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ABSTRACT

Hemoglobin (Hb), an oxygen-binding protein composed of four subunits (a1, a2, B1, and B2), is a well-known example of al-
losteric proteins that are capable of cooperative ligand binding. Despite decades of studies, the structural basis of its cooper-
ativity remains controversial. In this study, we have integrated coarse-grained (CG) modeling, all-atom simulation, and struc-
tural data from X-ray crystallography and wide-angle X-ray scattering (WAXS), aiming to probe dynamic properties of the
two structural states of Hb (T and R state) and the transitions between them. First, by analyzing the WAXS data of unli-
ganded and liganded Hb, we have found that the structural ensemble of T or R state is dominated by one crystal structure
of Hb with small contributions from other crystal structures of Hb. Second, we have used normal mode analysis to identify
two distinct quaternary rotations between the alfil and 2f2 dimer, which drive the transitions between T and R state. We
have also identified the hot-spot residues whose mutations are predicted to greatly change these quaternary motions. Third,
we have generated a CG transition pathway between T and R state, which predicts a clear order of quaternary and tertiary
changes involving o and f subunits in Hb. Fourth, we have used the accelerated molecular dynamics to perform an all-atom
simulation starting from the T state of Hb, and we have observed a transition toward the R state of Hb. Further analysis of
crystal structural data and the all-atom simulation trajectory has corroborated the order of quaternary and tertiary changes
predicted by CG modeling.
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INTRODUCTION induced-fit sequential model,3 which postulates that
binding of a ligand to a multisubunit protein induces a
conformational change in the ligand-binding subunit,
which in turn propagates to neighboring subunits to alter
their conformation and reactivity. Monod, Wyman, and
Changeux (MWC) proposed the two-state concerted
model,4 which postulates that an allosteric protein has
only two states (the T state with low affinity for ligand
and the R state with high affinity for ligand), and ligand
binding induces a transition from T to R state without
involving any intermediate state. The MWC model was
supported by early structural studies of Hb,%0¢ which

Hemoglobin (Hb) is a tetrameric protein composed of
four subunits (al, @2, B1, and B2) symmetrically
arranged as a dimer of dimers (al1B1 and a2B2). Each
Hb subunit contains a heme group that can reversibly
bind exogenous ligand such as oxygen (O,) or carbon
monoxide (CO). Physiologically, Hb acts as an O, carrier
to transport O, from lungs to tissues. This function
requires Hb to bind O, in a cooperative wayl—the bind-
ing of O, to the first heme increases the O,-binding
affinity of the second heme and successive hemes during
the four-step O,-binding process. The cooperative bind-
ing of O, in Hb is modulated by endogenous hetero-
tropic effectors (such as carbon dioxide and hydrogen
ions), which are of great interest in medicine.2

Additional Supporting Information may be found in the online version of this
article.
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The cooperativity mechanism of Hb and other alloste-
ric proteins has been extensively studied for many deca-
des. Two competing models were advanced in the 1960s.
Koshland, Nemethy, and Filmer (KNF) proposed the
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yielded only two distinct quaternary structures—one for
unliganded Hb (named T structure) and the other for
fully liganded Hb (named R structure). These two struc-
tures differ by quaternary changes featuring a torsional
rotation (~15°) of the w11 dimer relative to the o232
dimer. To further explain how ligand binding triggers the
T — R quaternary transition, Perutz proposed a detailed
stereochemical model with the following signal transmis-
sion pathway—O, binding causes a shift in the heme
iron position, and a displacement of the proximal F he-
lix, followed by a series of helical rearrangements, leading
to successive breakage of the intersubunit salt bridges,
eventually resulting in the T — R quaternary structural
changes.” The Perutz model was later substantiated and
extended by Szabo and Karplus.8

Recent structural studies have challenged the premise
of two structurally unique states for Hb. In addition to
the classical R structure, several different quaternary
structures of fully liganded Hb were solved by X-ray crys-
tallography (see a review?), which were termed R2,7
RR2,10 RR3,2 R3,10 etc. Other quaternary structures of
Hb were reported which are intermediate between the R
and R2 structure.!l Different unliganded Hb structures
were also solved, although they are much more similar to
one another than the liganded Hb structures.12 Together,
these findings suggest that the T or R state of Hb corre-
sponds to an ensemble of energetically accessible struc-
tures instead of a unique structure. Further supporting
the ensemble nature of Hb states, previous NMR studies
found that the solution structure of CO-bound Hb13,14
or unliganded Hb!> does not correspond to any of the
Hb crystal structures. In solution, the fully liganded Hb
was found to adopt a time-averaged quaternary structure
that is intermediate between the R and R2 structure.!3

Another challenge to the MWC model concerns the
functional role of tertiary structural changes, which were
found to be uncoupled from quaternary structural
changes in Hb.16 Therefore, kinetic models of Hb need
to be revised to incorporate both quaternary and tertiary
structural transitions.!©® Along this line, Henry et al. pro-
posed a tertiary two-state (TTS) allosteric model,1”
which postulates that high- and low-affinity conforma-
tions of individual subunits of Hb (named r and t) exist
in equilibrium within each quaternary structure (R and
T). It remains unclear what is the dynamic order of qua-
ternary and tertiary structural changes in Hb during the
T < R transition.

