Eur Biophys T (1984) 11:61-76

European
Biophysics Journal

© Springer-Verlag 1984

Investigation of pH-induced symmetry distortions
of the prosthetic group in oxyhaemoglobin

by resonance Raman scattering

R. Schweitzer-Stenner, W. Dreybrodt, D. Wedekind, and S. el Naggar

Universitdt Bremen, Fachbereich 1 — Physik, D-2800 Bremen 33, Federal Republic of Germany

Received March 22, 1984/Accepted May 10, 1984

Abstract. The depolarisation ratio and the excitation
profiles of some prominent Raman lines of the oxy-
haemoglobin spectrum (1,375 cm™, 1,583 cm™',
1,638 cm™ ') have been measured as functions of the
exciting laser frequency. The depolarisation ratio
shows a complicated minimum-maximum structure
in the preresonant region between Soret- and S-band
of the optical spectrum, which depends on the pH-
value of the solution. These dispersion curves are
interpreted by fifth-order Loudon theory of the polari-
sability tensor including static distortions of the haem
group, which lower its symmetry from the ideal D~
symmetry, and enhancement by a second, non-
Raman-active phonon. The fitting constants needed
to fit the experimental data are related to static dis-
tortions of Ay, By, B, and A,, symmetry types and
thus give information on the symmetry lowering from
Dyy. The variation of the fitting constants with the
pH-value of the solution is interpreted to be caused
by protonation/deprotonation processes of titrable
amino acid groups contributing to the alkaline and
acid Bohr effect. The protonation changes the electro-
static interaction energies in the globular protein and
destabilises the salt bridge between His(HC3)8 and
Asp(FG1)B in the R-state. These processes induce
distortions of the haem group via haem-apoprotein
interactions. Our results give no indication for a
dominant role of the covalent Fe**-N [His(F8)] bond
in this process. They are in agreement, however, with
the allosteric model of Hopfield, which assumes all
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interactions to be evenly distributed all over the
protein molecule.
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Introduction

Interactions between the functional group and the
globular protein of haem proteins have been investi-
gated by resonance Raman scattering (Shelnutt et al.
1979, 1980, 1983; Nagai et al. 1980), NMR studies
(Lindstrom and Ho 1973; Nagai et al. 1982; LaMar
et al. 1978), absorption spectroscopy (Soni and
Kiesow 1977; Alben and Bare 1978) and EXAFS
experiments (Eisenberger et al. 1976, 1978; Shulman
et al. 1982). However, a unique theory of such inter-
actions which is related to ligation and protonation
processes (Bohr effect) has not yet been given.

A suitable tool to detect the influence of the
globular protein on the haem chromophore is the
measurement and analysis of the depolarisation ratio
(DPR) dispersion and the excitation profiles (EPs)
of Raman lines. Shelnutt (1980) and Zgierski and
Pawlikowski (1982) have calculated theoretical DPR
and EPs curves of metalloporphyrins, including con-
tributions from electronic and vibrational distortion
into the polarisability tensor. Schweitzer et al. (1982)
have shown that the DPR dispersion of prominent
oxyhaemoglobin — Raman lines varies with the pH-
value of the solution, especially in the physiological
region. This has been interpreted (Schweitzer-
Stenner et al. 1984) as being caused by haem-apo-
protein interactions, triggered by protonation/de-
protonation of titrable groups. From the fact that
haem proteins such as deoxyMb, MbCN and HbCN
(Antonini and Brunori 1971), which do not show
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any Bohr effect, also do not show any variation of
DPR and EPs with changing pH-value of the solution,
we may conclude that the groups which trigger the
changes in deoxyHb and oxyHb are those which are
also related to the Bohr effect in these materials. In
the following we will show that there is experimental
evidence to support this assumption.

By fitting the pH-dependent DPR-dispersion cur-
ves and the corresponding EPs of the 1,355 cm™,
1,584 ¢cm™', and 1,638 cm™' Raman lines between
pH = 5.5and 9.5 to atheoretically derived expression,
obtained from the formalism of Loudon (1973) in
the fifth order, we have interpreted the pH-
dependence of the haem-apoprotein interaction.
From this we obtain fitting parameters Clw C%, which
are related linearly to static A, Big, Bag, As,, distor-
tions of the haem groups from its ideal D4,-symmetry.

The results of the fitting procedure enable us
to correlate protonation/deprotonation processes of
Bohr groups with symmetry distortions of the haem
group. The corresponding haem-apoprotein inter-
actions are discussed in the light of the allosteric model
of Hopfield (1973).

Theoretical background

As we have shown in a previous paper (Schweitzer-
Stenner et al, 1984), the polarisability tensor of the
oxidation marker line at 1,355 cm™' of the deoxy-
haemoglobin spectrum can be written in terms of
Loudon’s theory (Loudon 1973; Peticolas et al.
1970).
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e, s are frequency indices for the electronic transitions
at wave numbers ¥y and ¥ related to the a-band (Q)
and Soret-band (B), 7. is the wave number of the
incident photon, and £ the wave number of Raman-
active molecular vibrations. M§¢, Mg® are dipole
matrix elements connecting the ground state |g) and
the excited electronic state |e), |s). HX is the vibronic
coupling matrix element of the Raman-active vibra-
tion R, which couples the two exited states |e) and
|s). The matrix element

HE = <e

contains the first term of a Taylor expansion of the
vibronic coupling operator 3H/3Q"* with respect to

’H
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symmetry-classified static distortions 6Q", lowering
the ideal Dy,-symmetry of the haem group. It trans-
forms according to the product representation I'g X [
(I'r, I are the representations of the Raman-active
vibrations Qr and the static distortion 6Q; re-
spectively). Since in haemoglobin one obtains the
Raman tensor by summing only over two excited
states Q) and |B), which both transform like E,,
the second-order vibronic coupling element only gives
contributions to B,q, if I'x X I transforms like £, X E,
= Alg + Blg + BZg + A2g in D4h-

Thus, the polarisibility tensor can be written as
a linear combination of McClain tensors (McClain
1971) according to D,,-symmetry
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al, are complex constants for each tensor 7* of re-
presentation I” and contain the matrix elements HE
HY. The af are related linearly to symmetry-lower-
ing static distortions Q" of the haem group.

