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The role played by the Jahn-Teller effect for a correct interpretation of the spectroscopic and structural data of some
‘biological systems is stressed and a short review of the investigations so far performed is presented. Afterwards, on the basis
of the angular overlap model, several expressions are given for the coupling constants of the transition metal ions, which
mainly occur in biomolecules (Fe, Co, Cu, Mo) in order to have an approximate evaluation of the Jahn-Teller effect magni-
tude. The above expressions are then applied to obtain the vibronic coupling constants of the deoxygenated hemoglobin
and myoglobin. The results obtained are compared with the predictions previously made by the author on these systems.

1. Introduction

Metalloproteins play an essential role in many bjo-
logical processes [1}. They act as metal storage and
transport proteins, oxygen carriers and enzymes,
whose activity mainly depends upon a locally ener-
gised metal-protein conformation [2]; hence it is im-
portant to know the stereochemistry and electronic
structure of the chromophores containing the metal
ion. Naturally occurring metalloproteins are often
characterized by unusual geometries, due to the cons-
straints imposed by the specific secondary and tertiary
structure of the protein. However, apart from the cause
of the distortion, the prosthetic group can be consid-
ered alike a common coordination compound with the
same geometry.

Many attempts have been made to interpret the ex-
perimental data on the basis of the crystal field or
molecular orbital theory and a particular attention
was paid to hemoproteins [3] ; each theoretical ap-
proach provides certain insights, although a complete
interpretation of the phenomenology can be hardly
reached.

Another approach, particuiarly suitably for highly
distorted structures, is constituted by the angular over-
lap model (AOM) [4—71, which has been barely ex-
ploited for biomolecules as yet [8]. The AOM repre-

sents a simplification of the LCAO-MO theory in the
Wolfsberg-Helmholz approximation [9] and has the
advantage of a very limited number of parameters,
which possess some degree of physical interpretability
and are transferable from one chromophore MX to
another MX, of different symmetry, provided that ail
the M-X distances are the same.

The Jahn-Teller effect (JTE) is based on a theorem
first described by Jahn and Teller in 1937 [10] and
affirms that, if an electronic degenerate level exists in
a non-linear molecule, the nuclei displace themselves
in order to destroy the symmetry of their configura-
tion and to remove the electronic degeneracy.

Many years elapsed before the importance of the
JTE in the interpretation of speciroscopic and struc-
tural properties of molecules and crystals was recog-
nized and it was only in the fifties and sixties that the
JTE was developed and demonstrated to be effective
in a large amount of physical systems [11]. Indeed
one can say that the JTE cannot be ruled out a priori,
but only when it is proved to be absent or negligible;
therefore it is important to know, at least approxi-
mately, the magnitude of the effect.

The first attempi of calculating the Jahn-Teller cou-
pling constants was made by Van Vleck in 1939 {12]
on the basis of the crystal field theory and successive-
ly this method or the ligand field method [13,14]
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were followed, but the resulting expressions, apart
from the consistency of the calculated values with the
experimental data, are rather inconvenient to handle
owing to the large number of parameters.

Very recently the author of the present paper has
introduced a new parameterization method, based on
the AOM, which allows qualitative previsions on differ-
ent Jahn-Teller systems and a semi-quantitative evalua-
tion of the coupling constants [15].

At this point I would like to remark that ito talk
about the JTE in biomolecules could appear contra-
dictory; in fact the JTE is characteristic of highly sym-
metrical systems, where electronic degeneracy is pos-
sible, whereas, as previously said, low symmetries are
typical for biomolecules. However, the JTE may repre-
sent one of the causes of the chromophore distortion,
taking into account that low-symmetry perturbations
can be vibronically amplified [16]. Moreover it has to
be remarked that a complete degeneracy is not neces-
sary, because it is sufficient that electronic levels are
energetically close enough in order that the system is
subject to JTE (pseudo-JTE). From a more quantita-
tive point of view the following relationship should be
verified [16]:

A<a?/K, €y

where 2A is the energy separation between the levels,
a is the vibronic coupling constant and X the force con-
stant.

In the following sections, after a short survey on
the different biomolecules whose properties have been
interpreted so far by the JTE, general expressions are
given for the Jahn-Teller coupling constants of the
transition metal ions commonly involved in metallo-
proteins, in various symmetries. The results are then
discussed and applied to the deoxygenated hemogio-
bin and myoglobin (DeoxyHb and DeoxyMb, respec-
tively).

