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Picosecond to millisecond laser time-resolved transient absorption spectroscopy was used to study
molecular oxygen (O,) rebinding and conformational relaxation following O, photodissociation in the
a and B subunits within human hemoglobin in the quaternary R-like structure. Oxy-cyanomet valency
hybrids, ax(Fe2"—0,)B,(Fe>*—CN) and a,(Fe>*—CN)B,(Fe?"—0,), were used as models for oxygenated R-
state hemoglobin. An extended kinetic model for geminate O, rebinding in the ferrous hemoglobin
subunits, ligand migration between the primary and secondary docking site(s), and nonexponential
tertiary relaxation within the R quaternary structure, was introduced and discussed. Significant functional
non-equivalence of the o and B subunits in both the geminate O, rebinding and concomitant structural
relaxation was revealed. For the B subunits, the rate constant for the geminate O, rebinding to the
unrelaxed tertiary structure and the tertiary transition rate were found to be greater than the
corresponding values for the a subunits. The conformational relaxation following the O,
photodissociation in the a and B subunits was found to decrease the rate constant for the geminate O,
rebinding, this effect being more than one order of magnitude greater for the B subunits than for the
o subunits. Evidence was provided for the modulation of the O, rebinding to the individual o and
B subunits within human hemoglobin in the R-state structure by the intrinsic heme reactivity through
a change in proximal constraints upon the relaxation of the tertiary structure on a picosecond to
microsecond time scale. Our results demonstrate that, for native R-state oxyhemoglobin, O, rebinding

properties and spectral changes following the O, photodissociation can be adequately described as the
Received 4th February 2021

Accepted 15th April 2021 sum of those for the o and B subunits within the valency hybrids. The isolated B chains (hemoglobin H)

show similar behavior to the B subunits within the valency hybrids and can be used as a model for the
B subunits within the R-state oxyhemoglobin. At the same time, the isolated o chains behave differently
to the a subunits within the valency hybrids.

DOI: 10.1039/d1sc00712b

rsc.li/chemical-science

The ferrous heme iron reversibly binds diatomic ligands such as
0O, and CO on the opposite side of the proximal His. Human Hb

1 Introduction

Human hemoglobin (Hb) is an allosteric protein that binds and
transports molecular oxygen (O,). Human Hb is a tetramer
composed of two a and two B subunits (Fig. 1). Each subunit
contains one identical heme group (an iron-protoporphyrin IX),
in which the iron ion is bound to the proximal histidine (His).
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binds four ligands cooperatively. As tetrameric Hb is liganded,
its quaternary structure changes and the ligand affinity
increases. The deoxygenated Hb has a low-affinity quaternary
structure (T-state) and the liganded one has a high-affinity
structure (R-state). Human Hb continues to serve as an excel-
lent model for studying nonlinear and cooperative interactions
in multisubunit proteins.’ Despite a large amount of work so
far, there is no definitive agreement on how ligand-induced
conformational changes influence individual ligand binding
properties of the o and B subunits in the different conforma-
tional forms of tetrameric Hb. This information is necessary to
understand the molecular mechanism of cooperative oxygena-
tion of human Hb as well as the mechanism of O, transport and
tissue oxygenation.
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Fig.1 Structure of the o and B subunits of human Hb (panel (A) and (B),
respectively) (PDB entry 2w6v).*® The distal heme pocket (primary
docking site) is labeled as DP. The distal and proximal histidines are
labeled in green and blue, respectively. Xe sites are represented by
labeled orange spheres.

Taking advantage of the photosensitivity of the chemical
bond between the ferrous heme iron and its sixth ligand, laser
time-resolved spectroscopy has been used for kinetic studies of
ligand binding®*** and conformational changes'** following
ligand photodissociation in human Hb. Using ultrafast tran-
sient absorption measurements, it has been determined that
a photoproduct with a deoxy-like absorption spectrum appears
within 350 fs after laser excitation." After photodissociation,
the ligand remains temporarily trapped in the distal heme
pocket of the Hb subunits (Fig. 1).** Subsequently, the ligand
can rebind to the heme iron or migrate through the protein
matrix into the solvent, from where it can return into the
protein. Ligand rebinding is readily modulated by steric
hindrance in the distal heme pocket.®* Moreover, the intrinsic
heme reactivity is controlled through a change in proximal
constraints during conformational relaxation following the
ligand photodissociation.’ In turn, ligand migration is modu-
lated by structural determinants such as internal cavities and
hydrogen-bonding residues in the distal heme pocket.>'” Small
internal cavities are generally hydrophobic and have an ability
to bind Xe atoms by non-covalent specific interactions.™
Previous crystallographic analysis of the low affinity
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deoxygenated T-state Hb, filled with Xe atoms under pressure,
has identified the positions of Xe binding cavities in both the
o and B subunits (Fig. 1).*® It has been suggested that these
internal cavities serve as transient areas for ligands migrating
through the protein matrix in both Hb subunits.

Most of the flash photolysis studies of human oxyhemo-
globin have dealt with the rebinding of O, from the solvent (the
bimolecular O, rebinding), which occurs on a microsecond to
millisecond time scale at ambient temperature.>”** The O,
rebinding from within the protein matrix (the geminate O,
rebinding) has been investigated using nanosecond,®® pico-
second,'™'* and femtosecond time resolved spectroscopy.”® A
complete kinetic description of the O, rebinding with trili-
ganded R-state Hb at room temperature has been presented.*"**
These studies reported triple-exponential geminate O, rebind-
ing in which photolyzed population rebinds via two prompt
geminate phases with 0.14 and 1 ns time constants, and via
another delayed geminate phase with a ~30 ns time constant.
Assigning all these geminate phases to specific processes in
specific subunits is a very difficult task. At present, there is some
controversy in the literature regarding the assignment of the
geminate phases to specific subunits.”*** The main problem
with the interpretation is that optical absorption spectra of
hemes in the o and B subunits of human Hb are almost iden-
tical, so that it is not possible to study the behavior of the
individual subunits. A variety of experimental approaches has
been developed to solve the problem of functional differences
between the o and B subunits within human Hb. Among them
are (i) measurements of the ligand binding properties of the
isolated « and B chains,? (ii) selective chemical modification or
mutation of key amino acid residues,’ (iii) X-ray crystallography
of photolyzed liganded Hbs,'*** and (iv) construction of metal®®
and valency® hybrid Hbs in which only one type of subunits is
capable to bind O,.

The principal aim of this study was to determine how ligand-
induced conformational changes influence the individual O,
rebinding properties of the o and B subunits in the R-state Hb.
To do that we used oxy-cyanomet valency hybrids o,(Fe*"-0,)
Bo(Fe**~CN) and a,(Fe*'~CN)B,(Fe*"~0,) as models for the
oxygenated R-state Hb. These valency hybrids possess several
important properties. First, only the ferrous subunits within
these hybrids reversibly bind O,, while the ferric subunits do
not. Second, under aerobic conditions used in the present
study, no valency exchange occurs between the oxyheme and
cyanometheme sites.”® Thus, no noticeable electron transfer is
expected to occur in the study. Third, based on extensive NMR>®
and X-ray structural analysis of liganded human Hbs (see
references in ref. 27 and 28), it can be concluded that the
solution structure of oxy-cyanomet valency hybrids of human
Hb under low-salt conditions is a quaternary R-like structure,
which is similar to those of ferrous oxy and carbonmonoxy
human Hb. It should be mentioned that, under low-salt
conditions, both cyanomet and normal oxyhemoglobin have
similar thermodynamic stability.*® Under these conditions,
cyanomet human Hb is crystallized with a quaternary R-like
structure similar to that observed in carbonmonoxy human
Hb.” Therefore, the oxy-cyanomet valency hybrids, a,(Fe*"-0,)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Contour plots of the time-resolved absorption difference
spectra measured after O, photodissociation from (A) the isolated «>"
chains, (B) oxyhemoglobin, (C) the o subunits within ax(Fe?*-0,)
B.(Fe**—CN) valency hybrids, and (D) the B subunits within ay(Fe3*—
CN)B,(Fe>"—0,) valency hybrids. The time-resolved spectra, obtained
for the isolated B chains, are similar to those for the B subunits within
ax(Fe>* —CN)B,(Fe?"—0,) valency hybrids (D) and are not shown in the
figure. Conditions: 50 mM Tris—HCl buffer, pH 8.2, at 19 °C. Protein
concentrations are in the range of 130 to 200 uM in heme. Excitation
wavelength, Aexc = 543 nm.
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Fig. 3 Time dependence of the position of the positive peak near
434 nm in the transient spectra D(4,t) following O, photodissociation
from (A) the isolated o chains (pink, solid), (B) the a subunits within
0(Fe?"—0,)B,(Fe3 —CN) valency hybrids (red, solid), (C) oxyhemo-
globin (gray, circles), (D) the isolated B° chains (green, short dash), and
(E) the B subunits within ax(Fe*"—CN)B,(Fe?*-0O,) valency hybrids
(blue, solid).
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B,(Fe**~CN) and a,(Fe**-CN)B,(Fe* -0,), are extremely useful to
investigate the O, rebinding in the individual «(Fe*") and
B(Fe>*) subunits within Hb in the R-state. In the present work,
we used a single time-resolved transient absorption spectrom-
eter® to study the geminate O, rebinding as well as conforma-
tional relaxation following the O, photodissociation in the
o and B subunits within the Hb valency hybrids on the entire
picosecond to millisecond time scale.

