amber sticks. Red arrows (panels a and g) indicate all observed O2 escape routes from the heme
distal pockets, and the frequency of portal use is summarized in Tables 1 and 2. The rotation of HisE7 toward the solvent allows extensive water
access via the E7 channel and minor paths, which are marked by purple arrows in panels e and k. Analogous plots are shown for the Rc, Ro, and R−
models in Figure S4.
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closed conformations of the HisE7, which are defined by the
C−Cα−Cβ−Cγ torsion angle, are shown in Figure 1a,b for the
β-subunit. We observe that the Nε2-H tautomer of HisE7
present in both T and R1,18 can spontaneously adopt an open
conformation for very short times in both subunits (Figure
S1b). The most significant occurrence of the open
conformation, corresponding to only ∼0.7% of the simulated
time, was observed in the β-subunit of Rc (Figure S1b, right
panels). Because it is very rarely populated, the open
conformation of the Nε2-H tautomer probably has little
influence on O2 diffusion in HbA. In contrast, the protonated
HisE7 spontaneously rotates out toward the solvent in both the
α- and β-subunits and remains in this open conformation
(Figure 1e,h and Figure S1a). Similarly, protonation results in
spontaneous opening of HisE7 in Mb,19 although some19−21

but not all simulations of Mb22,23 find an open conformation of
the neutral HisE7. This may be attributed to the use of its Nδ1-
H tautomer, which tends to adopt the open conformation more
than the Nε2-H tautomer,19 and/or to insufficient sampling of
protein conformation. Notably, the estimated rate of HisE7
opening and closing in HbA is 1−10 μs−1 at neutral pH, and
the population of the open form of HisE7 was estimated to be
7%.24 However, in this work, we strictly consider O2 diffusion
in HbA with the closed HisE7 Nε2-H tautomer and open
protonated HisE7 to specifically compare ligand diffusion with
HisE7 open and closed.
The E7 Channel Is a Minor O2 Escape Route from the

Distal Heme Pockets Even with HisE7 in Its Open
Conformation. The shortest escape route to the solvent from
the α- or β-subunit is between HisE7, LysE10 (αK61 or βK66),
and the heme pyrrole ring A. We label this front portal the E7

channel (Figure 2a,g and Figure S4a,g) as it corresponds to the
HisE7-gated channel described for Mb.19,25,26 The long side
chain of LysE10 (vs ThrE10 in Mb) together with the closed
neutral HisE7 appears to effectively block the E7 channel in
HbA. Nonetheless, a few ligands take advantage of a slight
displacement in HisE7 to squeeze between this residue and
ValE11 into a small space above heme pyrrole ring A and
escape to the solvent between HisE7 and LysE10 (Figure 2a,g
and Figure S4a,g). Rotation of HisE7 toward the solvent
relieves the steric hindrance in the distal site, and more ligands
diffuse to the protein surface (Figure 2b,h and Figure S4b,h).
As a result, 8% of O2 escapes from the HbA tetramer occur
through the E7 channel upon opening of HisE7 [To plus Ro
(Tables 1 and 2)] versus 2% with HisE7 closed [Tc and Rc
(Tables 1 and 2)]. O2 also escapes from the tetramer in the
opposite direction to the E7 channel, which we label the back
portal (Figure 2a,g, Figure S4a,g, and Tables 1 and 2).
However, this portal is located at the α1β2 interface and is
hindered by a neighboring α1 or β2 subunit, so its overall
contribution to escape is low [3% in Tc and Rc and 2% in To
and Ro (Tables 1 and 2)]. In summary, our simulations indicate
that the E7 channel is a minor O2 escape route whether E7 is
opened or closed. Notably, diffusion through the closed E7
channel is also reported for Mb.19,27

Expansion of the Distal Heme Pockets upon HisE7
Opening Impacts Ligand Population and Escape. Ligands
that diffuse from the α-distal heme site to the αXe3 cavity
escape between αHisE7 and the αCE loop (portal 3α) or
between this loop and α-helix B (portal 4α) (Figure 2a and
Figure S4a). However, swinging of the side chain of αHisE7 out
toward the solvent converts the α-distal and αXe3 sites into a