To probe the dynamic events during the R — T transi-
tion of Hb, time-resolved spectroscopic studies were
carried out following photolysis of ligand.18:19 The con-
sensus picture emerging from these studies is that protein
tertiary relaxation takes place first (<1 ps after photoly-
sis), whereas the quaternary transition occurs later (~20
us after photolysis).zo_22 To directly probe structural
changes with nanosecond time resolution, the time-
resolved wide-angle X-ray scattering (TR-WAXS) was

utilized to probe the R — T transition triggered by laser-
induced photolysis.23:24 As revealed by TR-WAXS, after
the breaking of Hb-CO bonds, Hb undergoes tertiary
structural changes in <150 ns, followed by the quater-
nary transition in 2-3 1s.2324 The structural details for
the above dynamic events are still under investigation.24

In complement with experimental studies, computer
simulations promise to offer molecular details of the coop-
erativity mechanism in Hb. To simulate the dynamics of
Hb with full details, the all-atom molecular dynamics
(MD) simulation is the method of choice given its unpar-
alleled ability to probe the atomic details of protein dy-
namics in solution. Previous MD simulations were
attempted for Hb, with simulation time ranging from 200
ps to 300 ns.25-28 A recent long-time MD study28 suc-
cessfully observed the T — R quaternary transition of the
Hb tetramer and tertiary transitions of the « and  subu-
nits, but the R — T transition remains out of reach to MD
simulations with today’s computing power. As alternatives
to MD simulations, Mouawad and Perahia used normal
mode analysis (NMA) to explore the intermediate confor-
mations between T and R state,29 and Fischer et al. com-
puted a minimum-energy pathway from T to R state.30

To overcome the time-scale barrier to all-atom MD sim-
ulations, coarse-grained (CG) modeling has been devel-
oped using simplified structural representations and energy
functions.>1 At residue level of details, the elastic network
model (ENM) represents a protein structure as a network
of C, atoms connected by elastic springs>2=34 with a uni-
form force constant.3> The NMA of ENM yields low-fre-
quency modes, which were found to compare well with
many crystallographically observed structural changes.3%36
Many studies have established ENM as an effective means
to simulate protein conformational dynamics with no limit
in timescale or system size (see reviews37’38). ENM has
also provided a useful framework for developing CG com-
putational techniques for identification of dynamically im-
portant residues,39 transition pathway modeling,40_47
flexible fitting of distance constraints,48)49 and low-
resolution structural data such as electron-microscopy
maps°0>>1 and solution X-ray scattering data.>2

In this study, we have applied the ENM-based CG
modeling and all-atom simulation to the crystal struc-
tures and WAXS data of Hb, aiming to probe dynamic
properties of the structural states (T and R state) and the
transitions between them:

First, we have used the WAXS data of unliganded and
CO-bound Hb3 to analyze the structural ensembles of T
and R state of Hb. We use two different WAXS-based
modeling methods—one based on all-atom representa-
tion of a fixed protein and explicit solvents®4 and the
other based on CG representation of a flexible protein
and an implicit hydration shell.>2 We have found that
the T-state ensemble is dominated by the T structure of
Hb, whereas the R-state ensemble is dominated by the
R2 structure of Hb.
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Second, we have used NMA to identify two key nor-
mal modes that drive the transitions between T and R
state—the first mode captures a well-known torsional
rotation of the a1B1 dimer relative to the a2B2 dimer;
the second mode captures a new hinge-bending rotation
between the alfl dimer and the «2B2 dimer, which
affects the packing in the interdimer interface. We have
also identified the hot-spot residues dynamically involved
in these quaternary motions.

Third, we have used iENM4! to generate a CG transition
pathway between T and R state, which predicts a clear
order of quaternary and tertiary changes in Hb: quaternary
changes of 312 subunits — quaternary changes of ala2
subunits — tertiary changes in  subunit — tertiary
changes in o subunit. This predicted order is in good
agreement with crystal structural data and past studies.

Fourth, we have used the accelerated MD protocol55
to perform an all-atom simulation starting from the T
state of Hb, and we have observed a transition toward
the R2 structure of Hb. Further analysis of the simulation
trajectory has corroborated the order of quaternary and
tertiary changes predicted by CG modeling.

METHODS
ENM and NMA

In an ENM, a protein structure is represented as a net-
work of beads each corresponding to the C, atom of an
amino acid residue. A harmonic potential accounts for
the elastic interaction between a pair of C, atoms that
are within a cutoff distance R. chosen to be 10 A (we
have also tried R. = 13 A following another ENM study
of Hb,%® which gives very similar results). The ENM
potential energy is

1. L
Eziz:z:kije(Rc—dg)(dij_dlg)j)z7 W

i=2 j=1

where N is the number of C, atoms, 8(x) is the Heavi-
side function, dj; is the distance between the C, atom i
and j, and dg» is the value of d;; as given by a protein
crystal structure. kj is the force constant, which is 1 for
nonbonded interactions and 10 for bonded interactions
between residues.

We can expand the ENM potential energy to second
order:

1
E~ 5XT HX, (2)

where X is a 3N-dimension vector representing the 3D
displacement of N C, atoms away from their equilibrium
positions, H is the Hessian matrix, which is obtained by
calculating the second derivatives of ENM potential
energy with respect to the 3D coordinates of C, atoms.
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NMA solves HW,, = A, W,,, where A,, and W,, repre-
sent the eigenvalue and eigenvector of mode m. After
excluding six zero modes corresponding to three rota-
tions and three translations, we keep 3N — 6 nonzero
modes, which are numbered from 1 to 3N — 6 in order
of ascending eigenvalue.

To validate NMA, we compare each mode (mode m)
with the observed structural changes between two crystal
structures (represented by a 3N-dimension vector Xgps)
by calculating the following overlap:

XEw,
Im — | obs m| , (3)
‘Xub5| : |Wm|

where XZ;SWm is the dot product between vectors Xgps
and W, | Xops| and |W,,| represent their magnitudes.

The ENM-based NMA is available via a webserver at
http://enm.lobos.nih.gov/start.html.

