
DOI: 10.1002/cphc.200900822

Protein Conformational Dynamics of Homodimeric Hemoglobin Revealed
by Combined Time-Resolved Spectroscopic Probes

Jungkweon Choi,[a] Srinivasan Muniyappan,[a] John T. Wallis,[a] William E. Royer, Jr. ,[b] and Hyotcherl Ihee*[a]

Allostery is an important mechanism to control protein activity
through a series of discrete conformational changes that alter
the oligomeric protein structure and ligand affinity. In this
regard, the homodimeric hemoglobin (HbI, see Figure 1) from

the invertebrate Scapharca inaequivalvis is the simplest protein
to study allostery and cooperative ligand binding because of
its homodimeric structure when compared with the tetrameric
mammalian hemoglobin (Hb), a standard paradigm for study-
ing the allosteric regulation.[1] Here we report that a combina-
tion of time-resolved spectroscopic probes is necessary to pro-
vide convincing and comprehensive assignments of protein ki-
netics. Our comparative results using both transient absorption
spectroscopy and transient grating techniques show that tran-
sient absorption spectroscopy is sensitive to the protein relaxa-
tion that takes place in the heme environment of proteins, but
can be blind to the overall quaternary structural change.

HbI shows highly cooperative ligand binding with a Hill co-
efficient of 1.5 and mainly tertiary structural changes rather

than quaternary structural changes due to the ligand bind-
ing,[2, 3] whereas the cooperativity of Hb reveals large quaterna-
ry structural as well as tertiary structural changes.[4–7] For in-
stance, after the photodissociation of the ligand, allosteric
changes in HbI are tightly coupled with tertiary structural
changes that include the heme–heme interaction due to the
relocalization of the heme groups,[8, 9] the reorganization of in-
terfacial water molecules at the subunit interface[10] and the F
helix phenylalanine flipping.[9–11] For the quaternary structural
changes, a small subunit rotation of 3.38 is estimated to occur
based on the comparison of the static X-ray crystal structures
of the liganded and unliganded HbI.[8, 9] In time-resolved X-ray
crystallographic studies,[12] a HbI mutant (M37 V) with lower
geminate rebinding was used and thus the yield of the struc-
tural transition is higher than with the wild type. Although the
mutant has an enlarged distal pocket, it maintains cooperative
ligand binding and undergoes the same ligand-linked structur-
al transitions as wild-type HbI.

In this study, the conformational dynamics and thermody-
namics of HbI in solution phase have been investigated using
time-resolved photothermal spectroscopic techniques such as
the laser-induced transient grating (TG) and photoacoustic (PA)
calorimetric techniques as well as the typical transient absorp-
tion (TA) spectroscopy. The TG technique is a powerful tool to
monitor the spectrally silent dynamics such as changes in mo-
lecular energy, volume or interactions during chemical reac-
tions.[13–16] It had been accepted that the transition from R
state (oxy-form) to T state (deoxy-form) of HbI in solution
phase takes place at a rate of 0.5–2 ms. In this study, however,
we found ~1.4 ms kinetics, which is observed by both the TA
and TG techniques, may be attributed to the absorption
change of the heme group in HbI rather than the full R–T tran-
sition of HbI. Furthermore, the quantitative analysis of TG sig-
nals reveal a new dynamics of ~8.7 ms, which was not ob-
served by the TA technique and may be attributed to the mo-
lecular volume change due to the R to T quaternary structural
change. PA and TG measurements of the volume changes as-
sociated with these processes allow us to link the two process-
es to the entry of water molecules into the dimeric interface.
In addition, from the measurement of the temperature-de-
pendent TA and PA signals, we also determined the thermody-
namic properties for the formation of the tertiary HbI inter-
mediate upon the photodissociation reaction of HbICO. Our re-
sults show that the combination of complementary probes
allows a more convincing and comprehensive assignment of
the observed timescales to tertiary and quaternary structural
transitions and corrects some of previous kinetic assignments,
underscoring the importance of employing combined probes.