Table 1. O2 Portal Usage in the α-Subunits of the Six HbA Models

aEscape portals that lead to the solvent directly from the distal heme pocket are colored red and those that lead to the solvent from the interior α-
tunnel black. bCavities correspond to the experimental Xe docking sites in the crystal structures of HbA and HbYQ28 and the distal site just above
the heme (see Figure S2a). cResidues are labeled by single-letter abbreviation and numbered according to their position in the sequence. The distal
αHisE7 (αH58) is bold and underlined. dNumber of O2 copies that escaped via each portal during 480 O2 trajectories for each model. eThe E7
channel (front portal) is situated between αHisE7 (αH58), αLysE10 (αK61), and heme pyrrole ring A (see Figure 2a). This is the shortest escape
route to the solvent from the α-subunit. fData from DOI: 10.1021/acs.biochem.5b00368.
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single large cavity (Figure 2b and Figure S4b). This increases
the ligand dwell time in the α-distal heme pocket (Figure S2b,e
vs Figure S2a,d), and the escape percent from αXe3 decreases
to 17% in To and Ro from 26% in Tc and Rc (Table 1).
Although the conformation of αHisE7 controls the time spent
by the ligands in the α-heme pocket, it has little impact on the
actual gas route as exemplified by representative trajectories. A
single O2 molecule placed in the α-distal site of To or Tc
escapes to the solvent via distal portal 3α (Figure 3b vs Figure
3a) irrespective of the presence (Tc) or absence (To) of the
αHisE7 barrier.
A docking site equivalent to αXe3 is absent from the smaller

β-heme pocket (Figure 2g vs Figure 2a and Figure S4g vs
Figure S4a). Thus, opening of βHisE7 increases the level of
direct O2 escape via portal 6β [located between βHisE7, βF42,
and heme pyrrole D (Figure 3d,e)] to 33% in To and Ro from
13% in Tc and Rc (Table 2). Prompt O2 escape from the small
To β-distal site contrasts the relatively long ligand dwell time in
the expanded To α-distal site (Figure 3b,e), which leads to a
dramatically higher level of direct escape from the distal heme
pocket in the β-subunit versus α-subunit (Table 3).
Infrequently, ligands diffuse further from the β-heme to escape
via portals 6′β and 7β that bracket the βCD loop (Figure 2g),

with 3 and 6% of escapes occurring via these combined portals
in the closed and open β-subunits, respectively (Table 2).

The HisE7Gly Mutation Dramatically Increases the
Rate of Direct Escape of O2 from the Distal Heme
Pockets. Substituting the side chain of HisE7 with a hydrogen
atom widens the constriction between the distal heme cavity
and the solvent (Figures 1f,i and 2c,i and Figure S4c,i). O2
molecules placed in the distal sites of the GlyE7 variant appear
at the interface between the hydrophobic protein environment
and the hydrophilic solvent. Thus, in T− and R−, close to 68−
86% of escapes occur directly to the solvent through the gap
formed in the wall of the α- and β-distal heme pockets,
respectively (Table 2). Nevertheless, the striking >3-fold lower
number of O2 copies that escape from the α-distal versus β-
distal heme pocket (Table 3) arises because the αXe3 cavity
also accommodates apolar ligands in the GlyE7 variant (Figure
3c vs Figure 3f).

Water Readily Enters the Distal Heme Pockets via the
Open E7 Channel and Is Gated by HisE7. HisE7 in its
closed conformation together with residues LysE10 and
PheCD4 (αF46 or βF45) forms a barrier that blocks the
access of water to the distal sites of Tc and Rc (Figure 2d,j and
Figure S4d,j). HisE7 protonation opens the E7 channel for bulk

