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Iron-Histidine Resonance Raman Band of Deoxyheme Proteins: Effects of
Anharmonic Coupling and Glass-Liquid Phase Transition
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Department of Physiology and Pharmacology,” and Sackler Institute of Molecular Medicine, Department of Human Genetics and
Molecular Medicine,” Sackler Faculty of Medicine, Tel Aviv University, Ramat Aviv, Tel Aviv 69978, Israel

ABSTRACT Weak anharmonic coupling of two soft molecular vibrations is shown to cause pronounced temperature
dependence of the corresponding resonance Raman bands. The developed theory is used to interpret the temperature
dependence of the iron-histidine band of deoxyheme proteins and model compounds. It is shown that anharmonic coupling
of the iron-histidine and heme doming vibrations must cause pronounced broadening of the band, its asymmetry, and shift
of its maximum to the red upon heating. It also can lead to a structured shape of this band at room temperature. Proper
consideration of the anharmonic coupling allows simulation of the temperature dependence of the iron-histidine band shape
of horse heart myoglobin in the temperature interval of 10-300 K, using the minimum number of necessary parameters.
Analysis of this temperature dependence clearly shows that the iron-histidine band of deoxyheme proteins is sensitive to the

glass-liquid phase transition in the protein hydration shell, which takes place at 160-190 K.

INTRODUCTION

A central problem of modern protein chemistry and physics
is that of a mechanism of the effect of protein globule
structure and dynamics on the structure and functioning of
the protein active center. Heme proteins contain iron-por-
phyrin, Fe(P), as an isolated active center (see Fig. 1), which
can be probed by a variety of spectroscopic techniques that
provide information about protein-heme interactions. In he-
moglobin (Hb), myoglobin (Mb), and some other heme
proteins a bond between the iron and imidazole (Im) nitro-
gen of proximal histidine (Fe-N,,) is the only covalent bond
between the heme and the protein (for a review, see Perutz,
1989). Therefore, any experimental technique that allows
the direct study of this bond is very useful for an elucidation
of the interaction under consideration.

Nagai and Kitagawa (1980), Hori and Kitagawa (1980),
and Kitagawa (1988) showed that resonance Raman scat-
tering spectra of Fe(P)(Im) complexes and deoxyheme pro-
teins (HPs) contain a band in the region of 200-250 cm ™"
They assigned this band to the scattering by the Fe-Nj,
vibration. The position and intensity of this band essentially
depend on the protein nature and conformation and on the
type of environment (Sage et al., 1995; Kitagawa, 1988;
Rousseau and Friedman, 1988; Spiro, 1988; Egeberg et al.,
1990; Bosenbeck et al., 1992; Zhu et al., 1993; Hirota et al.,
1996; Christian et al., 1997). This band was widely used to
study the structure and, in combination with the flash pho-
tolysis technique, the dynamics of HPs (Rousseau and
Friedman, 1988).
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A number of studies revealed the substantial temperature
dependence of this band, both in proteins (Ondrias et al.,
1983; Sassaroli et al., 1986; Rousseau and Friedman, 1988;
Ahmed et al., 1991; Gilch et al., 1993, 1995, 1996) and in
Fe(P)(Im) complexes (Chaudhury et al., 1992); the band
shifts to lower frequencies and broadens upon heating.

Two mechanisms were proposed to interpret this temper-
ature dependence. The first one (Gilch et al., 1993, 1995,
1996) invokes an idea of temperature-dependent equilib-
rium of several specific protein conformational substates
(CSs) (Frauenfelder et al., 1988). From this point of view
temperature change affects a distribution of the system over
CSs with different individual scattering properties, causing
thermal broadening of the band and shift of its maximum.

Another approach (Ondrias et al., 1981, 1982b) consid-
ered the temperature dependence to be caused by anhar-
monic coupling of the Fe-Nj,,, vibration with another lower-
frequency mode of the heme-imidazole unit. However, this
interpretation was based on a theory (Shelby et al., 1979;
Marks et al., 1980) developed for the case of a rigid vibra-
tion (the vibrational quantum is much greater than the
temperature of the experiment) that interacts with a soft
vibration. In the case under consideration, the opposite
situation takes place: the Fe-N;, vibrational quantum is
approximately equal to thermal energy at room temperature.
Consequently, the effect of the population of excited Fe-N;,,
vibrational states on the corresponding resonance Raman
band must be taken into account.

It was shown recently (Stavrov, 1993; Stavrov and Kush-
kuley, 1993) that in HPs and their models a change in the
iron displacement out of a plane of the four porphyrin
nitrogens (R) changes the frequency of the Fe-N,,, vibration.
In other words, there is an anharmonic interaction between
the Fe-Ny,, vibration and a vibration of the iron together
with the imidazole with respect to the porphyrin ring, Fe-P
vibration.
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FIGURE 1 Schematic representation of the heme-histidine unit of de-
oxyheme proteins.

In this work, a brief review of the previously developed
theoretical description of a weak anharmonic interaction
between two soft vibrations (Rosenfeld and Stavrov, 1994)
will be presented. Its effect on a shape of the corresponding
resonance Raman band will be studied. The results will be
used to interpret a shape of the Fe-N;, resonance Raman
band of different HPs and, in particular, horse heart myo-
globin (hhMb).