2. Historical survey

To our knowledge the first application of the JTE
to a biological molecule is due to Kamimura and
Mizuashi [17,18], who attempted to explain the large
anisotropy of g factors of the low-spin ferrihemoglo-
bin azide (g, = 1 72:;8,=2.22;g = 2.80). They con-
sidered the combined action of the rhombic crysial

field produced by the azide ion and the axial imidazole
and the dynamical Jahn-Teller interaction between the
electronic ground state 2E (Cg4,, symmetry) and the
stretching in-the-plane §;, (henceforth we use roman
letters for representations of electronic states and the
corresponding greek letters for vibrational modes
[19]1). A good agreement with experimental data was
obtained for a rhombic crystal field component of
220 cm—! and a ratio S = Eyy/ficw of ~0.64, where
Eyt is the Jahn-Teller stabilization energy and 7ico the
vibrational quantum.

In 1972 Weissbluth [3,20,21] gave an interpreta-
tion of the deoxygenation mechanism in oxyhemoglo-
bin based on the JTE. Ii was postulated that the high
spin state 5 ng (O;, symmetiry) could be reached by
thermal excitation from the low-spin ground state
1A, Once this occurs, the system is subject to JTE
and the most likely distortion, owing to local geomet-
rical constraints, is along the Fe-O, bond, thus favour-
ing the detachment of the oxygen molecule.

This conjecture was successively criticized on sym-
metry grounds because the symmetry of the chromo-
phore is not sirictly octahedral, but Cg4,,, at most, and
in this point group the stretching Fe-O, is not Jahn-
Teller active [22]. Apart from this criticism, however
the interesting idea remains that the JTE may provide
a local distortion, which acts as a trigger for successive
conformational changes; such a triggering mechanism
might be effective in other systems and could also
elucidate the early stages of enzymatic activity [21].

Chan et al. in 1971 and successively Gouterman in
1973 [23] stressed the important role that could be
played by the JTE in the excited triplet states of
metallo-porphyrinic systems. Further Canters et al.
[24,25] were able to give a proper understanding for
Zeeman and MCD experiments on some metallo-por-
phines, by considering the vibronic coupling in the
first excited singlet state 1E,, (Dg;, symmetry); they
found for Zn-porphin a Jahn-Teller active mode at
180 cm—1 with a stabilization energy in the range 40—
50 cm—1. Another evidence of the influence of the
JTE in the excited states of metallo-porphyrins arises
from resonance Raman spectra of Ni-etioporphyrin
and Cr-ieiraphenylporphyrin chloride; in fact the com-
parison of the computed and observed excitation pro-
files shows the presence of a weak Jahn-Teller distor-
tion in the excited Qq state [26].

Very recently the magnetic susceptibility and
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Mossbauer data for DeoxyHb and DzoxyMb have

been fitted in a C,4,, symmetry for the chromophore
FeNg by introducing a dynamical JTE acting on the
low-lying levels [191; in this way it is possibie to over-
come some inconsistencies which arise if large rhombic
components are invoked to explain the magnetic and
Mdssbauer experimental data [27—31]. In fact X-ray
structural data indicate a neaily square-pyramidal
stereochemistry for the FeNs chromophore [32,33]
and, in addition, EPR measurements show that the
thombic component is absent or negligible in very sim-
ilar systemns, as high spin ferric hemoglobin and myo-
globin or deoxycobaltohemoglobin and deoxycobalto-
myoglobin [3,34].

At last the introduction of vibronic coupling gives
also a plausible interpretation [35] for the difference
in magnetic moment in phosphate-free (u.¢r ~ 4.90
#g) and phosphate-bound (ueer ~ 5.30-5.45 ug)
DeoxyHb [36]. In fact it was demonstrated [35] that
an increase of the magnetic moment ¢ corresponds
to a decrease of the ratio S, previously defined. There-
fore, it was suggested that the phosphate binds the
globin not too far from the FeN5 chromophore so as
to hinder some vibrational modes, in particular the
Jahn-Teller active 8y mode. The mean-square ampli-
tude & of a normal coordinate in the harmonic approx-
imation is given by [37]:

8 = (B/872¢cw) coth(hcw[2kT), ()]

where w is the vibrational frequency in cm—1 and the
other symbols have their usual significance. A con-
straint on the vibrational amplitude leads to an in-
crease of the corresponding frequency by which the
value of S decreases and, consequently, the magnetic
morment increases.