Table 2. O2 Portal Usage in the β-Subunits of the Six HbA Models

aEscape portals that lead to the solvent directly from the distal heme pocket are colored red and those that lead to the solvent from the interior α-
tunnel black. bCavities correspond to the experimental Xe docking sites in the crystal structures of HbA and HbYQ28 and the distal site just above
the heme (see Figure S3a). cResidues are labeled by single-letter abbreviation and numbered according to their position in the sequence. The distal
βHisE7 (βH63) is bold and underlined. dNumber of O2 copies that escaped via each portal during 480 O2 trajectories for each model. eThe E7
channel (front portal) is situated between βHisE7 (βH63), βLysE10 (βK66), and heme pyrrole ring A (see Figure 2g). This is the shortest escape
route to the solvent from the β-subunit. fMany O2 molecules entered HbA’s central water-filled cavity from the β-subunit via portal 1β and
immediately returned to the same β-tunnel.11 Only those O2 molecules that escaped to the bulk solvent during the 2 ns simulations are included in
this table. gData from DOI: 10.1021/acs.biochem.5b00368.
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water to freely access the hemes via this direct route as well as
via minor portals, 3α (Figure 2e and Figure S4e) and 6β
(Figure 2k and Figure S4k). The expanded α-distal pocket
formed upon fusion of the α-distal and αXe3 sites can
simultaneously attract up to six water molecules (Figure 4b),
and up to three waters are accommodated in the smaller β-
distal pocket (Figure 4e). The HisE7Gly mutation exposes the
distal pockets to the bulk solvent but renders them less
hydrophilic (Figure 2f,l and Figure S4f,l) such that they
maximally attract three water molecules (Figure 4c,f).
Water Also Enters the Distal Heme Pockets by Minor

Routes. Although the access of water to the heme is strongly
gated by HisE7, a number of molecules succeed in reaching the
heme via routes that are not controlled by this residue.
Specifically, during the 30 standard MD simulations with
αHisE7 closed, four water molecules reach the αFe via the α-
back, 3α, and 4α portals of Tc and Rc. Notably, during one
simulation, the highly flexible αCE loop (DOI: 10.1021/
acs.biochem.5b00368) undergoes a large conformational
change that significantly disturbs the protein structure around
the αXe3 cavity. Rotation of αPheCD4 (αF46) toward the
solvent partially exposes the α-distal heme pocket, which

becomes flooded with eight water molecules (Figure 4a).
Figure 5a maps the trajectory of one such water molecule that
enters the αXe3 cavity through the expanded 3α portal and
diffuses to the α-heme. When the αCE loop returns to
conformations close to that found in the crystal structure with
αF46 in its closed conformation, all water molecules exit the α-
distal heme pocket. Thus, a reversible conformational change in
the αCE loop allows transient bulk water access to the α-heme
while αHisE7 remains closed.
The highly flexible βCD loop (DOI: 10.1021/acs.bio-

chem.5b00368) also undergoes a large conformational change
with rotation of βPheCD4 (βF45) toward the solvent, allowing
a water molecule to enter the smaller β-distal site through
portal 6β (Figure 4d). Thus, in both subunits, bulk water can
transiently access the heme with HisE7 in its closed
conformation. Additionally, nine water molecules entered the
β-subunit via portal 1β and reached the β-distal heme pocket
with βHisE7 closed (Tc and Rc). Their path to the β-heme
encompasses the experimental βXe1, βXe1′, and βXe2
cavities28 and represents a major route for O2 entry and escape
in the β-subunit (DOI: 10.1021/acs.biochem.5b00368).11,29

Tracking one such water in Tc (Figure 5b), we find that once in

Figure 3. Escape route of a single O2 molecule from the distal heme site to the solvent via the major distal portal in each subunit. The heat map
indicates the positions of the O2 molecule (sticks) vs simulated time (nanoseconds) that define a representative trajectory from (a−c) the α-distal
heme site via portal 3α and (d−f) the β-distal heme site via portal 6β of the Tc, To, and T− models. Note that the O2 molecule escapes significantly
faster from the β-distal site (d−f) than from the α-distal site (a−c). In fact, the O2 molecule spends most of the simulated time in the β-tunnel of Tc
(d) before escaping to the solvent via portal 6β, whereas opening (To, panel e) or removal of βHisE7 (T−, panel f) facilitates direct escape to the
solvent without β-tunnel visitation as in the trajectories selected here. Also note that in T− the E7 channel (marked as a black arrow in panels a, b, d,
and e) collapses into one exit with portal 3α (Table 1) and portals 6β and 6β′ (Table 2) in the α- and β-subunits, respectively. The protein
representation is described in the legend of Figure 2, and the number of O2 escapes via portals 3α and 6β is listed in Tables 1 and 2.