METHODS
Method of moments

Zero (M,), first (M), and second (M,) moments of a band F(w) are defined
as (Lax, 1952; Markham, 1959)

0

My,= | Flw)dw
0

M, = | Flw)o dw/M, (1)
0

M, = | Flo)w*dow/M, — M.

0

These moments provide information on the intensity, center of gravity, and
width of the band, respectively. In the case of a Gaussian band M, gives the
band’s maximum position, and M, is proportional to the square of the
band’s full width at half-maximum (FWHM).

Data processing

To provide a reliable and automated data analysis, we developed an
original program package based on MATLAB 5.2. The fitting procedure
was carried out using constrained nonlinear optimization method. The
optimization program uses a sequential quadratic programming method
based on quadratic approximation and minimization of the Lagrangian
function. The optimization was carried out in the sense of least squares.
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The quality and the statistical significance of the fit were judged by
reduced yg numbers:

- z (Ii,exp - Ii,ﬂt)2
= 2yt 1) @

i=1

where /., and Iy, are corresponding experimental and theoretical intensi-
ties, N, is the number of data points in each spectrum, o; denotes statistical
errors of ; .., and k; is the number of free parameters in the fit. Acceptable

and statistically significant fitting requires (Bevington, 1969)
1< 3<2. 3)

The statistical errors were used instead of standard deviations because only one
experimental spectrum for each temperature was available to us. o; were
calculated from the experimental data by a sliding window method, and the
linear trend was subtracted from data sample for each window position:

j=i+6 2

E detr([i,exp)
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To obtain a magnitude of 6, each spectrum was fitted by three Gaussians,
and the corresponding xg values were calculated using Eq. 4. Then they
were compared to those obtained using standard deviations (see Table 1 by
Gilch et al., 1995). The best agreement was achieved at 6 = 15; this
magnitude was used in the following data processing.

EFFECT OF THE ANHARMONIC INTERACTION
ON THE STRUCTURE AND ENERGY SPECTRUM
OF THE SYSTEM

The basic description of the problem is given in terms of a
zero-order Hamiltonian (H,,), which describes energy levels
of independent Fe-P and Fe-N,,, oscillators with vibrational
quanta %), and fiw, (), > w,) and an interaction H,,, that
couples these modes:

H=H,+ H,
PP p° 1 1
_ - . r 7 22 4 -2 2
H, 2M+2m+2MQOQ +2mw0q, (5)

1
Hay = 5 MG QX(Bq” + 2aq),

where P and p, M and m, and Q and ¢ are moments, masses,
and initial displacements from equilibrium positions of the
Fe-P and Fe-Nj,, modes, respectively, and « and 3 are con-
stants of the linear and quadratic anharmonic coupling, respec-
tively.

Using second-order perturbation theory, taking into ac-
count only terms linear and quadratic in ¢, and neglecting
terms proportional to (wy/{),)* << 1, Rosenfeld and Stavrov
(1994) obtained the following expression for eigenvalues of
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the Hamiltonian in Eq. 5:

1 1
ENn = ﬁQO<N+ 2) + ﬁw0<n + 2)

1
¢ 1 (”*2)
—2ﬁQO(N+2) 142y ;%

where

Wy B
Y= 50, <1 - az)» (7)
N and n are population numbers of the Fe-P and Fe-Nj,,

modes, respectively, and

A Qo

mw;

®)

is a dimensionless parameter of the linear anharmonicity.
Using eigenfunctions of the Hamiltonian in Eq. 5, Rosen-
feld and Stavrov (1994) showed that an equilibrium coor-
dinate of the Fe-P oscillator is differently affected by the
anharmonic coupling in different states of the Fe-Nj,,, sub-
system: the greater N is, the greater is its displacement g, \:

1
qoN = — §<N+ 2) ©)

A cross section of energy surfaces of the whole Fe(P)(Im)
system along the g coordinate is schematically presented in
Fig. 2. It follows from this scheme that population of the
Fe-N,,,, excited states upon heating causes the appearance of
additional scattering bands of lower frequency. In the next
section, the effect of these bands on the shape and position
of the whole Fe-N,, band will be studied.

A magnitude of the thermal R change (g,) can be calcu-
lated by

610,0>T > (10)

where {(. . .))7 is understood to be a sum of the (. . .) values
over all initial states of a system multiplied by the thermal

population of each of them:
ozl
(In

and k is Boltzmann’s constant.

Rosenfeld and Stavrov (1994) obtained anharmonic cor-
rections to Ey , that are proportional to &, the higher degrees
of this parameter not contributing into Ey,, in the frame-
works of second-order perturbation theory (see Eq. 6). The
same accuracy must be kept in Eq. 11.

