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Abstract. In this short review we show how suitable ana-
lysis of the temperature dependence of the optical absorp-
tion spectra of metalloproteins can give insight into their
stereodynamic properties in the region of the chromo-
phore. To this end, the theory of coupling between an in-
tense allowed electronic transition of a chromophore and
Franck-Condon active vibrations of the nearby atoms is
applied to the Soret band of hemeproteins to obtain an an-
alytical expression suitable for fitting the spectral profile
at various temperatures. The reported approach enables
one to separate the various contributions to the overall
bandwidth together with the parameters that characterize
the vibrational coupling. The thermal behavior of these
quantities gives information on the dynamic properties of
the active site and on their dependence upon protein struc-
ture and ligation state. The Soret band of hemeproteins
appears to be coupled to high frequency vibrational modes
of the heme group (as already shown by resonance Ra-
man spectroscopy) and to a “bath” of low frequency
modes most likely deriving from the bulk of the protein.
For the deoxy derivatives inhomogeneous broadening
arising from conformational heterogeneity appears to
contribute substantially to the linewidth. The data in-
dicate the onset, at temperatures near 180 K, of large
scale anharmonic motions that can be attributed to jump-
ing among different conformational substates of the pro-
tein.
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Introduction

It is well known that the optical absorption spectra of met-
alloproteins depend markedly on temperature (Knowles
etal. 1975; San Biagio et al. 1977; Dooley et al. 1979; Sol-
omon et al. 1980; Browett and Stillman 1984; Allendorf
et al. 1985; Cordone et al. 1986; Leone et al. 1987; Di lo-
rio et al. 1991; Vitrano et al. 1993); as an example we
shown in Fig. 1 the Soret band of Asian elephant MbCO
at various temperatures in the range 300-20 K. Three main
effects are observed on lowering the temperature: i) half-
width narrowing, ii) peak frequency shift, iii) integrated
intensity variations.

The physical origin of the marked changes in the ab-
sorption profile can be traced to the coupling of the elec-
tronic transition responsible for the absorption band with
the thermal motions of the nearby atoms (Huang and Rhys
1950; Markham 1959; Pryce 1966). For this reason, accu-
rate optical absorption measurements performed from
room temperature to 10 K, together with a suitable theo-
retical analysis of electron-vibrations interactions, can
give relevant information on the dynamic properties of the
protein in the region of the chromophore.

This approach has been exploited by our group in re-
cent years (Di Pace et al. 1992; Cupane et al. 1993 a, b)
and is briefly reviewed in this paper. In the “Theoretical
Section” we describe the basic theory of the linear coupling
between an intense isolated electronic transition and the
vibrations of the nearby matrix. The aim of this section is
to obtain an analytical expression suitable for fitting the
optical absorption spectra in the entire temperature inter-
val. Extension of the theory to include electron-vibrations
quadratic coupling is given in Appendix A. In the section
“Some Experimental Results” the theory is applied to an-
alyze the temperature dependence of the Soret band line-
shape in liganded and unliganded sperm whale myoglobin
to obtain information on the dynamic properties of the
system. Limitations of the described approach are also
discussed at the end of the “Theoretical Section” and the
simplified “Method of Moments” is outlined in Appen-
dix B.



386

1.2

Absorbance
o
o)

o
»

0.4

0.2

| ) .
400 420 440 - 460
Wavelength (nm)

Fig. 1. Optical absorption spectra (Soret band) of Asian elephant
MbCO in the temperature range 20—300 K. The arrows indicate the
directions of spectral changes observed on lowering the tempera-
ture. Experimental conditions are: ~4x107% M protein concentra-
tion; 0.1 M phosphate buffer pH 7 (measured in water at room tem-
perature); 65% v/v glycerol/water. Note the high quality of the spec-
tra, that is due to the absence of sample cracking in the whole tem-
perature range

Theoretical section

The probability per unit time for an isolated electronic
system to be promoted by an electromagnetic field from
a ground state g (with energy value E, and eigenfunc-
tion ¥,) to an excited state b (with energy value £, and ei-
genfunction ¥,) is given by (Bransden and Joachain
1983):
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where R,,,=(W;/er/\P,) is the quantum-mechanical matrix
element of the electric dipole moment (transition moment),
p(v) is the energy density of the electromagnetic field,
V,,=(E,—E,)/h is the frequency value matching the quan-
tum jump (see Fig. 2a) and 4 is the Planck’s constant.