Table 3. Numbers and Percentages of Direct O2 Escapes from the Distal Heme Pockets in 480 O2 Trajectories

modela Tc
b To T− Rc Ro R−

α-subunit 39 (24%) 18 (26%) 69 (70%) 50 (33%) 16 (21%) 84 (84%)
β-subunit 32 (21%) 99 (51%) 248 (86%) 22 (26%) 70 (53%) 272 (88%)
averagec 36 (22%) 58 (38%) 158 (78%) 36 (30%) 43 (37%) 178 (86%)

aThe HbA models include the tense (T) and relaxed (R) quaternary structures with the distal HisE7 in its closed (Tc and Rc) and open (To and Ro)
conformations or absent from the GlyE7 variant (T− and R−) (see the text).

bFor each model, the escape number is the number of O2 molecules that
exited to the solvent directly from the distal heme pocket of the specified subunit during 480 trajectories 2 ns in duration. The escape percent (in
parentheses) is the number of molecules that exited from the distal heme pocket relative to the total number of molecules that exited the specified
subunit during the 480 trajectories. See Tables 1 and 2 for a full list of O2 escapes.

cAverage of the α- and β-subunit values for the specified model.
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the β-tunnel, it resides in the βXe1 cavity, which is normally
occupied by a water molecule in HbA crystals,13 and forms
hydrogen bonds with the backbone carbonyls of residues
βF103 and βV134. Next, the water jumps to the βXe2 site and
forms hydrogen bonds to the carbonyls of residues βG24 and
βG64 before crossing barrier βB10E11G8 into the β-distal
heme site, where it accepts a hydrogen bond from the Nε2-H
tautomer of βHisE7. Very rarely [∼0.7% of the total simulated
time (Figure S1b)], the neutral βHisE7 of Rc swings out,
allowing the entry of bulk water into the β-distal pocket by the
βE7 channel.

In contrast to the case in Tc and Rc, recent MD simulations
reveal that water can access the distal heme pocket through the
closed E7 channel in metMb.27 Presumably, the smaller ThrE10
residue in Mb blocks the E7 channel less effectively than
LysE10 in HbA and allows water exchange with HisE7
closed.19,27 Interestingly, in the HbA(βLysE10Thr) variant
(Hb Chico),30 as in Mb,31 a water molecule is stabilized in the
E7 path to the distal heme site by interaction with HisE7 and
ThrE10.

The Distal Water Occupancy, nw, Reflects the Relative
Size and Hydrophobicity of the Distal Pockets. We

Figure 4. Figure 4. Snapshots of hydration of the distal heme pockets during the ligand-free 32-ns standard MD simulations. Representative frames
show bulk water molecules that transiently access the α- and β-distal heme pockets with PheCD4 (αF46, βF45) (a and d) extended out toward the
solvent in the Tc models where HisE7 is closed; and with PheCD4 in conformations similar to those in the crystal structures in the (b and e) To and
(c and f) T− models where HisE7 is open and removed, respectively. The protein representation is described in the legend of Figure 2, waters
located within the distal pockets are represented as red (oxygen) and white (hydrogen) spheres, and external waters are omitted for clarity. The black
arrow in panels a−c and e locates a water within 4.5 Å of the heme Fe (Table 4) and the purple arrows identify water access routes to the distal
pockets. The open E7 channel is the major water access route but rotation of αPheCD4 transiently opens up portal 4α in panel a. However, the distal
pockets in the Tc models contain no waters during most of the simulated time whereas 3−6 waters can simultaneously accumulate in the To and T−
models (see text for details).