Expanding the exponents in powers of ¢, keeping only

qo = <‘I0,N -
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iron out-of-plane displacement, q

FIGURE 2 Schematic representation of a cross section of adiabatic
potential surfaces of the Fe(P)(Im) complex in the direction of the iron
displacement out of the porphyrin plane. The arrows describe the transi-
tions of the system due to the resonance Raman scattering by the Nth state
of the Fe-N,,, subsystem: the larger N is, the stronger is the scattering (see
Eq. 18).

terms linear in & and taking advantage of relationships

1 hQ,
(N)y = 5 [coth(ZkT> 1}
(N)y + 2(N)g (12)

(N)y + 6(N); + 6(N);,

<N 2>0 =
(N*)y =
one obtains

(D

<{1 + §2kT(N+ V)N + V2 — y(2n + 1)]}( )>

0
BT (A0
g4kT coth\ ) = 72

hQ, hw
ycoth(ZkT)coth<2kT>H, (13)
where
NﬁQO + nﬁwo
(.. )= [E GXP(_ kT (.. )]

1S _NﬁQO+nhw0 !
= P kT

(14)
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Relationships 9, 10, 12, and 13 allow us to calculate ¢g,:

£ (0,
9= "5, [COth<2kT> - 1]. (15)

Parameters contributing to Eqs. 5—15 can be estimated from
a number of experiments: 7, ~ 225 cm™~' (Gilch et al.,
1993, 1995); fiw, ~ 50—80 cm ' and mw] ~ 9600 cm ™!
A2 (Parak et al., 1982; Srajer and Champion, 1991; Cham-
pion, 1992; Li and Zgierski, 1992). « and & can be estimated
from a correlation (Stavrov, 1993) between changes in the
maximum position of the Fe-Nj,, band ({),,,,) and R (mea-
sured in A) in different Fe(P)(Im) complexes,

AQ, /O ~ —0.9AR, (16)

the relationship between the small changes in the force-field
constant and frequency,

AQmax
AK = M(Q,,, + AQ,,)* — MO, ~ 2MQ?

max max Q b
max

)

and the Hamiltonian in Eq. 5, « ~ —0.9 A~ " and & ~ 0.02.
Quadratic anharmonic coupling is also assumed to be weak,
—2 A7!' = B =2 A" (Rosenfeld and Stavrov, 1994).

Taking advantage of these values, one obtains that at
room temperature R is larger by ~0.01 A than at cryogenic
temperatures.

The results obtained in this section also allow us to
explain some peculiarities of the relaxation of the cryogenic
product (Mb*) of Mb(CO) photolysis. It is well known that
at cryogenic temperatures any change in the protein struc-
ture is hindered by the glassy environment. Therefore, Mb*
is observed in some nonrelaxed protein conformations. For
example, Sassaroli et al. (1986), Rousseau and Argade
(1986), Powers et al. (1987), Rousseau and Friedman
(1988), Ahmed et al. (1991), Steinbach et al. (1991), Nien-
haus et al. (1992b), and Sage et al. (1995) showed that the
Fe-Nj,, RR band and optical absorption band III of Mb* are
located at higher and lower energies, respectively, than
those of Mb at the same temperatures. This difference
manifests a smaller R in Mb* than in Mb (Stavrov, 1993);
this conclusion is supported by the latest cryogenic x-ray
diffraction studies of Mb* (Hartmann et al., 1996; Schlich-
ting et al., 1994; Teng et al., 1994, 1997). Because R in Mb
is mainly controlled by interactions in the heme-imidazole
unit (Gelin et al., 1983), the experimental results presented
above imply that at cryogenic temperatures the protein does
not allow full intrinsic heme relaxation.

However, Nienhaus et al. (1994), Abadan et al. (1995),
and Chu et al. (1995) showed recently that illumination of
Mb* imbedded in a glassy matrix causes its relaxation
toward the deoxy structure. This light-induced relaxation
(LIR) can be qualitatively explained in the frameworks of
the developed theory.

Henry et al. (1986) showed, using molecular dynamics
simulations and assuming Boltzmann distribution of the
excitation energy over all heme vibrations, that an absorp-
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tion of a 530- or 353-nm photon by the heme increases its
temperature by 500—700 K. The conclusion about strong
heme heating upon illumination was also supported by the
experimentally observed residual overheat of Hb (Petrich et
al., 1987; Lingle et al., 1991; Simpson et al., 1997). There-
fore, the 513- and 488-nm illumination (Nienhaus et al.,
1994; Abadan et al., 1995; Chu et al., 1995) is expected to
increase the heme vibrational temperature by ~600 K. It
follows from Eq. 15 that such heating must increase R by
~0.03 A, implying that an absorption of each photon causes
a sudden increase in R. Because in Mb* R is smaller than its
equilibrium value and because the heme is surrounded by
glassy media, it is reasonable to assume that some residual
protein deformation persists after the heme vibrational tem-
perature decay. Consequently, each act of photon absorption
leads to some protein relaxation toward its deoxy confor-
mation. Because during the LIR experiment ~10° photons
are absorbed by each heme, even very small residual protein
deformations persisting after each photon absorption can
lead to considerable cumulative protein relaxation toward
the deoxy conformation. It is clear that the effect of the
illumination must depend on the number of photons ab-
sorbed and not on the light intensity or duration separately;
this conclusion is in full agreement with experiments by
Nienhaus et al. (1994), Abadan et al. (1995), and Chu et al.
(1995).