At each promotional event the field energy changes by
hv,,, therefore for a dl path length of a sample having n,
identical non-interacting absorbers per unit volume in the
ground state, the differential energy loss is L

167* 1 hv
3n? 4mey <

.5(‘/_&7;_Eij ‘Rba

—dl(v)=1(v)ngy (2)
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where I (v)isthe energy flowing in 1 s through a unit cross-
section area and is related to the energy density by 7(v)
=c p (V). By integration over a |1 cm path of absorbing ma-
terial, one obtains the following expression for the absor-
bance as a function of v:
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Owing to the finite lifetime (7) of the excited state, the &
function in Eq. (3) can be replaced by a Lorentzian shape
function (with 2 I'=1/7), i.e.:
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If the absorbers are embedded in a matrix, coupling of
the electronic transition to vibrational modes of the sur-
rounding nuclei can affect both the energy difference
(E,—E,) and the transition moment R,

Let us consider N vibrational modes of the matrix; the
total energy for the ground state can be written, within the
Born-Oppenheimer and adiabatic approximations, as:

T
Ey =1y +5 1 % vi(a)g] ®)
j=1
where the normal nuclear coordinates qu describe the nu-
clear vibrations coupled to the ground electronic state (set
q), v;(a) are the relative frequencies and 1, is the energy
of the electronic ground state when all the nuclei are at rest
in their equilibrium positions g =0. For the excited state,
we can write:

Ey=F, + AE(q)= B, + Ao+ 30, + 5 $0;]  (6)
J J

where
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In (6) we have expanded the total energy difference be-
tween the excited and ground states in terms of the coordi-
nates ¢, up to second order and we have neglected mixing
between normal modes (i.e. ;= Iaz(AE)/aqj 9qil4=0=0).

Inserting (5) into (6) and making use of the transforma-
tion Q;=g;~A;=g;+a;/[k* v} ()], with v (b)-V}* (@)=
ocjj/hz, one obtains:

N
Eb=m,+%h22 V2 (b) 0 %)
j=1

L' The process of stimulated emission is not considered in this treat-
ment since we will deal only with the Soret band of hemeproteins,
where the energy difference between the electromnic states involved
is hv=4 . 107”1, so that only the ground electronic state is popu-
lated at room temperature (kg T=4 - 107! J at 7=300 K)

2 Note that the normal nuclear coordinate g; is defined as:
q;=X; uj” %/h, where X, is the real nuclear displacement and g; is the
reduced mass associated with the j-th normal mode
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Equation (7) is formally identical to Eq (5). It is there-
fore seen that the electronic promotion from state g to state
b has, in general, two effects on nuclear vibrations:

1) it makes the set of normal coordinates change from g;

to Q;=q,—A4; (i.e. it displaces the equilibrium position of

the nuclei by a quantity A;);

2) it makes the frequen01es of normal modes change from
v; (a) to v;(D), such that v; 2(b)-v (a) o /h

The first effect is related to electron-vibrations linear cou-
v;(b)47 is called the linear

coupling constant; the second effect is related to electron—
V1brat10ns quadratic coupling and the quantity R;= ( b)/

(a) is calied the quadratic coupling constant.

We will consider here an electronic transition having
only linear coupling with the surrounding matrix (i.e.
o,,;=0and v(b) = vi(a) = v;); the case where both linear and
quadratic coupling is present will be discussed in Appen-
dix A.