2 Experimental
2.1 Preparation of isolated hemoglobin chains

Human Hb was purified from freshly drawn blood. The isolated
a and B chains were subsequently obtained by the p-mercu-
ribenzoate (PMB) method*! with minor modifications. The iso-
lated chains with bound PMB (a"™® and B™P® chains) were
separated in either the oxy or the carbonmonoxy form (see ESIT
for details). The isolated o and B chains were regenerated to
their -SH forms (a°"" and B chains) using dithiothreitol
(DTT)?? (see ESIt for details).

2.2 Preparation of hemoglobin valency hybrids

The Hb valency hybrids of the type a,(Fe**~0,)B,(Fe**-CN) and
o,(Fe*'-CN)B,(Fe**-0,) were prepared by mixing the isolated
chains with free -SH groups in the oxy form with their partner
chains in the cyanomet form* (see ESIt for details). The cya-
nomet forms of the isolated o™ and B chains were obtained
from the carbonmonoxy-derivatives by oxidation with potas-
sium ferricyanide in the presence of sodium cyanide (see ESI}
for details). The procedure for the formation of the cyanomet
chains was additionally applied for the preparation of the fully
ligated cyanomet Hb, a,(Fe*'~CN)B,(Fe**~CN). All the spec-
troscopy experiments were performed in 50 mM Tris-HCl
buffer, pH 8.2, at 19 °C. Concentration of the Hb valency
hybrids, the oxy- and cyanomet Hb as well as the isolated Hb
chains used in the present study was in the range of 130 to 200
puM in heme. The protein samples were checked before and after
the experiment by UV-vis spectroscopy.

2.3 Time-resolved spectroscopy

Picosecond to millisecond time-resolved spectra in the visible
(Soret) region were measured on the ULTRA* apparatus in the
Time-Resolved Multiple Probe Spectroscopy mode®** at the
Central Laser Facility (STFC Rutherford Appleton Laboratories,
Harwell, UK) (see ESIf for details). The time-resolved spec-
trometer®*® used here allows to detect transient absorption
spectra in the Soret region (from about 430 to 460 nm) in the
time range from 1 ps up to 800 ps after the laser photoexcitation
with a sensitivity of 107> absorbance units. The degree of
photolysis in all the experiments did not exceed 5%.

3 Results and discussion
3.1 Thermal relaxation and cyanide photodissociation

After laser photoexcitation of oxygen- and cyanide-bound
heme proteins, a large amount of energy is deposited into
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Table 1 MEM-derived parameters characterizing lifetime distributions obtained for V,¢

T1 Ta 3 Fl F2 FS 6escape
Protein (ns) (ns) (1s) (x 107?) (x 107?) (x 107?) (x 107?)
00, 1.37 23 96 72 13 15 20 + 4°
BO, 0.32 31 66 57 28 15 21 + 4°
Native HbO, 0.48 30 68 81 12 7 9.7 + 1.6°
a,(Fe**-0,)B,(Fe**-CN) 0.76 44 75 91.5 2.8 5.7
0,(Fe* ~CN)B,(Fe**-0,) 0.34 23 58 47 35 18
o within native HbO,, 4.8 +£1.0°
B within native HbO, 15 + 3¢

“ Here, 7; (i = 1, 3) is the mean of the ith MEM peak; F; (i = 1, 3) is the fractional contribution of the ith MEM peak to the total peaks area; Oescape 1S
the efficiency of ligand escape from the protein after photodissociation. The uncertainties are presented as 95% confidence intervals. In the present
study, protein concentrations were 130 to 200 uM in heme, 50 mM Tris-HCI buffer, pH 8.2, at 19 °C. b Data from ref. 43, protein concentration was
100 uM in heme, 50 mM Tris-HCl buffer, pH 8.2, at 21 °C. ¢ Data from ref. 22, protein concentration was 100 uM in heme, 10 mM Tris-HCI buffer,

pH 8.5, at 21 °C.

the heme, raising its temperature.®® As the energy is trans-
ferred to protein and water, the heme cools down. The thermal
relaxation is nonexponential in time. In particular, the
thermal relaxation in myoglobin has been previously charac-
terized by two phases: an initial fast cooling process (a few ps
time constant) and a slower one (~20 ps time constant).***”
Recently, a prompt subpicosecond phase has been detected.*®
In the cyanide-bound heme proteins, photodissociation of
cyanide from the ferric subunits is additionally expected.
Previously,® photodissociation of cyanide from ferric
myoglobin and horseradish peroxidase has been observed
after laser excitation at 413 nm. The subsequent geminate CN
rebinding has been demonstrated to proceed on the
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picosecond time scale with a rate = (3.6 ps~ "), the efficiency of
CN escape from the protein matrix being ~107% It is well
known that the absorption spectra of heme proteins in the
visible region are very sensitive to both temperature and
ligand binding. Therefore, taking into account the above-
mentioned processes, the time-resolved transient absorption
spectra of studied Hb valency hybrids are expected to exhibit
contributions of thermal relaxation and cyanide photodisso-
ciation on the tens of picoseconds time scale.

To determine the time window of the thermal relaxation and
cyanide rebinding which are expected to occur in the present
study, we measured the time-resolved spectra following
photolysis of the oxy- and cyanomet Hb and its isolated chains
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Fig. 4 Singular value decomposition of the time-resolved spectra D(,t) measured after O, photodissociation from native oxyhemoglobin.
(A) Time-dependent amplitudes (V;) of the first basis spectrum. (B) Time-dependent amplitudes (V) of the second basis spectrum. In panel
(A) and (B), the time-dependent amplitudes and their fit obtained with the MEM analysis are reported as circles and solid lines, respectively. The
first and the second basis spectra, U; and U,, are shown in the insets to panels (A) and (B), respectively. (C) Lifetime distribution derived by MEM
from V;. (D) Two lifetime distributions derived by MEM from V,. The two lifetime distributions, corresponding to decaying and rising kinetics, are

presented as solid and dash lines, respectively.
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Fig. 5 Singular value decomposition of the time-resolved spectra D(A,t) measured after O, photodissociation from the isolated o chains.

Description of each panel and symbols used is the same as for Fig. 4.

as well as the oxy-cyanomet valency hybrids of human Hb in the
time range from 1 ps up to 800 ps (not shown). Using singular
value decomposition (SVD),* it was found that the time-
resolved spectra exhibit contributions of the thermal relaxa-
tion and, possibly, cyanide rebinding over times shorter than 40
ps but exhibit only contributions of the O, rebinding and
concomitant protein conformational changes thereafter.
Because we are only interested in the O, rebinding and
concomitant protein conformational changes, we will hereafter
analyze the time-resolved spectra measured at time delays of 40
ps and longer.
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3.2 Time-resolved transient absorption spectra

Typical time-resolved transient absorption spectra, D(At),
following photolysis of the O, complexes of the heme proteins
are shown as contour plots in Fig. 2. A closer inspection of the
present transient spectra reveals a shift of the positive peak near
434 nm (~23 040 cm ") from low to high energy as time prog-
resses (Fig. 3). The ultimate magnitude of this spectral shift was
calculated as Av = y() — »(0), where v( ) is the peak position
at a time which is long enough compared to the time scale of the
shift, »(0) is the peak position just after the thermal relaxation.
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Fig. 6 Singular value decomposition of the time-resolved spectra D(At) measured after O, photodissociation from the o subunits within
ax(Fe?*—0,)B,(Fe3* —CN) valency hybrids. Description of each panel and symbols used is the same as for Fig. 4. In panel (C), to visualize the
smallest peak (local maximum) in the lifetime distribution, a part of the distribution in the region from 5 x 10~° s to ~10~% s is zoomed in.
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Fig. 7 Singular value decomposition of the time-resolved spectra D(4,t) measured after O, photodissociation from the B subunits within
as(Fe** —CN)B,(Fe?"—0,) valency hybrids. Description of each panel and symbols used is the same as for Fig. 4.
Table 2 MEM-derived parameters characterizing lifetime distributions obtained for V,*
T1 T2 T3 Ta
Protein (decay, ns) (rise, ns) (decay, ps) (rise, us) @ a as a,
20, 0.82 21 0.69 111 1.65 —0.24 0.22 —0.88
BO, 0.29 50 1.15 90 1.33 —0.136 0.030 —0.37
Native HbO, 0.13 26 1.12 78 1.58 —0.196 0.041 —0.24
a,(Fe**-0,)B,(Fe*"-CN) 0.20 17 0.18 76 1.31 —0.112 0.049 —0.31
o,(Fe**-CN)B,(Fe**-0,) 0.30 50 1.82 64 1.26 —0.136 0.033 —-0.30

“ Here, 1;and a; (i = 1,4) are the mean and the area of the ith MEM peak, respectively. Positive and negative area values correspond to decaying and
rising kinetics, respectively. Conditions: 50 mM Tris-HCl buffer, pH8.2, at 19 °C. Protein concentrations were in the range of 130 to 200 pM in heme.