Figure 1. Crystal structure of a) R-state (PDB code: 3SDH) and b) T-State
(PDB code: 4SDH) showing the heme (stick model-violet), subunit interface
water molecules (wire mesh model-sky blue) and two CO molecules (space
filled model-yellow).The helices B and F are highlighted in red and orange
respectively and the key residues Phe97 (Blue) and Met37 (Bluish grey) are
represented by a stick model.
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Figure 2 a shows TG signals of HbI after photoexcitation of
HbICO at various q2 values. All TG signals for the HbI samples
rise quickly after photoexcitation within the instrumental re-
sponse time of our system and then reveal a weak slowly
rising component. The signals then show a decay component
on a few-microseconds timescale, again rise within several ten
microseconds and finally decay to the baseline with a lifetime
of milliseconds. Considering the thermal diffusivity in the ex-
perimental condition, the dynamics observed in the few-micro-
second timescale should include the contribution of the ther-
mal grating produced by the thermal energy coming from the
nonradiative transition and the enthalpy change of the reac-
tion. An initial attempt to fit the TG signal with a simple equa-
tion revealed that the rate constants of two fast components
show a constant value regardless of q2, meaning that these dy-
namics are the reaction kinetics followed after the photodisso-
ciation of the CO ligand, not those of the diffusion processes
of chemical species involved in the photodissociation reaction
of HbICO. From the q2 dependent TG signals as depicted in
Figure 2 a, the slower dynamics (~ submillisecond and millisec-
ond) is attributed to the diffusion processes of species such as
HbICO, HbI and CO. Since the molecular sizes of HbI and
HbICO are very similar, the diffusion coefficients of two species
are similar (DHbI�DHbICO). The constant background between
fast dynamics and slow dynamics reflects the dkHbI component,
(see Supporting Information for details), which can be attribut-
ed to an absorption change of the band III of the protein
(HbICO!HbI + CO). We fit all TG signals by minimizing the dis-
crepancy between the experimental curves for all q2 values
(global fitting analysis) and theoretical curves represented by
Equation (1) [see the Supporting Information for details]:

ITG ¼ a
dnth expð�Dthq2tÞ þ dnf1 expð�kf1tÞ

þdnf2 expð�kf2tÞ � dnCO expð�kCOtÞ þ dnHbI expð�kHbItÞ

" #2

þb dnHbI expð�kHbItÞ½ �2

ð1Þ

where kf1 and kf2 are the rate constants of the two fast compo-
nents.

The results of a global fitting analysis are depicted in Fig-
ure 2 a. The observed TG signals are well reproduced by Equa-
tion (1). From the result of the global fitting analysis, two rate
constants of the q2-independent components (kf1 and kf2) are
determined to be 7.4�2.0 � 105 s�1 (1.4�0.4 ms) and 1.2�0.6 �
105 s�1 (8.7�4.3 ms), respectively. The diffusion coefficients of
CO and HbI are determined from the plot of the decay rate
constants, kCO and kHbI, from the fitting of the species grating
signal as a function of q2 by using Equation (S6) in the Sup-
porting Information. As shown in Figure 2 c, both rate con-
stants show a good linear relationship against q2. From the
slope of the plot, the diffusion coefficients of CO and HbI are
calculated to be 1.6 (�0.4) � 10�9 m2 s�1 and 0.74 (�0.03) �
10�10 m2 s�1, respectively. Furthermore, the intercept of the plot
at t= 5.3�0.4 ms represents the CO ligand recombination
rate. The observed DCO (1.6 � 10�9 m2 s�1) is consistent with that
of CO reported previously (1.46~3.1 � 10�9 m2 s�1).[15, 17] On the
other hand, the DHbI (0.73 � 10�10 m2 s�1), determined from the
TG method, is compared with that calculated from the molecu-
lar weight of HbI (MHbI : ~32.1 kDa). Young et al. reported that
the size and volume of a protein can be determined from its
molecular weight because the partial specific volume of a pro-
tein has a mean value of 0.73 cm3 g�1, and they proposed the
empirical Equation (2) to calculate the diffusion coefficient of a
protein.[18]

D ¼ 8:34� 10�8 T
hM1=3ð Þ ð2Þ

where T is temperature, h is the solvent viscosity and M is the
molecular weight of a protein. From Equation (2), the diffusion
coefficient of HbI is calculated to be ~0.75 � 10�10 m2 s�1. This
value is consistent with that of the HbI determined from TG
signals (0.74 � 10�10 m2 s�1).