Considering only linear coupling (5) and (7) become:

pling and the quantity S; :%

N
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and therefore:
Ey-E,| _AE, X N( 1
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where VOO—AEO/h Z S;v; and n; and m; are the vibra-

tional quantum numbers characterlzmg the ground and ex-
cited electronic states respectively; moreover we note that
(8) refers to the entire set of possible values of energy dif-
ference between ground and excited state, depending upon
all possible values of the set {m;, n;} of quantum numbers.
In order to obtain a suitable expression of the transition
moment R,,, we make use of the Born-Oppenheimer ap-
proximation and write the total eigenfunction as a product
of an electronic eigenfunction (depending on both elec-
tronic coordinates & and vibrational coordinates ¢) and a
vibrational eigenfunction (depending only on g):

Y q)=P(&, q) O(q) ®)

As already mentioned, ¢ stands for the set g; of normal
nuclear coodinates; this set ¢, like the eigenfunction ©(gq),
is independent of the electronic coordinates although it is
dependent upon the electronic state: for this reason, in the
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following ©@(g) and & (Q) will stand for the vibrational ei-
genfunctions when electrons are in the ground and excited
state respectively.

By considering the electric dipole moment as composed
by a part due to the electrons (M,) and a part due to the
nuclei (M,,), one has (Herzberg 1966):

Ry, =[O 0%(Q) M, ©(9) @, d7

+]®f 640 M, 0(9) @, dr. (10)
Since M, depends only upon vibrational coordinates g,
while M, and @ are assumed to depend upon the nuclear
equilibrium positions g=0 and not upon the vibrational

coordinates g (Condon approximation), Eq. (10) can be
readjusted as follows:

Roa=] D |i&, 4=0) Ml g, 4=0) Puliz 40y 4T,

x| ©*(Q) B(q) dt,

+[6%(0) M, (9) O(g) dr,

X D | 2 gm0y Dalie. g0y 4T, - (11)
Owing to the orthogonality of electronic eigenfunctions

the second term vanishes; within the above approxima-
tions the transition moment R, is therefore given by:

R,,=R,x[©%(Q) O(g) d, (12)

where we have indicated with the symbol R, the quantity
J@b e g=0) Mo Pl 4=0y- Making use of (8) and (12), (4)
becomes:

2

| ©*(0)6(g) dr,

—co

Fvy=Mv Y,

{mj,n;)

- P(n,T)

L : (13)
[V—VOO—Z(m]'—I’lj)Vj] +F2
J

where M =ny 328

R?, and P (n,T) is the probability of
finding, at a given temperature 7, the absorbing centers in
the ground electronic state and in the vibrational state char-
acterized by the set of quantum number 7 °>.

(2

Concerning the term | [ ©@*(Q) O(g)dt,| , we note
that if there is no coupling between the electronic transi-
tion and the vibrational modes, no readjustment takes place
in the nuclear coordinates following the electronic promo-
tion (see Fig. 2a), and therefore the set Q coincides with
g and, owing to the orthogonality of harmonic oscillator
wavefunctions, only terms with m;=n; contribute to the ab-
sorption. In the presence of coupling (see Fig. 2b) Q#g¢

* A more general treatment could consider the dependence of M,
upon nuclear coordinates ¢. Expansion of M, in series of g; gives:

M, =M, ‘(5 q=0)

g +...
(£.9=0)

For an allowed transition, such as the one that gives rise to the
Soret band of hemeproteins, the zeroth order term of the above ex-
pansion dominates and the other terms can be neglected: this is the

Bq]
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Fig. 2. Configuration coordinate diagram. E (a) and E () are the po-
tential energy curves for the ground and excited electronic states re-
spectively; g; represents a generalized nuclear coordinate. Electron-
ic transitions occur instantaneously with respect to the timescale of
nuclear motions (vertical arrows)

and also terms with m,;#n; will contribute to the absorp-

tion: such contributions will have relative intensity
weighted by the Boltzmann factor P (n,T) and will occur
at frequency v=vgo+ 2 (m;—n;) v, (see (8)).