The magnitude of Av as well as the peak positions »(0) and »( )
are reported in ESI Table S1.T The magnitude of Av ranges from
37 4 14 em ™ for a,(Fe* ~0,)B,(Fe**~CN) valency hybrid to 70 +
9 ecm ™! for a,(Fe*'-CN)B,(Fe**-0,) valency hybrid. The magni-
tude of Av as well as the peak positions »(0) and v(«) for the
native oxyhemoglobin are similar to those obtained by aver-
aging the corresponding values for the two valency hybrids.

The measured transient absorption spectra at different time
delays, D(A,t), can be viewed as the columns of a matrix D. In
order to describe time courses of the observed spectral changes,
we used SVD of the data matrix D for each heme protein (see
ESIt for details). All singular values, obtained for every studied
protein, are presented in ESI Fig. S1.1 It was found that the first
two orthonormal basis spectra, U; and U,, and their corre-
sponding time-dependent amplitudes (orthonormal kinetic
vectors), V; and V,, form the best two-component representa-
tion of the data matrix D in the least-square approach. A data
matrix, D, re-created from these two SVD components, provides
the experimental data set to be modeled in the subsequent
analysis (see Section 3.5). The results of SVD analysis for the
heme proteins are shown on Fig. 4-7 and ESI Fig. S2.t

7038 | Chem. Sci, 2021,12, 7033-7047

The first two basis spectra, U; and U,, with their corre-
sponding time-dependent amplitudes, V; and V,, which make
the main contribution to the observed photoinduced absorp-
tion changes, are shown in panel (A) and (B) of these Figures.
The first basis spectrum, U;, represents a deoxy minus oxy
difference spectrum averaged over all times. Hence, the
temporal evolution of the first amplitude vector, Vi, is an
excellent approximation to the ligand rebinding curve. In turn,
the second basis spectrum, U,, represents a deviation from the
average spectrum and describes spectral changes in the region
of the deoxy Soret band at ~430 nm. The time course of the
second amplitude vector, V,, is determined by (i) an overall
decrease in amplitude due to the ligand rebinding and (ii)
spectral changes of the remaining deoxyhemes caused by
kinetic hole burning and protein conformational relaxation.™
The obtained time-dependent amplitudes, V; and V,, were
subsequently subjected to the maximum entropy method
(MEM) analysis** which extracts model-independent lifetime
distributions from the kinetics (see ESIT for details). One or two
distributions of the effective log-lifetimes, g(log ) and A(log 1),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Basic kinetic model containing minimal set of tertiary/
ligation states required to describe tertiary conformational changes as
well as geminate and bimolecular O, rebinding in ferrous Hb
subunits.*?
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heme
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Scheme 2 Extended kinetic model for tertiary conformational
changes and O, rebinding in ferrous Hb subunits, containing O,
migration between the primary and remote secondary docking site(s).

were extracted from the data. The fit F; to datum D, at time ¢; can
be written as

+ 00

(g(log ) — h(log 7))e/*d log D

—o0

F= Dy

where D, is a normalization constant, g(log ) and A(log ) are
the lifetime distributions that correspond to decaying and
rising kinetics, respectively. The extracted lifetime distributions
are displayed in panel (C) and (D) of Fig. 4-7 and ESI Fig. S2.}
For each appreciable peak in every recovered lifetime distribu-
tion, the area, a, and the mean, 7, were determined according to
eqn (7) and (8) from ref. 42, respectively. In the cases when only
one distribution is extracted from the data, the fractional
contribution of each peak, F, to the total peaks area was
calculated. The MEM-derived parameters characterizing the
lifetime distributions, extracted from the time-dependent
amplitudes, V; and V,, are presented in Tables 1 and 2,
respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3 Molecular oxygen rebinding

For every studied heme protein, the MEM analysis of the first
amplitude vector, V;, derived one lifetime distribution, which is
characterized by three bands (Fig. 4C-7C and ESI Fig. S2C¥).
The first two bands that appear between 10 ** and 10~° s are
associated with the geminate O, rebinding. The third band that
appears between 107> and 10° s is associated with the bimo-
lecular O, rebinding. In Table 1, the fractional contributions
(Fi,i=1,3) of all three MEM peaks characterizing the O,
rebinding to the heme proteins are presented. All the fractional
contributions are normalized to unity. In this case, F; and F,
determine the fraction for the faster and slower geminate
phase, respectively. The sum of F; and F, is equal to the fraction
of geminate O, rebinding, Fgem. In turn, F; determines the
fraction of bimolecular O, rebinding, which is equal to the
efficiency of O, escape from the protein matrix after photodis-
sociation, Oescape->>** Additionally, in Table 1, the values of
Oescape; determined previously for the isolated «°" and B
chains,* for native oxyhemoglobin® as well as for the o and
B subunits within native oxyhemoglobin,** are summarized for
comparison. As it is seen from Table 1, the values of F;, evalu-
ated in the present work for the isolated o and "' chains as
well as for the native oxyhemoglobin, are in a good agreement
with the corresponding values of dcgcape determined previ-
ously.”*** Moreover, the values of F;, obtained in the present
study for the a and B subunits within the Hb valency hybrids,
are in excellent agreement with the values of dscape Obtained for
the corresponding o and B subunits within native oxyhemo-
globin in the R-state.”” These results support the idea that the
Hb valency hybrids are good models to elucidate the inequiva-
lence of the o and B subunits within human Hb in the R-state
with respect to the O, rebinding.

As follows from our data, the o and B subunits within the
tetrameric valency hybrids exhibit different geminate O,
rebinding properties (Fig. 6C and 7C, respectively). The
o, subunits within o,(Fe?*~0,)B,(Fe*"~CN) valency hybrids show
one dominant rapid geminate phase with a lifetime distribution
peak at 0.76 ns and the largest fractional contribution being
0.915 (Table 1, t; and Fy). The fraction of the slower scarcely
observed second geminate component with the peak at 44 ns
was found to be equal to 0.028 (Table 1, 7, and F,). In contrast to
the o subunits, the B subunits within o,(Fe*"~CN)B,(Fe*"-0,)
valency hybrids show two distinct geminate phases with similar
fractional contributions of 0.47 and 0.35 (Table 1, F; and F,). It
should be noted that it is the B subunits within the tetrameric
valency hybrids that have the fastest geminate phase peaked at
0.34 ns, the second geminate component being peaked at 23 ns
(Table 1, 7, and 7,). Taking into account that the primary
quantum yield of O, photodissociation, v,,* is the same (0.23 +
0.03) for tetrameric oxyhemoglobin and its isolated o and
B chains,' we consider that v, for the o and § subunits within
the valency hybrids is the same too. (The same value, within the
experimental error, 0.28 + 0.06, is observed for oxymyoglobin.**)
Subsequently, it can be concluded that the dominant rapid
geminate component (the lifetime distribution peak at 0.76 ns)
observed for the o subunits as well as the two distinct geminate
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Fig. 8 Fit to the basic (dotted lines) and extended kinetic model (solid
lines). Time-dependent amplitudes, V; and V,, shown by circles and
squares, respectively, were obtained with the SVD analysis of the time-
resolved spectra D(4,t) measured after O, photodissociation from (A)
the isolated o*" chains, (B) the o subunits within a,(Fe®*—O,)B,(Fe** -
CN) valency hybrids, and (C) the B subunits within a,(Fe**~CN)
B,(Fe2*—O,) valency hybrids.

phases with similar fractional contributions (the lifetime
distribution peaks at 0.34 and 23 ns) observed for the B subunits
provide the major contribution to the total kinetic of the
geminate O, rebinding to human Hb in the R-state, the fastest
geminate phase corresponding to the § subunits. The obtained
a/p difference in the geminate O, rebinding agrees well with
that in the geminate CO rebinding reported previously by
Anfinrud and co-workers."