Using Eq. (3) one is able to calculate the DPR
dispersion curves and the corresponding EPs of the
1,355 cm™' deoxyhaemoglobin Raman line for dif-
ferent pH-values of the solution, using Placzek for-
malism (1934). This simple model is confirmed by
the fact that in the case of deoxymyoglobin and MbCN
the set of data, obtained from measurements in
crystals and solution, can be related to one common
polarisibility tensor (el Naggar et al. 1984).

One problem of this theoretical approach, how-
ever, could not be solved. All fitting constants al have
to be taken as complex parameters, although the elec-
tronic wave functions representing the basis for the
calculation of the matrix elements al; of Eq. (1) can be
chosen as real. From this we conclude that frequency
functions of higher-order terms, which are simulated
by complex constants, contribute to the scattering
tensor.



Regarding this point, we will extend our theore-
tical basis to avoid complex transition-matrix ele-
ments.

In a previous paper (Schweitzer-Stenner et al.
1984) we have anticipated the fact that the DPR and
EPs of three oxyHb Raman lines could not be fitted
simultaneously using Eq. (1), because a small reso-
nance enhancement takes place between 20,500 cm ™!
and 20,000 cm ™' excitation wave number. To simulate
this, we introduce additional 0—1 resonance terms for
the Q- and B-state into the PNSF formalism (Peticolas
et al. 1970), weighting them with constants Cpg, Cgp,
and Cgg, which are related to Franck-Condon inte-
grals of Q- and B-states and to vibronic coupling into
the O-state respectively. This corresponds to contri-
butions from the B-band and the vibronic sideband
of B-band, which in this approximation is treated as an
extra electronic transition and included in the summa-
tion. This leads to extra contributions to Eq. (1), which
are different from those by energy denominators
corresponding to the transitions | g, 0 ) — | @, 1 ) and
|g,0)1g,0)—|B,1)|B,1) (0,1 labels the occupation
number of the u-th phonon). Now one can formulate
the following equation:
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Q, is the wave number of the phonon participating in
the transitions related to the sidebands of Q and B.
|0%) is the vibronic wave function of the electronic
ground state with no vibration excited and |1¢) is the
vibronic wave function of the electronic state |e)
(e=Q, B) with our representative vibration excited.
C‘bfg is a term resulting from the fact that the Q;-band,
which becomes optically allowed by vibronic coupling
ofthe O- and B-state, contributes to Raman scattering.
(a, s labels the antisymmetric, symmetric part of Cgp.)

Using this first correction of our approach, we are
able to fit all obtained oxyHb data. The results of these
fits will be discussed later. The main problem in this
approach is the necessity to use complex constants
al, to fit the experimental data.
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To clarify this point, we have to take into consi-
deration that the PNSF theory based on Loudon’s
approach is a strictly time-dependent perturbation
theory, including the time-dependence of the photon
and phonon field. In our introduction of the extra
electronic level associated with the creation of one
phonon, we have used a time-independent approach
for simplicity. In the formulation of Loudon, however,
a fifth-order time-dependent contribution would have
been necessary.

Starting from this point of view, we give an
extension of the electron-phonon operator Hgy, which
has been used with the PNSF theory:
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2, 2,: wave number of the Raman-active phonon R,
and a non-Raman-active representative phonon g,
which gives rise to the appearance of the O- and B-
sidebands; bg, b,; bg, b, creation, annihilation
operator of the R-, u-phonon, respectively. According
to Loudon, fifth-order scattering processes can be
described by the following transition rate (Loudon
1973)
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li) (1f)) labels the initial (final) states, |/;), [L), |3)
and |l;) are the intermediate states of the scattering
process. ¥, ¥, ... ¥;, are the total energies of the atomic
system in the corresponding status. The J-function
formulates the energy conservation of the process.
Hgg is the electron-photon interaction operator and
contains the dipole-operators R, (o is the polari-
sation state of the k-th photon) and the creation and
annihilation operators for a photon (ag, 0o x). P is
the wave number of the k-th photon.

The transition matrix elements are determined by
the following wave functions: (n;, n,: occupation
number of the exciting and scattered photon, respec-
tively vg, v,: occupation number of the Raman phonon
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Randthephonony, g: electronic ground state; e, s, ¢, u:

excited electronic states.)
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|1)j=1,2...,i=1,2...labels different versions of

the intermediate state j, defined by an excited elec-

tronic state |e), |s). If one introduces Egs. (6) and (7)

into Eq. (5), one obtains after some straightforward

calculations the following fifth order contribution to
the polarisability tensor.
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M?¥, M"¢ are the electric dipole matrix elements, con-
necting the ground state |g> and the excited states
le), |u). The constants C:f, C% label the vibronic
coupling matrix elements due to the Raman phonon
R and the non-Raman-active phonon ux. The sum

Z runs over all permutations
P
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F’(#,, #, #, #,) are the frequency functions for each
term of this sum, containing energy denominators
which describe |0,0z)—|0,, 1.), [0,,0z)—|1,, Og)

and|0,, 0g)—>|1,, 1) resonance enhancement. F(#,,
;) labels the frequency functions of the third-order
term (symmetric and antisymmetric). 7% 17+ are
McClain tensors due to the representations I'z, I.
The sum Z runs over all non-Raman-active phonons.
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Antiresonance terms habe been omitted for clarity,
but they are regarded in the fitting procedure.