Figure 5. Entry route of a single water molecule from the bulk solvent into the distal heme sites via minor water portals 3α and 1β with HisE7
closed. A representative water trajectory from the bulk solvent to the distal heme site via (a) portal 3α (purple arrow) of the Rc α-subunit and (b)
portal 1β (purple arrow) of the Tc β-subunit. Residue PheCD4 (F46) is rotated out toward the solvent allowing the entry of bulk water into the
closed α-heme pocket in panel a. Heat maps indicate the position vs simulated time (nanoseconds) of the water molecule (sticks) within the
subunits during the 32 ns standard MD simulations (Table S1). The protein representation is described in the legend of Figure 2, and the
experimental Xe docking sites in the crystal structures of HbA and HbYQ28 are shown as transparent white spheres.
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examined the fraction of the simulated time that a water
molecule lies within 4.5 Å of the Fe and found nw values close
to 0 for both subunits of Tc and Rc. Because the closed HisE7
efficiently impedes the access of bulk water to the heme, we
performed additional simulations starting with a single water
molecule placed in each distal site [Tcw and Rcw (Table S1)]
and observed that on average the water remained in the α-site
for 12.5 ns and in the β-site for 2 ns. Once this water escaped to
the bulk solvent, it was not replaced during the remainder of
the 32 ns simulation. In fact, on the basis of the number of
observed entry events divided by the total standard MD
simulation time (Table S1), we estimate average rates of 2 and
5 μs−1 for the entry of water from the solvent into the empty α-
and β-distal heme sites, respectively, of Tc or Rc. From these
rates and the average dwell times of 12.5 and 2 ns, nw values
close to 0 are expected for both closed subunits [Tc and Rc
(Table 4)] as seen in the simulations starting from the empty

closed distal sites. In contrast, bulk water rapidly enters the
open E7 channel and a distal water is observed for much of the
simulated time in To (Figure 4b,e) and Ro (data not shown). As
for O2 occupancy (Figure 3b,e), the larger α-distal site better
accommodates the water molecule than the β-site (Figure 4)
and the average simulated nw values are 0.56 and 0.29,
respectively [To and Ro (Table 4)]. Also, despite the access of
bulk water to the T− and R− hemes, small simulated nw values
reveal the lower hydrophobicity of the distal heme sites in the
HisE7Gly variant [T− and R− (Table 4)].

■ DISCUSSION
The Protonation-Linked Conformation of HisE7

Regulates the Diffusion of Gas from the Distal Heme
Pockets to the Solvent by Altering the Heme Pocket

Architecture. Our simulations demonstrate that the con-
formation of the distal HisE7 is strongly coupled to its
protonation state. In R (Figure S1) and T (data not shown),
the neutral Nε2-H tautomer of HisE7 very rarely adopts an
open conformation whereas its protonated imidazolium form
spontaneously rotates out toward the solvent and remains in
this open conformation essentially 100% of the simulated time.
HisE7 in its closed and open conformations contributes to an
H-bonding network at the water−protein interface together
with LysE10, the heme propionates, and bulk water molecules.
The imidazole ring of closed HisE7 H-bonds to a neighboring
bulk water molecule; open HisE7 is more flexible, and its
imidazole ring readily flips, switching between H-bonding to
the αGlnE3 or βLysE3 carbonyl, a heme propionate, and up to
two water molecules. Notably, one or two water molecules are
always present between the open HisE7 and LysE10, which
probably promotes the entry of bulk water into the distal site
but hinders the escape of apolar gas through the open E7
channel (Figure 2, Figure S4, and Tables 1 and 2). Opening of
HisE7 expands the distal heme pockets but does not create any
new exit routes for O2 (Tables 1 and 2). We observe a 3-fold
increase in the ligand escape number from the open β-distal
pocket, but this is offset by a 3-fold decrease in the number
exiting from the open α-distal pocket (Table 3). Hence, the
average escape percent directly from the open distal pockets
increases only to 38% from 26% in the closed pockets (To and
Ro values vs Tc and Rc values in Table 3). Upon removal of the
HisE7 barrier and heme exposure as in the GlyE7 variant, the
average escape percent from the distal pockets jumps to 82%
(T− and R− values in Table 3), but again, >3-fold more ligands
escape directly from the β-distal vs α-distal site.
Our simulations show that the comparatively small escape

