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Abstract: The energetics and structural volume changes after photodissociation of carboxymyoglobin are
guantitatively investigated by laser-induced transient grating (TG) and photoacoustic calorimetric techniques.
Various origins of the TG signal are distinguished: the phase grating signals due to temperature change, due
to absorption spectrum change, and due to volume change. We found a new kinetic6mhs (at room
temperature), which was not observed by the flash photolysis technique. This kinetics should be attributed to
the intermediate between the geminate pair and the fully dissociated state. The enthalpy of an intermediate
species is determined to be 6110 kJ/mol, which is smaller than the expected-BZO bond energy. The
volume of MbCO slightly contracts (% 3 cn/mol) during this process. CO is fully released from the protein

by an exponential kinetics from 25 te2 °C. During this escaping process, the volume expands by 47
cm¥/mol at room temperature and 34 10 kJ/mol is released, which should represent the protein relaxation

and the solvation of the CO (the enthalpy of this final state ist4Z0 kJ/mol). A potential barrier between

the intermediate and the fully dissociated statAl$" =

41.3 kJ/mol andASF = 13.6 J mot! K—L. The TG

experiment under a high wavenumber reveals that the volume expansion depends on the temperature from 25
to —2 °C. The volume changes and the energies of the intermediate species are discussed.

1. Introduction

Knowing the relationship between the structural properties

Studies of the reaction kinetics at low temperatures showed that

there are several intermediates during the course of the overall
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protein structure has to change if the ligand is removed from

the protein. This photoreaction can be used, therefore, to trigger

a perturbation to the protein by pulsed laser light.
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dissociation kinetics and subsequent protein deformatigh.
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process from the liganemetal bond dissociation to the ligand  structural dynamics of some photochemical reactféizHere,
escape from the protein. However, at ambient temperature inwe apply this new TGPAC hybrid method to a biological
water, the kinetics and the features of the multiple intermediate molecule for the first time in order to analyze the structural
states have not been elucidated well except for a 180 ns geminatend energy dynamics of the MbCO protein after the photodis-
recombination kinetic&.Furthermore, although the absorption sociation of CO within a time window of 10 ns to a few
spectroscopic studies revealed structural changes around thenilliseconds. Miller and co-workers have studied extensively
heme chromophore, the structural change in the other part, inthe protein dynamics of MbCO using the TG method in a few
particular, the dynamics of the protein structural dynamics, has nanoseconds time sc#lé!28and later extended the observations
been less clear. Information regarding the energies of the to a microseconds to milliseconds time raRgelowever, a full
intermediates is very important, but our knowledge in this analysis of the signal in the long time range has not been
respect is very limited, even after the long history of the Mb performed. We have focused our attention on quantitative
studies. These difficulties may be solved by using a time- investigations in a longer time scale, where the dynamics of
resolved spectroscopy that does not use the optical transitionthe protein’s backbone structure becomes important.

of the heme. The time-resolved photoacoustic calorimetric

(PAC) method is one such technique. Peters and co-workers2, Experimental Section

used this method to study the Mb dynamié$>1415From the

analysis of the waveforms at various temperatures, the presence The experimental setups for the TG and PAC experiments were
of an additional intermediate species was suggested. Howevereported previousl§ = Briefly, the second harmonics of a Nd:YAG
because of inherent limitations of the PAC method as described!aser (Spectra Physics, GCR170) was used for the excitation (pulse
below, the kinetics is not fully resolved. In this paper, we report V/dth ~10 ns). A diode laser beam (840 nm) or a-+hée laser beam

titative | tiati the d . f th tein of (633 nm) was introduced to the crossing region of the excitation beams
a quantitaive investigation on theé dynamics of the protein ot 5, ,, angle to satisfy the Bragg condition. The TG signal was isolated

horse heart carboxymyoglobin (MbCO) from 10 ns to mil- oy other scattered light by an interference filter and a pinhole
liseconds continuously after photodissociation of CO by a new (giameter~0.5 mm) and was detected by a photomultiplier (Hamamatsu
technique, the laser-induced transient grating (TG) and PAC R928). The repetition rate of the excitation was 3 Hz, which allows
hybrid method. the dissociated Mb to return back to the original MbCO.

Although the volume changéy) and enthalpy changéd)- We used mainly two different regions of the grating wavenumber,
are very fundamental quantities to characterize in any reaction, g; a relatively low value (4 10°—2 x 10° m~%) and a high value (8.4
it is rather difficult to obtain these quantities experimentally, x 10° m™?). For the measurement in the low-wavenumber region, the
in particular for irreversible reactions. PAC has been used to setup is essentially similar to that reported previod$i/The thermal
measure\V andAH of many irreversible reactiorié; 32 and it grating signal under this condition decayed with a rate constant 502

has been also applied to the study of protein dynamics of MbCO us. For the highg experiment, the three beams were focused by three

