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The quaternary structural transition between the R and T states of
human hemoglobin was investigated using the transient grating
technique. The results presented herein reveal that the quaternary
structural change accompanied by the R—T transition occurs within
a few microseconds.

Many proteins undergo conformational changes that are directly
linked with their functions in vivo. Human hemoglobin (Hb),
which carries oxygen in red blood cells, is a textbook example of
such a protein. Hb has a tetrameric structure comprising four
subunits (oy, o, By, and B,), each of which contains a heme
group capable of binding ligands such as O, and CO. The
binding of ligands to Hb is a cooperative process, leading to a
structural change between the following two states of Hb: relaxed
(R) and tense (T) states. The high-affinity R state is stabilized by
binding of ligands, while the stable low-affinity T state is formed
upon dissociation of ligands. Thus, dissociation of ligands from
Hb induces the R-T transition involving a quaternary structural
change in which one off dimer rotates with respect to the other.

The R-T transition in Hb has been experimentally’ " and
theoretically>*>® investigated via the photodissociation reaction
of ligated Hb, e.g., carbonmonoxy Hb (HbCO). A variety of time-
resolved techniques, such as transient absorption (TA) spectro-
scopy,’™ time-resolved UV resonance Raman spectroscopy
(TR-UVRR),"' "> time-resolved wide-angle X-ray scattering
(TR-WAXS),>®*® time-resolved IR spectroscopy,*'* etc., have
been used to investigate the photodissociation of HbCO.
Accordingly, many kinetic components, summarized in Fig. 1,
have been observed. As shown in Fig. 1, the time constants
from various studies on the dynamics of the R-T transition are
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Fig. 1 Comparison of the kinetics of Hb induced by photodissociation of
the CO ligand obtained using various time-resolved techniques. The
numbers on the left side indicate the reference numbers. The processes
related to the observed time constants are shown on the top of the figure
(blue line).

scattered over a wide time range from hundreds of nano-
seconds to tens of microseconds. One of the key questions is
which kinetics within this broad time window is primarily
responsible for the quaternary structural change associated
with the R-T transition. To address this question, herein we
used the TG technique, which is a useful tool for sensitively
probing the global structural change of a protein by monitoring
changes in the diffusion coefficient.”*™*°

Before using the TG technique, for comparison with pre-
vious studies, we first measured the TA spectra of HbCO in
100 mM sodium phosphate buffer (pH 7.0) and observed four
relaxation times of 1.2 ps, 48 us, 310 ps, and 6.0 ms (Fig. S1,
ESIT). These time constants agree with those reported in pre-
vious TA studies (Fig. 1)."”* The comparison of the relaxation
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Fig. 2 (a) Transient grating (TG) signals of 300 uM HbCO in 100 mM
phosphate buffer (pH 7) excited at 532 nm at various g2 values (from right
to left, g°> = 0.35, 0.70, 0.76, 1.44, 2.79, 416, and 5.27 x 102 m™). The
experimental data (black) at various g values were fitted via global fitting
analysis in which a square of a sum of exponentials sharing common time
constants is used to represent each theoretical curve (red), resulting in

theoretical curves that are in satisfactory agreement with the experimental
data. (b) Enlarged view of the TG signals after 1 ps.

times with previous TA results shown in Fig. 1 indicates
that the relaxation times at 1.2 and 48 ps are related to the
R-T transition while those at 310 ps and 6.0 ms were
assigned to the pseudo-first order time constants for the
bimolecular recombination of CO to the R and T states of
Hb, respectively.

Fig. 2 shows the TG signals after photoexcitation of HbCO in
100 mM sodium phosphate buffer (pH 7) at various grating
wavenumbers (g*). All TG signals quickly increase within the
excitation pulse width, followed by a weak increase at a sub-ps
time scale. The TG signals then show strong and weak decay
features at a few us and several hundred ps, respectively.

Because the absorbance change of the sample is undetect-
able at the probe wavelength of 780 nm, the intensity of the TG
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signal (Ir¢) is proportional to the square of the refractive index
change (0n) only. Thus, I can be expressed by

Irg(t) = a[n()], 1)

where o is a constant determined by the experimental conditions.
on is attributed to the thermal effect (thermal grating, dny,) and
the chemical species involved in the photoreaction (species
grating, ongpe). From a quantitative analysis of all the TG signals,
we determined that all the TG signals observed at various ¢°
values can be well reproduced by the square of the sum of five
exponential functions as follows:

Ipg(t) = a[on, exp(—kit) + ony, exp(—kyt) + onz exp(—kst)
+ ong exp(—kat) + ons exp(—kst)]?, 2)

where on; and k; are the refractive index changes and rate
constants of the ith exponential relaxation, respectively.