J
Since we have considered N vibrational modes, the to-
tal vibrational eigenfunctions for the ground and excited
electronic state are:

N N
9(‘])21_[19]'(‘1]'); @(Q)=l__[19j(f1j—4j) (14)
j= j=

where 6, is the generic eigenstate of a harmonic oscillator
with frequency ;.

approximation used in this paper. As a consequence, no variation of
the transition moment (and therefore of the integrated intensity) by
lowering the temperature is expected in the Soret band, and indeed
only a few percent increase, compatible with the thermal contrac-
tion of the sample, is observed (Cordone et al. 1986; Cupane et al.
1988).

For less intense bands, such as the Q bands or the charge trans-
fer bands in the absorption spectra of hemeproteins, the first order
terms in the above M, expression cannot be neglected; this further
complicates the theory since it introduces non-Condon electron-vi-
brations couplings whose treatment is beyond the scope of this paper.
For totally forbidden transitions, the term M.l ,_q, does not con-
tribute to the transition moment which is therefore entirely due to
non-Condon vibronic coupling. For such bands, increase, decrease
or even no variation of integrated intensity can be observed by low-
ering the temperature, depending on the particular band investigat-
ed. The analysis of the temperature dependence of integrated inten-
sity can be particularly interesting in the case of charge transfer bands
(or bands arising from electronic transitions having partial charge
transfer character) since in this case integrated intensity variations
can be readily interpretable in terms of differing degrees of overlap
between the molecular orbitals involved in the transition (Cordone
et al. 1986); in this case, information on the temperature dependence
of metal-ligand relative positions, i.e. on deformations of the active
site that occur when the temperature is varied, can be obtained. Con-
versely, the observation of large temperature induced integrated in-
tensity variations can give hints towards band assignment

Moreover, in (13) P (n,T)=II p(n;, T) with:
J. .

1\ Av;
o2l

p(l’l],T)z N 4(”.+l) hv;
Y e V1 2)KaT
n;=0
—(n— + 1) hv I’lV
— J KpT 15

2e sinh ZKB (15)
The optical absorption band profile is therefore given by:
F(vy=Mv Y,

[mja”ﬂ

2
Qj,mj (g —4;)0;.,,(q;)dg;| p(n;,T)

— =
3¢

. r (16)
3 .
[V—VOO— E; (m]—nj)v]] +F2

We note that the temperature dependence of F (V) is deter-
mined by the Boltzman factor p (n;, T): indeed, by increas-
ing the temperature, the relative weight of anti-Stokes lines
with n;>m; increases and, in turn, this is reflected in a
broadening of the band.

By expressing the Lorentzian in Eq. (16) as its Fourier

transform, one has:

F(v)——Mv _[dt

—o {mj,nj}

2
N (-]
Hl | 65n,(4;=4))6;.0,(q) dg;| p(n;.T)
]: —_—c0
1 (m;—-n;)v,t
Xe*nl‘ x e 1(v=vo)t Xel; m;—n; v,

= % My j dr e~ T ¢~ iv=voo)t

12
N, < |
xIT X | [ 65m(a;—4;)6;.,(q;)dg;
Jj=l {m;j,nj} | —e0 (17)
The term that has to be calculated is:
N; |2
. Y J 9_1 mj( Aj)ej,nj(CIj)d‘Zj]
j=1 {m;,n;} | —eo |
p(ny T)xe! ™ (18)