. cece separate lenses, and they were crossed at oné°sfiwe. crossing angle
pre;1/|oushly?°’11|vl4’15A (rj]|ff|culty 0:; the EA;C mﬁthOd’ howe_\l/)er, be?ween two excitation b):eams was abOLﬁ.EMdeTrntﬁese con%litiogns,
Is that the volume change and enthalpy change coniribute tothe thermal grating signal decayed very rapidly, with a lifetime of 70

the waveform simultaneously, and they have to be separated. g kinetics slower than this lifetime can be observed clearly without
This separation may be accomplished only by measuring the peing disturbed by the thermal grating component. The temperature of
temperature or solvent dependence of the PAC signal. If the the sample was controlled by flowing methanol from a thermostatic
volume change or enthalpy change is temperature dependentbath around a metal sample holder and measured with a thermocouple
the separation of these contributions is impossible. The tem-and a voltameter. The fluctuation of the temperature during the
perature dependence of the volume change has not yet beemeasurement was typically smaller thaf.1°C. The experiments were
examined because of the lack of a proper methodology. repeated several times in different days, and averaged values were

Furthermore, if the kinetics is not exponential or there are more calculated.

than two kinetics in the reaction, the analysis is almost The second harmonics of a Nd:YAG laser was used for the PAC
impossible. It is not possible to tell whether the kinetics is experiment (spot size0.5 mm diameter). The created pressure wave
exponential from the observed waveform. Another serious after photoexcitation was detected by a piezoelectric transducer (a lead

o . . - . zirconate-lead titanate cylinder, Tohoku Kinzoku Co., N-6). The signal
(_j|ff_|culty is that the time WIndOW of the PAC method is rather was averaged by the digital oscilloscope and transferred to the computer.
limited (10 ns to a few microseconds).

: . S Malachite green (MG) in aqueous solution was used as a reference.
Using the TG signal, these difficulties can be overcome. The " e purpose of comparison with previous studies in which

time window of the TG method is quite wide, and the temporal deoxymyoglobin (Mb) was used as a calorimetric reference, we

development can be directly recorded. We have also (_jemon'confirmed that the TG signal of MG in aqueous solution was the same
strated thatAV and AH can be measured separately without as that of deoxymyoglobin (Mb) in the Tris buffer solution within our

changing the temperature, pressure, or sol¥bater, a TG- experimental accuracy. Malachite green (Exciton) was used as received.
PAC hybrid method was proposed to study the energies and  Myoglobin from horse muscle was purchased from Nakalai Tesque
(27) Zhao, X.; Wang, D.; Spiro, T. Gl. Am. Chem. S0d.998 120, Co. A 50 mM Tris buffer was used. The acidity was adjusted by adding
8517. hydrochloric acid to give a pH of 8.0. Small particles or dust in the
(28) Dek, J.; Chiu, H.-L.; Lewis, C. M.; Miller, R. J. DJ. Phys. Chem. solution was removed by filtering the solution through a membrane
B 1998 102 6621. filter. The solution was prepared just before each experiment first by

(29) Dadusc, G.; Goodno, G. D.; Chiu, H-L.; Ogilvie, J.; Miller, R. J. deoxygenation using the nitrogen gas bubbling into the solution for 20

D. (lgg)‘]s'irigﬁmjlggg %sété?slk 3. Am. Chem. Sod983 105 5156 min. Mb was then reduced anaerobically using a slight excess of sodium

Bonetti, G.; Vecli, A.; Viappiani, CChem. Phys. Lettl997, 269, 268. ditionite, and carbon monoxide was passed over for 20 min to yield
Hung, R. R.; Grabowski, J. J. Am. Chem. S0d.992 114, 351.

(31) Herman, M. S.; Goodman, J. L.Am. Chem. So4989 111, 1849. (33) Terazima, M.; Hirota, N. Zhem. Phys1991, 95, 6490. Terazima,
Herman, M. S.; Goodman, J. I. Am. Chem. S0d.989 111, 9105. Marr, M.; Hara, T.; Hirota, NChem. Phys. Letll995 246, 577. Hara, T.; Hirota,
K.; Peters, K. SBiochemistry1991 30, 1254. Malkin, S.; Churio, M. S; N.; Terazima, MJ. Phys. Chenil996 100, 10194. Yamaguchi, S.; Hirota,
Shochat, S.; Braslavsky, S. E. Photochem. Photobiol. B994 23, 79. N.; Terazima, M.Chem. Phys. Lettl998 286, 284.

(32) Schulenberg, P. J.; Braslavsky, S. EPiogress in Photothermal (34) Terazima, MJ. Phys. ChemA 1998 102 545-551.
and Photoacoustic Science and Technojdggndelis, A., Hess, P., Eds.; (35) Ukai, A.; Hirota, N.; Terazima, MChem. Phys. Let200Q 319,

SPIE: Bellingham, WA, 1997. 427. Ukai, A.; Hirota, N.; Terazima, Ml. Phys. Chem200Q 104, 6681.
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the CO form. The stage of ligation of the protein was checked before diffusion constant of the species). When the reactant is regener-
and after the experiment by measuring the optical absorption spectrum.ated from the product by a back reaction with a time constant
. kpack the decay of the TG signal is determinedbdg? andkpack

3. Analysis In the case of MbCO, MbCO is photodissociated to yield Mb
When two laser beams are crossed within the coherence timeand CO, and then Mb and CO recombine to recover MbCO.