3. Theoretical approach

Here only a general outline of the theory will be
given in order to clarify how the expressions of table
1 for different compounds are obtained, while a more
complete treatment can be found elsewhere [15,38]}.
If the electronic potential is expanded in a series of
small displacements from the undistorted configura-
tion:

y=v +E(:;;) st
P ( acv

) ST, ST +
L. Tow I",' l""' vY T
Ty \ast st /g

3

-+

W=

where S,IY' is a symmetry coordinate, corresponcing to
the component 7y of the representation T, it car. be
demonstrated that the symmetric nuclear confizura-
tion is stable only when all the matrix elements of ihe
linear terms

i =j Jahn-Teller effect

i #j pseudo-Jahn-Teller effect
@

are zero. The JTE is present when, for some displace-
ments S.l; (Jahn-Teller active modes) the integral (4)
does not vanish. If ¢; transforms as a component of
the representation I;, it follows from symmetry that
vibrational modes may be Jahn-Teller active if the irre-
ducible representation T of the coordinate ST is con-
tained in the symmetric square {I7;]2 [10,11].

To evaluate the magnitude of the JTE it is neces-
sary to compute the matrix element (4). The main
problem is to obtain the derivative of the potential
® V/aSl ), which can be expressed in a convenient
way by means of the AOM.

The AOM assumes that the energy change e, of a
given metal orbital, due to the interaction with a
ligand ortital, is

ex = KrS3Fo: ©

where A indicates the bonding symmetry (o, 7, 8) and
¢ specifies the particular orbital (for 7 and & bonds);
S, is the diatomic overlap integral; F, ,, the angular
overlap factor, is a fraction of the maximum overlap
integral and can be obtained from the tables of refs.
{51 and [6] for a given geometry. K, is a proportionai-
ity constant, which is related tc the energies of the
metal and ligand orbitals and, in the Wolfsberg-
Helmholz approximation [5,6] is given by:

K, ~HE [(Hy; — Hy), ®
Wlﬂl Hy and H,, the energies of the ligand and metal
orbitals, respectively; however, K, can be also consid-

ered a parameter deducible from the experimental
data [15,38].

c = <¢;1aV/asT ¢ {
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Furthermore the AOM assumes the effects of sever-
al ligands on the central metal orbital to be additive so
that ihe general expression for the ligand field matrix
element is:

N
(¢ilqu?]') = )?gznjehn FAw(¢i’ Xn)Fi\w(fbj’ X;z) > (1)

where {V is the coordination number.

As the symmetry coordinates SS can be expressed
as a {uenction of the polar coordinates @, ¢ and the
metal-ligand bond length R, the eq. (4) is rearranged,
by using eq. (7), as follows:

N
F) or;
c= g Zn:) {b?}; [ei\n Fhw(¢i’ Xlz)FAw(¢j’ Xn)]} ;'i-.’
e
3)

where 7,, stands for the generic coordinate R,,, 8,,. &,,.

Since (o V/aS,];) is a one-electron operator it is a
simple matter to caiculate the JT constants for any
configuration of a general d” ion starting from eq. (8)
[38] and using table 3 of ref. [6] to compute the F-
factors. In table 1 the results for d¥, d5, 36, a7 and d°
configurations in different symmetries are reported;
such results are quite general, but we have indicated in
the second column of the table the metal ions, which
commonly occur in metalloproteins.

4. Discussion

Since e, is larger than ¢ (and often, but not al-
ways, a similar behaviour is true for their derivatives),
a larger JTE is expected, when the coupling constant
depends on e, (or de, [/aR), so that by an inspection
of table 1 qualitative previsions appear particularly
simple.