Here, we consider the origins of two rate constants (kf1 and
kf2) observed in the few-microsecond time region. Candidate
processes responsible for these (1.4 ms and 8.7 ms) are as fol-
lows: 1) the geminate recombination of the CO ligand, 2) the
tertiary structural changes such as the relaxation of the heme
propionate groups toward their T-state and packing of the F4
Phe in contact with the heme, or 3) the quaternary subunit ro-
tation from R state to T state. It has been widely accepted that
the R–T transition of HbI in solution takes place with a rate of
0.5–2 ms based on the TA signals.[19, 20] Chiancone and cowork-
ers reported[19] that after the photoexcitation, 5 % of the disso-
ciated CO ligand geminately rebinds to iron with the rate con-
stant of 1.4 � 107 s�1 (71 ns), and there is an absorbance
change of deoxyHbI following photolysis at a rate constant of
1.2 � 106 s�1 (0.83 ms). Nichols and co-workers reported[20] that

Figure 2. a) Time profiles of the transient grating signals after photoexcita-
tion at 532 nm of HbICO in a 100 mm phosphate buffer (pH 7) at various q2

ranges (from top to bottom, q2 = 6.42, 5.10, 4.55, 3.00, 1.50 and
0.82 � 1012 m�2). The theoretical fits obtained from the global fitting analysis
are shown in red. The observed TG signals are well reproduced by Equa-
tion (1). b) Decomposition of the components of the TG signal at
q2 = 1.50 � 1012 m�2 according to Equation (1). c) Plots of the decay rate con-
stants, kCO (black circle) and kHbI (red circle), of the TG signals against q2.
From the slope of the plot, the diffusion coefficients of CO and HbI are de-
termined to be 1.6�0.4 � 10�9 m2 s�1 and 0.74�0.03 � 10�10 m2 s�1, respec-
tively. Furthermore, the intercept of the plot at t~5.3�0.4 ms represents
the CO ligand recombination rate.
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the absorbance change associated with the allosteric transition
between R and T states occurs with a rate constant of 2 �
106 s�1~5 � 105 s�1 (0.5–2.0 ms). Rousseau and co-workers re-
ported[21] that the transient form relaxes to the deoxy structure
concertedly with a half-life of
1 ms, and attributed this time-
scale to tertiary relaxations. In
order to further examine the
conformational dynamics of HbI
following after the photodissoci-
ation of CO ligand, we conduct-
ed our own TA experiment in a
100 mm phosphate buffer solu-
tion (pH 7) at 298 K and the
result is depicted in Figure 3.

The temporal profile of the absorbance change in the TA
signal can be well expressed by a biexponential function with
relaxation times of ~1.8�0.1 ms and 3.3�0.1 ms. The relaxa-
tion time of ~1.8 ms is consistent with that determined from
the TG method (~1.4 ms) within an experimental error, indicat-
ing that both dynamics share the same origin. The slow dy-
namics (3.2 ms) is due to the bimolecular recombination of CO

and HbI. On the other hand, the temperature dependence on
the TA signals captured the geminate recombination of the CO
ligand that occurs within a rate constant of 9.9 (�8.5) � 106 s�1

(~101 (�87) ns) at 288 K (Table 1). This result indicates that

both dynamics (1.4 ms and 8.7 ms) observed from the TG signals
of HbI are not due to the geminate recombination of the CO
ligand. Recently, time-resolved crystallographic experiments[12]

show that the tertiary allosteric transitions occur in a concerted
fashion in crystalline HbI with a rate constant of 6.5 � 104 s�1