Note that the Boltzmann distribution of the excitation
energy was assumed only to estimate the sudden R increase
and is not necessary for this increase. Indeed, Stavrov
(1993) showed that in the heme B and Q excited electronic
states the Fe-N;,, bond is considerably shorter than in the
ground electronic state. Consequently, a decay of the B or Q
excited electronic state to the ground state must essentially
populate the Fe-N;, excited vibrational states, which are
characterized by the considerably larger R displacement
(see Eq. 9).

The R enlargement increases the effective barrier to CO
rebinding (Jortner and Ulstrup, 1979; Agmon and Hopfield,
1983; Buhks and Jortner, 1985; érajer et al., 1988; Lidding-
ton et al., 1988); this increase is observed experimentally in
the LIR experiments (Nienhaus et al., 1994; Abadan et al.,
1995; Chu et al., 1995).

EFFECT OF ANHARMONIC COUPLING ON THE
TEMPERATURE DEPENDENCE OF THE
RESONANCE RAMAN Fe-N,,, BAND

We assume that the excitation energy satisfies two criteria:
1) it is close enough to the energy of an excited electronic
state to take into account an interaction with this state only,
and 2) it is far enough from a resonance with the vibrational
satellites to allow averaging of the scattering probability
over vibrational states. In this case, an intensity of each RR
band corresponding to the N, n — N + 1, n scattering is
proportional to

N+ 1OIMP~1+N (18)
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and to a square of the first derivative of the polarization
tensor, ag(qon) (Koningstein, 1972). Describing a shape of
each N, n — N + 1, n scattering band by Fo(w — AEY,),
one obtains the following expression for this band:

d Oloo(q O,N) ] :
Q=0

90 1+ NFy(w - AEN,n)a (19)

E&@~H

where AEy , is an energy gap between two closest Fe-Ny,
states (Eq. 6):

AEy, = Exn=Q{l =1+ N+ yn+ I

(20)

EN+1,n -

Neglecting for simplicity the dependence of ay(gn) on N
(see Eq. 19), keeping only temperature-dependent terms and
using the abbreviation in Eq. 11, the following expression
for the shape of the band formed by all of the N, n — N +
1, n transitions can be obtained:

F(w) ={(1 + N)Fy(w — AEN,n)>T~ (21)

It follows from Eq. 21 that the thermal population of excited
vibrational states leads to the formation of a band, the width
and position of which depend on the temperature. The
situation is presented schematically in Fig. 2. To analyze
this temperature dependence analytically, the first three
moments of the band (see Eq. 1) are calculated.

Using the relationships in Egs. 12-14 and analogous
formulae for (n) and neglecting terms proportional to (w,/
Q,)? and the width of each contribution, one obtains from
Egs. 1, 20, and 21

1 hQ) 19 hQ)
M, = 2[coth(2kT) 1]{1+§2kT[coth(2kT) l]
hQ 1 hw
[eor{12) -1~ Lofeon{2) 1]

M1=Q{1—§[coth<§,g) 1+; [C"th@?T) IH}

(22)
ngz{cothngg,) -1+ «/Z[cothz(ziz;,) 1]},
where
Q=Qf1 - &1 +3)] (23)
is a frequency of the light scattered at zero temperature (see
Eq. 20).

In Eq. 22 the terms coth(%€),/2kT) — 1 and coth?(A),/
2kT) — 1 describe the effect of the Fe-Nj,, excited state
population and weakly depend on the temperature at low
temperatures (77 < '2#(),). The terms proportional to
coth(hwy/2kT) — 1 and coth’(hwy/2kT) — 1 stem from a
contribution of the Fe-P excited states. It can be shown
using magnitudes of the parameters (see the end of the
previous section) that these terms are also small in the
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temperature interval under consideration. Therefore at low
temperatures the band shape is expected to change weakly.

At higher temperatures, T = V4 fi(),, the Fe-N,,,, excited
states become notably occupied. Their contributions to the
light scattering lead to the essential temperature dependence
of all three moments.

The temperature dependence of the Fe-N,,, band shape
can be simulated using Eq. 21 and the magnitudes of the
parameters presented in this section and, for the sake of
simplicity, neglecting the previous contribution from the
terms proportional to vy. Results of the calculation are pre-
sented in Fig. 3. They show that the band shape hardly
depends on temperature at 7 < 100 K and becomes strongly
temperature dependent at 7 > 150 K; this conclusion is in
full agreement with the results of the method of moments.
Fig. 4 shows that at room temperature the band shape
strongly depends on the strength of the anharmonic cou-
pling. Its strengthening increases separation between the
individual N, n — N + 1, n bands, making them observable.
Obviously, the smaller the width of the individual contri-
bution, the smaller £ must be to make the band structured.