First of all we note the essential role played by the
angle 6 between the main symmetry axis and the equa-
torial bond M-X. Indeed the expressions for the Cqy
and Cg, point groups reduce to the ones for the higher
Dy, (or Oy) and Dyy, symmetry, respectively, when 8
= 90°; in this latter case many coupling constants van-
ish or are strongly reduced and so it follows that the
JTE is more effective in the lower symmetries. On the
other hand, in a given point group, there are some val-
ues of 8, for which the coupling constants reach a

maximum value; the importance of this aspect in the
interpretation of the stereochemistry of DeoxyHb and
DeoxyMb will be discussed later.

1 et us consider now the JTE implications on the
stereochemistry of blue copper proteins such as plasto-
cyanin and azurin. These proieins function as electron-
carriers in which the copper ion oscillaies between
Cu(II) and Cu() [39]; the typical coordination geom-
etry for Cu(l) is tetrahedral, while the most favourabie
one for Cu(ll) is square planar and therefore an inter-
mediate structure should require less energy in the
redox process. Actually a recent X-ray crystal struc-
ture of plastocyanin [40] seems to confirm a dis-
torted tetrahedral coordination, with bond angles de-
viating by as much as 50° from the values for a tetra-
hedon. From table 1 it appears that the largesi cou-
pling constants in CuX, chromophores are related to
the bending vibrations e(Ty symmetry) or §;(Dog4
symmeiry ), which both tend to distort the chromo-
phore towards a square planar form; in fact, since e,
is always greater thane_ (asamule,2, ~0.1-03 ¢,
[41]1), the coupling constant is positive which implies
a flattening of the tetrahedron [38].

As for the magnitude of e, and (3¢, /oR), their val-
ue can be evaluated theoretically, for example by the
expressions (5) and (6), or deduced from the experi-
mental data [15,38]; in general the larger values of e,
are found in the higher oxidation states [7]; moreover
e_ is not too different from zero in ammonia and ali-
phatic amines, while its contribution may be apprecia-
ble in aromatic or more “soft™ ligands [41]. As for
the sign of the parameters, ¢, corresponds to the ener-
gy increase of the d orbitals becoming g-antibonding
by combination with ligand o orbitals and therefore it
should be always positive; on the contrary ligands,
which are w-acceptors towards the metal ion, have
negative e_, while positive e are characteristic of #-
donors.

Besides copper (II), which is a well known Jahn-
Teller ion, a strong JTE shouid be observed in low-
spin cobalt(IT) chromophores in octahedral (or nearly-
octahedral) and irigonal bipyramidal (D3y,) coordina-
tion so that vibronic coupling has to be taken into ac-
count in considering the spectral and structural proper-
ties of the vitamin By,,.