V., V., ¥, ¥, are the wave numbers of the electronic
transitions into the le), s}, |}, [u) (e, s, t, u = Q, B)
excited electronic states and 3%, ¥/, v*, 7, label the
corresponding half-widths.

In Eq. (11) all transition moments due to vibronic
coupling connecting the ground state to one of the
excited electronic states, have been neglected
(Albrecht 1960; Peticolas 1970; Collins 1973).

The complete polarisability tensor is given by the
sum of the third-order and fifth-order terms. Using
asimilar notation asin Eq. (3), we obtain the following
equation:

The polarisability tensor 8 transforms like the product
representation I X I™ X I* = I'® in Dy,-symmetry.
Therefore in ideal D,,-symmetry no DPR dispersion
isintroduced into § by the fifth-order terms. However,
if one regards symmetry-classified distortions Q" of

the haem group, the operators OH  ,hg BH
must be substituted by Clod 30"
oH 3*H
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The sum Z runs over the irreducible representations

Fj
Ay Big Bygand Ay, of the Dyy-symmetry group. This
leads to the final expression:
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with perturbation introduced above. I'y; contains the
representation I'; of the Raman mode, I';, I';+ contain
the representation of the u-th non-Raman-active
mode. f transforms like I; X Iy x I (I}, Iy, I =
Aig Big By, Asp). This now introduces a variation
of the DPR with the excitation wave number.

Using real Cgs'*f, Cli CLy as fitting parameters we
are now able to fit DPR dispersion curves and EPs
simultaneously. For simplicity we use only one re-
presentative frequency £, for the non-Raman-active
phonons.

If only one kind of molecule is present in the
sample, the fitting constants are linearly related to the
static distortions Q" of the haem (Eq. 12a). As we
will show in the Discussion, different types of mole-
cules with differing distortions exist at a given pH-
value between pH = 6.0 and 9.0 due to different
titration states of the molecule. In this case the CLz,
Cli are effective tensor parameters resulting from
incoherent superposition of the Raman intensities
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due to each type of the molecule. The DPR is calcu-
lated using Placzek’s formalism (Placzek 1934).

In the following section we discuss the result of
the fits for the Raman linesat 1,375cm™", 1,583 cm ™',
and 1,638 cm™!. A detailed discussion of our new
theoretical approach is out of the scope of this paper
and will be presented elsewhere.

Experimental

Human adult haemoglobin was prepared from freshly
drawn blood by standard procedure described by
Schweitzer et al. (1982). The haemoglobin solutions
were dialysed against buffer (0.4 M bis-tris buffer and
0.4 M tris buffer were used for the acid and alkaline
pH-range, respectively). The concentration of haemo-
globin was determined by measuring optical ab-
sorbance.

The excitation was obtained from an Argon-ion
laser. The laser beam, polarised perpendicularly to the
scattering plane was focussed by a cylindrical lens
onto the sample, which was situated in a copper block
for cooling (temperature 6° C). The Raman radiation
was measured in backscattering geometry. A polari-
sation analyser between sample and entrance slit of
the Czerny Turner double monochromator enabled
us to measure the intensity of the two components
perpendicular (/,) and parallel (1)) to the scattering
plane (DPR: ¢ = [y;.). To eliminate the different
transmission of the spectrometer for the two compo-
nents, a polarization scrambler was placed between
analyser and entrance slit. To obtain the excitation
profiles of Raman lines we have taken into account
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Fig. 1. DPR dispersion curves and EPs curves of the 1,375 cm ™! Raman line of the oxyhaemoglobin spectrum for different pH-values of the

solution (the full line has been calculated by the fitting procedure)
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the transmission dispersion of the analyser and the
spectrometer. The transmission of the analyser has
been measured with a Cary absorption spectrometer.
The transmission of the spectrometer was determined
by measuring the Raman intensity of several lines of
calcite and quartz, which have frequency-independent
Raman tensors for all excitation-wavelengths of the
Argon-ion laser and by correcting for the -
frequency dependence.

A correction for absorption of the sample is not
necessary since the absorption of the solution for the
maximal concentration of 10™* mol/monomer is of
the order of 8 cm™'. The length of the scattering
volume, imaged to the entrance slit is about 100 pm,
which is smaller by a factor of 10 than the penetration
depth of the exciting radiation into the sample.