At the used protein concentrations, the isolated o®™ chains
are predominantly monomers being in monomer/dimer equi-
librium, whereas the isolated pS* chains self-associate to form
homo-tetramers, called hemoglobin H.* In turn, the native Hb
as well as the Hb valency hybrids are mainly tetramers. The
o subunits were found to be sensitive to whether they are in the
isolated monomeric state or incorporated into the tetrameric
valency hybrids. The isolated o°" chains (Fig. 5C) and the
o. subunits within tetrameric o,(Fe>'-0,)B,(Fe**~CN) valency
hybrids (Fig. 6C) have different O, rebinding properties. Upon
isolation of the a subunits, the fraction for the slower geminate
phase, F,, increases by a factor of ~5 at the expense of the
dominant faster geminate phase (Table 1), and the lifetime
distribution value, 74, associated with the faster component
increases from 0.76 to 1.37 ns. The values of F; and t; for the
B subunits within o,(Fe*"-CN)B,(Fe*"-0,) valency hybrids
resemble those for the isolated B chains (Table 1).
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3.4 Conformational relaxation

For every studied heme protein, the MEM analysis of the second
amplitude vector, V,, derived two lifetime distributions corre-
sponding to decaying and rising kinetics (Table 2, Fig. 4D-7D
and ESI Fig. S2Dt). In these two lifetime distributions four
kinetic components are observed in total. Three of them (two
fastest components, 1, and 1,, and the slowest one, 1,) occur to
be in the same range as those observed in the lifetime distri-
butions for the first amplitude vector, V;, whose temporal
evolution is an approximation of the ligand rebinding curve
(Table 1, Fig. 4C-7C and ESI Fig. S2Ct). A distinctive feature of
the lifetime distributions derived from V, is a kinetic compo-
nent 73, which varied in the range from 0.18 to 1.82 ps (Table 2).
The first three MEM peaks derived from V, are expected to be
caused not only by an overall decrease in amplitude due to the
ligand rebinding but also due to conformational relaxation
following ligand photodissociation (vide infra). It should be
mentioned that conformational relaxation in heme proteins
following ligand photodissociation has been extensively inves-
tigated by resonance Raman spectroscopy.*° In those experi-
ments, protein conformational relaxation involving the iron-
proximal histidine linkage (Fe-His) was followed by detecting
temporal changes in the frequency of iron-histidine out-of-
plane mode, »(Fe-His). The Fe-His bond is a sole chemical
link between the heme and globin and is very important for
regulation of ligand binding.’* After ligand photodissociation,
the heme structure changes from the planar to the domed one
within 1 ps.®*** A series of subsequent changes in »(Fe-His)
frequency occurs step-wise in the picosecond to microsecond
time range.***® Temporal changes in the »(Fe-His) frequency
have been fitted using exponential functions. Published time
constants of temporal changes in the »(Fe-His) frequency for
Hb,***¥-%° jts hybrids,*** and isolated chains***® following the
ligand photodissociation are collected in ESI Table S2.t1 A rather
good correlation is observed between those time constants and
the present data, namely, the means of the lifetime distribution
peaks extracted from the second amplitude vector, V, (ESI
Fig. S3). For comparison, in Table S2,T we also show the life-
time distribution data obtained for V, in the current work.
Taking into account the obtained correlation (Fig. S3 and Table
S2t), it can be concluded that the spectral changes, observed in
the present experiment in the region of the deoxy Soret band,
are caused, at least in part, by structural changes of the heme
accompanied by the Fe-His bond relaxation following the
ligand photodissociation.

The above-mentioned changes in the »(Fe-His) frequency
have been associated with changes in the tertiary structure.**>°
In particular, heme doming leads to structural rearrangements
of the heme pocket in Hb and its isolated chains in ~300 ps
(Table S2,t 74).* In tens of nanoseconds (Table S2,t 1,), these
structural changes are followed by the displacement of the
distal E helix toward the heme plane, driven by motion of the
proximal F helix in response to the relaxation of the Fe-His
bond.**° In the case of tetrameric Hb in the R-state, a subse-
quent structural rearrangement within the B subunits induces
the first step in the R-T transition at ~3 us (Table S2,T t3) during

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00712b

Open Access Article. Published on 15 April 2021. Downloaded on 10/29/2025 4:57:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

0.1 4

\

0.001
1

0.1 4

Amplitude

I
T

0.001
1

0.1 4

0.01 §

0.001

Time (sec)

10" 10" 10° 10® 107 10° 10° 10*

10210 10" 10° 10® 107 10° 105 10“ 10°

Time (sec)

Fig. 9 Populations of the unliganded (reagent) states (left column) and the unliganded subunits in the r* and r tertiary conformations (right
column) predicted by the extended kinetic model for the isolated " chains (panel (A) and (D)), for the o subunits within a,(Fe?*~0,)B,(Fe**~CN)
valency hybrids (panel (B) and (E)), and for the B subunits within ox(Fe3*—CN)B(Fe?—0,) valency hybrids (panel (C) and (F)).

which the aff dimers rotate and establish the T “hinge” contacts
between the B1 C helix and a2 FG corner.*” In turn, a structural
rearrangement within the o subunits of Hb in the R-state is
slower than that within the B subunits. Namely, the structural
rearrangement within the a subunits induces the final step in
the R-T transition at ~20 us (Table S2,T t,) during which the
o subunits rotate into their position, establishing the T “switch”
contacts between the a2 C helix and the B1 FG corner.*” A time
constant describing the final step in the R-T transition observed
by resonance Raman scattering, ~20 ps (Table S2,T 7,), has no
corresponding time constant in the lifetime distributions
extracted by us from the second amplitude vector, V,. This is
due to the fact that, in the present experiment, the photoexci-
tation level was chosen to be sufficiently low to ensure that only
single O, ligand (statistically) is released by each tetrameric Hb
molecule and the protein remains in the R-state.>*

3.5 Kinetic models

To describe the picosecond to millisecond kinetics of the O,
rebinding and concomitant conformational changes in the
heme proteins, we followed the kinetic model proposed by
Henry et al.** This basic model (Scheme 1) contains a minimal
set of states required to describe nonexponential conforma-
tional relaxation as well as the geminate and bimolecular O,

© 2021 The Author(s). Published by the Royal Society of Chemistry

rebinding in ferrous Hb subunits. To account for the observed
absorption changes induced by the O, photodissociation,
unliganded ferrous subunits are allowed to exist in two tertiary
structures. The more rapidly rebinding species are designated
as r*, while the more slowly rebinding ones (however possessing
more stable tertiary structure) are designated as r. Oxygenated
subunits in both tertiary states are assumed to have the same
spectrum, while spectra of unliganded subunits in the r* and r
tertiary structure are different. To describe the O, rebinding,
each tertiary state is proposed to exist in three possible ligation
states (Scheme 1): O, bound (A* or A), O, inside the protein but
not bound to the heme (B* or B), and ligand outside the protein
(S* or S). Moreover, to account for the O, migration between the
primary docking site and possible remote (secondary) docking
site(s), the basic kinetic model (Scheme 1) was extended by us to
the one (Scheme 2) containing four ligation states. In the
extended model (Scheme 2), the fourth additional ligation state
C* or C in Scheme 2 corresponds to the state in which the O,
molecule is docked into a remote secondary docking site(s)
accessible from the primary docking site (the distal heme
pocket). The existence of discrete docking sites for the photo-
dissociated CO within human Hb has been demonstrated
previously by nanosecond laser flash photolysis studies, which
found biphasic geminate CO rebinding to R-state Hb encapsu-
lated in wet silica gels.>>>¢
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Fig. 10 Difference spectra between unliganded and O,-liganded
ferrous subunits in each of the two tertiary structures r* and r (labeled
as unrelaxed and relaxed, respectively) predicted by the extended
(solid lines) and basic kinetic model (dotted lines) for the isolated o>
chains (A), the o subunits within oa,(Fe?"—0,)B,(Fe3*~CN) valency
hybrids (B), and the B subunits within a,(Fe>*—CN)B,(Fe?"-0,) valency
hybrids (C).