Apart from vitamin By, , few biologically interest-
ing compounds have low-spin cobalt (I1), whereas high-
spin cobalt (II) commonly occurs when it substitutes
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Table 1
Jahn-Teller coupling constants for transition metal jons commonly involved in metalloproteins
Electronic lon Point Electronic JIT active
configuration group level 2) vibrational JT coupling matrix elements ©)
mode b)
al Mo 5% cgy 2E(t, ) v(B1) E1aV/aSg,18)= ~ %sinzze -3eg/3R + (cos?6 — cos228)-defoR
8(81) &12V/2S,18)= —(1/R)[3 sin 46 -e, + (sin 20 — 2 5in 46)-¢,,]
5(82) (£12¥V/aSp, 1> = (2/R) (cos?26 — cos?6)-e,
Cav  ZEGm e) &1aV/aS§15) =~ 5 /3 [35in220-0¢0/0R — (cos?6 ~ cos220)- 3¢,/
5(e) D €12V/a5815) = (1/R) /3 [ 3 sin 46 e+ (~ 3 5in 20 +sin 46)-€;]
5(e) © glaV/aSgie) = —(I/R)\/g [3sin226 e, + (c0s226 — cos26)-e,]
as Fe®* Cgy 2E@E 282, wB1) £19V/aSg,18y= 2 5in220-8e/0R — (cos20 —cos220)-de,faR
2775
8(81) (£12V/S5,15 = (1/R) [Z sin 49+, + (sin 20 — 2 sin 46)-¢;,)
8(82) (&E1aV/aSg, 1ny = —(2[R) (cos®26 —cos®6) e,
as Fe?" Cuv SEG?n"e eTeT, v (512 V/aSg, |£) = — 2 sin229-9e /R + (cos26 — cos220)-de,,/aR
3+ B1 3 [
Co —€+112§'+€+0+) s
8@1) (€13 V/0Sg, 18y = —(1/R) [5 sin 46 -e; + (sin 26 — 2 sin 40)-¢,]
5(82) &l1aV/aSp, 1m> = (2/R)(c0s?20 —cos®0) e
Ta SE(0T Y, s(e) (613V/2S5§16) = ~(4~/2/3R) e,
e+e2g+,n+§+)
as Co®** Oy, ZEg&?n’ce™, we) 018V/05510>=3/3 veg/oR
2+ g
Dih 2E’(E§nz§:e';; e (elav/aSgler= — -%\/%— (£ 2e4/oR ~ vefoR)
En*te ’
s(eH D) (elo¥/aSE 1e>=(1/R) «/%(—‘}ea - 2e)
Cav *E@%eTE 0%, w(8y) E1aV/aSp, 15> = 2 sin226-3e4/3R — ( cos26 — cos®20)-de,/3R
ot et E?n*E?) 5
5(81) <E1aV/3Sp,18)=(1/R) [7 sin46-¢, + (sin 20 — 2 5in 46)-e,}
5(82) (£13V/aSg,1m) = ~(2/R) (cos®26 ~cos’6) e,
a® c®* Tg 21,0262 7282, 5(e) (13 V/2SE1®) = (2\/63R) (e5 —ex)
2. 22 452
0 et 0" ¢~ .
6252527225"") 2 1
v(72) &1aV/aS{2In) = ~ 5 (3eg/dR — Foe/oR)
5(r2) t&18V/aST2m = (27/3/3R) (eq — S e
Doq ® 2E(e:e§§:ni§§, 5@1) (£l V/2Sg,18) = G/6/R) [3sin®26-e4 + (cos>26 — cos?0)-e,]
8%e"t"n )
»(B2) (£12V/2Sp,1n) = ~ 5 sin® 20 -de5/oR — 2(cos> 20 — cos>8)+3e,/aR
5(82) 13V /aSg,In> = ~(2/R) [%sin 46-e5 — -;-(2 sin 49 — sin 26)-e_]

a) Strong field configuration in parenthesis; £, 7, ¢, 6, e stand for the one-electron levels 4,7, dx 7, Gy p, 22 and dy2 - 3,2 respectively.

b) The notation » and 5 refer to the stretching and bending vibrational modes, respectively.

¢) Only one matrix elernent is reported for each case, since the other elements are easily obtained by symmetry considerations
[15.38]; tke angle & corresponds to the angle between the main symmetry axis and the equatorial ligands; contributions from &~
bonds ate neglected.

4 Out-of-plane bending. ) In-plane bending.
In-plane bending; in D3}, symmetry the coupling constanis zelative to the out-oi-plane bending are zevro.

&) §n this case the angle 6 corresponds to the angle between the S5 symmeiry axis and the M-X bond, where X is the ligand involved
in the vibrational mode.
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zine (I1) in zinc-containing metalloenzymes. In this
latter case the ground electronic state is a non-degen-
erate level in tetrahedral (4A2) or pseudo-tetrahedral
stereochemistry, which is the most likely geometry
for cobalt (I1) substituted zinc-enzymes [42], and
therefore the JTE is absent. However, strong interac-
tions are expected on the exciied states and have to
be considered, when an interpretation of the d-d ab-
sorption spectra is attempted.

With regard to other metal jons, we note that
Mo(V), low-spin Fe(1l1) and high-spin Fe(1I) should
be affected, in the low-lying levels, by an appreciable
JTE, particularly for five-coordinated chromophores,
where the metal is situated out of the equatorial plane:
such a situation for example is verified in deoxygen-
ated homoproteins.

5. Application to deoxygenated hemoglobin and
myoglobin

The magnetic susceptibility and Mossbauer data of
DeoxyHb and DeoxyMb were simultaneously fitted
for axial symmetry by considering vibronic coupling
in the low-lying electronic levels [19]. Both molecules
have, in C4, symmeiry, the following level scheme:
5B, <JSE~ 1A, <3E, in order of increasing energy;
the first three levels are located within a few hundred
cm—1 and the dynamical 3TE on the state SE intro-
duces a strong mixing and substantially modifies the
level scheme, whereas the JTE on the level 3E, owing
to the larger separation (~2000 cm—1) from the
ground siate, seems to be only a small perturbation.
Given the mathematical complexity of the problem,
various approximations were introduced and, in par-
ticular, only one out of three Jahn-Teller active vibra-
tions (268, + ) was considered, a vibration of B; sym-
metry. The resulting fit gave vibrational quanta of 50
and 57 cm—1 for DeoxyHb and DeoxyMb, respective-
ly; these low values should very likely correspond to
the out-of-plane bending of the square-pyramidal
chromophore FeNj.