CG transition pathway modeling by iENM

Recently, we have developed an interpolated ENM
(iENM) protocol for modeling a transition pathway
between two given protein structures.4] iENM  solves
the saddle points of a double-well potential
F(Egnm1 + Ecol, Eenma + Ecot), where Epawi and  Epame
are two ENM potentials [see Eq. (1)] based on the begin-
ning and end structure of the transition, and E., is a
steric collision energy.#l All the saddle points trace a
pathway that connects the beginning and end structure,
which is independent of the mathematic form of func-
tion F(x,y). This method is available via a web server at
http://enm.lobos.nih.gov/start_ienm.html.

Quantification of motional order of key
protein parts during a transition

We use the predicted pathway to determine the
motional order of two protein parts (such as al subunit
vs. B1 subunit of Hb) during a transition. To this end,
the following reaction coordinate (RC) is defined for a
given part sl

RMSD3, — RMSD3,
RCs =051+ ’ =1,

RMSD;DbS

where RMSDs ; (RMSDs ) is the RMSD of C, atoms of
part S between a given intermediate conformation and
the beginning (end) conformation, and RMSDs ., is the
corresponding RMSD between the beginning and end
conformation. RCg varies from 0 to 1 as the transition
proceeds from the beginning to the end conformation.
For two protein parts S and S/, if RCs < RCy along the
pathway, we can infer that the motion of S’ precedes that
of S.
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Fitting of WAXS data with known crystal
structures of Hb

We minimize the following score function y by linearly
combining the WAXS profiles calculated from three crys-
tal structure of Hb:

X:

)1 o 2
J min CIIR sn) + Calra(sn) + cslr(sy) — Iexp(sn)} /G%,}.
S n=1
(5)

where Ig,Igy, and Ir are the WAXS profiles calculated
from the R, R2, and T structure of Hb, I, is the experi-
mental WAXS data, o, is the experimental error at s =
s» N, is the number of s values between 0 and 0.15 A},
1> &, and ¢; are the weights to be optimized.

Flexible fitting of WAXS data

We have recently developed a new flexible fitting
method based on a CG (one-bead-per-residue) protein
representation, an implicit hydration shell model and a
modified form of ENM that allows large-scale conforma-
tional changes while maintaining pseudobonds and sec-
ondary structures.”2 By optimizing a pseudoenergy that
combines the modified ENM energy with a WAXS-fitting
score and a collision energy that penalizes steric colli-
sions, we can generate a new CG structural model that
fits best with a given WAXS profile.

Accelerated MD simulation

To speed up MD simulations of Hb, we have used the
accelerated molecular dynamics55 (aMD) to simulate
the T — R transition. The NAMD implementation of
aMD is used.”” aMD accelerates slow conformational
tran51t10ns of proteins by adding a boost potential
AV = - +(E )V) to the dihedral potential V of the system.
During an aMD simulation, the boost potential is turned
on if the dihedral potential energy V falls below a thresh-
old energy E. Another parameter for the boost potential
is the acceleration factor «, which determines the depth
of dihedral potential basin below E. These parameters are
chosen as follows: E = 3381.9 kcal/(mol A) and a =
114.8 kcal/(mol A).

The T structure of Hb (PDB id: 2hhb) has been
selected as the starting conformation of aMD simulation.
None of the histidines is protonated. The protein is sub-
merged within a solvent box. The system is neutralized
by adding sodium ions. We applied 2000 steps of energy
minimization, followed by a 3-ns equilibration run (with
a 2-fs time step), then a 20-ns production run under
constant temperature (T = 293 K) and constant volume
conditions. Two hundred snapshots of the production
run are saved every 100 ps.

RESULTS AND DISCUSSION

Analysis of T/R-state structural ensembles
of Hb using WAXS data

WAXS, as an extension of small-angle X-ray scattering,
provides information about the global structure of a
protein, its local secondary structures and their arrange-
ments. WAXS represents a powerful approach for explor-
ing structural relationships between different forms of a
protein in crystals versus those in solution. The WAXS
data for unliganded and CO-bound Hb, corresponding
to T and R state, were collected at 50 mg/mL protein
concentration by Makowski et al.>3 The WAXS patterns
from Hb include four distinct peaks”3: the first peak at
~0.03 A" indicates degrees of rotation of a3 dimers rel-
ative to each other; the first and second peaks at 0.03
and 0.05 A™! are indicative of the shape of Hb; the third
and fourth peaks at 0.08 and 0.1 A™! are indicative of
local structures (such as packing of a-helices).

Recent NMR13-15 and WAXS$®3 studies of Hb in
solution indicate that Hb adopts an ensemble of confor-
mations in both T and R state. To explore the structural
ensembles of T/R state using a combination of different
crystal structures of Hb, we have used the XS program
developed by Park er al.>% to calculate the WAXS profile
for each crystal structure of Hb and then linearly com-
bine those calculated profiles to best fit the experimental
WAXS data (the combination weight of each structure
gives its population in the ensemble). The XS program
uses short MD simulation to sample configurations of
explicit solvents around a fixed protein, and it was shown
to accurately reproduce high-angle features of WAXS
data.>% To fully equilibrate the solvent degrees of free-
dom, we have run 1-ns MD simulation instead of 100 ps
used by Makowski et al>3 Indeed, we have found
that the use of longer MD simulations has substantially
reduced the sharp peak at ~0.03 A" found by Makow-
ski et a3

T-state ensemble

We have compared calculated WAXS profiles from
individual Hb structures with the experimental WAXS
data for unliganded Hb, which yields y = 2.86, 4.03, and
3.19 for the T, R, and R2 structure (PDB ids: 2dn2,
2dn3, and 1bbb, respectively). As expected, the T struc-
ture fits best with the WAXS data. Indeed, the WAXS
profile calculated from the T structure nicely reproduces
the four peaks observed experimentally, although it
slightly overestimates the height of the first peak and the
second peak is slightly shifted [see Fig. 1(a)].