In both models (Schemes 1 and 2), all liganded subunits
prior to the photolysis are assumed to be in A* state, so that the
ligand photodissociation initially populates exclusively B* state
with the dissociated O, ligand in the primary docking site of the
affected subunit in the unrelaxed conformation, r*. In this state,
subunits may undergo a conformational relaxation (B* — B),
the ligand may geminately rebind (B* — A*) or escape into the
solvent (B* — S*). In turn, in B state with the dissociated O,
ligand in the primary docking site of the affected subunit in the
relaxed conformation, r, subunits may also undergo a confor-
mational relaxation (B — B*), the ligand may geminately rebind
(B — A) or escape into the solvent (B — S). Ligand from the
solvent may enter any of the ligand-free subunits (S* — B* or
S — B). Additionally, in the extended kinetic model (Scheme 2),
the ligand may migrate between the primary and secondary
docking site(s) of the affected subunits in both the unrelaxed r*
(B* — C* or C* — B*) and relaxed r conformation (B — C or
C — B). In both models (Schemes 1 and 2), the rate constant for

View Article Online

Edge Article

the thermal dissociation A* — B* (Schemes, kap(r*)) is
considered to be negligibly small compared with the photo-
dissociation rate. Additionally, the conformational relaxation
A — A* (Schemes, k,(r)) is assumed to be instantaneous and
irreversible, so that the rates for the thermal dissociation A — B
(Schemes, kap(r)) and the conformational change A* — A
(Schemes, ka(r*)) play no role in fitting the kinetic data. The rate
constants for O, escape from and entry into the protein (kgs and
ksg, respectively) are assumed to be identical for the two tertiary
subunit conformations r* and r. Moreover, it is assumed that
the subunit conformation does not depend on the ligand
position in the protein structure, so that the rates for the
conformational relaxations B¥* — B, C* — C, and S* — S
(marked on Schemes as kp(r*), kc(r*), and ks(r*), respectively)
are identical, as are the reverse rates for the conformational
changes B — B* C — C* and S — S* (marked on Schemes as
kp(r), kc(r), and ks(r), respectively). Additionally, in the extended
kinetic model (Scheme 2), the rate constants for the O, migra-
tion between the primary and remote docking site(s) (kpc and
kcg) are assumed to be insensitive to the tertiary structure.

According to the mechanism of Hagen and Eaton,” during
the conformational relaxation, the system is not at the thermal
equilibrium with respect to conformational substates of either
r* or r tertiary state. To produce effects of interconversion of
conformational substates occurring simultaneously with the
change in the average conformation, labeled r* and r, time
dependence has been introduced' into the rate coefficients
describing the interconversion between the two average
conformations, * and r:

k(r*, 1) = ky(r*, 1) = ke (r*,1) = ks(r*, 1) = L dLm, 2)

k(r,t) = kp(r,t) = ke(r,t) = ks(r,t) = —— —=—= (3)

where [ = r(o)/r*(«) is the equilibrium constant between the
two tertiary states at ¢t = oo; the relaxation function g(t) was
chosen to have the stretched exponential form,*®

g(t) = (kt’ (4)

with 0 < 8 <1 and k = k(r* — r) + k(r — r*),”> where k(r* — 1)
and k(r — r*) are the rate constants for the interconversion
between the r* and r tertiary states at equilibrium. Using these
rate constants, the above-mentioned equilibrium constant / can
be expressed as: [ = k(r* — r)/k(r — r*).

Table 3 Parameters obtained from the data fit to the basic kinetic model®

k(r* - 7‘) kgem(r*) kgem(r) kBS kSB
Protein 53 l (ns™h (ns ") (ns™h) (us™) (ms™*
O, 0.85 £+ 0.01 38 £+ 308 0.13 + 0.03 0.70 &+ 0.01 13.3 £ 0.2 17.3 £ 0.2 23.7 £ 0.2
BO, 0.41 + 0.02 2+7 0.62 + 0.75 15+ 4 11.8 £ 0.6 8.2 £0.2 20.2 £ 0.3
a(Fe?*-0,)B,(Fe’~CN) 0.999 + 0.011 29 + 246 0.14 + 0.04 1.37 + 0.01 111 + 0.7 13.3 £ 0.5 27.5 + 0.6
ap(Fe® ~CN)B,(Fe?"-0,) 0.31 & 0.02 448 1.27 4 0.55 90 + 25 9.6 &+ 0.5 8.5 £ 0.2 28.2 + 0.5

“ The uncertainties are presented as one standard error.
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Table 4 Parameters obtained from the data fit to the extended kinetic model®

k(r * > r) kgem(r *) kgem(r) kgs ksg kec kce
Protein 8 ! (ns™") (ns™) (ns™) (us™) (ms ™) (s (ws )
a0, 0.38 + 0.01 242 0.09 £+ 0.03 1.05 £ 0.02 81+2 55.0+ 04 1734+0.1 78+1 50+ 1
otZ(Fe2+—OZ)BZ(Fe3+—CN) 0.57 £ 0.02 27 +£164 0.115 £ 0.037 1.68 £ 0.03 96 + 8 438+ 09 181+04 55+2 11+ 2
ocz(Fe“—CN)BZ(FeB—OZ) 0.31 + 0.01 4+7 1.8 £ 0.8 120 + 42 14.4+£09 10.8+04 26.0+0.4 8+2 16.6+3.4

% The uncertainties are presented as one standard error.

At any given time after photodissociation, there is a non-
equilibrium distribution among both the substates of r* and
r,** the individual substates having different geminate rebind-
ing rate constants.”® Consequently, during the conformational
relaxation at any given time, each unliganded tertiary species, r*
and r, cannot be characterized by a single geminate rate. Rather
than using the populations of r* and r with their individual
geminate rate constants kga(r*) and kga(7) (Schemes 1 and 2),
the same time-dependent geminate rebinding rate coefficient
kpa(t) was employed' for both tertiary species:

kpa(t) = kpa(r*,t) = kpa(r,1) = Kgem(r*) (Kgem(r*) kgem()* "' (5)

where

(6)

describes the progress of the tertiary relaxation using the above-
mentioned relaxation function g(¢) (eqn (4)). In eqn (5), kgem(r™)
represents the rate constant for the geminate O, rebinding to
ferrous subunits in the r* tertiary state before the beginning of
the conformational relaxation. In turn, keem(r) is the rate
constant for the geminate O, rebinding to subunits in the r
tertiary state after the completion of the relaxation. In the
present work we performed modeling the data matrix D so that
to produce a set of time-dependent species populations and
a set of corresponding species spectra (see ESIt for details). The
adjustable parameters used in the modeling are summarized in
ESI Table S3.f The resulting parameters for the basic and
extended model are listed in Tables 3 and 4, respectively.

x(1) = exp(—g(9)

3.6 Time-dependent populations of unliganded states

A comparison of the simulated kinetic data, obtained using the
resulting parameters for both models, to the experimental data,

is shown in Fig. 8. Here, both the simulated and experimental
data are represented as the time-dependent amplitudes V; and
V, of the first two basis spectra, U; and U,, obtained by the SVD
analysis of the time-resolved spectra D(A,t). The first amplitude
vector, V;, is matched very well by the simulation. The second
amplitude vector, V,, is also matched well however with some
systematic deviations. The extended kinetic model shows
improved goodness-of-fit as compared to the basic model
(Fig. 8, solid and dotted lines, respectively). For the oxygenated
o and B subunits within the Hb valency hybrids (Fig. 8B and C,
respectively), the sum of squared weighted residuals, p (see
ESIT), is reduced by 3% with the extended kinetic model.
Whereas, for the isolated o chains (Fig. 8A), the observed
improvement of the fit is one order of magnitude higher, p
being reduced by 50%. Such improvements of the fit support
the existence of the secondary docking site(s), at least, in the
o subunits.