The latter conclusion can be used to give an alternative
explanation for the following experimental observation. La
Mar et al. (1977), Nagai and Kitagawa (1980), Nagai et al.
(1982), Ondrias et al. (1982a), Kitagawa (1988), and Rous-
seau and Friedman (1988) showed that at room temperature
both B subunits of Hb are characterized by their own iso-
tropic chemical shift (86(B)), frequency of the porphyrin
breathing mode (v,(B)), and Fe-N,, frequency ({)(B)) val-
ues. The « chains show other &6(a) and v,(a) values,
whereas the Fe-Nj,, () band consists of two peaks separated
by ~10 cm ™. Ondrias et al. (1982a) assigned these peaks
to two CSs. Note that the latter interpretation cannot explain
why these CSs are characterized by the same v,(«) value.
This is especially strange because the 16 cm™ ' increase in
O(a) upon the T — R transition is accompanied by a 2.4
cm ! decrease in v,(a) (Ondrias et al., 1982a); this result
shows that v,(«) is sensitive to the protein conformational
changes. At the same time two peaks of the Fe-N;,(«) band
can easily be explained as a manifestation of the anhar-
monic coupling (see Fig. 4), which is stronger in the « chain
than in the B chain. Indeed, such an anharmonic coupling
can split the band of the « chain and only broaden that of the
B chain; this interpretation naturally explains the single
value of v,(«). Moreover, it follows from this interpretation
that the sample cooling should 1) eliminate the Fe-N, («)
band splitting, 2) strongly reduce the difference between
() and (P), and 3) increase both )(«) and (B). All of
these conclusions are in full agreement with the experimen-
tal data (Ondrias et al., 1982a, 1983).

TEMPERATURE DEPENDENCE OF THE Fe-N,,,
RESONANCE RAMAN BAND OF HORSE
HEART MYOGLOBIN

Gilch et al. (1993, 1995) studied experimentally the tem-
perature dependence of the RR spectrum of hhMb in the
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FIGURE 3 Shape of the Fe-N,,,, resonance Raman band (thick curve) at different temperatures compared to that at zero temperature (dashed curve) and
individual contributions of the Nth states (thin curves). The individual contributions from the states with N =< 4 and n = 8 are taken into account and are

simulated by Lorentzians with FWHM = 9 cm ™.

frequency interval of 160—260 cm ™~ (Fig. 5, open squares).
This interval contains three overlapped bands, the central
one of which is assigned to Fe-N,,,,. The higher-energy one
(band 2) most probably corresponds to the scattering by a
pyrrole rocking vibration (Rousseau and Friedman, 1988),
whereas the origin of the lower-energy band (band 1) is still
unclear. In this section the developed theory is used to
interpret the temperature dependence under consideration.

We assume that width of each band makes considerable
inhomogeneous contributions, and therefore bands 1 and 2
and each component of band 3 are described by Gaussians
(their FWHMSs are defined below on as I'y, I',, and T,
respectively). In this case, the fitting function has the form

i

2
1 #QO
In=>5 > L1 + coth <7 | [File = Q) + [F(w), (24)
i=1

where the first sum describes the contributions of bands 1
and 2, and the last term corresponds to the Fe-N;,, band (Eq.
21). In this expression /; and 7 are the relative intensities of
these bands at zero temperature (/; + I, + I = 1), and (),
are frequencies of vibrations corresponding to bands 1 and
2. In Eq. 24 we take into account the temperature depen-
dence of intensities of bands 1 and 2 (Koningstein, 1972),
and F(w) is calculated considering the contribution from the
states with N = 4 and n = 8.

Note that in the case of individual Gaussian bands the
expressions in Eq. 22 for M, and M, still apply, whereas the
second moment of the full band equals

1"2

Mg}:@-FMz. (25)
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FIGURE 4 Dependence of a shape of the room temperature (300 K)
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To reduce the number of fitting parameters we neglect the
terms of Eq. 6 that are proportional to . This reduces the
number of terms controlling the temperature dependence of
the Fe-Nj,, band to one, & Therefore, the fitting function
(Eq. 24) contains nine independent parameters; this number
is the minimum number of parameters that must be used to
describe any temperature dependence of a normalized three-
band spectrum.

Results

At the first stage, we assumed that the glass-liquid phase
transition, which occurred in the protein-solvent system, did
not affect the spectrum under consideration. In this case all
of the parameters were the same in the whole temperature
interval of 10-300 K, and all six spectra (set I) had to be
fitted simultaneously, using Eq. 24. One sees from Table 1
that three of six corresponding & values do not satisfy the
criterion in Eq. 3. Consequently, the fit quality is not ac-
ceptable, and the assumption is wrong.

At the second stage we recognized that the glass-liquid
phase transition could affect all of the parameters, and their
magnitudes could differ below and above the transition
temperature, T, ~ 160—-190 K (Settles and Doster, 1996;
Demmel et al., 1997; Diehl et al., 1997). Accordingly, the
experimental data were separated into two sets: the first
contained the spectra obtained at temperatures of 10, 100,
and 150 K (set II), and the second the spectra obtained at
200, 250, and 300 K (set III). Then these two sets were fitted
separately. This separation considerably improved the fit
quality and made it acceptable (see Table 1).