The three rate constants, k;, k3, and k5, show constant values
regardless of the g” value, while the values of k, and k, exhibit
¢°-dependence. The thermal grating signal originates from a
temperature change in the medium caused by the thermal
relaxation from the excited states and enthalpy change during
the reaction. The decay rate of the thermal grating (k,) can be
easily determined from the thermal diffusivity (Dy,) and ¢°
values, as follows: kg, = Dy, X g>. Considering the thermal
diffusivity under the experimental conditions, the decay feature
with the rate constant k, was assigned to the thermal grating
signal. The slower dynamics of k,, which depends on the g¢*
value, was attributed to the diffusion processes of chemical
species such as HbCO, Hb or CO. Because the rate of the
diffusion process is expressed as the product of the diffusion
coefficient (D) with ¢°, the diffusion coefficient of a chemical
species can be calculated from a plot of the rate constants
against the g* values. As shown in Fig. 3, the k, values show a
linear relationship with the g values. From the slope of the
plot, D was calculated to be 1.3 4 0.1 x 10~ ° m* s~ *. This value
is close to the diffusion coefficient of CO that was reported
previously (1.46-3.1 x 10~° m* s7'),*¥*>*! indicating that the
g*-dependence of k, is due to diffusion of the CO ligand released

T T T
0 1 2 3 4 5
12 2, -2
x10 g (m)
Fig. 3 Plot of rate constant, k4 (black), of the TG signals versus g2. From the
slope of the plot (red), a diffusion coefficient (D) of 1.3 + 0.1 x 1072 m? s*
was determined. This value is consistent with the previously reported
diffusion coefficient of CO (1.46-3.1 x 102 m? s™). Moreover, the intercept
of the plot of 4.4 + 0.2 x 10° s7* (230 + 10 ps) was determined to be the
rate constant.
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by photodissociation of HbCO. Furthermore, the intercept of the
plot, which was 4.4 + 0.2 x 10®> s~ (230 & 10 ps), is close to the
time constant corresponding to the bimolecular recombination of
the CO ligand and R-state Hb (Fig. 1). Therefore, the diffusion of
the CO ligand observed herein is due to recombination of the CO
ligand and Hb in the R state (Hbg + CO — HbCO).

Even though the TG technique is very sensitive to changes of
the diffusion coefficient of a protein, no diffusion of the protein
species was observed in this study. In TG experiments, the
species grating intensity is the difference between Jn due to the
reactant (ong) and product (dnp). The sign of onp is positive,
while the sign of dnr is negative because the phase of the
spatial concentration modulation of the product is shifted 180°
from that of the reactant. In the photodissociation reaction of
HbCO, the product is CO and Hb, and the reactant is HbCO.
Since the molecular sizes of Hb and HbCO are very similar, the
diffusion coefficients of the two species are similar (D, =
Drpoo)- Considering the Dy, & Dypco condition, the difference
between the refractive index changes of Hb and HbCO, i.e., the
difference between dny and onp, can be expressed as eqn (S6)
(ESIt). Consequently, the absence of the diffusion process of the
protein species is probably because dny and Jnp have similar
values (ong & onp), which cause eqn (S6) (ESIT) to be irrelevant.

On the other hand, the g*independence of ki, k;, and ks
indicates that the dynamics corresponding to each rate constant
are the reaction kinetics that occur subsequent to the photo-
dissociation of the CO ligand rather than diffusion of the
chemical species. The relaxation times that correspond with &,
ks, and ks were determined to be 6.4 + 0.1 x 10°s™" (160 % 3 ns),
5.9+ 0.3 x 10°s™" (1.7 4 0.1 pus), and 710 + 50 s~ * (1.4 & 0.1 ms),
respectively. By comparing the relaxation times from the TG
signals with the kinetics reported in previous studies (Fig. 1),
we assign the 160 ns kinetics to geminate the recombination of
the photodissociated CO ligand, while we assign the 1.4 ms
kinetics to bimolecular recombination of the CO ligand and Hb
in the T state.