Using for p(n;,7) (15) and expressing | fo* (g—A) 8(q)dg &
as [16 (g) 6% (q } 6% (g—A) 6 (g"—A)dg dg’, one can read-
just expression (18) as:

o0 00

1 2sinh 2 ’ ~(m;+1 )
jl;[l 2Slnh7 j J %: ijmj (qj)ej,mj (Qj)xe -

—o0 —co

’ iy %A' 7
X{Z 0n,(a; —A4;)0;,, (q;—4;)xe (n+3) j}dfb‘ dg;
nj

19
where f;=h v;/KpT, };=B;+iv;t and @;=—iV;1. (19)



Making use of Mehler’s formula (Markham 1959) and
of the properties of the harmonic oscillator eigenfunctions,
after suitable manipulation it is possible to write the ex-
pression (19) as:

N, .
H exp{ S {coth[g]jx(l—cosvjt)—isinvjt:I} 20)

j=1

where §; is the linear coupling constant of the j-th vibra-
tional mode (S;=(h/2) v;(b) Ajz) and where, of course,
coth ($/2)=2(n;)+1,{n;) being the average vibrational oc-
cupation number.

If the temperature dependence of the band profile is
studied over a finite temperature interval, one can perform
a separation into vibrational modes whose population
changes with temperature (low frequency modes, that con-
tribute to the broadening of the band), and vibrational
modes not populated in the temperature range investigated
(high frequency modes). These last modes will, of course,
be those whose frequency v, is such that A v, > Kz T, ..,
T .ax being the upper limit of the temperature interval stud-
ied. The distinction between high and low frequency
modes can be better understood by considering that for the
former set only transitions from n,=0 to m,=0, 1, 2, . ..
etc. occur while, for the latter also transitions from #,;=0,
1,2,...etc. tom=0, 1, 2, . .. etc. are relevant, depend-
ing upon the temperature.

Accordingly expression (20) can be put as:

[N" { [ B -
I1 exp<-S, COth( jx(l—cos v, t)—isinvy t}
h=1
X ]A_]iex -5y | coth & X(l—cosv,t)~isinv;t
& P 1 3 1 z [

2y
where the subscript & and [ indicate terms relative to high
and low frequency modes respectively.

Expression (21) can be simplified by considering that
for high frequency modes the average vibrational occupa-
tion number {n,,) is 0 in the whole temperature range (i.e.
term coth [3,/2]1=1); therefore, we can write:

N, _ . N .
I_’I R Sh[coth(%)x(l—cosv,,z)—ismvht - ﬁ e_Sh[I_evvht]
h=1 =

my zm,,v,, Yy, img Vit
S, e S,te

Ny
=X le F v (22)

my, k=1 my:

Ny
= e_ h
g n% my!
Moreover, for low frequency modes, owing to the pres-
ence of the damping factor e in Eq. (17), the expo-
nentials contribute mgmﬁcantly to the integral only in the
time interval 0+I""1; this enables one to expand cos[v; 1]
and sin[v;f] up to order #* (short times ‘approximation,
Chan and Page 1983) and to obtain:

Ny 7S,[coth(&)x(1—cosv,t)~isinvl t}
e 2
=1

N _ B2
I
=1

(23)

389

We think it relevant to note that, as pointed out in the paper
by Chan and Page (1983) the short times approximation is
based on the assumption that dephasing of the N, non de-
generate low frequency modes occurs during the effective
lifetime of excited state and not on the assumption that
each v, (and therefore the average value (v)) is much
smaller than I

To minimize the number of adjustable parameters the
low frequency modes can be treated within the framework
of so-called Einstein model, which considers the coupling
of the electronic transition (linear coupling constant )
with N, degenerate lattice modes of frequency (V) (“bath”
of low frequency modes); accordingly expression (23) be-
comes:

h 2
2K&V>T}<V>zr 2 (24)

Inserting expressions (22) and (24) into Eq. (17), one ob-
tains for the absorption lineshape the following expres-
sion:

eiN,S<V>l NISCO[h[

Sm;, im, vyt
F(V)_ MV dee Il e i(v=voo)t e -5, On € "

homy my, !