an interference (grating) patterh.,j is created with a wave-  Three chemical species, MbCO, Mb, and CO, are involved in

numberg.3637The MbCO sample is photoexcited by this grating the species grating. D of MbCO is similar to that of Mb, the

light, and the photodissociation reaction is triggered. For an kinetics is written a¥

isotropic bulk phase under a weak diffraction condition, the TG

intensity (tc) is proportional to the square of the phase {s ONgpe= 0N, eXP(—Keot) + 0N, exp(—kyyt) 4)

the phase grating) and/or absorbano& (s the amplitude here on. is th fractive ind h induced by th
grating) differences between the peak-null of the grating where onco IS the re rf”‘c“"e index change induced by the
pattern® presence of CO andin, is a pre-exponential factor. The decay

rate constants are given by

_ 2
kCO - DCOq + I(back
i i _ 2
whereA andB are constants determined by the experimental Kb = Dy’ + Kopek
conditions. There are several origins for the phase and amplitude

gratings. After the optical excitation with a nanosecond laser yhereDco andDyy, are the diffusion constants of CO and Mb,
pulse, one of the dominant contributions is the temperature respectively. (Since the solution we used was saturated with
change of the medium induced by the energy from the cQ, the recombination kinetics is described by a pseudo-first-
radiationless decay of excited states and by the enthalpy changerder kinetics. This has been confirmed previously in this
of the reaction. The refractive index change due to this thermal temperature range @20 °C)2 and also by laser flash photolysis
grating, onu(t), is given by with observation at 633 nm.)
The amplitude grating consists of the periodic grating pattern
ong(t) = (dn/dT)/PCp [dQ(t)/dt * exp(— Dthqzt)] 1) of a chemical species absorbing the probe light. A mathematical
) o ) expression similar to eq 4 wheda is replaced byk gives the

wheresx is the convolution integral(t) is the thermal energy,  temporal profile. The contribution of CO vanishes in this case,
dn/dT is the temperature dependence of the refractive index, pecause CO possesses no absorption at the probe wavelength.
is the densityCy is the heat capacity at a constant pressure,  Here we briefly outline of the separation method. First, the
and D is the thermal diffusivity. When the energy-releasing  thermal grating signal can be separated from the other contribu-
process can be described by two steps, faster than our responsgons by using the characteristic decay rate constant. The thermal

lre = A(ON)* + B(0k)?
(5)

time and a single-exponential process with a lifetimespQ(t) grating decays witlDy0?, whereas the species grating decays
IS written as with keo or kup. Second, the amplitude’k) and phasedn)
_ _ - gratings can be separated by a signal simulation because the
Q) = Q + QJ1 — exp(-t/z)] @ phase grating signal should show an interference effeéhgp

or dng, components, which consist of only the phase grating.
Third, dnpop always accompanies the absorption change of the
sample. Hence, if no absorption change is detected, the observed

_ _ 21 Ongpe Should come fromdon,,. The volume change can be
Oy (1) = { [AdTY/pCoH{Q + Q1 tszq )} x calscpalated fromdnyer USing tf?le relationship
exp(-Dy ) — Qyl — 7D ) " exp(-tiz] (3)

Another important contribution comes from the change of
the absorption Spectrum of the solution by photochemica| where AN is the number of the reactive molecules in unit
reactions. The newly formed species and the depletion of the Volume, andv(dn/dV) is the refractive index change that results
original species contribute to the phase and amplitude gratings.from changing the molecular volum¥(dn/dV) was obtained
We have called this component the population grating. If the from the reported @/do (o is the density). Further details will
molecular volume of the intermediate or the product is different Pe given in the Results section.
from that of the reactant, the volume change will contribute to ~ The PAC signal reflects the pressure wave after the photo-
the phase grating and is called the volume grating. In this work, €xcitation, i.e., created by the thermal expansion and the
“the species grating” is used to describe both of these contribu- Structural volume change. The time profile is written as
tions. (The refractive index change by the species gratingd _
is defined bydNspe = ONpop + OMyel, WheredMyop andony e lpa(t) = {(0u/pCp) dQ()/dt + PAAV(D/di}xg(t)  (7)
the refractive changes due to the population and the volume
gratings, respectively.)

The species grating signal disappears after the destruction o
the spatially periodic pattern of the grating. Any random
movement anng the_grat_ing vector will destroy the signa_ll. When 4 Results
the molecular diffusion is the only source of destruction, the

grating pattern disappears with a rate constaa¥ (D is the 4.1. TG Signal of MbCO. First we qualitatively describe
the features of the TG signal after photoexcitation of MbCO in

whereQr and Qs are the thermal energies associated with the
fast and slow steps. In this caghy(t) is written as

on,,, = V(dn/dV)ANAV (6)

vol

where® is the quantum yield of the reactiony, is the thermal
fexpansion coefficientAV is the structural volume change, and
g(t) is the response function of the PAC detector.

(36) Eichler, H. J.; Guter, P.; Pohl, D. WLaser induced dynamic
gratings Springer-Verlag: Berlin, 1986. Fayer, M. Binnu. Re. Phys. (37) Terazima, MAdv. Photochem1998 24, 255.
Chem.1982 33, 63. Miller, R. J. D. InTime-resoled spectroscopyClark, (38) Terazima, M.; Okamoto, K.; Hirota, Nl. Phys. Chem1993 97,
R. J. H., Hester, R. E., Eds.; John Wiley & Sons: New York, 1989. 5188-5192.
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Figure 1. TG signals at 20C in a fast time scale after photoexcitation “©
of MbCO in buffer solution (broken line) and the best-fit signal by eq \/\\»\
17 (solid line). The excitation and the probe wavelengths are 532 and 0 ‘ ‘ \

840 nm, respectively. The TG signals from MbCO (broken line) and a
reference sample (Malachite green) (solid line) under the same
conditions are compared in the inset.