Within the framework of the extended kinetic model, frac-
tional populations of the unliganded (reagent) states as well as
fractional populations of the unliganded subunits in each of the
two different tertiary conformations, r* and r, were obtained
and presented in Fig. 9. Additionally, the populations predicted
by the extended and basic kinetic models are shown for
comparison in ESI Fig. S4.1 Maximum values of the fractional
populations of the unliganded states C* + C and S* + S are
presented in Table 5. The times at which the populations reach
their maximum are presented as well. As it is seen, the
maximum fractional populations of the secondary docking
site(s) do not exceed 0.05 for the oxygenated o and B subunits
within the valency hybrids (Table 5 [C* + Clyay). For the isolated
o chains, the value is twice larger, being about 0.11. This
means that, on the average, nearly one from every ten photo-
dissociated O, molecules visits the secondary docking site(s) in
the isolated " chains, whereas in the o and B subunits within

Table 5 Maximal populations of the unliganded states C* + C and S* + S as well as the times at which the maximal populations are achieved

[C* + C]max t([C* + C]max) [S* + S]maxa t([S* + S]max)a
Protein (x 107?) (ns) (x 107?) (ns)
00, 10.9 6 14.7 (14.6) 200 (250)
o, (Fe* -0,)B,(Fe*' - 4.6 4.5 5.8 (5.8) 250 (300)
CN)
o, (Fe**-CN)B,(Fe*'- 4.2 40 12.1 (12.7) 500 (400)
0,)

“ The data obtained by the extended model are given without parenthesis, while those obtained by the basic model are presented in parenthesis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the valency hybrids - only one from every twenty molecules.
Therefore, upon incorporation of the isolated o chains into the
valency hybrids, the number of photodissociated O, molecules
visiting the secondary docking site(s) in these subunits is
decreased by a factor of ~2. It should be noted that the
maximum fractional population of the affected subunits
without the captured ligand, [S* + S]nax, iS equal to the effi-
ciency of ligand escape from the protein matrix into the envi-
ronmental medium. As it is seen from Table 5, upon
incorporation of the isolated o chains, the value of [S* + S]ax
for the a subunits is also decreased by a factor of ~2. Interest-
ingly, the secondary docking sites in the isolated &*" chains and
o subunits within the valency hybrids are populated at the same
time (Table 5, ¢{([C* + C]nax))- Moreover, in the valency hybrids,
the maximum population of the secondary docking site(s), [C* +
Clmax, after the O, photodissociation is achieved about ten
times earlier in the o subunits (by ~5 ns) than in the B subunits
(by 40 ns).

Recently, to experimentally verify if the O, migration occurs
via the Xe docking sites,'® the O, rebinding to human R-state Hb
and its isolated chains has been studied under Xe pressure
using a nanosecond laser flash photolysis technique.*® Filling
internal cavities in the isolated o and B chains as well as in
tetrameric R-state Hb with Xe atoms resulted in decreasing the
time constant of the slowest nanosecond component of the
geminate O, rebinding, the time constant being several tens of
nanoseconds. The observed decrease in the time constant was
explained by reduction of the free internal volume accessible to
0, diffusion within the protein matrix after Xe insertion. Taking
into account the experimental results,* it can be suggested that
some of the Xe binding cavities identified in the o and
B subunits'® play a role as the secondary docking sites for
photodissociated O, predicted by the extended kinetic model
(Scheme 2). In support of this suggestion, molecular dynamics
simulations have previously demonstrated the O, migration
through the Xe docking sites of the isolated o chains of human
Hb.* Moreover, ligand diffusion tunnels in the o and B subunits
of tetrameric Hb have been shown to encompass the Xe cavities
regardless of the quaternary structure.®®®* Recently, CO
sequestration in the Xe docking sites of the a and B subunits of
tetrameric human Hb has been observed by X-ray crystallog-
raphy using continuous irradiation by high-repetition pulsed
laser light at cryogenic temperatures.”

3.7 Difference spectra between unliganded and O,-liganded
proteins

Unliganded minus O,-liganded difference spectra of each of the
two tertiary structures r* and r predicted by the extended as well
as basic kinetic models are shown in Fig. 10. The maxima in the
difference spectra are given in ESI Table S4.1 As it is seen, in
a chosen conformation, the maximum in the difference spectra
depends on the type of Hb subunits as well as on their state of
association. In particular, in each of the two tertiary structures,
the maximum in the difference spectrum of the isolated o°"
chains is blue-shifted compared to that of the o subunits within
the valency hybrids (Fig. 10, panel (A) and (B), respectively).
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Moreover, the o and B subunits within the valency hybrids are
seen to be spectroscopically distinct species. In the unrelaxed r*
conformation, the maximum in the difference spectrum of the
o. subunits is blue-shifted by about 150 cm ™" compared to that
of the B subunits (Fig. 10, panel (B) and (C), respectively;
unrelaxed). The present spectra are in an agreement with those
previously obtained from the measurements of the nanosecond
geminate O, rebinding to the o and B subunits within Fe-Co
hybrid Hbs® and the bimolecular O, rebinding to the a and
B subunits within the native Hb in the R-state.* It has been re-
ported*? that the difference spectra of the o subunits in the Fe-
containing forms are peaked at shorter wavelengths than those
of the B subunits.

As it is seen from Fig. 10, the maximum in the difference
spectra of all the proteins is blue-shifted upon conformational
relaxation. The value of the shift depends on the type of Hb
subunits as well as their state of association (ESI Table S47). As
it can be seen from Table S4,t after the O, photodissociation
from the o subunits within the valency hybrids, the conforma-
tional relaxation leads to the relatively small spectral changes
(Av ~ 25 cm™" within the framework of the extended kinetic
model). After removing the damping imposed by the neigh-
boring subunits (i.e. in the isolated «° chains), the increase in
the amplitude of spectral changes is observed (Av ~ 100 cm ™).
The largest shift is observed for the B subunits within the
valency hybrids (Av ~ 175 em ™).

3.8 Functional non-equivalence of the o and B subunits

For both kinetic models, all the parameters but one are deter-
mined rather accurately (Tables 3 and 4). The available experi-
mental data are not sufficient to find the tertiary equilibrium
constant / alone. For the  subunits within the valency hybrids,
the parameters of the extended model do not differ significantly
(no more than by a factor of 1.5) from the corresponding
parameters of the basic model. Within the framework of both
models, the stretched exponential parameter, § = 0.31 £ 0.02,
characterizing the tertiary relaxation following the O, photo-
dissociation in the B subunits within the valency hybrids
(Tables 3 and 4) is in an excellent agreement with the corre-
sponding value, B = 0.3, determined previously for the
conformational relaxation upon the CO photodissociation from
Hb.*>'* Moreover, the stretched exponential parameter of 0.41 +
0.02 found by us for the isolated B chains (Table 3) is very
close to that of 0.45 determined for the isolated carbonmonoxy
B chains of Hb.”® In turn, for the o subunits both in the isolated
state and within the valency hybrids, the solutions obtained for
the two models differ significantly in the stretched exponential
parameter, 3, in the rate constant for the geminate O, rebinding
to the relaxed protein, kgem(7), and in the rate constant for O,
escape from the protein, kgs. In particular, for the o subunits
within the valency hybrids, the stretched exponential param-
eter, 3, was found to be 0.999 + 0.011 for the basic model,
however it is 0.57 & 0.02 for the extended model. In the former
case (the basic model), when g is equal to unity within the
experimental accuracy, an unusual exponential relaxation of
tertiary structure is predicted. In the latter case (the extended
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model), when @ is intermediate between zero and unity, the
tertiary relaxation process is nonexponential in time. The
extended model seems to produce more realistic results for the
a subunits within the valency hybrids as well as for the isolated
o chains. Within the framework of the extended model, the
increase in the stretched exponential parameter, (, from 0.38 &+
0.01 to 0.57 £ 0.02 upon incorporation of the isolated « chains
into the valency hybrids (Table 4) indicates more rapid equili-
bration of conformational substates after the O, photodissoci-
ation in the o subunits within the valency hybrids as compared
to the isolated o chains. The obtained results can be explained
by damping the protein motions by the adjacent subunits
within the valency hybrids. Moreover, the interactions between
the hemoglobin subunits lead to the increase in the rate
constant for the geminate O, rebinding to the a subunits in the
unrelaxed r* tertiary conformation (Table 4, keem(r*)). As
a result, the number of O, molecules escaping from the
o subunits as well as those visiting the secondary docking site(s)
in these subunits is noticeably reduced (see Table 5 [S* + S]ax
and [C* + C]ax, respectively).

For all the studied proteins, the tertiary transition rate,
k(r* — r), the rate constant for the geminate O, rebinding to the
unrelaxed protein, kyem(r*), and the rate constant for O, escape
from protein, kgs, produced by the extended model, do not
differ significantly from the corresponding parameters of the
basic model. Within the framework of both models, functional
non-equivalence of the o and B subunits within the valency
hybrids is predicted. Since the extended model provides more
realistic results, we will hereafter discuss only the data, ob-
tained via this model. Namely, for the  subunits within the
valency hybrids, the rate constant for the geminate O, rebinding
to the unrelaxed structure, kzem(r*), and the tertiary transition
rate, k(r* — r), are greater by a factor of 70 + 25 and 16 + 9,
respectively, than the corresponding values for the o subunits
within the hybrids (Table 4). For the B subunits, the larger rate
constant kyem(7*), describing the O, rebinding from within the
primary docking site, can be explained, at least in part, by
a closer location of the primary docking site to its binding site in
these subunits compared to that in the o subunits.” Recently,
time-resolved Laue crystallography of photolyzed carbon-
monoxy Hb in the R-state has revealed the populations of CO in
the binding and primary docking sites in the heme pockets of
both the o and B subunits, the primary docking site in the
B subunits being at about 0.25 A closer to its binding site."* The
obtained correlation between the rate constant of the O,
rebinding from within the primary docking site kgem(7*) and the
ligand displacement from the heme binding site'® suggests the
distal control of the geminate O, rebinding.