numbers upon opening or removal of αHisE7 (Tables 1 and 2)
arise because the expanded open α-distal pocket readily attracts
ligands [To, Ro, T−, and R− (Figure 2b,c and Figure S2 and
S4b,c). Fusing of the αXe3 and α-heme sites into a single large
cavity deters direct escape to the solvent, while the absence of a
site analogous to αXe3 in the β-subunit strongly increases the
rate of direct escape from the smaller β-distal pocket (Figure
2h,i, Figures S3 and S4h,i, and Tables 1 and 2). Furthermore,
expansion of the distal α-heme pocket also attenuates the
escape of the ligands from the α-interior tunnels because the
total number of escapes from the α-subunit is halved upon
αHisE7 opening [∑α all values (Table 1)] but significantly
increased upon βHisE7 opening in the β-subunit [∑β all values
(Table 2)]. Mutation of HisE7 to a large Trp also affects the
distal pocket architecture, resulting in different ligand
recombina t ion k ine t i c s (DOI : 10 .1021/acs .b io -
chem.5b00368).2,24 For example, in our previous work, we
showed that the indole ring in its closed conformation found in
the crystal structure of the T αTrpE7 variant24 prevents heme
access for ligands from both the solvent and the α-tunnel
(Figure 9a of DOI: 10.1021/acs.biochem.5b00368). In
contrast, β-heme access is increased in the R βTrpE7 variant24

(Figure 9b of DOI: 10.1021/acs.biochem.5b00368), where the
indole ring is rotated outward from the distal site. Because the
indole group adopts the position close to the open
conformation of the native imidazole group during the
simulations, the diffusion tunnels in the two models are similar
(Figure 9b of DOI: 10.1021/acs.biochem.5b00368 vs Figure
S3e). Moreover, 57% (Table S4 of DOI: 10.1021/acs.bio-
chem.5b00368) and 53% (Table 2) of ligands escape from the
distal pockets in the R βTrpE7 and Ro models, respectively,

Table 4. Water Occupancies (nw) of the Distal Heme Sites of
HbA

HbA
model

nw calcd, α-
subunita

nw calcd, β-
subunita HbA state

nw exp, α-
subunit

nw exp, β-
subunit

Tc, Rc
b 0.01 0.003 Tc (crystal)

c 1 0
To, Ro

b 0.56 0.29 To
d <1 >0

T−, R−
b 0.10 0.07 T−

e <1 >0
isolated
subunit

ND ND isolated subunit
(solution)f

0.64 0.23

aThe nw values estimated from the simulations correspond to the
fractions of the simulated time that a water molecule is found within
4.5 Å of the heme Fe. Note that the T and R nw values are not
distinguishable because of the variability in the simulations. ND means
not determined. bThe HbA models include the tense (T) and relaxed
(R) quaternary structures with the distal HisE7 in its closed (Tc and
Rc) or open (To and Ro) conformation or absent from the GlyE7
variant (T− and R−) (see the text). cnw values from the room-
temperature, high-resolution crystal structure of the deoxyHb tetramer
with the distal HisE7 in its closed conformation in both the α- and β-
subunits.13 Note that the distal water is 3.3−3.5 Å from the heme Fe in
the α-subunit. dWe predict a lower nw in the α-subunit of To than in
that of Tc because the open HisE7 is less effective than the closed
HisE7 in stabilizing a distal water as seen in Mb.43 Opening of the E7
channel allows access of water to the β-distal heme pocket (Figure 2),
so nw is likely >0.