Note, however, that the improvement of the fit quality
could stem simply from the reduction of the number of the
experimental data that were fitted simultaneously—three
spectra in each of the sets instead of six in set I. To check
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this possibility, two other three-spectra sets were formed.
Each of the sets contained spectra corresponding to temper-
atures below and above Ty,;: 100, 150, and 200 K (set 1V)
and 150, 200, and 250 K (set V). The corresponding x& are
presented in Table 1, from which it follows that none of
these sets can be fitted successfully with /;,. Consequently,
the manner of separation in the sets is specific and reflects
the effect of the phase transition on the spectrum under
consideration.

It is also possible that the temperature dependence stems
only from the effect of the phase transition, the effect of the
anharmonic coupling being negligibly weak. To test this
possibility we fitted sets II and III separately, assuming o =
0. The results on the fit quality are presented in sets II, and
III, of Table 1 and show that both fits are unreliable.
Consequently, consideration of the anharmonic coupling is
crucial for any successful fit.

Finally, we tried to reduce the number of parameters that
were affected by the phase transition. First, we found that a
successful fit could be achieved, assuming that only the
Fe-N,,, band and band 1 were affected by the phase transi-
tion and the band 2 was unchanged. Then the parameters of
the former two bands were examined. It was found that the
experimental curves could be fitted, assuming that the in-
tensities of these two bands and the magnitude of () were
affected by the transition and the other parameters were the
same below and above T,,. The fit quality is worse in this
case (see Table 1, set IIla) but still acceptable. A graph of
the successful fit and magnitudes of the parameters are
presented in Fig. 4 (sets II and III, thick solid line) and in
Table 2 (sets II, III and IIIa), respectively.

Discussion

It follows from Table 1 and Fig. 5 that the temperature
dependence of the RR spectrum in the interval of 160-260
cm ! can be explained, assuming that it is affected by both
the glass-liquid phase transition and the anharmonic cou-
pling between the Fe-N;,,, and Fe-P vibrations.

The first assumption appears to be well founded because
it is known that the glass-liquid phase transition in the
protein hydration shell occurs at 160—-190 K (Settles and
Doster, 1996; Demmel et al., 1997; Diehl et al., 1997) and
affects the results of all of the experimental techniques used:
dynamics of carbon monoxide rebinding (Austin et al.,
1975; Ansari et al., 1987; Steinbach et al., 1991; Post et al.,
1993), x-ray diffraction (Frauenfelder et al., 1979; Hart-
mann et al., 1982; Parak and Knapp, 1984), Mossbauer
spectroscopy (Dvivedi et al., 1979; Keller and Debrunner,
1980; Parak et al., 1982; Mayo et al., 1983; Parak and
Knapp, 1984; Frauenfelder et al., 1988; Nienhaus et al.,
1992a; Melchers et al., 1995), inelastic neutron (Doster et
al., 1989; Cusack and Doster, 1990) and x-ray (Achterhold
et al., 1996) scatterings, optical absorption spectroscopy in
the visible and close ultraviolet intervals (Cordone et al.,
1986, 1988; Di Iorio et al., 1991; Di Pace et al., 1992;
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FIGURE 5 Spectra of resonance Raman scattering obtained at different temperatures: experimental data by Gilch et al. (1995) (empty squares),
theoretical curve obtained using Eq. 24 (thick solid curve), curves corresponding to bands 1, Fe-Ny,,,, and 3 (thin solid curves), and individual contributions
to the Fe-N,,,, band from Nth vibrational states (dashed curves).

Nienhaus et al., 1992b; Cupane et al., 1993; Boffi et al., in the optical absorption Soret band stem mainly from
1994), and pressure effects on infrared absorption (Frauen- changes in the structure and/or dynamics of the heme group
felder et al., 1990) and resonance Raman (Galkin et al., and its closest environment. All of these results show that
1997) spectra. Melchers et al. (1995) showed that changes the phase transition induces changes in the structure and
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TABLE 1 3 values characterizing the quality of different fits

of the experimental data at different temperatures

Set number 10K 100K 150 K 200K 250K 300 K
I 2.1 1.5 29 2.4 1.5 2.2
I 1.8 1.3 1.9 — — —
11 — — — 1.5 1.4 1.4
Ila — — — 1.8 1.5 1.5
v — 1.5 2.1 2.2 — —
v — — 2.5 2.1 1.4 —
11, 2.3 1.3 2.4 — — —
111, — — — 3.2 1.5 1.9

dynamics of the whole protein and, in particular, in the
electronic and vibrational structure of the heme-imidazole
unit. Therefore some special reasons must be found to
explain why such a sensitive technique like resonance Ra-
man scattering should not reflect changes caused by this
transition. It would be especially strange if the phase tran-
sition did not affect the Fe-N,,, band, which is coupled to
the Soret band (Bangcharoenpaurpong et al., 1984), is the
only chemical bond between the protein and the heme, and
was shown to depend notably on the solvent nature (Sage et
al., 1995) and the protein structure (see, for example, Rous-
seau and Friedman, 1988). Note that even visual inspection
of the experimental spectra presented on Fig. 5 shows that
the left-hand spectra (7' < Tj) qualitatively differ from the
right-hand ones (7' > T,): the former have a very pro-
nounced shoulder and even a maximum in the lower-fre-
quency part of the spectra, whereas in the latter this feature
is much weaker. It follows from Fig. 5 and Table 2 that this
characteristic spectral change is caused mainly by the
change in the relative intensities of band 1 and the Fe-N,,,
band: 0.9 at 7 < T, and 0.4-0.6 at T > T,