h{v) 2.2
_N’SCOth[2KBT (v)y“ /2

N, S(v)1

xXe Xe

m

1 Ny B S hoooo _FM
==Mv g5 dre
2 {mX,:] hl;[ my,! _L

v a
eﬂ[v Voo — th vy N,S(v)Jz‘e—N,Scoth(zé >T]< vi?itr2

(25)
Equation (25) shows that F (V) is given by the anti
Fourier transform of the product of two functions, one be-
ing the Fourier transform of a Lorentzian and the other the
Fourier transform of a Gaussian with temperature depen-
dent width. Therefore, according to the convolution theo-
rem the absorption in the frequency domain can be writ-
ten as:

Fv)=Mv[L(v)® G(v)]

Ny Smh -
[n%,] 1;[ ’”h!

r

[V—Voo - Ny Si{v) -

X

Nh 2 2
2 my Vy, +I
h

2

y?

e 261 (26)

1
S Va)

where the symbol ® represents the convolution operator
(.e. fF(M® g(W)=] dv’ f (v—=v") g(v")) and where

h{v)
2KT
Inspection of Eq. (26) shows that, when only linear
coupling is present, the spectrum results from the super-

position of a series of Voigtians (Gaussian convolutions of
Lorentzians); there is one series for each high frequency

¢2(T)= N, S(v)* coth (27)
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mode: within each series the Voigtians are spaced by quan-
tities multiple of the vibrational mode frequency. As the
temperature is increased, the width of the Gaussian term
G (v) increases (27), while the peak frequency remains
constant. We recall that coupling with high frequency
modes does not contribute to the temperature dependence
of the bandwidth but only introduces a wing of Lorent-
zians centered at the various vibronic frequencies of the
fundamental, while the temperature dependence of the
bandwidth is brought about by coupling of the electronic
transition with low frequency modes.

To take into account temperature effects on the peak
position of the optical absorption bands, one has to con-
sider that the electronic promotion not only causes a shift
in the nuclear equilibrium positions (linear coupling) but
also changes the vibrational frequencies (quadratic
coupling); it can be shown (see Appendix A) that when
quadratic coupling is taken into account the expression for
the absorption becomes:

F(v)=MV[L)®G(¥)]

Ny §7% =S
=Mv ch
{{%} erll my,!

I ® 1
[v-vo(] +12 ¢

”
v

e 263(I) b (28)

X

with

_ 2 hv)
¢?(T)= N, S R?{v)” coth K, T (29)

h

VO(T)=VOO—%NI (1-R)){v)coth 21§Z>T+C (30)
In (29) and (30) the quantity R, is the “effective” quadratic
coupling constant of the electronic transition to the
low frequency bath; moreover the term C=2, my, R, v, (a)
~1/4 %, (1-R,) v, (a)+N,;SR,(v) takes into account the
temperature independent contributions to the peak fre-
quency arising from high and low frequency modes. The
presence of quadratic coupling does not substantially in-
fluence the thermal broadening of the Gaussian linewidth
but it introduces a temperature dependence of the peak
frequencies of the Voigtians: a blue shift or a red shift of
the spectrum will be observed by increasing temperature,
for R,>1 or R,<1, respectively, (i.e. for (v) in the excited
electronic state larger or smaller than (V) in the ground
state).

Further contributions to the spectral lineshape are in-
homogeneous effects arising from different conforma-
tional substates and heme group environments (Frauen-
felder et al. 1988; Ormos et al. 1990). If such conforma-
tional heterogeneity is present, one has to perform aver-
ages over spectrally different species and this has two main
consequences:

i) parameters like S,, S, R;, v, and (V) assume ensemble
averaged values and
ii) the transition frequency vy, becomes distributed.