We have optimized the fitting of experimental WAXS
data for unliganded Hb using a linear combination of
the three calculated WAXS profiles, which has led to
slightly improved fitting with y = 2.73 [see Fig. 1(a)].
The optimized weight is 66, 0, and 34% for the T, R, and
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Figure 1

Results for analysis of the R/T-state ensembles using WAXS data. (a) Fitting of experimental WAXS data of unliganded Hb (cyan) using WAXS
profiles calculated from three crystal structures of Hb [PDB ids: 2dn2 (blue), 2dn3 (red), and 1bbb (green)] and their optimized linear combination
(purple). (b) Fitting of experimental WAXS data of CO-bound Hb (cyan) using WAXS profiles calculated from three crystal structures of Hb [PDB
ids: 2dn2 (blue), 2dn3 (red), and 1bbb (green)] and their optimized linear combination (purple). (¢) Comparison of the flexibly fitted Hb model of
R state (shown as gray tube) with the R structure (PDB id: 2dn3, shown as thin colored tube) and the R2 structure (PDB id: 1bbb, shown as thick
colored tube), where the four subunits of R/R2 structure are colored as follows: al (blue), a2 (cyan), B1 (red), and B2 (pink).

R2 structure, respectively. To test the robustness of these
weights, we have recalculated WAXS profiles using differ-
ent MD trajectories. We have found that the optimal
weight of the T structure (~70%) is reproducible,
whereas the smaller weights of the R and R2 structure
are not. Therefore, we conclude that the T-state ensemble
of Hb is dominated by the T structure with small contri-
butions from the R or R2 or both structures.

R-state ensemble

We have compared calculated WAXS profiles from
individual Hb structures with the experimental WAXS
data for CO-bound Hb, which yields y = 20.22, 19.78,
and 14.83 for the T, R, and R2 structure, respectively. We
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have also tried other liganded structures of Hb (RR2, R3,
and RR3), which do not fit better than the R2 structure.
Therefore, the R2 structure fits best with the WAXS data,
whereas the T structure fits worst. Indeed, the WAXS
profile calculated from the R2 structure nicely reproduces
the four peaks observed experimentally, although it
slightly underestimates the height of the first and second
peaks [see Fig. 1(b)].

We have optimized the fitting of experimental WAXS
data for CO-bound Hb using a linear combination of the
three calculated WAXS profiles, which has led to slightly
improved fitting with y = 14.38 [see Fig. 1(b)]. The
optimized weight is 16, 11, and 72% for the T, R, and
R2 structure, respectively. To test the robustness of
these weights, we have recalculated WAXS profiles using



Modeling of States and Transitions in Hemoglobin

different MD trajectories. We have found that the opti-
mal weight of the R2 structure (~70%) is reproducible,
whereas the small weights of the T and R structure are
not (varying by up to 10%). Therefore, we conclude that
the R-state ensemble of Hb is dominated by the R2
structure with small contributions from the R or T or
both structures.

In support of our finding that the R2 structure is the
best representative of R-state ensemble, an NMR study
showed that the R2 structure fits better to the residual
dipolar coupling data than the R structurel3; a TR-
WAXS study found that the use of the R2 structure
instead of the R structure for calculating WAXS profiles
led to better agreement with the 100-ps difference of
WAXS scattering data.23 Therefore, we will use the R2
structure of Hb as a representative of R state for the CG
modeling in this study.

Flexible WAXS fitting at R state

An alternative way to explore structural ensembles of
Hb using WAXS data is to build a new Hb conformation
with optimal fitting to the given WAXS data, which may
correspond to the average conformation of a structural
ensemble. To this end, we have used a recently developed
flexible fitting method®2 (see Methods section). We start
from the R structure of Hb and iteratively deform the
Hb conformation to improve the fitting to the WAXS
data for CO-bound Hb. During the iterations, the overall
RMSD to the R2 structure decreases slightly from 1.7 to
1.4 A. Interestingly, the RMSD for B1B2 subunits
decreases significantly from 1.6 to 1.0 A, whereas the
RMSD for ala2 subunits barely changes (from 1.8 to 1.6
A). Therefore, we infer that the average conformation of
R-state ensemble of Hb lies intermediate between the R
and R2 structure with the B1B2 subunits more similar to
the R2 structure than the ala2 subunits [see Fig. 1(c)].
Such a marked asymmetry between the « and B subunits
was also observed in a recent MD simulation s'wldy.28

NMA predicts two quaternary motions
in Hb driving T < R transition

After establishing the T and R2 structure as representa-
tives for the T and R state of Hb, we will use NMA to
analyze those quaternary motions intrinsic to these two
structures, which may drive the T < R structural transi-
tion. This transition involves quaternary changes of the
alPB1 dimer relative to the a232 dimer, which affect two
key regions in the al-2 (or a2—f1) interface: (i) the
contacts between the FG corner (residues 91-97) of al/
a2 subunit and the C helix (residues 35-43) of B2/B1
subunit known as the “joint" region; (ii) the contacts
between the C helix (residues 38-44) of al/a2 subunit
and the FG corner (residues 97-102) and C-terminus of
B2/B1 subunit known as the “switch" region. The transi-
tion from the T to R2 structure features a sliding motion

between the C helix of al/a2 subunit and the FG corner
of B2/B1 subunit, and loosened packing in the switch
region (see Fig. 2).