eWe predict a lower nw in the α-subunit of T− than in
that of Tc because the AlaE7 variant and wild-type Mb have nw values
of 0.4 and 0.84, respectively.44 In the T− β-subunit, nw is assumed to be
>0 because of the exposure of the distal heme pocket. fExperimental nw
values from spectrokinetic analysis of the photolyzed isolated HbA
subunits.9
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with similar numbers of total escapes (∑β all values). The
latter observations emphasize the role of the distal pocket
architecture upon the escape of the ligands from the protein.
Notably, in comparison to HisE7 opening or mutation, the
quaternary state of HbA has little effect on the escape of O2
from the distal pocket versus the interior tunnels (Table 3) or
upon entry of bulk water into the distal pocket (Figure 2 vs
Figure S4).
In summary, the conformation of the distal HisE7 would

control the escape of O2 from the heme by altering the distal
pocket architecture in a pH-dependent manner, not by gating
the E7 channel as proposed previously.2−5 Actually, on the basis
of the portal preference observed in our simulations (Tables 1
and 2), the extent of gas exchange between the heme and
solvent via the open E7 channel may be considerably less than
predicted.2,24,32,33 Experimental evidence that ligands escape via
routes other than the open E7 channel comes from time-
resolved crystallography experiments with HbA and Mb, which
reveal the release of the ligand to the solvent but not opening of
HisE7.33−35

HisE7 Gates the Access of Bulk Water to the Distal
Heme Pockets and Controls nw, the Distal Water
Occupancy. When HisE7 swings out of the distal pocket,
numerous water molecules enter and exit through the E7
channel, transiently occupying the distal heme site (Figure 2e,k,
Figure S4e,k, and Figure 4b,e). Our calculated distal water
occupancy numbers are remarkably similar to those estimated
for the isolated α-subunits (0.64) and β-subunits (0.23) from
spectrokinetic measurements following heme-Fe-CO photolysis
in a neutral solution (Table 4).9 Thus, photolysis may
transiently populate an open or partially open HisE7
conformation in the isolated subunits.
The simulated nw is ∼0 for both subunits when HisE7 in

closed [Tc and Rc (Table 4)]. Zero water occupancy is
consistent with the absence of a water molecule in the closed β-
distal site of deoxyHbA crystals at room temperature, but a
noncoordinated distal water with an nw of 1 is present at 3.3−
3.5 Å from the Fe in the α-subunit [Tc crystals (Table 4)].13

Our simulations suggest rates of entry of bulk water from the
solvent into the closed, empty α- and β-distal heme sites on the
order of 2 and 5 μs−1, respectively, in agreement with the entry
rates of 6 μs−1 for the isolated α- and β-subunits of HbA and 9
μs−1 for Mb from the spectrokinetic measurements,9 or the ∼1
μs time scale predicted for water entry by time-resolved
crystallography of photolyzed MbCO.34 Distal water is
predicted from the spectrokinetic data9 to exit the isolated α-
and β-subunits at rates of 3.4 and 20 μs−1, respectively, whereas
a distal water placed in the closed α- and β-distal sites of the
HbA tetramer escapes at estimated rates of 12.5 and 2 ns−1,
respectively, during the simulations. Reasons for the discrep-
ancy between the simulated and experimental water exit rates
from the closed α-distal site, and the resultant simulated nw of
∼0 versus an observed value of 1 in deoxyHbA crystals (Table
4), are not obvious but warrant further investigation because
both simulation and experiment2,9,29,34 demonstrate that the
closed distal pockets of HbA and Mb cannot simultaneously
accommodate a water and an O2 molecule. Thus, a distal water
will prevent direct diffusion of gas into the closed α-distal site,
acting as a nonprotein barrier to ligand association with the α-
heme.2,9