Results

Figures 1 —3 show the DPR dispersion curves and the
corresponding EPs of the 1,375 cm™' (oxidation
marker), 1,583 cm ™! (spin marker) and the 1,638 cm™!
(spin marker) Raman lines of the oxyhaemoglobin
spectrum for pH-values between 6.3 and 9.5. The
full lines give the results of the fitting procedures.
Good agreement was obtained with the experimental
data. The results may be classified as follows:

a) The oxidation marker line at 1,375 cm™'

The corresponding mode of this Raman line trans-
forms due to Ay, in ideal D,,-symmetry. Therefore,
its DPR should be 0.125, if the molecule existed in
thisideal symmetry. In reality the DPR varies between
0.13 and 0.27 in the preresonant region between -
and Soret-band. This DPR dispersion is significantly
pH-dependent in the physiological region. The cor-
responding EPs show a maximum at 20,400 cm™',
although there is no absorption band in the optical
spectrum, which can be related to m — 7* transitions
of the porphyrin system (the z-polarised charge-
transfer band at 22,000 cm™! does not contribute to
the resonant Raman enhancement of porphyrin
skeleton vibrations). To explain these effects, one
has to regard static distortions Q" of the haem and
the contribution of a second, non-Raman-active
phonon. We have shown (theoretical background) that
by fitting the experimental data to Eq. (13) one
obtains constants CL¥ CL, which are related to
symmetry classified distortions of the haem group,
affecting the Raman vibration and the u-th vibra-
tion, respectively. From the representation I's of the
Raman line in ideal Dy -symmetry and the corres-
ponding symmetry I'y; of the tensor parameter CL3,
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Table 1. ¢[B, &', values of the 1,375 cm™! Raman line of the oxyhaemoglobin spectrum calculated by the fitting procedure

Parameter pH
6.3 7.2 7.4 8.0 9.5
CA1eR QO 9.18 -2.72 0.89 0.89 —1.42
QB 4.85 2.10 0.30 0.30 —2.12
BB 2.25 0.40 0.49 0.49 1.57
CPleR QQ -11.4 - —0.49 —-0.49 0.31
QB 0.68 - 0.23 0.23 0.13
BB 0.73 - —0.089 —0.089 0.18
Bk QQ 1.81 437 —0.61 —-0.61 —0.57
QB - 1.12 - - -
BB - 062 —-0.26 —0.16 0.16 0.71
CAle QQ 0.183 —0.15 0.94 0.94 0.42
QB 0.37 0.79 0.50 0.50 —0.08
BB 0.36 0.63 0.03 0.03 0.074
CBle Q0 0.24 -0.6 —-0.28 —-0.28 0.329
QB 0.06 —-0.09 0.20 0.20 —0.15
BB — 0.42 —0.07 0.43 0.43 —0.002
P QQ 0.01 -0.03 0.59 0.59 —-0.015
QB 0.15 —-0.09 0.18 0.18 0.06
BB 0.31 0.89 -0.56 —0.56 0.33
Q 1,551 1,551 1,551 1,551 1,551
2 (cm™1) 500 500 500 500 500
B
y

Table 2. ¢/, ¢lf', values of the 1,583 cm™! Raman line of the oxyhaemoglobin spectrum calculated by the fitting procedure

Parameter pH
6.3 7.2 7.4 8.0 9.5
¢t QQ - - - - -
OB - - - - -
BB 0.16 0.17 0.17 0.17 0.14
cf QQ - - - - -
QB - - - - -
BB - - - - -
CB%R QQ 3.76 3.92 -3.6 -3.6 3.15
QB 0.18 0.25 0.18 0.18 0.15
BB 0.15 0.20 0.15 0.15 0.12
ChR 0.25 0.26 0.24 0.24 0.20
Crls QQ 0.183 -0.15 0.94 0.94 0.42
QB 0.37 -0.75 0.50 0.50 —-0.08
BB 0.36 0.63 0.03 0.03 0.074
CPis QQ 0.24 —-0.6 -0.28 —-0.28 0.329
QB 0.06 —-0.09 0.20 0.20 -0.15
BB -0.42 —0.07 0.43 0.43 —0.002
CcPz QQ 0.01 —~0.03 0.51 0.51 —0.015
QB 0.15 -0.09 0.18 0.18 0.06
BB 0.31 0.89 —0.56 —0.56 0.33
Qu 1,551 1,551 1,551 1,551 1,551
2 (em™) 500 500 500 500 500
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Table 3. ¢[R, ¢fi', values of the 1,638 cm™~! Raman line of the oxyhaemoglobin spectrum calculated by the fitting procedure

Parameter pH
6.3 7.2 7.4 8.0 9.5
CA1eR QQ 5.6 3.06 - 9.77 —~ 0.84 0.32
QB 4.35 -0.36 0.86 0.21 -1.51
BB 0.15 —-0.30 0.57 0.36 0.23
cB® QQ - 4.28 - - _
QB 42 —0.24 2.41 6.06 2.77
BB 1.86 0.34 2.20 0.37 —0.47
CB2R QQ 48.7 3.42 17.98 16.84 0.15
QB - 0.61 1.42 0.013 -
BB - 0.19 2.18 2.91 1.49
o QQ 0.183 -0.15 0.94 0.94 0.42
QB 0.37 0.79 0.5 0.5 —0.08
BB 0.36 0.63 0.03 0.03 0.074
CcPls QQ 0.24 -0.6 0.28 - 0.28 0.329
QB 0.06 -0.09 0.20 0.20 —-0.15
BB 0.42 —-0.07 0.43 0.43 —0.002
CP% QQ 0.01 —-0.03 0.59 0.59 -0.015
QB 0.15 —-0.09 0.18 0.18 0.06
BB 0.31 0.89 - 0.50 - 0.56 0.33
Q 1,551 1,551 1,551 1,551 1,551
/9 (cm™1) 500 500 500 500 500
B
y

one obtains the representation of these distortions
(Schweitzer-Stenner et al. 1984) (cf. theoretical back-
ground).

To obtain comparable values for the constant Cerg",
CL, we calculate the vibronic coupling matrix of
Eq. (11) in units of (/2 ncR,)"? and (#/2 ncQ,)"”.
The dipole matrix elements are calculated from the
oscillator strengths given by Hsu and Woody (1971)
to Mgg = 7.2 Debye for the Soret- and Mgy = 0.6
Debye for the a-transition.