The possibility of an easy evaluation of the Jahn-
Teller coupling constants offered by the AOM, in-
duced us to verify the validity of the above assump-
tions and to estimate the magnitude of the effect.

Therefore, let us consider the level 5E, arising from
the octahedral term 5T, ,; if the mixing with the

Fig. 1. Angular dependence of the Jahn-Teller coupling con-
stant between the electronic state SE and the bending out-of-
plane 83, Cg’) =<7l aV/aSﬂlln), for the Fe2* jon in a square-
pyramidal siereochemistty (C4y symmeiry). In ordinate the
units are e5/R; e; = 0.2 g (solid line), e, = 0 (dashed line).

terms at higher energy is neglected, the expressions
given in table 1 for Fe2* in C4, symmetry can be di-
rectly used.

In fig. 1 the coupling constant with the bending
mode fi; (cg") =—(tloV/oS, , 18?) is reported as func-
tion of the bond angle 8 and two extreme values at
112.5° and 157.5° are found. If the last value is dis-
carded as very unlikely, because it requires a too large
displacement of the iron from the heme plane, we
note that the value of 112.5° favourably compares
with the experimental one of about 107° for DeoxyHb
[32]. In the case of DzoxyMb the lower value of 6
(about 98° [33]) still allows an appreciable coupling
constant, owing to the steep slope of the curve (fig. 1).
In other words one can say thai such a geometry leads
io a further energetic stabilization due to the JTE.
Gther factors which contribute in displacing the metal
ion out of the heme plane are the too large size of the
high-spin ferrous ion [43] and the energy level scheme
for one-electron orbitals. In fact, as it appears from fig.
2, there is a guasidegeneracy of the £, 7, ¢ orbitals in
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Fig. 2. Angular dependence of the one-electron orbital ener-
gies in a square-pyramidal stereochemistry (Cgy symmetry).
The ligand field parameters are those of the fitting for
DeoxyHb (see table 3).

the range 100—110° so that the high-spin configura-
tion will be chiefly stabilized for these bond angles.

both molecules as function of e, and (de, [oR), as dis-
played in table 2. Since e_ is a fraction of e, it is
clear that the bending mode B; is more effective than
the 8, for vibronic coupling; more difficult is the com-
parison between the two 8; modes.

We attempt now to perform a semi-quantitative
evaluation of the constants and stabilization energies
on the basis of the fits given in ref. [19], where the en-
ergy values of the one-electron d-orbitals were ob-
tained from the relative energies of the many-electron
lowyinglevels 1A, 3E, 5B, and 5E [30] . Taking
into account the geometry of the fivecoordinated
chromophore in DeoxyHb [32], it is a simple matter
to derive from eq. (7) the energy values of the one-
electron d-orbitals as a function of the AOM parame-
ters:

e, (NO) +0.470 ¢ (NFP ) —2.112 ¢ (NpP)

=310cm—1,
e,(NHP) +0.553 ¢ (prr) 2720 e (NPVI) ®
=9527 cm™—1,

2.509 ¢ (NPyr) 3345e (N yr) = 15835 cm™

where e, (NHP ) and e,\(Ng;’I) stand for the ?\-symme-
try contr!butxons (A = o, @) of the histidinic and pyr1-
rolic nitrogen, respectively, in the DeoxyHb molecule.
Analogously, for DeoxyMb we obtain:

e (NMP)+0.128 ¢ (N}2) — 2.040 e (N})
=260 cm—1,

e, (NMP) +0.873 ¢ (NF0) —3.657 ¢ (NFP)  (10)

Using the X-ray data [32,33] and the expressions Pyr
of table 1 we get the three Jahn-Teller constants for = 8837 cm—1,
Table 2
Jahn-Teller coupling constants in the AOM for DeoxyHb and DeoxyMb 2)
DeoxyHb DeoxyMb