In the present experiment, the tertiary conformational
relaxation (r* — r) following the O, photodissociation from the
ferrous heme iron in each Hb subunit leads to a significant
slowing down of the geminate O, rebinding from within the
primary docking site. For the B subunits within the valency
hybrids, the rate constant for the geminate O, rebinding, kgem,
slows by a factor of 8300 + 3000 (Table 4). In turn, for the
o. subunits within the valency hybrids and the isolated o
chains, the conformational relaxation slows the geminate O,
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rebinding by a factor of 18 + 2 and 13 =+ 1, respectively (Table 4).
Therefore, upon the relaxation of the tertiary structure, the
decrease in the rate constant for the geminate O, rebinding
from within the primary docking site of the B subunits within
the valency hybrids is more than one order in magnitude larger
than the corresponding changes obtained for the o subunits.
The obtained data reveal significant o/p differences in both the
geminate O, rebinding and concomitant structural changes.
For the individual o and  subunits within Hb in the R-state like
conformation, the non-equivalent decrease in the rate constant
of the O, rebinding from within the primary docking site is
observed at the conformational relaxation following the O,
photodissociation.

4 Conclusions

Our results demonstrate that the oxy-cyanomet valency hybrids,
0,(Fe*™-0,)B,(Fe*"~CN) and a,(Fe*"~CN)B,(Fe’*-0,), are good
models for the o and B subunits within native R-state oxyhe-
moglobin with respect to the O, rebinding and conformational
relaxation following the O, photodissociation. For the R-state
oxyhemoglobin, the O, rebinding properties and spectral
changes following the O, photodissociation can be adequately
described as the sum of those for the o and B subunits within
the valency hybrids. The magnitude of the spectral shift, Ay, of
the positive peak near 434 nm as well as the position of this
peak during the conformational relaxation following the O,
photodissociation in the R-state oxyhemoglobin are similar to
those obtained by averaging the corresponding values for the
two valency hybrids. The values of the efficiency of O, escape
from the a and B subunits within the valency hybrids were
found to be in excellent agreement with the ones obtained for
the corresponding « and B subunits within native oxyhemo-
globin in the R-state.?® The isolated p° chains (hemoglobin H)
show similar behavior to the B subunits within the valency
hybrids and can be used as a model for the  subunits within
the R-state oxyhemoglobin. At the same time, the isolated o
chains behave differently to the o subunits within the valency
hybrids.

Significant functional non-equivalence of the o and
B subunits within the Hb valency hybrids in both the geminate
O, rebinding and concomitant structural relaxation was
revealed. In particular, the o subunits within o,(Fe*"-0,)
B»(Fe**~CN) show one dominant rapid and one slower scarcely
observed geminate phases. While the  subunits within o,(Fe**-
CN)B,(Fe*"-0,) show two distinct geminate phases with the
similar fractional contributions. It is the § subunits within the
tetrameric valency hybrids that have the fastest geminate phase.
To describe the geminate O, rebinding in the ferrous Hb
subunits as well as the nonexponential tertiary relaxation within
the R quaternary structure, we followed the basic kinetic
model,”” which contains the minimal set of required states.
Moreover, to account for the O, migration between the primary
and secondary docking site(s), the basic kinetic model was
extended. Within the framework of both models, functional
differences of the o and B subunits within the valency hybrids is
observed. Namely, for the B subunits, the rate constant for the
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geminate O, rebinding to the unrelaxed structure, kyem(r*), and
the tertiary transition rate, k(r* — r), were found to be greater
than the corresponding values for the o subunits. For the
B subunits, the larger rate constant keem(7*) is explained, at least
in part, by the closer location of the primary docking site to its
binding site in these subunits compared to that in the
o subunits, suggesting the distal control of the geminate O,
rebinding. The tertiary relaxation following the O, photodisso-
ciation in the o and B subunits was found to decrease the rate
constant for the geminate O, rebinding, this effect being more
than one order of magnitude greater for the B subunits than for
the o subunits. Moreover, the o and B subunits within the
valency hybrids were revealed to be spectroscopically distinct
species. The maximum in the difference spectrum of each Hb
subunit is blue-shifted upon the conformational relaxation. The
largest shift of the maximum is observed for the B subunits. The
temporal evolution of the spectral changes, observed in the
present experiment for both the ferrous o and B subunits, is
rather well correlated with the published data for conforma-
tional relaxation involving the iron-proximal histidine bond
following the ligand photodissociation. The obtained correla-
tion provided evidence for the modulation of the O, rebinding
to the individual o and B subunits within human Hb in the R-
state structure by the intrinsic heme reactivity through
a change in proximal constraints upon the relaxation of the
tertiary structure on a picosecond to microsecond time scale.

Author contributions

SVL, IVS and BMD initiated the investigations. SVL, MVP and
SNG prepared the protein samples. SVL and IVS performed the
transient absorption experiments. SVL analyzed the data, per-
formed modelling and wrote the manuscript. All authors
contributed to discussing the results and reviewing the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are greatly indebted to Prof. M. Towrie, Prof. J. A.
Weinstein, Prof. A. A. Konstantinov, Prof. N. S. Kazak, Dr A. V.
Yantsevich, Dr S. N. Terekhov, and Dr A. Yu. Panarin who
assisted in the implementation and completion of this study by
providing chemical reagents, advice, and facilities. Dr P. ]J.
Steinbach is kindly acknowledged for the use of MemExp.
S. V. L, L. V.S., and M. V. P. thank STFC for the beamtime on
CLF Ultra facility (App. 16130005). This work was supported by
the Belarusian Republican Foundation for Fundamental
Research (Grant No. F19MS-009) and the National Academy of
Sciences of Belarus through the Program “Photonics, Opto- and
Microelectronics 2016-2020" (Project 1.4.01).

7046 | Chem. Sci, 2021, 12, 7033-7047

View Article Online

Edge Article

Notes and references

1 C. Viappiani, S. Abbruzzetti, L. Ronda, S. Bettati, E. R. Henry,
A. Mozzarelli and W. A. Eaton, Proc. Natl. Acad. Sci. U. S. A.,
2014, 111, 12758-12763.

2 Q. H. Gibson and S. Ainsworth, Nature, 1957, 180, 1416-
1417.

3 A. ]J. Mathews, R. J. Rohlfs, J. S. Olson, J. Tame, J.-P. Renaud
and K. Nagai, J. Biol. Chem., 1989, 264, 16573-16583.

4 J. S. Philo and J. W. Lary, J. Biol. Chem., 1990, 265, 139-143.

5 S. Unzai, R. Eich, N. Shibayama, J. S. Olson and H. Morimoto,
J. Biol. Chem., 1998, 273, 23150-23159.

6 (@) S. V. Lepeshkevich, N. V. Konovalova and
B. M. Dzhagarov, Biochem. Mosc., 2003, 68, 551-558; (b)
S. V. Lepeshkevich, N. V. Konovalova and B. M. Dzhagarov,
Biokhimiya, 2003, 68, 676-685.

7 1. Birukou, R. L. Schweers and J. S. Olson, J. Biol. Chem., 2010,
285, 8840-8854.

8 J. S. Olson, R. J. Rohlfs and Q. H. Gibson, J. Biol. Chem., 1987,
262, 12930-12938.

9 Q. H. Gibson, M. Ikeda-Saito and T. Yonetani, J. Biol. Chem.,
1985, 260, 14126-14131.

10 D. A. Chernoff, R. M. Hochstrasser and A. W. Steele, Proc.
Natl. Acad. Sci. U. S. A., 1980, 77, 5606-5610.

11 (a) B. M. Dzhagarov, V. A. Galievskii, N. N. Kruk and
M. D. Yakutovich, Dokl Biophys., 1999, 366, 38-41; (b)
B. M. Dzhagarov, V. A. Galievskii, N. N. Kruk and
M. D. Yakutovich, Dokl. Akad. Nauk, 1999, 366, 121-124.