(15.4 ms) and precede the subunit rotations that characterize
the full R to T transition. These structural transitions observed
in the crystalline state appear to correspond to the ~1.4 ms dy-
namics of HbI in solution determined in the TG and TA meas-
urements. Although the tertiary structural change observed in
single crystals is an order of magnitude slower than that in sol-
ution phase, this difference is probably due to the tight pack-
ing in the HbI crystals (43.7 % solvent). Therefore, considering
the previous studies and our experimental results, the ~1.4 ms
kinetics, which is observed by both the TA and TG techniques,
may be attributed to the absorption change of the heme
group related with the tertiary structural change rather than
the quaternary structural change.

This is against the widely accepted previous assignments of
0.5–2 ms kinetics to R–T quaternary structural transition.[19, 20] In-
stead we suggest that the dynamics of ~8.7 ms, which is not
observed by the TA technique, should be attributed to the mo-
lecular volume change due to the quaternary structural
change from R state to T state. This proposed separation of the
tertiary structural transitions from the quaternary subunit rota-
tion is supported by time-resolved crystallography studies[12] in
which Knapp et al. observed that the T to R subunit rotation
substantially lags formation of the tertiary T-state, with only
partial rotation (0.68) towards the T-state occurring by 80 ms in
crystalline HbI. The difference in the R–T transition dynamics
observed in solution and in crystalline state may be due to the
molecular contacts in the single crystal that can slow the qua-
ternary transition of HbI. Furthermore, we could not observe
any slower quaternary relaxation following the dynamics of
~8.7 ms. Thus we suggest the dynamics at ~8.7 ms is due to
the R–T transition which is the final stage of the conformation-
al dynamic of HbI. It is worth noting that the two dynamics of
~1.4 ms and ~8.7 ms (kf1 and kf2) have a negative sign of the re-
fractive index change (dnf1 and dnf2<0) as depicted in Fig-
ure 2 b. The negative dnf1 and dnf2 decay over time, indicating

Figure 3. a) Time profiles of the transient absorption signals after photoexci-
tation at 532 nm of HbICO in a 100 mm phosphate buffer (pH 7) at various
temperatures (from top to bottom, T = 275, 283, 288, 293, 295 and 298 K).
The theoretical fits are shown in red. The temporal profile of the TA signals
measured at 298 K can be expressed by a bi-exponential function with relax-
ation times of ~1.8�0.1 ms and ~3.3�0.1 ms. b) The plots show the tem-
perature dependence of three rate constants determined from the fitting of
TA signals (t1: black, t2 : red and t3 : blue).

Table 1. Decay times (t) with pre-exponential factors (a) for HbI from TA signals measured at various tempera-
tures at monitoring wavelength 435 nm.

Temp. [K] a1 t1 [ns] a2 (�0.01) t2 [ms] a3 (�0.01) t3 [ms]

275 0.04�0.01 387�122 �0.06 9.80�0.67 0.49 11.8�0.1
283 0.06�0.02 208�72 �0.08 7.90�0.41 0.56 7.5�0.1
288 0.07�0.09 101�87 �0.08 4.14�0.24 0.57 5.7�0.1
293 – – �0.08 3.11�0.16 0.59 4.4�0.1
295 – – �0.09 2.31�0.12 0.65 3.8�0.1
298 – – �0.09 1.81�0.10 0.66 3.3�0.1
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that the absorption change of the heme group due to the ter-
tiary structural change of HbI (corresponding to dnf1) and the
R–T transition (corresponding to dnf2) after photoexcitation of
HbICO causes the volume contraction of protein solution in
both processes. Also the magnitude of dnf1 is larger than that
of dnf2 by a factor of 3.5, indicating that the volume contrac-
tion is larger for the first process (~1.4 ms) than the latter
(~8.7 ms). This volume contraction will be discussed in detail in
the next section.