The second assumption is based on a conclusion
(Stavrov, 1993) that the magnitude of the Fe-N,,, frequency
is controlled by the heme doming, or, in other words, there
is an anharmonic coupling between the Fe-P and Fe-N,,
vibrations (Rosenfeld and Stavrov, 1994). Note that & was
obtained in the present paper in two ways: from a number of
independent experiments (see end of the previous section)
and from the above fitting procedure. The very close values
(0.02 and 0.021 + 0.022, respectively) obtained in both
ways show that it is anharmonic coupling that controls
the temperature dependence of the spectrum below and
above Ty.

The resonance Raman spectra under consideration are
complicated; they consist of three overlapped bands. How-
ever, three facts ensure the reliability of our interpretation:
1) clear three band shapes of the experimental spectra at
temperatures below T,;; 2) successful simulation of the
experimental spectra above and below 7y, using only the
minimum set of parameters; and 3) very close values of the
anharmonic constant obtained from the fitting procedure
and from a number of independent experiments. Therefore,
although the complicated shape of the spectra can cause
some uncertainty in the determination of the parameter
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magnitudes, this uncertainty cannot change the main con-
clusions of this paper.

The temperature dependence of the spectrum can be
explained assuming that the phase transition affects only the
intensities of band 1 and the Fe-Nj,, band and the () mag-
nitude (see Table 2). The considerable change in the inten-
sities is caused by a change in the coupling of the corre-
sponding vibrations with the Soret transition. This is not
surprising because, as mentioned above, the position and
shape of the Soret band are strongly affected by the glass-
liquid phase transition. The weak change in () is caused by
changes in the electronic structure of the heme-imidazole
unit. These can be caused by alterations of the protein
electric field due to changes in the protein structure and
dynamics with the phase transition. This interpretation is
supported by the fact that ) is changed by ~2 cm ™! with
different replacements of distal imidazole that change the
protein electric field on the heme (Hirota et al., 1996;
Christian et al., 1997).

Note that the relatively large width of each N, n — N +
1, n subband (I' = 16 cm™ ') justifies an assumption about
the considerable contribution of inhomogeneous broadening
to the Fe-Nj,, band. This contribution can stem from a
distribution of magnitudes of the heme doming in Mb
molecules. However, this distribution is described by a
Gaussian and does not assume some specific protein CSs.

The only parameter that appears to be out of the usual
range is I';, =~ 32-35 cm ™ '; these values are considerably
larger than FWHMSs of other bands. Such a large magnitude
can be due to different factors: strong sensitivity of this
band to inhomogeneous protein distribution, contribution of
the Rayleigh background, the possibility that it consists of a
number of bands, etc. However, it is impossible to choose
among these possibilities, because the nature of band 1 is
not known.

Information about the relationship between contributions
of the anharmonic coupling and phase transition to the
temperature dependence of the Fe-N;,, band can be obtained
from Fig. 6. It is seen from Fig. 6 A4 that temperature by
itself weakly affects the relative intensity of this band with
respect to band 2, ~5%. The effect of the phase transition is
much stronger, ~15%. The center of gravity of the band,
M,, is shifted to the lower frequencies by both the anhar-
monic coupling and phase transition; the effect of the
former is ~2.5 times stronger than that of the latter, 5 and
2 cm ™!, respectively (Fig. 6 B). The width of the band is
proportional to the square root of M,. It is strongly affected
by anharmonic coupling (at room temperature M, is about
three times larger than that at zero temperature); the effect
of the phase transition is negligibly weak (Fig. 6 C). It is
also clear from Figs. 3 and 5 that at room temperature the
Fe-N,,,, band becomes strongly asymmetrical. Strong broad-
ening and asymmetry of the Fe-N;,, band also contribute to
the temperature shift of its maximum because of the overlap
with band 1.

The discussion presented above clearly shows that RR
spectra of hhMb in the frequency interval of 160—260 cm ™
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TABLE 2 Parameters of the bands contributing to the spectrum of the resonance Raman scattering
Q, T, Q r Q, I,
I (em™) (em™) I (em™") (em™) 3 L (em™) (em™")
T < Ty (setll) 0.38 204 32 0.42 226 16 0.022 0.20 241 13
T > Ty (setIII) 0.24 202 32 0.54 223 16 0.020 0.22 240 13.5
T > T, (set Illa) 0.29 204 32 0.51 224 16 0.022 0.20 241 13

can be interpreted in the frameworks of already well-known
and accepted mechanisms. On the contrary, the alternative
model by Gilch et al. (1993, 1995, 1996) needs to postulate
that 1) there are three specific CSs that are characterized by
different (),; 2) there is an intrinsic protein phase transition

50 100 150 200 250

............................ A
25 E
E
= 2.4 E
.E T= Tgl/
234 .