0 2 4
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Figure 2. (a) TG signal of MbCO in a long time scale (dotted line).
The species grating signal can be separated into phase grating (b, solid
line) and amplitude grating (b, dotted line) components. The best-fit
signal is shown by the solid line in (a).

buffer solution from tens of nanoseconds to tens of milliseconds
and then quantitatively analyze the signal in the next section.
Figure 1 shows the TG signal after the photoexcitation of MbCO
in buffer and MG in aqueous solution at 532 nm excitation and 250
20°C. The absorbance of MG at 532 nm was the same as that
of the MbCO solution. The photophysical process of MG has 200
been completely investigated, and it is well known that all of =
the photon energy is released to solution much faster than our BT
pulse width3® The decay of the TG signal from MG is due to
the thermal diffusion, and the rate is given b7 (eq 1).
The MbCO signal rises with a rate determined by the pulse
width, and then it decreases a little (not clearly seen at a high
temperature such as 20C, but it is apparent at lower 0 ‘ B
temperatures, which will be shown later). After the signal decays 0 1020 30 40 50 60 70 80
to a certain intensity, it shows a grevdecay dynamics with a q/(umy
constant background in this time scale. The TG signal of MbCO Figure 3. Decay rate constants of the species grating skgg(circles)
which decays with a rate similar to that from the reference andkws (squares) as a function of (q is the grating wavenumber).
sample (Figure 1) should be attributed to the thermal grating The solid lines are the lines fit by eqs-21 with the least-squares
component. The constant background in this time range shouldmethod. The slopes of the lines represent the diffusion constants of
be the species grating signal. The other contributions will be ese species, and the intercept indicaé@s The inset is the same
disentangled later. figure v_\nth an e_xpanded scale of the wavenumber axis. The _slope is
We found that the species grating signal intensity of the determined r_namly by the data set in the Iow:wavenumber region and
. . . .. ..~ that at the high wavenumbeq & 8.4 x 10° m™3).
MbCO sample was easily saturated by increasing the excitation
laser power, whereas the thermal grating signal was not. Thiseproduced by eq 4 and the amplitude grating. Using a least-
different power dependence is due to a multiphoton excitation squares fitting, the signal can be separated imoand ok
during the laser pulse. We measured the TG signal with the contributions (Figure 2b), and the decay rate constapésand
lowest laser power to avoid this effect. The square roots of the ka, are thus determined. Because the diffusion constant of CO
signal intensities (thermal and species gratings) were linear overshould be much larger than those of Mb or MbCDc¢ >
the energy range of 0:% uJ/pulse at the excitation spot size. Dwb), the fast-decaying component is attributed to the species
Figure 2 depicts a long time behavior of the TG signal of grating due to CO and the slower one to Mb and Mb@Qico
MbCO. In this photodissociation reaction, three species, MbCO, ~ Dwp). The negative sign obnco is consistent with our
Mb, and CO, can contribute to the species grating signal. MbCO Previous dat&® From the fitting, we found that the phase grating
and Mb produce both the phase and amplitude gratings. On thecontribution in the initial part of the signal is almost negligible
other hand, CO contributes only to the phase grating becauselONspe ~ 0) because of the cancellation betwekwo andon;
there is no absorption band at the probe wavelength. The (eq 4).
temporal profile of this species grating signal is almost perfectly ~ Figure 3 shows the plot of the decay rate constdais and
: : kmp, Obtained from the fitting of the species grating signal as a
c (839“1) %:Chhermd%r% gl%/gg”ég%%%glz&pgﬁ 247 Bseﬁéﬁ?octz’vp'ég%%n function of 2. Both rate constants show a good linear relation-

A.; Chem. Phys. Lettl976 38, 611. Lian, T.; Locke, B.; Kholodenko, Y.; ~ Ship againsi?, as expected from eq 5. The intercept of the
Hochstrasser, R. Ml. Phys. Chem1994 98, 11648. plot atz = 3 ms represents the ligand recombination rate (Mb
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amplitude grating signabkpop, should be constant during this
time range. We attribute the kinetics in the species grating signal
to the molecular volume change; that is, changing the molecular
structure forces the solvent molecules to move and consequently
causes variations of the refractive index of the solution, leading
to the so-called volume gratirfg.

Here we analyze the TG signal in the following way. We
describe the volume change by a two-step kinetics, fast and
slow (lifetime tg),

on,,(t) = cﬁnAVf + 5”Av5(1 — exp(=t/zy)
= 0nyy — 0Ny, exp(-t/zy) 8)

wherednay andonay,, are the refractive index changes induced
by the total and the slow (fast) volume changd¥ (= AV; +
AVy), respectively. The fast volume change takes place within
the excitation pulse width, in agreement with previous TG
0 5 4 6 2 studies?%-21.28.29From the analysis of the species grating in the
time/ps previous sectiomnsye= ONyop + ONav is Negligible in this initial
Figure 4. Observed TG signals of MbCO at various temperatures tMe range. Therefore, the time dependencémgeis given
(dotted line): 15.0, 7.0, and OS@. The best-fit signals by eq 17 are by
shown by the solid lines.