From the fitting procedure we deduce that CZ5,
C& with I'y; = Ayg, Big By and Iy = Ay, By, By
contribute to the scattering tensor at all pH-
values (Table 1). Therefore, one can conclude that
By, and B, distortions affects the vibration of this
mode.

The constants C of the u-th non-Raman-active
phonon are in the same order of magnitude as the
corresponding CZ». From the fitting procedure we
obtain a representative frequency 2, = 1,551 cm™".
This is the wave number of a Bj,-mode of the oxy-
haemoglobin Raman vibrations (Abé et al. 1978;
Spiro and Strekas 1974). The fact that we observe
large B, contributions to Clrisa good reference as
to the consistency of our fit.

The calculated electronic half-width of 500 cm™'
isin the order of magnitude of the experimental values
of the Soret- and the a-band.

b) The spin marker line at 1,583 cm™’

If the haem group has an ideal Dg,-symmetry, the
DPR of this line would be due to an A,; mode. In the
region from 22,000 cm ™' to 21,000 cm ™' the Raman
radiation is polarised, anomalously polarised radia-
tion is observed with a steep increase in DPR up to
2.5. Although the DPR dispersion is almost insen-
sitive to the pH-value, the EPs are pH-dependent.
Civ constants with Ci# = A, A,, and B, con-
tribute to the scattering tensor at all pH-values. The
constants CL, which are related to coupling with the
non-Raman-active phonon, are equal in magnitude
to those obtained from the 1,375 cm ™! line. '

c) The spin marker line at 1,638 cm™'

This line corresponds to a B, mode in Dy,-symmetry.
Thus, the line should be depolarised (DPR = 0.75).
The DPR, however, shows a drastic dispersion in the
preresonant region (DPR = 0.5—1) and a strong
influence of the pH-value in the physiological region.
C's, C% constants with T’ rp Iy = Ayg Big and By, are
needed to fit the DPR and EPs of this line for all
pH-values. Again all Ci-constant are equal magnitude
to those of the oxidation marker line and the spin

marker line at 1,583 cm ™.
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The fact that the fitting constants, which contain
the coupling to the non-Raman-active phonon, are
equal in magnitude for all three lines observed at each
pH is extremely important and shows the consistency
of our theory.

In Eq. (12) these coupling elements represent the
interaction with the non-Raman-active phonon and
thus their values are independent on the Raman
phonon observed in agreement to what we have ob-
tained. This also reduces the effective number of
fitting parameters needed.

Discussion

1. Parameter C'¥ related to static distortions
of the molecules

From the fitting parameters C# one obtains the fol-
lowing symmetry-classified distortions of the three
Raman modes using the correlation table described
inour previous paper (Schweitzer-Stenner etal. 1984).

1,375 cm”™ Alg, B, By, distortions
1,583 cm™ Alg, Asg, By, distortions
1,638 cm™ 1 Ayg Asg Big distortions .

This reflects a haem symmetry of C, or C,. At first
sight it is an astonishing fact that no A,g-distortions
exist for the 1,375 cm ™', and no B,, distortions for
the 1,583 cm_l (1,638 cm_l) One has to observe,
however, that the vibronic coupling elements

s> depend on the combination of R

< *H
e e
303"

and j and thus can have differing values.

I F‘R,l

TENSOR PARAMETER C52(au)

6 7 8 9 6 7 8 GpH®

pH-VALUE

Fig 4. [CI®] (pH) diagrams of the 1,375 cm™' Raman line of the
oxyhaemoglobin spectrum

If one regards the representation of the normal
coordinates in cartesian space (Abé et al. 1978) one
realises that for most of the atoms the displacement
of the A,, and B, modes are perpendicular to those
of the Ay, A, (Bj;) modes in Dy -symmetry, re-
spectively. First considerations have shown that
for these combinations the matrix eclements

3H
<e 50™30"
than for all the other combinations. This agrees well
with the data obtained. A detailed discussion will be
given in a future paper.

It is remarkable that for all three Raman lines
relatively large contributions from CZ% are obtained.
Shelnutt et al. (1977) have calculated the dispersion
of DPR and EPs from a different point of view. Re-
garding vibronic coupling, they first calculate the
eigenstates and energies of the system by time-
independent theory in third order.

Thus, they take into account Jahn-Teller coupling.
The Raman tensors are then calculated by using
second-order time-dependent Kramers-Heisenberg
formulation. They show that only B, and B;, modes
are Jahn-Teller active. This fact is well reflected in
our differently formulated approach by the magnitude
of the corresponding C 4 parameters.

s> should be significantly smaller

2. Correlation between Bohr effect and haem distortion

Figures 4—6 show the Ccly Ccly dependence on the
pH-value of the solution for all three Raman lines
that we have investigated. One obtains a similar shape
for the C# (pH) diagrams of the 1,375 cm™' and the
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Fig. 5. |Ci¥| (pH) diagrams of the 1,638 cm™' Raman line of the
oxyhaemoglobin spectrum



1,638 em™!' and for the corresponding C; (pH) dia-
grams, i.e., 4 minimum or a maximum in the region
between pH = 7.0 and 8.0. In the acid region some
parameters increase or decrease towards pH = 6.0.

It is interesting to note that all Ct¥ parameters of
the 1,375 ecm™! Raman line are minimal between
pH = 7.0 and 8.0, reflecting a more relaxed state of
the haem-apoprotein interaction. The corresponding
Clw parameters of the 1,638 cm™! Raman line, how-
ever, show a strong maximum in this region. This is
a reference to a strong haem-apoprotein interaction.