NMA of T state

We first perform NMA for an ENM constructed from
the T structure (PDB id: 2dn2) and then compare each
normal mode with the observed conformational changes
from the T to R2 structure (PDB id: 1bbb). Only two
modes (#1 and #2) are found to contribute significantly
to the T — R2 structural transition, with mode #2 more
involved than mode #1 (see Table I).

Mode #1 describes a torsional rotation of the alpl
dimer relative to the a2f32 dimer [see Fig. 2(a) and Sup-
porting Information movie S1], which is well known as
the hallmark quaternary motion for the T — R transi-
tion. This rotation results in a sliding between the FG
corner of 32/B1 subunit and the C helix of al/a2 subu-
nit (in the switch region), with the distance between
His97 of B2/B1 subunit and Thr38 of al/a2 subunit
decreasing and the distance between His97 of B2/B31 sub-
unit and Pro44 of al/a2 subunit increasing. This sliding
causes His97 of 32/B1 subunit to move from the groove
between Pro44 and Thr4l of al/a2 subunit by a turn to
the groove between Thr41l and Thr38 of al/a2 subunit,
as observed between the T and R structure.? This rota-
tion also causes the narrowing of B1-B2 cleft, which was
observed between the T and R structure.?

Mode #2 describes a hinge-bending rotation of the
alB1 dimer relative to the a2B2 dimer [see Fig. 2(b)
and Supporting Information movie S2] with the rota-
tional axis passing near the two joint regions in the inter-
dimer interface. This previously unnoticed rotation
results in slight opening of the interdimer interface (in
the switch region), with the distance between Prol100 of
B2/B1 subunit and Thr38 of al/a2 subunit increasing.
Such opening may loosen the packing in the switch
region, which will enable the sliding motion between the
FG corner of B2/B1 subunit and the C helix of al/a2
subunit without encountering a steric barrier,? and allow
the FG corner of 32/B31 subunit to disengage from the C
helix of a1/a2 subunit in the R2 structure.2

The finding of two relevant quaternary motions adds
more complexity to the T — R quaternary transition in
Hb. The combination of these two quaternary motions
may give Hb more flexibility to visit an ensemble of R-
state conformations (such as R, R2, RR2, RR3, and R3).
Indeed, the conformational changes from the T structure
to those R-state conformations all involve different com-
binations of mode #1 and #2 (see Table I).

To further identify the hot-spot residues dynamically
involved in the above two quaternary motions, we have
used an ENM-based perturbation method,58 which eval-
uates the perturbational effect of turning off the elastic
interactions involving each residue position on a given
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Figure 2

Results of NMA for the T and R2 structures of Hb: (a) torsional rotation of the a11 dimer relative to the a2f2 dimer described by mode #1 of
the T structure; (b) hinge-bending rotation of the a12 dimer relative to the a2B2 dimer described by mode #2 of the T structure; (c) torsional
rotation of the a1B1 dimer relative to the a1B1 dimer described by mode #1 of the R2 structure; (d) hinge-bending rotation of the a11 dimer
relative to the 22 dimer described by mode #3 of the R2 structure. The T structure in (a) and (b) is aligned with the R2 structure in (c) and (d)
along the a2B2 dimer. Same color scheme as Figure 1(c) is used for a and ( subunits. The rotational directions are shown by curved arrows. The
rotational axes in (a) and (c) are shown as dashed lines. The rotational axes in (b) and (d) are roughly perpendicular to the paper. The switch and
joint regions are labeled and shown as thick tube. Hot-spot residues are shown as spheres with residue numbers labeled for some of them. For
dynamic visualization of the above quaternary motions, see Supporting Information movies S1-S4.

mode, and then selects the top 10% residues with the
largest effect.”8

The hot-spot residues for mode #1 are distributed in
the following intersubunit interfaces [see Fig. 2(a)]: some
are in the al-f2 and a2-B1 interfaces, including the

switch region (residues 38, 39, 40, 41, 43, and 44 of al/
a2, and 97, 98, 99, 145, and 146 of B1/B2) and the joint
region (residues 93 and 97 of al/a2 and 38, 40, and 41
of B1/B2); some are in the al-a2 interface (residues 1
and 141 of al/a2); some are in the al-B1 and a2-B2
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Table |
Results of NMA for the T and R2 Structures of Hb
PDB ids RMSD (A) Mode# Eigenvalue  QOverlap
2dn2 (T) — 2dn3 (R) 24 1 0.025312 0.643
2 0.032012 0.533
2dn2 (T) — 1bbb (R2) 35 1 0.391
2 0.714
2dn2 (T) — 1mko (RR2) 3.0 1 0.543
2 0.597
2dn2 (T) — 1yzi (R3) 3.8 1 0.827
2 0.322
2dn2 (T) — 3d17 (RR3) 2.8 1 0.825
2 0.268
1bbb (R2) — 2dn2 (T) 35 1 0.039239 0.399
3 0.053021 0.652
1bbb (R2) — 2dn3 (R) 1.7 1 <0.2
3 0.688
1bbb (R2) — 1mko (RR2) 1.0 1 0.212
3 0.657
1bbb (R2) — 1yzi (R3) 26 1 0.583
3 0.522
1bbb (R2) — 3d17 (RR3) 25 1 0.327
3 0.700

interfaces (residues 34, 35, 36, and 37 of al/a2, and 128,
131, 132, and 133 of B1/R2).

The hot-spot residues for mode #2 are distributed in
the following intersubunit interfaces [see Fig. 2(b)]: some
are in the switch region of the al-2 and a2—B1 interfa-
ces (residues 38, 39, 40, and 42 of al/a2, and 100, 101,
144, 145, and 146 of B1/B2); some are in the al-a2
interface (residues 1 and 141 of al/a2); some are in the
al-B1 and a2—PR2 interfaces (residues 33, 34, 35, 36, and
37 of al/a2, and 131, 132, and 133 of B1/B2).