ONgpdt) = OMag(®) + ONg(1)
+ CO— MbCO) and is reasonably close to that measured by
the laser flash photolysis experiment probed at 633 nm under = — 0N,y exp(-tizy )
the same condition (2.8 ms). The diffusion constants of Mb and
CO are determined to H8co = (2.6 + 0.3) x 10°°m? s~ and Consequently, the TG signal in this time range should be
Dwb = (1.24 0.1) x 10719m2 s~1 from the slope of the plots.  expressed by
Dco from this analysis Dco = (2.6 & 0.3) x 10° m? s7?)
agrees with the previously reported valigcé= (3.4 &+ 0.7) lre = A[{(dn/dT)/pCH{ Qs + Q1 — tSDthqz)_l} X
x 1079 m? s71).33 This analysis of the diffusion constant also - _ _ 2 -1
supports our procedure for the separation of the each species in exp( Dthqzt) {(dn/dT)/p Cp} QL = 7Pu )~ x

the species grating signal. oy} exp(t/t)]*+ B(ok)?
4.2. Energies, Volume Changes, and the Kinetic¥he slow
rising of the initial part of the TG signal for MbCO (Figure 1) = { o exp(—Dy,at) — B exp(—t/r)} >+ B(Ok)> (10)

indicates the presence of a slow dynamics in a time scale of 10
ns to lus. To examine the dynamics more clearly, the TG signal The a andj values determined by the least-squares fitting of
of MbCO was measured as a function of temperature in the the signals at various temperatures are plotted in Figure 5a vs
range of 20 to—-2 °C. Some of the signals are depicted in Figure dn/dT. At the temperature ofddT = 0 (i.e., ony = 0), the
4. Since|dn/dT| of water decreases with decreasing temperature amplitude of the decaying component is givendmy,. Using
until T= 0 °C, the thermal contribution is expected to become the intensity,AVs was determined to be 14% 2 cn#/mol
minor at lower temperatures. The species grating signal intensity (volume expansion) with the reportéd/dp (p is the density)
(background signal in this time scale) remains almost constantof water®® If we assume thatAVs does not depend on
with decreasing temperature. This indicates that the quantumtemperature, then the slope @fof Figure 5a giveQs, which
yield of the photodissociation of CO is almost temperature is —17.4 kJ/mol éndothermic proce$s
independent in this range. On the other hand, the thermal grating We examine the temperature dependencA\gfexperimen-
signal intensity diminishes at lower temperatures, and anothertally by using the TG setup with the high wavenumbergAt
component becomes apparent beneath the thermal grating signaB.4 x 10 m~1, the thermal grating signal decays with a 70 ns
The decay of this component is well described by a single- lifetime, which is much faster than the volume change (700 ns
exponential function (vide infra). In the rest of this section, these at 20 °C). Hence, the volume chang®ay, can be directly
components are identified and quantitatively separated. observed at this high-wavenumber experiment without distur-
A simple interpretation of the fast-decaying component at 0 bance from the thermal component. The signal (Figure 6) rises
°C is the population grating associated with the decay of the initially fast (<10 ns) and then slowly. The signal then decays
intermediate species. To investigate the kinetics of the inter- with a rate constant of 700 ns at room temperature. The slow
mediate, we measured the transient absorption signal after therise represents the decay of the thermal grating signal, which is
photoexcitation of MbCO. The signal rises within the excitation destructively interfered with by the positive refractive index
pulse width and decays with the rate of the CO recombination change ofdns,e From the signal intensity decaying 700 ns
(2—3 ms). The transient absorption signal intensity detected (dny.), we can calculaté\Vs using the data of mdp (eq 6).
between 550 and 630 nm is almost constant within the 10 ns to Since the temperature dependencergtigis negligible within
2 us range. This observation is consistent with the previous this temperature range (less than 1)the relative signal
studies showing that the quantum yield of the cage recombina-intensities at various temperatures directly reflect the relative
tlpn I.S a§ low as 4%“6”.09' we Co.ndUde.that the Obser.ved (40) (a) Water, Franks, F.. Ed.; Plenum Press: New York, 1972; Vol.
kinetics in the TG signal isiot associated with the absorption 1 () The structure and properties of wateEisenberg, D., Kauzmann,
change. The population grating componeim,,, and also the W., Eds.; Oxford University Press: Oxford, 1969.
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Figure 7. Schematic decomposition of the observed TG signal. (a)
Figure 5. (a) Temperature dependencecofclosed circles)j (closed Contribution of the thermal grating (), (b) phase population grating
squares), andnay, (open squares) obtained from the fitting of the TG (dnyop), amplitude population gratingksop), and volume gratingdo).
signal with eq 17. The solid lines are least-squares fits of the data with The observed TG signal is a square of the total gratidféng, +

a linear function. (b) Temperature dependencesabtained from the ONpop + ONyol)? + B(Okpop)?)-

fitting of the TG signal with eq 17. The solid line is the best-fit line by

eq 18. We calculated)s and Qs from a and by taking into account

the temperature-dependeimiy, and found thaQs = +15 kJ/
30 — T T mol (exothermic proce3sUsing a photon energy d¢fv = 227
kJ/mol, we calculate the enthalpies of the firatH;) and the
second AHy) intermediates adH; = 61 4+ 10 kJ/mol andAHs
=46+ 10 kd/mol. The observed TG signal can be decomposed
into these contributionsd€in, ONvol, ONpop, OKpop) (Figure 7).