We can therefore write for the absorption:
AWV)=MV{[LV)®GWV]®P (Vo) } (31

where P(Vyo) 1s the distribution function for vy, i.e.
P (vy) dvgg gives the probability of having a transition
frequency between Vi and v+ dvg,. It should be stressed
that P (V) 1S a spectral and not a conformational distri-
bution function.

To obtain a conformational distribution function we as-
sume that the geometry of our system (porphyrin+iron
atom+iron ligands) can be described by two generalized
non-correlated coordinates X and ¢ (Srajer and Champion
1991) that, in view of conformational heterogneity, will be
statistically distributed, i.e. we write:

P(X, )= P(X)- P(9)
oxp[-(X- X, 1282] exp|~(0-0,)" 1267
B 27 8, ' V27 6,

where X, and ¢, are the mean coordinate positions and Jy
and &, the widths of the distributions. The coordinate X is
expected to describe essentially the iron displacement out
of the mean porphyrin plane (i.e. the value X=0 corre-
sponds to the in plane iron position characteristic of the li-
ganded heme proteins derivatives), while the coordinate ¢
represents other angular coordinates such as the proximal
histidine tilt and/or azimuthal orientation or the angular
position of the distal ligand with respect to the heme nor-
mal.

Since the energy of the 7 — * electronic transition re-
sponsible for the Soret band (purely electronic transition
frequency, Vo) depends upon the coordinate X and ¢, the
conformational heterogeneity is “mapped” into the spec-
tral one. In general one has:

VOO(X, ¢):V6ko+a¢+a’¢2+bx2 (33)

(32)

with vg‘(,:v()o’ (x=0, p=0) and where higher_ ord_er terms have
been neglected. It should be noted that, in view of the ap-
proximate reflection symmetry of the iron-porphyrin
system, only even terms are retained in the dependence of
Vgo upon X. To proceed further we will consider separately
the cases of liganded and unliganded hemeproteins.

Case a): liganded hemeproteins

In this case (typical example: CO derivatives) the iron
atom is locked into the heme plane by the liganded CO
molecule (X, =0) and its distribution is so narrow that P (X)
can be considered as a delta function; moreover, the aver-
age value of the angular coordinate ¢ can be taken as ¢,=0
and quadratic contributions to Vyo(¢) can be neglected, so
that (32) and (33) become:

exp[—q>2/2 5;]

= 4
P(¢) \/%541 (34)
Voo (D) =V§+a¢ (35)



Combining (34) and (35) one obtains for the spectral het-
erogeneity:

2
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and for the absorption as a function of frequency:

P(vg) =

3

[VOO_VSO]_
e 1 sy e
A(WV)=MV{[L(V)®G(V)]|® Tam a3, e 24%

vl

L 20

=Mv|L(v)® 168)

= MV[L(V)®G' (V)] (37)

where now the temperature dependent width of the Gauss-
ian term G’ (V) is given by

h
o2(T)= N; S R} (v)? coth 5 Ié?T +o02 (38)
being 0%,=a” 5%; moreover the term G’ (V) differs from
G (v) only for constant terms arising from the normaliza-
tion factors of the probability function.

Therefore it can be seen that in the case of liganded de-
rivatives inhomogeneous broadening due to conforma-
tional heterogeneity simply adds to the Gaussian width a
temperature independent term (02,).

Case b): unliganded hemeproteins

In this case the iron atom lies out of the mean porphyrin
plane (X, #0) and is more loosely bound so that the disor-
der in its out of plane displacement may be substantial.
Since the iron d electrons interact strongly with the melec-
trons of the porphyrin ring and in view of the absence of
a distal iron ligand, we can neglect the dependence of vy
upon the coordinate ¢ so that (33) becomes (Srajer et al.
1986):

Voo (X)= Vi +b X% = X =1 [vig ~via]/b (39)

Combining (33) and (39) one obtains:

! ¥ =T | * =T
v Voo—Voo tXovb + Voo—Voo ~Xo v b

2h52 te 25662

26,

P(vg) ="~ (40)

\‘("271'17 [VOO - VE;O]
From (40) it can be seen that for unliganded hemeproteins
derivatives a Gaussian distribution of iron atom out of
plane positions produces an asymmetric non-Gaussian dis-
tribution of electronic transition energies; this effect, that
is mainly due to the position of the iron atom out of the
mean porphyrin plane, is responsible for the characteris-
tic marked asymmetry of the Soret band of deoxy heme-
proteins.