To clarify this point, one has to remember that
those Raman lines are due to different normal modes
of the porphyrin system. From the normal coordinate
analysis of Abé et al. (1978) one can deduce that the
corresponding mode of the oxidation marker line is

cBs

|cGal |c Bal

1
“Fap—

——

TENSOR PARAMETER €I (au)

6 7 8 é. 6 7 8 9
pH-VALUE
0XY-HbA: Vi = 1551m”

Fig. 6. |CIF| (pH) diagrams of the different non-Raman-active

contribution of the frequency £, = 1,551 cm™'

71

due to a pyrrole ring breathing — like mode deformed
by large contributions of the CN-stretching vibration.
The 1,638 cm™! spin marker line, however, is due to
stretching modes of the B-atoms of the pyrrole rings
and C-atoms of the side chains. From this one can
conclude that haem-apoprotein interactions, which
effect the pyrrole rings of the haem, are indicated by
the 1,638 cm™' Raman line (Fig. 5). In contrast to
this, interactions between the four nitrogen atoms
and the proximal or distal histidine can affect the
mode of the 1,375 cm™! Raman line (cf. el Naggar
et al. 1984; Warshel and Weiss 1982). Therefore,
our data can be interpreted by assuming an increase
of the van-der-Waals interaction between haem and
apoprotein and a simultaneously decrease of the N-
histidine interaction with changing pH.

If this interpretation is correct, one would expect
that the pH-dependence of the 1,583 cm™' Raman
line (Fig. 7) should be some order of magnitude
smaller than those of two other lines. This mode
(Abé et al. 1978) is determined by large vibrations
of the methine bridges, which are not in a strong
van-der-Waals contact to the globular protein (Anto-
nini and Brunori 1971), and thus should not be very
much influenced by changes of protein environment.
Therefore, only small variations of the corresponding
distortions are to be expected. This is in agreement
with the behaviour of the Cl¥ in Fig. 7.

Although our data reflect different behaviour of
the haem-apoprotein interaction, one has to assume
a common reason for all these effects. The significant
correlation in all diagrams CI¥ (pH) and C4 (pH)
is the correlation with the alkaline Bohr effect. Be-
tween pH = 7.0 and 8.0 the number of protons re-
leased, when the system in oxygenated, has a maxi-
mum. Therefore, one may ask whether protonation/
deprotonation of Bohr groups causes the pH-
dependent symmetry distortions of the haem.

In a previous paper (Schweitzer-Stenner et al.
1984) we interpreted similar diagrams of the deoxy-

0XY-HbA: \7R = 1583em™
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haemoglobin system by assuming that different titra-
tion states of amino acids residues induce different
distortions of the haem group. These different kinds
of molecules with respect to the distortions and titra-
tion state are present in the solution at a given pH-
value. The different titration states can be represented
by S; = (+, +, —, —, ).
12 i

(+ means that a proton is bound to the Bohr group,
— means that a proton has been released, i labels
the number of Bohr groups, 1 the titration state of
the molecule.) In each state S; different distortions
def exist. The number #n; of each kind of molecules
can be calculated by mass action law as a function
(K1, Ky, ..., K;, pH), where K; is the corresponding
mass action constant. Therefore, the C¥, C% reflect
effective scattering tensor contributions, which result
from incoherent superposition of the Raman intensi-
ties due to each type of molecule. From the fact that
the excitation profiles are only dependent on the
squares of Placzek’s tensor invariants 8 §° and y°
respectively (cf. Placzek 1934), one can conclude by
some lengthy calculation that all Cls, CI; can be
separated by comparing the energy denominators.
From this one obtains:

(L om0 + ()]

r=r~k

ch= | + (nkelroof) L2 1

4 n 2

Y (el w#It=r, (14

1N
where

*H oH
gge=a<s|7 e>,s£g“’= <s o e>,

7 50[*307 P lagnle)

a, B: constants.

Assuming two titrable groups influencing the haem,
we are able to fit the al, (pH) diagrams of the
1,355 cm™! line of the deoxyhaemoglobin spectrum
(Schweitzer-Stenner et al. 1984). Unfortunately, the
oxy-C%s (pH) (C (pH) diagrams cannot be explained
by such a simple approach. Therefore more than two
protonation processes may contribute to the variation
of the fitting parameters, i.e. the variation of the
symmetry-classified distortions of the functional
group. The corresponding pH-values lie in the region
between 7.0 and 8.0.

If this interpretation is correct, one must conclude
that the tertiary structure of the R-state of haemo-
globin is pH-dependent. The pH-influence on the
R-state properties of haemoglobin has been discussed
in the past from many points of view. In terms of
the two-state model of Monod et al. (1965), one

assumes only pH-variation of the equilibrium con-
stant of the R-T transition to explain the Bohr effect.
NMR measurements of the y; and y, Val(E11) methyl
resonances, however, show a significant influence of
the pD-value on the position of Val(E11) resonance
lines which is explained by changing haem-apoprotein
contacts (Lindstrom and Ho 1973). Kinetic studies
by McDonald and Noble (1972) have demonstrated
that the ligand dissociation rate is reduced within the
R-form of haemoglobin, when pH is increased from
6 to 9. Consequently new allosteric models have been
developed (Herzfeld and Stanley 1974), which take
into account pH-dependence of the R-state O,-affin-
ity. Yassin and Fell (1982) use the Herzfeld-Stanley
model to analyse the pH-dependence of oxygen bind-
ing of human blood. From their fitting procedures
they deduce that H¥-ions directly influence the
tertiary structure of the globular structure. In our
model this change of oxygen affinity may be caused
by the pH-dependent distortions of the haem group.