12 E. R. Henry, C. M. Jones, ]J. Hofrichter and W. A. Eaton,
Biochemistry, 1997, 36, 6511-6528.

13 E.R. Henry, S. Bettati, J. Hofrichter and W. A. Eaton, Biophys.
Chem., 2002, 98, 149-164.

14 J. L. Martin, A. Migus, C. Poyart, Y. Lecarpentier, R. Astier
and A. Antonetti, Proc. Natl. Acad. Sci. U. S. A., 1983, 80,
173-177.

15 F. Schotte, H. S. Cho, J. Soman, M. Wulff, J. S. Olson and
P. A. Anfinrud, Chem. Phys., 2013, 422, 98-106.

16 J. M. Friedman, Science, 1985, 228, 1273-1280.

17 B. A. Springer, S. G. Sligar, J. S. Olson and G. N. Phillips Jr,
Chem. Rev., 1994, 94, 699-714.

18 C. Savino, A. E. Miele, F. Draghi, K. A. Johnson, G. Sciara,
M. Brunori and B. Vallone, Biopolymers, 2009, 91, 1097-1107.

19 S. V. Lepeshkevich and B. M. Dzhagarov, FEBS J., 2005, 272,
6109-6119.

20 J. W. Petrich, C. Poyart and J. L. Martin, Biochemistry, 1988,
27, 4049-4060.

21 S. V. Lepeshkevich, J. Karpiuk, I. V. Sazanovich and
B. M. Dzhagarov, Biochemistry, 2004, 43, 1675-1684.

22 S. V. Lepeshkevich, M. V. Parkhats, I. I. Stepuro and
B. M. Dzhagarov, Biochim. Biophys. Acta, Proteins
Proteomics, 2009, 1794, 1823-1830.

23 N. Shibayama, A. Sato-Tomita, M. Ohki, K. Ichiyanagi and
S.-Y. Park, Proc. Natl. Acad. Sci. U. S. A., 2020, 117,4741-4748.

24 G. K. Ackers, M. L. Doyle, D. Myers and M. A. Daugherty,
Science, 1992, 255, 54-63.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00712b

Open Access Article. Published on 15 April 2021. Downloaded on 10/29/2025 4:57:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

25 N. Shibayama, H. Morimoto and S. Saigo, Biochemistry, 1997,
36, 4375-4381.

26 J. A. Lukin, G. Kontaxis, V. Simplaceanu, Y. Yuan, A. Bax and
C. Ho, Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 517-520.

27 F. R. Smith and K. C. Simmons, Proteins: Struct., Funct.,
Genet., 1994, 18, 295-300.

28 M. K. Safo and D. J. Abraham, Biochemistry, 2005, 44, 8347-
8359.

29 F. R. Smith and G. K. Ackers, Proc. Natl. Acad. Sci. U. S. A.,
1985, 82, 5347-5351.

30 G. M. Greetham, P. Burgos, Q. Cao, I. P. Clark, P. S. Codd,
R. C. Farrow, M. W. George, M. Kogimtzis, P. Matousek,
A. W. Parker, M. R. Pollard, D. A. Robinson, Z.-]. Xin and
M. Towrie, Appl. Spectrosc., 2010, 64, 1311-1319.

31 E. Bucci and C. Fronticelli, J. Biol. Chem., 1965, 240, 551-552.

32 K. M. Parkhurst and L. J. Parkhurst, Int. J. Biochem., 1992, 24,
993-998.

33 M. Brunori, G. Amiconi, E. Antonini and J. Wyman, J. Mol.
Biol., 1970, 49, 461-471.

34 G. M. Greetham, D. Sole, I. P. Clark, A. W. Parker,
M. R. Pollard and M. Towrie, Rev. Sci. Instrum., 2012, 83,
103107.

35 E. R. Henry, W. A. Eaton and R. M. Hochstrasser, Proc. Natl.
Acad. Sci. U. S. A., 1986, 83, 8982-8986.

36 Y. Mizutani and T. Kitagawa, Science, 1997, 278, 443-446.

37 Y. Kholodenko, M. Volk, E. Gooding and R. M. Hochstrasser,
Chem. Phys., 2000, 259, 71-87.

38 C. Ferrante, E. Pontecorvo, G. Cerullo, M. H. Vos and
T. Scopigno, Nat. Chem., 2016, 8, 1137-1143.

39 W. Zeng, Y. Sun, A. Benabbas and P. M. Champion, J. Phys.
Chem. B, 2013, 117, 4042-4049.

40 E. R. Henry and J. Hofrichter, Methods Enzymol., 1992, 210,
129-192.

41 P. J. Steinbach, K. Chu, H. Frauenfelder, J. B. Johnson,
D. C. Lamb, G. U. Nienhaus, T. B. Sauke and R. D. Young,
Biophys. J., 1992, 61, 235-245.

42 P. S. Steinbach, R. Ionescu and C. R. Matthews, Biophys. J.,
2002, 82, 2244-2255.

43 S. V. Lepeshkevich, S. N. Gilevich, M. V. Parkhats and
B. M. Dzhagarov, Biochim. Biophys. Acta,
Proteomics, 2016, 1864, 1110-1121.

Proteins

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

44 X. Ye, A. Demidov and P. M. Champion, J. Am. Chem. Soc.,
2002, 124, 5914-5924.

45 E. Bucci, C. Fronticelli, E. Chiancone, J. Wyman, E. Antonini
and A. Rossi-Fanelli, J. Mol. Biol., 1965, 12, 183-192.

46 Y. Mizutani and M. Nagai, Chem. Phys., 2012, 396, 45-52.

47 E. M. Jones, E. Monza, G. Balakrishnan, G. C. Blouin,
P. J. Mak, Q. Zhuy, J. R. Kincaid, V. Guallar and T. G. Spiro,
J. Am. Chem. Soc., 2014, 136, 10325-10339.

48 K. Yamada, H. Ishikawa and Y. Mizutani, J. Phys. Chem. B,
2012, 116, 1992-1998.

49 S. Chang, M. Mizuno, H. Ishikawa and Y. Mizutani, Chem.
Phys., 2016, 469-470, 31-37.

50 K. Yamada, H. Ishikawa, M. Mizuno, N. Shibayama and
Y. Mizutani, J. Phys. Chem. B, 2013, 117, 12461-12468.

51 T. W. Scott and J. M. Friedman, J. Am. Chem. Soc., 1984, 106,
5677-5687.

52 S. Franzen, B. Bohr, C. Poyart and J. L. Martin, Biochemistry,
1995, 34, 1224-1237.

53 S. G. Kruglik, A. Jasaitis, K. Hola, T. Yamashita, U. Liebl,
J.-L. Martin and M. H. Vos, Proc. Natl. Acad. Sci. U. S. A.,
2007, 104, 7408-7413.

54 C. A. Sawicki and Q. H. Gibson, J. Biol. Chem., 1976, 251,
1533-1542.

55 S. Sottini, S. Abbruzzetti, C. Viappiani, S. Bettati, L. Ronda
and A. Mozzarelli, J. Phys. Chem. B, 2005, 109, 11411-11413.

56 S. Sottini, S. Abbruzzetti, F. Spyrakis, S. Bettati, L. Ronda,
A. Mozzarelli and C. Viappiani, J. Am. Chem. Soc., 2005,
127, 17427-17432.

57 S.]J. Hagen and W. A. Eaton, J. Chem. Phys., 1996, 104, 3395-
3398.

58 P. J. Steinbach, A. Ansari, J. Berendzen, D. Braunstein,
K. Chu, B. R. Cowen, D. Ehrenstein, H. Frauenfelder,
J. B. Johnson, D. C. Lamb, S. Luck, J. R. Mourant,
G. U. Nienhaus, P. Ormos, R. Philipp, A. Xie and
R. D. Young, Biochemistry, 1991, 30, 3988-4001.

59 S. V. Lepeshkevich, S. A. Biziuk, A. M. Lemeza and
B. M. Dzhagarov, Biochim. Biophys. Acta, Proteins
Proteomics, 2011, 1814, 1279-1288.

60 M. F. Lucas and V. Guallar, Biophys. J., 2012, 102, 887-896.

61 M. S. Shadrina, G. H. Peslherbe and A. M. English,
Biochemistry, 2015, 54, 5268-5278.

Chem. Sci., 2021, 12, 7033-7047 | 7047


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc00712b

	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...

	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...

	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...
	Towards understanding non-equivalence of tnqh_x03B1 andnbsptnqh_x03B2 subunits within human hemoglobin in conformational relaxation and molecular...