Some of the above hot-spot residues were studied pre-
viously. Argl41 of a subunits and His146 of  subunits
contribute to the interdimer salt bridges, which lock Hb
in the low-affinity T structure. An NMR study found
that the mobility of His146 increases significantly upon
CO binding.>? Argl4l was also found to be highly mo-
bile in the R2 structure.? The loss of Argl41 or His146
was found to increase the overall ligand-binding affinity
of Hb,00-63 presumably by tuning the T < R transition.
Mutation Tyr145Gly in B subunits was found to have a
substantial kinetic effect on CO binding in the T state.04
Mutations of GInl31 of B subunits resulted in lower O,
affinity and perturbed hydrogen bonds in the al-f1
interface.65 In agreement with our finding, a previous
NMA study identified both the joint and switch region
as hinge centers for the lowest normal mode.”® Future
mutational studies will be needed to further assess the
functional roles of those unexplored hot-spot residues.

NMA of R state

We then perform NMA for an ENM constructed from
the R2 structure (PDB id: 1bbb) and compare each mode
with the observed conformational changes from the R2
to T structure (PDB id: 2dn2). Only two modes (#1 and

#3) are found to contribute significantly to the R2 — T
transition, with mode #3 contributing more than mode
#1 (see Table I).

Mode #1 describes a torsional rotation of the alfl
dimer relative to the a2f32 dimer [see Fig. 2(c) and Sup-
porting Information movie S3], which is very similar to
mode #1 of the T structure (but in opposite direction).
This rotation results in a sliding between the FG corner
of B2/B1 subunit and the C helix of al/a2 subunit (in
the switch region), causing His97 of (2/B1 subunit to
move from the groove between Thr41 and Thr38 of al/
a2 subunit toward the groove between Pro44 and Thr4l
of al/a2 subunit.2 This rotation also leads to the open-
ing of B1-B2 cleft.2

Mode #3 describes a hinge-bending rotation of the
alB1 dimer relative to the a2B2 dimer [see Fig. 2(d)
and Supporting Information movie S4], which resembles
mode #2 of the T structure (but in opposite direction).
This rotation results in slight closing of the interdimer
interface and tighter packing in the switch region, which
will enable the formation of interdimer salt bridges char-
acteristic of the T state.

The combination of these two quaternary motions
may give Hb more flexibility to transition from the R2 to
T structure and other R-state conformations (such as R,
RR2, RR3, and R3, see Table I).

The hot-spot residues for mode #1 are distributed in
the following intersubunit interfaces [see Fig. 2(c)]: some
are in the al-f2 and a2—B1 interfaces, including the
switch region (residues 38, 39, 41, and 42 of al/a2, and
97, 98, 145, and 146 of 31/B2) and the joint region (resi-
dues 91 and 93 of al/a2, and 36, 37, 38, 39, and 41 of
B1/B2); some are in the al-a2 interface (residues 2, 138,
and 139 of al/a2).

The hot-spot residues for mode #3 are distributed in
the following intersubunit interfaces [see Fig. 2(d)]: some
are in the switch region of the a1-2 and a2—B1 interfa-
ces (residues 38, 39, 40, and 42 of al/a2, and 97, 98, 99,
102, 145, and 146 of B1/B2); some are in the al-a2
interface (residues 1, 140, and 141 of al/a2).

The above hot-spot residues mostly overlap with those
identified for the T structure of Hb. Some of them were
studied previously. For example, a resonance Raman
spectroscopy study66 showed that the first step of R > T
transition involves the joint-region contacts (as moni-
tored by the hydrogen bond between Trp37 of B2/B1
subunit and Asp94 of al/a2 subunit), whereas the sec-
ond involves the switch-region contacts (as monitored by
the hydrogen bond between Tyr42 of al/a2 subunit and
Asp99 of B2/B1 subunit). Future mutational studies will
be needed to further assess the functional roles of those
unexplored hot-spot residues.

In summary, the NMA of the T and R2 structures has
revealed two key quaternary motions (torsional and
hinge-bending rotation of the 11 dimer relative to the
a2B2 dimer), which may drive the T < R transition in
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both directions. These two quaternary motions enable
Hb to visit various R-state conformations via sliding
between the alpl and «2B2 dimer,!! which may be
facilitated by slight opening of the interdimer interface.

The involvement of two modes suggests that it is not
sufficient to only consider the lowest mode for exploring
the T « R transition.29:30 Indeed, starting from the R2
structure and following the lowest mode>® will only
lower the RMSD (relative to the T structure) slightly
from 3.5 to 3.2 A. In contrast, if mode #3 is followed,
the RMSD can be lowered significantly to 2.6 A. There-
fore, by following both modes, Hb may transition more
readily toward the T state without being trapped in the R
state.29»50

Despite high similarity between the quaternary
motions captured by modes #1 and #2 of the T structure
and modes #1 and #3 of the R2 structure, these modes
are energetically different. Indeed, the eigenvalues of the
two modes of the T structure are significantly lower than
the corresponding modes of the R2 structure (see Table
I). Because lower eigenvalue implies that lower energy is
needed to excite the mode, we infer that the T state has
higher quaternary structural fluctuations than the R state,
which is consistent with previous studies by MD simula-
tion®7 and WAXS.>3

Transition pathway modeling predicts the
order of tertiary and quaternary changes in
Hb during T < R transition

NMA is limited to the prediction of possible collective
motions accessible to a protein near an equilibrium state
corresponding to an energy minimum. To probe interme-
diate conformational changes taking place during a tran-
sition between two states, one must go beyond NMA and
explore transition pathways between two distinct energy
minima. To this end, we have recently developed a ENM-
based transition pathway modeling method (iENM),41
which generates a transition pathway (consisting of a se-
ries of intermediate conformations) that connects two
given conformations (named beginning and end confor-
mation). This new method is able to predict a clear
sequence of structural events involving different protein
parts during a protein conformational transition. It has
been used to illuminate the allosteric coupling mecha-
nisms in molecular motors like myosin44’46 and
dynein.4” In this study, we will use iENM to analyze the
dynamic order of quaternary and tertiary structural
changes involving o and 3 subunits of Hb.