Our comparative results using both TA and TG techniques
show that the TA signal is very sensitive to the protein relaxa-
tion that takes place in the heme environment of proteins, but
can be blind to the overall quaternary structural change. In ad-
dition the fact that the 8.7 ms kinetics observed in the TG
signal but not in the TA signal provides additional evidence
that the quaternary structural change does not involve signifi-
cant change in the heme environment.

Time-resolved photothermal spectroscopic techniques such
as the TG and PA methods are useful tools to measure the en-
thalpy change (DH) and the volume (DV) change that occur
due to optical absorption. In order to elucidate the thermody-
namic properties of HbICO, we measured the photoacoustic
signals of HbICO and a reference sample (CoCl2) as a function
of temperature using the PA method. Figure 4 shows the rep-
resentative photoacoustic signal of HbICO and CoCl2. The simi-
larity and lack of time shift of the wave-shape for both the
sample and reference indicates that only one kinetic process is
visible in the experimental time window. From the intercept
and slope of the plot of f·Ehn versus Cp1/b, we obtained the
values of DH = 6.8 (�0.1) kcal mol�1 and DV = 0.12 (�0.07)
mL mol�1 for HbICO, indicating that the photodissociation re-
action of HbICO is an endothermic reaction and induces a very

small volume change. Due to the maximum available time
delays (2 ms) for the PA measurement, the obtained DH and
DV values conveniently correspond to the ~1.4 ms process that
we attribute to formation of a tertiary T-state.

Here, the reaction enthalpy change for photodissociation of
CO from HbI (DH = 6.8 kcal mol�1 at pH 7) can be described as
DH =DHstruct + DHFe�CO, where DHstruct represents the enthalpy
change associated with the protein structure relaxation and
DHFe�CO is the enthalpy change for the Fe�CO bond cleavage
and CO solvation upon entering the bulk solvent. Lawsen and
Miksovska reported[22] that the CO-releasing process from a
water soluble FeII meso-tetrakis(4-sulfonatophenyl)-porphyrin
(FeII

4SP) having a water molecule (H2O)(FeII
4SP) induces the en-

thalpy change of 20�4 kcal mol�1. Using a DHFe�CO of
20 kcal mol�1, DHstruct is determined to be �13 kcal mol�1 at
pH 7.

In addition, the reaction volume change (DV) can be ex-
pressed as DV = VCO + VHbI + Water�VHbICO + Water, where VHbI + Water is
the partial molar volume of the HbI solution and VHbICO + Water is
the partial molar volume of the CO-bound HbI solution. VCO

represents the partial molar volume of CO reported previous-
ly[17] to be 35 mL mol�1. From the observed DV of
0.12 mL mol�1 at pH 7, we estimate that the structural relaxa-
tion accompanying the ligand dissociation (DVstruct =

VHbI + Water�VHbICO + Water) induces a volume decrease of approxi-
mately �70 mL mol�1 at pH 7. This large volume change associ-
ated with the 1.4 ms is consistent with the negative dnf1 ob-
tained from the TG signals, and is probably due to the entering
of solvent water molecules into the dimeric interface as the
side-chain of Phe97 (F4) moves from the dimeric interface into
a hydrophobic protein cavity. Based on static crystallography
measurement Royer and co-workers reported[10] that after the
dissociation of the CO ligand, six water molecules enter into
the subunit interface and an additional two water molecules
bind to the distal histidine in the heme pocket. Furthermore,
they also reported from solution osmotic experiments, about
six water molecules bind to the protein upon dissociation of
the oxygen ligand, in good agreement with the eight expected
based on the crystal structures. These results imply that the
large volume contraction due to the structural relaxation of
HbI accompanying ligand dissociation is mainly due to the
taking of water molecules into the dimeric protein structure
from the outer solvent. As we noted, the dnf2 has a smaller
magnitude than dnf1 as a factor of 3.5, indicating that the proc-
ess associated with dnf2, the 8.7 ms that we attribute to the R–T
transition, involves relatively smaller volume contraction. We
suggest that formation of the tertiary T-state involves addition
of most of the new water molecules, perhaps six, but that the
quaternary subunit rotation may be required for binding the
final T-state water molecules. Inspection of a model for the ter-
tiary T-state reveals close contacts for interface T-state water
molecules binding near the heme propionates that could pre-
vent binding of the last two water molecules until the quater-
nary transition occurs. Assembly of the complete interface T-
state water cluster may provide some of the driving force for
the quaternary transition.