Apparentlyzs depends on the temperature (Figure 5b); for

example,rs = 700 ns at 20°C andzs = 2.7 us at 0°C. The
activation enthalpy AH¥) and activation entropyASf) of the
second step are determined from the temperature dependence
of 75 using eq 11,

I Jau
TG

05 0 05 L Ls 2 In{ kg Tz} = ASTR+ (—AH'/RT) (11)
time/us
Figure 6. Observed TG signal (broken line) after photoexcitation of \herekg is the Boltzmann constarty, the Plank constant, and
MbCO at high grating wavenumbeg ¢ 8.4 x 10° m™*) and the best- R the gas constant. The parameters/&r = 41.3 kJ/mol and
fit signal (solid ‘I‘ine) b): eq 17. Note that the signal rise in thisf case Agt — 136 J molt K-1 Although AH; from the TG
:ﬁ&r:f‘sggtse :ﬁﬁagfﬁ:yra?ef L?i;g%;?ﬁ%geritr"z% Ségnal becaygg is measurement and that from the PAC experiments are very
ge. different (section 5.1)AH* andASF are close to those reported
volume changes at those temperatures. Hence, the observegreviously from the PAC method with the two-decays model
temperature dependence of the signal intensity indicates that(AH* = 42.6 kJ/mol andAS" = 16.7 J mot? K~1).142
the volume change should depend on the temperature. Although The remaining unknown quantity i&V; after the previous
the experimental uncertainty of the absolute valuAéfis 2.0 simulations. Here we used the PAC methodAd:. The PAC
cm®¥mol, which mainly comes from the quantitative comparison signal from MbCO s fitted by eq 7 with the two kinetics as
of the TG signal intensity of the MbCO sample with that of the described above. More accurately than the commonly used
reference sample at room temperature, the relative volumeapproach for the fitting of the PAC signal, the fitting parameter
change at various temperatures can be measured more accuratelg only AV; in this case (Figure 8). The other parameters are
(£0.3 cn¥/mol). In all of the previous PAC studié&l1.141%he fixed to those determined from the TG analysis. Consequently,
volume change was assumed to be temperature independentye obtained the initial volume change to A¥; = —5.2 4+ 3
as will be discussed in section 5.1. However, we now found cm®¥mol
that AVs is 14.7 cn¥/mol at room temperature, and, using this The energetics and structural dynamics determined in this
value as a standard, it increases to 16.8.3 cn¥#/mol at 0°C. study are summarized in Figure 9.
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30 ; , (heme). The 180 ns kinetics probably reflects the diffusion time
of the CO out of the heme pocket, which should change the
electronic states of the heme. The large structural change (14.7
mL/mol at 20°C) and enthalpy change in the 700 ns kinetics
observed in the TG signal should be interpreted in terms of the
escaping process of the CO from the protein to solvent. It is
interesting to note that even the Raman scattering and IR
absorption due to the heme are not sensitive to this 700 ns
procesg425Taking account the two kinetics, we may have the
following series of events for the CO dissociation (Figure 9).
The CO is trapped in the heme pocket (Mb:CO) after the
Figure 8. PAC signal of MbCO (dotted line) and the reference (MG) breaking of the Fe CO bond. A lifetime of 180 ns corresponds
sample at 20C (broken line) excited at 532 nm. The best-fit signal of to CO displacement to another trapping site in the protein (Mb::
MbCO is shown by the solid line. CO); i.e., CO is located far from the heme. CO then diffuses
out with a 700 ns lifetime. This is consistent with the multiple-
Energy step scheme proposed for the recombination kinetics at low
‘r i temperatures.
} As an alternative explanation for the observed kinetics, it is
_|_y (MbCO) also possible that CO diffuses out from the protein with a
‘ AH=61 Kl/mol lifetime of 180 ns, and then a structural relaxation of the protein
follows in 700 ns. However, we should remember that the CO-
releasing process is a photodissociation reaction: one molecule
is split into two molecules, and the volume should increase. It

‘\, ~2ps
‘ AVy= - 5.2 cm¥/mol

180 ns 700 ns
3 v AHT=41.3 kJ/mol

is unlikely that this MbCO dissociation is not associated with
Mb:CO — AV¢=14.7 em3/mol the volume change or the enthalpy change. On the other hand,
hv Mp::CO \J AH=46 kJ/mol the transfer of the CO out of the heme pocket to another site in

the protein matrix would not change the protein structure
significantly and could involve only a small change in enthalpy
and volume. Itis not surprising that the TG signal is not sensitive
enough to detect this process.