We have simulated the conformational transition
between T and R state of Hb, which are represented by
the T and R2 structure of Hb (PDB ids: 2dn2 and 1bbb).
To this end, we have generated a transition pathway from
the T to R2 structure using iENM (see Supporting Infor-
mation movie S5). We then validate the predicted path-
way by comparing the predicted order of quaternary and
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tertiary changes with the observed order from a set of
257 Hb structures (see Supporting Information Table
S1). The comparison is quantified using the following
RCs (see Methods section): RC,j, RCqia2, and RCgipa
quantify the progress of quaternary changes involving the
entire tetramer, the ala2 subunits, and the B1B32 subu-
nits, respectively; RC,; and RCg; quantify the progress of
tertiary changes in the al and 1 subunit, respectively.
RC = 0 corresponds to the T state, and RC = 1 corre-
sponds to the R state [see Fig. 3(a) and Supporting
Information Fig. S1).

The analysis of iENM pathway indicates RCgip, >
RCuie2 > RCgy > RC,; during most of the transition
[for 0 < RCy < 0.7, see Fig. 3(a)], which implies the
following order: quaternary changes of 3132 subunits —
quaternary changes of ala2 subunits — tertiary changes
of B subunit — tertiary changes of a subunit. For RC,
> 0.7, RCg; and RC,; increase sharply to catch up with
RCgig; and RCgyjqa, so that they are more intimately
coupled to one another [see Fig. 3(a)]. The above order
is also encoded in the normal mode driving the T — R
transition. Indeed, the RC analysis of a trajectory gener-
ated by following mode #2 of the T structure also gives
RCgig2 > RCuiaz > RCgy > RCy, [see Fig. 3(a)].

To validate the predicted pathway, we have calculated
RCs for 257 Hb structures [see Fig. 3(a)]. The T, R, and
R2 structures of Hb are distributed around RC,; = 0,
0.6, and 1, respectively. In addition, there are some inter-
mediate structures between the T and R structures (PDB
ids: 1sdk, 1sdl, etc., see Supporting Information Table
S1), and some between the R and R2 structures (PDB
ids: 1g08, 1g09, 1g0a, etc., see Supporting Information
Table S1). The finding that the R structures lie between
the T and R2 structures in the RC plot [see Fig. 3(a)]
supports the proposal that the R structure is the pathway
from the T to R2 structure.68-70

The RC analysis of those intermediate Hb structures
with 0.4 < RC,y < 0.7 clearly indicates RCgip; > RCq a2
and RCg; > RC,; [see Fig. 3(a)], supporting the pre-
dicted order of quaternary changes of B1B2 subunits —
quaternary changes of ala2 subunits and tertiary
changes of  subunit — tertiary changes of o subunit.
However, as RCg, is widely distributed [see Fig. 3(a)], it
is hard to assign the relative order between the tertiary
changes of 3 subunit and the two quaternary changes.

Despite qualitative agreement, the asymmetry between
the tertiary changes of o and 3 subunit predicted by our
CG modeling is less pronounced than indicated by the
structural data [see Fig. 3(a)]. This may be due to the
inaccuracy in CG modeling of tertiary changes in Hb.
Another source of errors is that our CG modeling does
not consider ligand binding explicitly, so it cannot model
ligation-induced structural changes, which may amplify
the asymmetry between o and 3 subunit.

To probe the origin of dynamic asymmetry between o
and B subunits, we have repeated the CG modeling using
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Analysis of predicted transition pathway from the T to R2 structure using reaction coordinates (RCs): (a) comparison with crystal structures of Hb;
(b) comparison with aMD simulation. The reaction coordinates RCg1g2, RCq1a2> RCgi, and RCq, are plotted versus RCyy; and colored green, red,
purple, and blue, respectively. The curves correspond to the predicted pathway. The data points correspond to crystal structures of Hb in (a) and
snapshots of aMD simulation in (b). The straight lines correspond to mode #2 of the T structure. For dynamic visualization of the predicted

pathway, see Supporting Information movie S5.

a smaller force constant for the intersubunit contacts
than the intrasubunit contacts. We have found that the
a—fB asymmetry is reduced as a result. Therefore, the
intersubunit interactions are responsible for the observed
o—B asymmetry in Hb.

Next, we will relate our CG modeling results to past
studies of the T « R transition in Hb.

T — R transition

Our results suggest that the T — R transition proceeds
in the order of quaternary changes followed by tertiary
changes. This is consistent with the notion that the
T-state quaternary assembly constrains a T-like tertiary
conformation of each subunit leading to low O, affin-
ity.16 Therefore, the removal of such quaternary con-
straints by early quaternary changes is needed to allow
the T — R tertiary changes to proceed. Indeed, under
conditions in which the T — R quaternary changes are

impaired by crystal lattice, a noncooperative binding iso-
therm was observed and characterized by very low affin-
ity,/1 indicating the tertiary changes that enable high
affinity are also impaired. In agreement with our results,
an early NMA study found that the intermediate confor-
mations between the T and R structure are quaternary
R-like and tertiary T-like.29 Moreover, the same authors
computed the transition pathway from the T to R struc-
ture with the Path Exploration with Distance Constraints
method,25 which showed that the T — R transition pro-
ceeds in two steps—the quaternary changes take place
before the tertiary ones.