One interesting result of the studies by McDonald
and Noble (1972) should be emphasised. Studying
the pH-dependence of CO-dissociation with NO-
replacement for HbA and its isolated subunits, they
obtain different pH-effects on the rates of CO re-
placement by NO for the different aggregation states
(tetramer, monomer) of the molecule. The pH-effect
of the B-subunit has a significant maximum at pH = 8.0
and increases towards the acid region. This corre-
sponds well to the feature of our Ci, (pH) diagrams.
The a-subunit, however, shows only a small pH-
dependence of the CO-dissociation/NO-replacement.
From this one may conclude that protonation pro-
cesses of the B-subunit are responsible for the pH-
variations of the polarisability tensor as obtained from

“our data.

Now the question arises as to which amino acid
groups of the fB-subunit contribute to this effect.
Perutz (1970b) has shown that Val(NA1)g,
His(HC3)$ and His(H5)a are the main causes for
the Bohr effect. Matthew et al. (1979a,b) have point-
ed out that the contributions to the Bohr effect depend
on the electrostatic properties of the molecule and
the Cl™-concentration of the solution. They calculate
relatively large contributions of single groups as
Val(NAl)a, Val(HC1)p, and His(HC3)3 to the
alkaline Bohr effect at a Cl™-concentration of 0.1 M.
In the absence of Cl -ions, however, many additional
groups in the — and -subunits contribute to the Bohr
effectin the alkaline region. Results of NMR measure-
ments of the pH-dependence of different C2, C4
histidyl resonances (Russu et al. 1982), are in good
agreement with the theoretical calculations of Matthew
et al. (1979b). They find that in the case of low Cl™-
concentration the salt bridge between His(HC3)g and
Asp(FG1)8 remains unchanged in the 7-R transition



of the tetramer molecule. This astonishing result is
contrary to the interpretation of X-ray diffraction
studies of human and horse haemoglobin by Perutz
(1970a) and Kilmartin et al. (1980), who did not find
this salt bridge in horse oxyhaemoglobin and human
methaemoglobin systems. This discrepancy can be
explained in terms of Matthews’ theory, assuming a
fluctuation of the local environment of amino acid
residuesindependence of ionic strength and pH-value.

From this state of the discussion two possible ex-

planation may be given for our results. Both represent
extreme views from different standpoints. The truth
might well be a compromise between the two.
1) Under our condition of low-phosphat and CI"-
concentrations in the range between 0.2 and 0.25 M
the salt bridge between His(HC3)8 and Asp(FG1)p
may not be destroyed in the R-state.

Thus, a deprotonation of His(HC3)§ can now
destabilise this bridge. This would produce a change
in the tertiary structure, influencing the haem group
and the ligation affinity of this subunit and therefore
the polarisability tensor. Russu et al. (1982) measured
a pK-value of 7.85 for the His(HC3)8 residue at
low CI™ - and phosphat-concentrations. Thus, at this
pK-value one would expect breaking of the salt bridge
in accordance with our diagrams. If this interpretation
is correct, the pH-dependence of the polarisability ten-
sor must be absent for systems lacking this salt bridge.
Indeed, the corresponding Raman lines of deoxyMb,
metMbCN and metHbCN (in the ferric state the salt
bridge is absent (Russu et al. 1982; Perutz 1970a;
Heidneretal. 1976), show no pH-dependent variation
of the DPR and EPS curves (el Naggar et al. 1984).

In the meantime we have investigated the DPR
and EPs curves of oxyhaemoglobin Raman lines at
high Cl™-concentrations (= 0.45 M). We have found
only small variations in the DPR and EPs of the
1,375 cm™', 1,584 cm™' and 1,638 cm™' Raman line
(to be published in a future paper). These results
confirm the above interpretation.

Thus, we may conclude that breaking of this salt
bridge is a major reason for distortion being induced
into the R-state. We have to point out, however, that
there has be at least one additional titration process
with pK in the region between 7 and 8. Otherwise
maxima of the C¥ would not be obtained, since from
titration of only one residue and its corresponding
changes in tertiary structure one would expect normal
titration curves without any maxima. Which of the
various amino residues takes this role remains to be
answered.

It should be noted that a similar “induced fit”
effect by breaking of salt bridges has been obtained
by MoBbauer’s spectroscopy of the monomerichaemo-
globin Chironomos Tummi Tummi by Parak and
Kalvius (1982).
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2) Another explanation can be given, if one assumes
that the protonation/deprotonation of all Bohr groups
gives rise to pH-dependent variations of the scattering
tensor. Matthew et al. (1970a) have shown that such
processes change the electrostatic interactions be-
tween different residues of the tetrameric molecule
and correspondingly the tertiary structure and the
dynamic properties (Frauenfelder et al. 1979). The
fact that the C’¥ (pH) maximum correlates with the
maximum of deprotonation processes of the oxy-
system in the alkaline region (Fig. 7) support this
interpretation. The absence of a pH-dependent DPR
variation of myoglobin Raman lines can be explained
in terms of Matthews theory by the more belanced
electrostatic interaction pattern in myoglobin apo-
protein.

Further experiments, i.e., the investigation of the
influence of Cl™-ions and effectors on the DPR and
EPs of oxyhaemoglobin are necessary to clarify as
to how the two mechanisms proposed really do
contribute.