Peters and co-workers first applied the PAC technique to the

23ms " Mb+CO

| Ve 97 em3 ol (VCO=35 em3/mol )
MbCO AVMb=-20 cm3/mol

Figure 9. Photodissociation reaction scheme of CO from MbCO. After . o . 14.15 .
photoexcitation to the electronic excited state of MbCO, the ligand photodissociation reaction of MbCO:“1*Analyzing the PAC

photodissociates from the heme within 2 ps; the ligand is first trapped waveform at various temperatures and assuming that the volume
in a heme pocket, and from there the CO can recombine to the hemechange and the enthalpy change do not depend on temperature,
again. With a rate constant of 180 ns, it moves to another trapping site they found that the intermediate species decays with a lifetime
from which it cannot recombine to the heme. This process does not Of 850 ns for the sperm whale MbCO and 900 ns for the horse
show energetic relaxation or volume change. The ligand escapes fromMbCO at 20°C (taken from the figures in refs 14 and 15). We
the protein to the solvent in 700 ns at room temperature. The kinetics pelieve that the kinetics determined from the PAC and from
can be expressed by a single-exponential function. The escaped COhe TG signals represent the same kinetics, because both

returns to Mb in~3 ms under this condition. techniques detect the structural and energy dynamics in com-
) . mon. The slightly different lifetimes may be caused by the fitting
5. Discussion uncertainty of the PAC analysis, which involves too many

5.1. MbCO — Mb::CO. The dissociation and recombination ~Parameters.
reaction of MbCO is one of the typical model systems and has Besides the slightly different rates between the PAC and the
been studied using various spectroscopies at various temperapresent study, there is a large difference\ir; (Table 1).AH;
tures in various solvents?2® After the photodissociation of CO = 26 kJ/mol was obtained for the horse MbCO akid; = 2.5
from the iron, the iron atom moves out of the plane of the kJ/mol for the sperm whale MbCO from the PAC analysis.
pyrrole nitrogen atoms very quicklys@ ps)!3 To account for ~ These values are surprisingly smaller than our determitéd
the recombination kinetics at low temperatures, three or four and also smaller than that anticipated for the formation of the
intermediates were proposed to intervene between MbCO andgeminate pair from a low-temperature kinetic analyaisi{ =
fully dissociated Mp:391213.1618.23-27 A5 3 nanosecond kinetics 76 kd/mol)? Westrick et al. postulated the breaking of an Arg-
of MbCO, Henry et al. reported a 180 ns decay in the transient 45 salt bridge to account for the smalH from the PAC
absorption signal at 22C with 4% geminate recombination —measuremerif:*415However, from our results, we do not need
quantum vyiel® The intermediate species is presumably the to consider the salt bridge breaking to accountAéf, although
geminate pair, where the CO is thought to be in the heme pocketthis salt bridge breaking could be possible.
(Mb:CO). We interpret the difference between this work and the

The initial structural and enthalpy changés<( 10 ns) are previous PAC studies again in terms of the fitting uncertainty
considered to represent the initial movement of the proximal of the PAC signal. The error ins could affect the other
His and the doming process of the heme plah&he 700 ns parameters in the PAC fitting, such &%/ and AH. Another
lifetime at 20 °C observed in the species grating signal is factor we should consider is the temperature change of the
different from the 180 ns kinetics of the geminate pair observed volume change. The thermal effect and the volume effect always
in flash photolysi$, suggesting that the intermediate is a species contribute to the PAC signal simultaneously. The PAC signal
different from the geminate pair. The time-resolved absorbance was plotted againsty,, which should be varied by changing
changes are sensitive only to changes around the chromophor¢he temperature, andH and AV were determined from the
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Table 1. Enthalpies AH/kJ molY) and Volume ChangesA\{/cm?® mol) of the Photodissociation of CO and; ®@om Ligated Mi&

buffer AHs AVi AHs AVs Ts ref
hMbCCO Tris 61+ 10 —5+3 46+ 10 14.7£2 700 ns this work
hMbCO phosphate 56.3 negative 11
swMbCO Tris 2.5 -9.2 47.5 5.8 850 ns (2TC) 15
hMbCO Tris 31 -1.7 60.5 13.8 900 ns (2) l4a
phosphate 37 -1.2 60.5 13
Tris 26 -1.9 67.2 13 900 ns (2%C) 14b
swMbCO 84 21
swMbGO, phosphate 73.5 17a
hMbO, phosphate 63 17a
hMbO, phosphate 73.5 17b
swMbG, Tris 22 17c
phosphate 31
180 19.3 16

aThe subscripts f and s denote the first and second intermediate states, respétiBly= horse Mb; swMb= sperm whale Mb.

slope and the intercept at, = 0. In this analysis, the volume  a strongly endothermic reaction. It is difficult to explain the
change must always be assumed to be temperature independengfficiency of CO escaping from the protein. On the other hand,

Here we found that the temperature dependenc&\bfs not our data indicate an exothermic reaction for this process, and
negligible for the Mb system. This temperature-dependent the efficiency of CO escaping from the protein can be explained.
volume change should cause a large errorskhandAV from AV during the Mb::CO— Mb + CO step is largely positive.

the PAC method. However, it should be noted that the molecular volume of the

Itis interesting to note that the energy of the first intermediate reaction is defined by the sum of the volumes of Mb and CO.
species determined here (60 kJ/mol) is smaller than the Fe The partial molar volume of CO in water has been measured to
CO bond enthalpy (105 kJ/mdl)This fact indicates that the be 36-37 cn¥/mol, which is larger tham\V.3341 Hence, the
protein structure is relaxed and stabilized after the CO dissocia-protein structure of Mb has to be contractedbg0 crni/mol
tion within 10 ns. This fast structural relaxation is consistent by releasing the CO to the solvent. This contraction could be

with the observed volume change in the initial stefb(cm/ related to a change in hydration of the protein, disappearance
mol) and also with the observations reported by Miller and co- of the protein cavity, or taking water molecules in the protein
workers?20.21.28 structure from the outer solvent. It has been reported that, after