Another prediction for the T — R transition is that 3
subunits are more active than a subunits at both tertiary
and quaternary levels. In support of this prediction, an
early crystallographic study by Paoli et al. found that the
structural effect of partial ligation of the deoxy Hb crys-
tals was more pronounced in B subunits than o subu-
nits.”2 Another study also found that the structural
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changes associated with ligation in the T state are larger
in B subunits than « subunits.”3 A Raman spectroscopy
study observed larger structural flexibility around the
B-heme group than the a-heme group.74 The MD simu-
lations by Hub et al. also revealed a marked asymmetry
between the a and 3 subunits with the tertiary transition
of B subunits more strongly correlated to the quaternary
transition than « subunits.28

R — T transition

Our results suggest that the R — T transition proceeds
in the order of tertiary changes followed by quaternary
changes. This is consistent with the consensus picture
from time-resolved spectroscopy studies—protein tertiary
relaxation takes place before the quaternary transition
after photolysis.20-22

Another prediction for the R — T transition is that «
subunits are more active than [ subunits at both tertiary
and quaternary levels. In support of our prediction, Ada-
chi et al. studied structural changes induced by photodis-
sociation of fully liganded Hb in the R state and they
found that the tertiary changes involving the heme and
the F-helix are more marked in « subunits than 8 subu-
nits.”> Wilson et al. solved a crystal structure of deoxy
Hb trapped in the R state, and they found that the terti-
ary changes associated with ligand binding/unbinding in
the R state differ significantly between o and 8 subunits,
with the magnitude smaller in 8 subunits than o subu-
nits.”® Samaja et al. studied the dissociation of CO from
several intermediate ligation states of Hb and found that
o subunits dissociate CO faster than B subunits.””

In summary, our finding suggests that the quaternary
and tertiary changes in Hb are not tightly coupled during
the R < T transition. This may allow allosteric effectors
to induce tertiary changes to regulate O, affinity without
quaternary changes,78 which cannot be explained by the
MWC model. Our finding is also consistent with the
TTS model,17 which postulates that the unliganded T
state contains nearly 100% of subunits in the t confor-
mation (the t — r tertiary changes cannot proceed before
the T — R quaternary changes), whereas the unliganded
R state contains significant populations of both r and t
conformations (the r — t tertiary changes can occur
before the R — T quaternary changes).

Accelerated MD simulationof T - R
transition in Hb

To evaluate the predictions based on the CG modeling
of T «» R transition in Hb, we have performed all-atom
simulations of Hb in solution. To overcome the time-scale
barrier of regular MD simulations, we have used the aMD
protocol®® to simulate the T — R transition for 20 ns,
starting from the T structure of Hb (see Methods section).
We have generated seven aMD trajectories. Encouragingly,
in one aMD trajectory, we have observed that Hb moves
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toward the R2 structure (see Supporting Information
movie S6), reaching a minimal RMSD of ~2.4 A (relative
to the R2 structure) in ~3 ns. Similar conformational
transition was also observed in another aMD trajectory.

To assess the order of tertiary and quaternary changes
in Hb as predicted by the CG modeling, we have calcu-
lated RCs for 200 snapshots of the aMD trajectory [see
Fig. 3(b)]. The distributions of RCs suggest RCgipr >
RCqia2 and RCg; > RC,; for RCy; > 0.6 [see Fig. 3(b)],
which supports the predicted order of quaternary
changes of B1B2 subunits — quaternary changes of
ala2 subunits and tertiary changes of B subunit — terti-
ary changes of o subunit. Similar to the RCs of Hb crys-
tal structures, the distribution of RCg; is wider than
RC,; [see Fig. 3(a,b)]. Unlike the RCs of iENM pathway,
RCy1e2 and RC,; remain well below 1 throughout the
aMD simulation [see Fig. 3(b)], which suggests that the
full structural changes in o subunits are beyond the reach
of 20-ns aMD simulation.

We have also attempted an aMD simulation starting
from the R2 structure of Hb, which failed to produce a
trajectory toward the T structure of Hb. This is consistent
with past unsuccessful efforts of MD simulations to
observe the R — T transition.28

CONCLUSION

In conclusion, we have performed a computational
study that combines CG modeling, all-atom simulation,
and structural data from X-ray crystallography and
WAXS, which aims to probe dynamic properties of the
two structural states of Hb (T and R state) and the tran-
sitions between them. First, by analyzing the WAXS data
of unliganded and liganded Hb, we have found that the
structural ensemble of T/R state is dominated by the
T/R2 structure of Hb with small contributions from
other crystal structures of Hb. Second, we have used
NMA to identify two quaternary rotations between the
alB1 and a2B2 dimer that drive the transitions between
T and R state, and we have identified the hot-spot resi-
dues dynamically involved in these quaternary rotations.
Third, we have generated a CG transition pathway
between T and R state, which predicts a clear order of
quaternary and tertiary changes in Hb: quaternary
changes of B1B2 subunits — quaternary changes of
ala2 subunits — tertiary changes in B subunit — terti-
ary changes in o subunit. Fourth, we have used the accel-
erated MD to perform an all-atom simulation starting
from the T state of Hb, and we have observed a transi-
tion toward the R state of Hb. Further analysis of the
simulation trajectory has corroborated the order of qua-
ternary and tertiary changes predicted by CG modeling.
This work has offered structural insights for past studies
of Hb and new predictions for future experiments. The
integrated methods used in this study will be useful to
future study of other allosteric proteins.
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