3. Pathways of the haem-apoprotein interaction

We now discussed the mechanism which couples the
protonation/deprotonation of Bohr groups and the
symmetry distortions of the haem group. The haem-
apoprotein interactions have been discussed by several
authors during the past few yearsin the context of liga-
tion processes. Of course, one can assume that ligation
and protonation processes trigger haem-apoprotein
interaction via the same pathways. Therefore, it seems
to be useful to outline the two most important modes
of haem-apoprotein interaction. After this, we discuss
whether our results favour one of these models.

Wymann (1966) has measured free energy dif-
ference between the R- and T-state of the haemo-
globin tetramer. Perutz et al. (1972) assume that this
energy is stored in the covalent Fe?*-His(F8) bond
between haem and globular protein. In the 7-state
the central Fe’*-atom is about 0.4 A out of the haem
plane (model I). In the case of a 7-R transition, the
Fe’*-atom moves towards the haem plane, weakening
the Fe’'-His(F8) bond. Raman measurements of
Nagai et al. (1980) and Ondrias et al. (1982), who
have measured a frequency shift of the 212 cm™
Raman line of the deoxyhaemoglobin spectrum
during a 7-R transition of the system, support this
theory. Assuming thisline to be caused by a Fe-His(F8)
vibration, they conclude a dominant role of the Fe-
His (F8) bond in the T-R transition. However, up
to now this assignment of the 212 cm™! line is not
unambiguous (Debois et al. 1981).

The allosteric model of Hopfield (1973) gives
another explanation. Hopfield assume that the free
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OXY-HbA: v = 1638cm’

Fig. 8. |a}| (pH) diagrams of the 1,683 cm™' Raman line of the
oxyhaemoglobin spectrum

energy is distributed evenly over all chemical bonds,
i.e., covalent, hydrogen and van der Waals bonds, of
the tetrameric molecule. In this case the Fe-His(F8)
bond is not the only pathway of haem-apoprotein
interaction, but the van der Waals and hydrogen
bonds between the haem-pyrrole rings and amino
acid residues of the haem pocket have to be taken
into account.

Hopfield’s model is supported by the EXAFS
measurements of Eisenberger et al. (1976, 1978) and
Shulman et al. (1982). Eisenberger et al. (1978) have
measured the Fe**-His(F8) distance for deoxy-HbA
(T-state) and deoxyHb Kempsey (R-state). They
found no difference between these two systems. In
addition, EXAFS measurements at HbNO in the R-
and T-state of Shulman et al. (1982) give no indica-
tion for a prominent role of the Fe**-His(F8) bond
R-T transition.

In an earlier paper, Lindstrom and Ho (1973)
showed that the position Val(E11) influences the
ligation affinity of haemoglobin. This interaction is
dependent on the pD-value of the solution and on the
presence of DPG. Shelnutt et al. (1981) report that
Raman difference measurements at different cyto-
chromic mutants which differ in various amino acid
residue give rise to small shifts of the spin marker
Raman lines. This indicates haem-apoprotein interac-
tions via many different pathway in the protein.

Now the question arises as to whether our experi-
mental results favour one of those two models. In
the last section we have shown that the behaviour of
the Cl# (pH) diagrams of the 1,375 cm™' and 1,638
cm™! Raman line can be explained by a haem-apo-
protein interaction via van der Waals contacts and
histidine(F8,E7)-N(porphyrin) interaction. If tertiary
structure variation couples to the haem mainly via
the covalent Fe’*-His(F8) bond, one would expect

Ay, Bigand B, distortions of the four nitrogen atoms.
This would influence mainly the 1,375 cm™' Raman
line. For the 1,638 cm™! Raman mode one would
expect a somewhat smaller pH-dependence of the
scattering tensor, contrary to what we have obtained.

The model of Hopfield, however, predicts that
tertiary structure variation influence the haem with
comparable strength via the Fe?*-His(F8), van der
Waals and hydrogen bonds. In this case all modes
of the porphyrin system are distorted in a similar way.
This is what we have obtained and thus our results
support Hopfield’s model.

4. Comparison of third-order and fifth-order
formalism of the polarisability tensor

In a previous paper we reported that the DPR disper-
sion curves and EPs of the 1,355 cm™! Raman line
of deoxyHb can be calculated with a theoretical
approach in third-order time-dependent theory using
complex fitting constants al,. From this we obtain
several diagrams of al, (pH), which could be explained
by protonation/deprotonation of two Bohr groups
with pK = 5.4 and 4.3. To clarify the validity of this
earlier approach, we compare the results presented
in this paper with those we obtained previously by
the application of the third-order approach (Eq. (1)
in this paper) to oxyHb Raman lines (Schweitzer et al.
1983). Figure 7 shows the pH-dependence of the
complex al; of the 1,638 cm™' Raman line of oxyHb
spectrum as a representative example. It show a
similar behaviour to those diagrams we have pre-
sented in this paper (Figs. 4—6). From this similarity
one can conclude that both theories yield equivalent
results, i.e., the same pH-dependence of static distor-
tions of the haem group. The fifth-order approach,
however, avoids some inconsistence of the calculated
results as complex transition moments and small elec-
tronic half-width of the Q-transition.

We summarise our results as follows:

1) Symmetry-lowering of the functional group oxy-
haemoglobin can be detected by measuring and ana-
lysing the DPR dispersion curves and EPs of promi-
nent Raman lines.

2) Protonation of Bohr groups with pK-values be-
tween 7.0 and 8.0 induces distortions of the haem
group via the haem-apoprotein contacts.

3) The similar pH-dependence of all symmetry-
classified distortions of the haem supports the dis-
tributed model of Hopfield.
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