Lowering this water barrier is thought to contribute to the
significant increase in the experimental ligand binding rates
with small apolar E7 variants of HbA and Mb2,36 that exhibit

reduced levels of distal site hydration.9,37 In agreement with
experiment, nw is 4−6-fold lower in the α- and β-distal sites of
the GlyE7 variant than in the open wild-type sites [T− and R−
vs To and Ro (Table 4)], which can be expected from the water
distribution around their hemes (Figure 2f,l vs Figure 2e,k and
Figure S4f,l vs Figure S4e,k).
The predicted rate of HisE7 opening is 1−10 μs−1 at neutral

pH,8,24 comparable to the rates of entry of bulk water of 2 and
5 μs−1 into the closed distal sites estimated from the
simulations. Hence, despite the dominance of the open E7
channel as a water route between the heme and bulk solvent
(Figure 2), water likely enters the closed and open distal sites
with a similar frequency around pH 7.4. The highly flexible
αCE and βCD loops can undergo significant conformational
changes during the simulations, allowing bulk water access to
the heme near PheCD4 (αF46 and βF45) with HisE7 closed
(Figure 4a,d). Also, simulations reveal that diffusion through
the hydrophobic tunnels may allow bulk water access (egress)
to (from) the closed distal sites (Figure 5). Thus, the
simulations identify a conformational change in αCE and
βCD loops and diffusion through the hydrophobic interior
tunnels as a means of access of water to the heme in addition to
the E7 channel gated by HisE7.2,9

HisE7’s Protonation-Linked Conformational Equili-
brium May Participate in Many of HbA’s Functions.
The donation of a hydrogen bond from the neutral Nε2-H
tautomer of HisE7 stabilizes the heme-bound O2. Loss of this
hydrogen bond upon protonation and rotation of HisE7 toward
the solvent contributes to the well-documented enhanced
release of O2 from HbA at low pH, which serves to promote
rapid tissue oxygenation.38 Notably, opening and closing of the
distal HisE7 trigger enhanced escape of free O2 from the β- and
α-subunits, respectively, of wild-type HbA [∑all values (Tables
1 and 2)]. Thus, as HbA undergoes the transition from Rc to
To, which can be triggered as red blood cells undergo the
transition between the lungs and highly metabolizing tissues,
escape from the β-subunit is promoted at the expense of the α-
subunit. Escape from the β-subunit is also favored for both the
R− and T− models of the GlyE7 variant, which additionally
exhibits Fe−O2 dissociation rates that are 10−40-fold faster
than for wild-type HbA2 due to the absence of a distal hydrogen
bond to heme-bound O2.
In addition to gating bulk water access to the distal sites

(Figure 2 and Figure S4), the distal HisE7 most likely gates
access of other physiological polar ligands, including NO2

−.
The well-studied nitrite reductase activity of deoxyHbA reduces
NO2

− to vasoactive NO to increase blood flow in highly
metabolizing tissues.39,40 The access of NO2

− to the heme via
the open E7 channel would be consistent with reports that the
nitrite reductase activity of red blood cells increases upon HbA
deoxygenation41 as the intracellular pH decreases with O2
release. Low-pH-induced opening of HisE7 will also facilitate
reaction of a second molecule with a heme-bound ligand, which
is not accessible in the closed distal heme sites. For example, in
the well-documented reaction of free NO with oxyHbA or free
O2 with nitrosylHbA to give metHbA and NO3

− as products,42

HisE7 opening will both expand the distal heme pocket to
allow access of the reactant to the Fe-bound ligand and
promote escape of NO3

− through the E7 channel.

■ CONCLUSIONS
Examination at the atomic level of O2 and water migration
routes in HbA sheds new light on the role of HisE7. Our
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simulations reveal that HisE7 regulates O2 escape by
controlling how well this apolar ligand is accommodated in
the distal pockets and not by gating its exit. Protonation-linked
interconversion between open and closed conformations of
HisE7 alters the volume and hydration of the heme pocket in
each subunit, which critically determines how much time O2
spends in the distal sites. This is clearly demonstrated by the 3-
fold decrease in direct O2 escapes from the expanded α-pocket
versus the 3-fold increase in direct escapes from the β-pocket
when HisE7 is switched from its closed to open conformation
in both the R and T states. The open E7 channel is the major
entry−exit route for water and most probably other polar
molecules such as NO2

− and NO3
−. Passage of polar molecules

through the E7 channel is gated by HisE7, and its protonation
and opening allow these molecules access to the heme, in
addition to providing a reactant access to a heme-bound ligand.
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