<zlo V/aS(S)l B
t1aV/a )I B
<l aV/aSﬁzl-q)

—0.662 eo(NPyr) +1.149 e (NpD)
0.573 e, (NED)

—0.235 aeg(N: 1_)/aR 0.602 ae.,( r)/aR

—0.064 aey (N y’_)/aR 0.893 ae,,(NMb)/aR
—0.411 eo(mpyr) +0.691 e_(NMD)
0.874 e, (NMDy

8) The labels (s) and (b) stand for stretching and bending, respectively; NIIL,};;, and N%]; indicate the pyrrolic nitrogen of the heme,

in DeoxyHb and DeoxyMb, respectively.
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Table 3
Ligand field parameters in the AOM, Jahn-Teller coupling con-
stants and stabilization enezgies for DeoxyHb and DeoxyMb a)

DeoxyHb DeoxyMb
£6(Npyy) 10175 em™> 6540 cm !
€(Npys) 2900 cm ! 665 crm™}

e (Npy}es(Npyy) 0.28 i 0.10 -
es{NHis) 11785 cm S$560 em_

€5 (Nigis) 1650 cm ™} 780 cm™*
ex(NHis)/eo(NRHis) 0.14 0.14

(Hd V/SB(:”I 3 —3405 cm ™ —2230cm™ /A
<ElaV/aSg,lm> 1660 cm™ /A 580 cm /A
E V/asésl)l £ 17350 cm ™} /A 5070 cm™/A
E jTlﬁgb) ~1160 cm ™} ~500 cm !
E JT[ﬁgs) 1 ~610 cm™! ~50 cm !
EjTIB=1] ~275 em Y ~30em !

) The labels have the same significance, as in table 2.

2.870 ¢, (NMP ) - 3.828 ¢ (NMP) = 16222 cm—1.
As we have three eqations and four unknowns, we
need a further relationship. If eq. (5) is considered
and K, is assumed equal to K, the ratio (e_/e,) is
given by:

eles ~ (S,/S5:)?. an

The diatomic overlap integrals S, have been calculated
at a distance corresponding to the Fe-histidine bond
length, using the Slater orbitals reported by Zemner
and Gouterman [44] for iron and mitrogen. We have
found for both DeoxyHb and DeoxyMb a ratio
e, (Nyi)e,(Ny;) ~ 0.14; in this way the egs. (9)
and (10) can be solved and the resulis are reported in
table 3. Even though the values of table 3 are of a
qualitative nature important conclusions may be
drawn. For example, it appears that an appreciable dif-
ference of the ratio e,.(Npy, . )/e,(Npy,) occurs for the
two molecules, thus probably indicating a less “domed™
structure of the heme ring in DeoxyMb.

As for the Jahn-Teller siabilization energy Ey,
given by

Eyp =c?[2K, a2z

where ¢ is the generic coupling constant, there is the
problem of a very approximate knowledge of the force

constant XK. We have tentatively chosen 4.80 and 0.10
mdyne/A for the stretching and the two bending
modes, respectively, which correspond to frequencies
of 350 em—1 [45] and 50 cm—1 [19], if the effective
mass of the pyrrole is used. For both molecules the
prevalent stabilization is due to the bending §;, thus
confirming the validity of the approximation previous-
iy made [191, even if a strong difference with the fit-
ting value (Eyp ~ 30 cm—1) is found. At this point
some considerations are necessary. The three values of
Ej5q are probably affected by error to the same extent,
because the same procedure was followed in their eval-
uation, so that the order of importance for the three
distortions should be correct. Indeed the values of Ejp
for the bending obtained in the present calculation ap-
pear too high, since a static ITE is unlikely for such
systems, but an under-estimation of the force con-
stants could partially account for this strong effect.
On the other hand, an accurate treatment would re-
quire a dynamical description in which the different
distorting modes are simultaneously consideiad.

6. Concluding remarks

In conclusion 1 want to stress that the JTE cannot
be undervalued a priori, even if, as shown in the pre-
vious example of DeoxyHb and DeoxyMb, it is anot
simple matter, for complicated systems as the biologi-
cal ones to evaluate the different aspects of the prob-
lem, which requires, together with the theoretical
elaboration, a deeper experimental work.
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