2.2

224

222

M, (cm’)

220

M, (em?)

50 100 150 200 250

T (K)

FIGURE 6 Temperature dependence of the relative intensity (4), and
first (B) and second (C) moments of the Fe-N,,, resonance Raman band.
The solid curves are obtained, taking into account the effect of the glass-
liquid phase transition and anharmonic coupling, using Eqs. 22 and 25 and
set Illa of the parameters (see Table 2). The dashed curves are continua-
tions of the corresponding curves into the temperature region of the other
phase. For the sake of simplicity it is assumed that the phase transition
occurs at 170 K and all of the parameters are changed stepwise.

at 7, ~ 110 K; 3) this phase transition affects the protein
distribution over the CSs under consideration and does not
affect their thermodynamic and spectroscopic properties;
and 4) the glass-liquid phase transition of the protein-sol-
vent system at 7, =~ 160-190 K affects neither the protein
distribution over these CSs nor their thermodynamic and
spectroscopic parameters. Note that it is very difficult to
combine the last postulate with 1) the consequence of the
same model (Gilch et al., 1996) that the solvent nature
essentially affects entropy differences between these CSs
and 2) essential changes in all of the studied optical absorp-
tion bands, including the Soret band, caused by this phase
transition.

Observation of the same basic features of the Fe-Nj,
band of the model Fe(P)(Im) complex (Chaudhury et al.,
1992) also supports our conclusion that the main contribu-
tion to the temperature dependence stems from the internal
interactions in the heme-imidazole unit.

CONCLUSION

In this paper the influence of the anharmonic coupling
between two low-frequency vibrations on the spectra of
resonance Raman scattering was studied. The developed
theory was used to study the general properties of the
Fe-N,,, resonance Raman band of heme proteins and their
models. It was shown that at 7 = 150 K the maximum
position and width of the band depend on temperature, and
the band becomes asymmetrical and can even become struc-
tured. These results explain qualitatively the experimentally
observed temperature dependence of the Fe-N,,, resonance
Raman band of different deoxyheme proteins and, in par-
ticular, the presence of two peaks in the hemoglobin «
subunit at room temperature and the normal single peak
band at cryogenic temperatures.

The strong broadening of the Fe-N;,, band at room tem-
perature can also impede observation of the Fe-N,,, band in
some heme proteins, even in the case of relatively strong
coupling of the Fe-N,,, vibration with the corresponding
optical transition (e.g., Soret band). If this is really the case,
this band must appear at lower temperatures (7 = 100 K).

The 10-300 K temperature dependence of the resonance
Raman spectra of hhMb in the interval of 160—260 cm ™'
was successfully fitted using the developed theory with the
minimum number of necessary parameters. This result
shows that both the anharmonic coupling under consider-
ation and the glass-liquid phase transition of the solvent-
protein system contribute to the temperature dependence;
the contribution of the latter is weaker but still essential.
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It was noted in the previous section that the experimental
resonance Raman spectrum under consideration consists of
three overlapped bands; this complicated shape could cause
some uncertainty in the determination of the magnitudes of
the parameters. To avoid the problem the Fe(P)(Im) model
compounds can be tested because they 1) have a well-
isolated Fe-N;,, resonance Raman band and 2) are not
affected by the distribution of the protein over conforma-
tional substates. However, one must be careful because a
change in the solvent phase state and temperature by itself
can strongly affect the iron coordination number, the hy-
drogen bond between the imidazole and solvent molecules,
etc. (see, for example, Wang and Brinigar, 1979). For
example, Chaudhury et al. (1992) obtained spectra of
Fe(PPDME)(2-Melm) in dimethyl sulfoxide, the melting
point of which equals 292 K (Windholz et al., 1976). This
phase transition most probably affects the spectra and
makes any quantitative interpretation questionable.

The conclusion about the influence of the glass-liquid
phase transition on the resonance Raman spectra under
consideration can be checked using solvents with different
phase transition temperatures. First, the Soret band temper-
ature dependence should be studied to find out if it is
affected by the phase transition. If this is the case, the
resonance Raman spectra should be obtained and fitted
using 7}, obtained from the optical studies.

The developed theory allows interpretation of all of the
experimental data in the framework of well known and
accepted mechanisms. Obviously, this result cannot exclude
the possibility that some specific conformational substates,
if there are any, contribute to the overall shape of the Fe-N,,,,
band. However, it is clear that the experiment under discus-
sion (Gilch et al., 1993, 1995) cannot be used to invoke an
assumption about the presence of such specific conforma-
tional substates in deoxy hhMb. To our best knowledge
there are no other experimental data supporting this assump-
tion. Therefore, it appears to be superfluous.

Moreover, the very close magnitudes of the anharmonic
coupling parameter were obtained in two independent ways:
from the fitting procedure and from a number of other
independent experiments. This result strongly supports our
conclusion about the crucial contributions of both the an-
harmonic coupling and the glass-liquid phase transition to
the temperature dependence of the Fe-N,, resonance Ra-
man band.
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