Figure 4. a) PA signals after the photoexcitation of HbICO (black) and the
calorimetric reference (red) in a 100 mm phosphate buffer (pH 7). b) Plot of
f·Ehn versus Cp1/b for the photodissociation of CO from HbI in a 100 mm

phosphate buffer (pH 7).
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We also measured the poten-
tial energy barrier for the confor-
mational dynamics of HbI fol-
lowed by the dissociation of CO
ligand using the TA method. To
determine the energy barrier for
the conformational dynamics of
HbI, TA experiments were carried
out at various temperatures as
shown in Figure 3 b. The tempo-
ral profile of the absorbance
change in the TA signal in the
low temperatures can be well
expressed by a tri-exponential
function, while the temporal
profile of the absorbance
change in the TA signal at the
higher temperature range can
be well expressed by a bi-expo-
nential function. The analyzed
decay times for TA signals are
summarized in Table 1. As ex-
plained previously, t1, t2 and t3

are due to the geminate recom-
bination of the dissociated CO
ligand, the absorption change of
the heme group in HbI followed
by the photodissociation of the
CO ligand and the bimolecular
recombination of CO and HbI, respectively. Using the Eyring
equation, ln(k/T) =�(DH�/RT) + ln(kB/h) + (DS�/R), the activa-
tion enthalpy (DH�) and the activation entropy (DS�) for the
absorption change of the heme group in HbI are determined
to be 11.9�1.5 kcal mol�1 and 7.5�0.7 cal mol�1 K�1, respec-
tively. Furthermore, the energy barriers for the geminate re-
combination of CO ligand are DH� = 14.4�2.7 kcal mol�1 and
DS� = 23.5�3.2 cal mol�1 K�1.

In conclusion, we have studied the conformational dynamics
and thermodynamics of HbI, which is an excellent model
system for studying the allosteric regulation and cooperative
ligand binding with combined probes of TG, TA and PA techni-
ques. Our study combining TG, TA and PA methods and previ-
ous studies allow us to propose comprehensive reaction path-
ways for the R–T transition of HbI as shown in Figure 5. Upon
CO photodissociation of HbICO, some of HbI survive from the
fast geminate CO recombination and form a tertiary T-state
with the time constant of ~1.4 ms. In this process the heme re-
laxation occurs and water molecules enter the subunit inter-
face. This intermediate undergoes further subunit rotation to
form the T-state HbI with the timescale of 8.7 ms. The quaterna-
ry subunit rotation may be required for binding the final T-
state water molecules. Both processes are captured in the TG
signals but only the 1.4 ms is visible in the TA signal. Our com-
parative results using both TA and TG techniques show that
the TA signal is sensitive to the protein relaxation that takes
place in the heme environment of proteins, but can be blind
to the overall quaternary structural change.

Experimental Section

The HbI was over-expressed in Escherichia coli and purified as de-
scribed previously.[23] HbICO was prepared by the following
method. A HbI solution in 100 mm phosphate buffer (pH 7) was
put into a rubber-topped air-tight quartz cuvette (optical path
length = 2 mm) and the concentrations of HbI were adjusted to be
0.5 mm. The HbI is reduced by adding 10 mL of 1 m sodium dithion-
ite solution to the HbI solutions under a nitrogen atmosphere. CO
gas was passed over the reduced samples for 30 min to convert
HbI to the CO-bound HbI (HbICO). The sample solutions were pre-
pared just before measurement.

The experimental setups for the TG, TA and photoacoustic experi-
ments are similar to those reported previously.[24–32] More details
are provided in the Supporting Information.
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