Finally, we need to discuss the origin of the 1.7 ps kinetics
observed in the TG signal. It is known that the TG signal is very
sensitive to the volume change induced by the conformational
change of a protein.”*™° Theoretically, the species grating
(0ngpe) arises from the change in the absorption spectrum
(population grating, én,) and the change in the molecular
volume (volume grating, on,), as follows: dnge = on, + on,.
The volume grating is expressed by

ony = V(d—”)AVAN, 3)

dv
where (dn/dV) is the refractive index change caused by the
molecular volume change, AV is the volume change during the
reaction, and AN is the number of reacting molecules in a unit
volume. Since the absorbance change is undetectable at the
wavelength of the probe beam used during the photoreaction of
Hb, the contribution of én, to the measured TG signals should
be negligible. Considering the term AV in eqn (3), the dynamics
at 1.7 ps should be due to the large volume change that
accompanies the conformational change of Hb. Indeed, the
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quaternary structural change that occurs upon the R-T transi-
tion should induce a large volume change. Therefore, based on
the principles of the TG measurements, we suggest that the
dynamics at 1.7 ps observed in the TG experiments is due to the
quaternary structural change accompanied by the R-T transi-
tion, which leads to a large volume change. On the other hand,
the TG signal does not show the dynamics of tens of ps
observed in TA and UVRR studies."'"'> The absence of the
dynamics of tens of ps in TG results implies that the volume
change induced by the dynamics at tens of ps is small com-
pared to that induced by the dynamics at 1.7 ps. One cannot
rule out the possibility that the observed dynamics of the TG
signal at 1.7 ps is due to the transition between the tertiary
forms within a given quaternary state. The studies on the
kinetics of Hb by using sol-gel encapsulation’®*' showed that
Hb trapped in gel matrices has the high- and low-affinity states,
suggesting that there are tertiary forms having different ligand
affinities in a given quaternary state. In addition, a theoretical
study of R-T transition supported the results of the encapsula-
tion studies by suggesting the tertiary and quaternary structural
changes in the R-T transition can be uncoupled.?” However, the
volume change of the quaternary structural change should be
larger than that of the tertiary structural change, and for this
reason we suggest that the dynamics at 1.7 ps is due to the
quaternary structural change of the R-T transition rather than
the tertiary structural change within a given quaternary state.
Our interpretation of the dynamics at 1.7 pus is in contrast to
the results reported by previous studies using the TA technique.
The studies using TA spectroscopy in the 1970s and 1980s
suggested that the decaying kinetics at several tens of ps is due
to the R-T transition because the TA spectrum corresponding to
that time scale is very similar to the difference spectrum between
the absorption spectra of the R and T states.”> Meanwhile, the
faster relaxation observed within the sub- ps to a few ps time
range was assigned to the tertiary structural change.” Later, other
studies using TA spectroscopy, singular value decomposition
(SVD) and kinetic modelling suggested that the fast relaxation
occurring within a few ps could also be related to the R-T
transition although the slow dynamics at the tens of ps time
scale was interpreted as the major quaternary structural change
due to the R-T transition.® In contrast to the results obtained
by TA experiments, in the studies using time-resolved optical
rotatory dispersion (TRORD)® and time-resolved circular disper-
sion (TRCD)," the spectral change occurring within ~1 ps time
scale was observed and interpreted as the movement of several
amino acid residues located near the dimer-dimer interface
associated with the R-T transition. Similarly, in a study using
time-resolved magnetic circular dichroism (TRMCD),'® a shift in
the tryptophan MCD band with a time constant of 2 ps was
observed and interpreted as evidence for the appearance of a
T-state hydrogen bond (Trp p37-Asp 294). On the other hand, in
the studies using TR-UVRR spectroscopy, the biphasic structural
changes of the hydrogen bonds in the dimer-dimer interface,
which are known as the hinge contact and switch contact
formations, respectively, were observed and assigned to the
R-T transition.”""">?® According to this assignment, the hinge
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Fig. 4 Kinetic model that is compatible with the TG signals. The process
represented by a dotted arrow was detected using TA spectroscopy but
not the TG technique.

contact was made within a few ps and then the switch contact was
formed within tens of ps. Recently, the studies using TR-WAXS
technique, which can monitor the conformational changes of
various biomolecules occurring in the solution phase,>*'>*7*
revealed that the significant scattering signal change was observed
mainly at a few ps time scale and assigned to the R-T transi-
tion.>*'® Moreover, a theoretical study using the conjugate peak
refinement (CPR) method exhibited that the tertiary and quaternary
transitions from T to R states were not coupled with each other and
that the quaternary structural changes occurred in two steps, ie.,
Q1 and Q2.** In the direction from R to T, the faster Q2 step
induces a larger structural change than the slower Q1 step. These
theoretical and experimental results are consistent with our results
presented herein. Therefore, we conclude that the dynamics at
1.7 ps observed in the TG experiments is due to the quaternary
structural change accompanied by the R-T transition, which leads
to a large volume change.

In summary, we studied the quaternary structural change of
Hb using the TG technique. The data presented herein demonstrate
that the dynamics at ~2 ps observed in the TG experiment is due to
the volume change caused by the quaternary structural change of
Hb. This indicates that the dynamics at ~2 ps corresponds to the
fast step of the R-T transition, leading to a major quaternary
structural change of Hb as shown in Fig. 4.
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