Miller and co-workers extensively investigated the TG signal the dissociation of the ligand, a water molecule moves closer
after the photodissociation of MbCO in a fast time scale and to the iron atom and is hydrogen-bonded to His?4t is
extensively discussed the fast protein movend@#t>® From entirely possible that this movement could affect the molecular
the quantitative measurement of the thermal grating intensity volume change.
from MbCO in 75% glg/lceroI/ZS% water solvent, they deter-  The temperature-dependent volume change during this pro-
minedAH; = 84 kJ/mol* Our AHy (61 kJ/mol) is smaller than  cegs js an interesting phenomenon. The temperature dependence
this value. However, we recently found that the COI’]'FI’IbutIOﬂ of may come from the structural fluctuation of the protein part,
the volume change/(Vs) cannot be neglected, even in water  \yhich depends on the temperature. However, at present, the
glycerol mixture solvent. Furthermore, the protein dynamics in origin of the temperature dependence/df is not clear. We
the water-glycerol mixture solvent could be different from that = 5 how investigating this new observation by using other protein
in the buffer solution. These various factors may cause the S"ght(mutant Mb) systems. The results will be published elsewhere.

difference and will be re-examined in the future. . . .
. i An energy of 14 kJ/mol is released during the escaping
We observed a small molecular contraction during the MbCO process from the protein to solvent. The heat of the transfer of

aygtﬁg) p;?](éej;' Tglsfr((:)ir?nt?z ch_u_lfcssvg(y gﬁoe;'; 'fl'rk?irsn CO from the protein to water was estimated to be about 11
y P P P ’ kJ/moll! If this estimation is correct, the energy stabilization

dynamics proba_bly repr_esen'gs t_he doming process of the_ hemeof the protein part during the Mb::C& Mb + CO step is not
plane after the ligand dissociation as well as the relaxation of

the protein structuré? large but mostly comes from the solvation energy of CO.

It is important to point out that the refractive index change th V\lle W|IkI]_d|tscussf :Ee ||\(/I|Eettlc<sj'0f the volume Cht_arr?f f|rt1_aIIyH In
aroundt = 0 from our TG analysis is positive, e long history of the studies, nonexponential kinetics have

been frequently observed. The nonexponential features in the
on=on,(t=0)+ 5npop+ 5”Avf >0 recombinqtion process of CO. at'lovy temperature; have peen
explained in terms of a broad distribution of the reaction barriers
originating from the variety of protein structures. A nonexpo-
nential behavior in the geminate recombination was also
reporteck?@ These processes have usually been expressed by
the stretched exponential function (exgkt)’) (0 < g < 1)),
and they have been attributed to the structural inhomogeneity
of the protein. Hence, it may be interesting to see if there is a
nonexponential behavior in the volume change. As described
greviously, the time-dependent component &€ 0s represented
Solely by a single-exponential function 200 ns after the
excitation. Also at other temperatures, the kinetics can be fitted

which is consistent with the previous report by Richard &t&.
However, contrary to their interpretation, we should note that
this positive sign is mainly a result of the positidepe, but

not of the volume change as suggested previotisiy.

5.2. Dissociation of CO from the Protein.After the initial
volume contraction associated with MbC®Mb::CO, a much
larger expansionAVs = 14.7 cni/mol at 20°C) and heating
process is observed. This process of the large change may b
attributed to the escaping process of CO (Mb::€OMb +
CO). AH of this final dissociated species is obtained to be 46
kJ/mol. On the basis of the enthalpy from the PAC measure- ~(41) moore, J. C.; Battino, R. T.; Rettich, R.; Handa, Y. P.; Wilhelm, E.
ments, this Mb::CO—~ Mb + CO reaction was suggested to be J. Chem. Eng. Datd982 27, 22.
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by the single-exponential function. Therefore, we can say that relaxation of the protein part during this process is minor. The
the CO-escaping process does not affect the inhomogeneity ofvolume expands by 14.7 &mol at 20°C, and this volume
the protein, at least above’C. The exponential kinetics may change process is expressed well by a single-exponential
be due to the fast structural relaxation of the protein at these kinetics. The Mb protein itself is contracted. Interestingly, the
temperatures. volume changeAVs) depends on temperature. As far as we
know, this is the first observation of the temperature-dependent
volume change in any irreversible chemical reaction. Two
The dynamics of the photodissociation of horse MbCO is different kinetics, 180 and 700 ns, indicate that there are at least
investigated by the time-resolved transient grating and photo- two heme pockets (two potential minima along the dissociation
acoustic calorimetric methods. The TG signal reveals a rich path) before the CO escapes to the solvent. In the hundreds of
feature from 10 ns to a few milliseconds. After the very fast microseconds to a few milliseconds time range, the dynamics
rise of the signal €10 ns), the signal decays to a certain intensity represents the diffusion and recombination reaction of Mb and
and then shows growth-decay in a few tens of microseconds.CO. To fully understand the protein dynamics and the energetics
The later decay in this time range is due to thermal diffusion. of Mb, quantitative studies of other ligands as well as other
The initial state is attributed to a precursor of the fully Mmp (sperm whale and mutants) are now in progress in our group.
dissociated state. The other dynamics (700 ns kinetics at 20
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