The expression for the absorption as a function of fre-
quency, suitable to analyze the deoxy spectra therefore be-
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[V Voo —Voo +Xo b:| ]:V Voo—Voo ~Xo~'b }

2 2
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28, N‘1(271717[v00 - véo]

In (41) X, and 8y are the average out of plane iron dis-
placement and its disorder parameter, whereas b is a pro-
portionality constant between the ' — 7* transition energy
and the iron position; it should be stressed that only the
quantities X, Vb and 8xVb (and not X, or 8) can be ob-
tained by fitting the experimental spectra. It should be
noted also that the term o2, does not appear in the temper-
ature dependence of the Gaussian width of the deoxy spec-
tra since the effect of inhomogeneous broadening is taken
into account by the parameter 8y Vb .

The various contributions to the Soret band lineshape
of SwMb-CO are represented in Fig. 3 where experimen-
tal data measured at 20 K are reported as dots (after sub-
tracting contributions from the N band), while solid lines
represent partially or totally reconstructed spectra. Panel
3a shows the purely Lorentzian spectrum of the isolated
chromophore (4); the effect of coupling with high fre-
quency nuclear motions is shown in panels 3b and 3¢ (to
better demonstrate the effect of coupling to high frequency
modes the reconstructed spectrum in panel 3b is a “high
resolution spectrum” obtained using an homogeneous
width I" one half of the suitable value); the further effect
of coupling with a “*bath” of low frequency modes and of
a Gaussian inhomogeneous broadening is shown in panel
3d where the fitting of the experimental points is shown.

The same contributions are reported in Fig. 4 for the
Soret band of SwMb. In panel 4c only the effect of
coupling with a “‘bath” of low frequency modes is con-
sidered: as can be seen, the introduction of only Gaussian
broadening is clearly not adequate to account for the
marked asymmetry of the band; in contrast, further addi-
tion of an asymmetric non-Gaussian inhomogeneous
broadening (41) reported in panel 4d, results in an excel-
lent fitting. The values of the parameters used to generate
the theoretical spectra in Figs. 3 and 4 are reported in Ta-
ble 1.

A practical limitation in performing the spectral decon-
volution we report lies on the rather large number of fit-
ting parameters that can hardly be unambiguously deter-
mined. This difficulty, however, can be circumvented for
the Soret band of hemeproteins since:

i) one has to deal with a single well defined band clearly
assigned to a single w—x* electronic transition
(Eaton et al. 1978; Eaton and Hofrichter 1981; Ma-
kinen and Churg 1983);

ii) vibrational frequencies of “‘high frequency modes”
are known from resonance Raman measurements
(Asher 1981; Bangcharoenpaurpong et al. 1984; Tsu-
baki et al. 1982);

iii) the presence of a clearly resolved vibronic structure
(atleast at low temperatures) enables one to obtain the



392

o a
@ o
T T
©
T T
O

7/;jf"w”“ﬂ“au

Absorbance
o
[2)]
T

o

S

T
S

T T

Absorbance
o
o
T

021 -
) = 1 | e ] 1 L I ~Soop 1
21 22 23 24 25 26 27 21 22 23 24 25 28 27
Wavenumber (1/u) Wavenumber (1/)

Fig. 3a~d. Comparison of calculated and experimental Soret band modes; to evidence the vibronic coupling a I” value of 90 cm™ has
profiles at T=20 K for SWMb-CO. Dots represent the experimen- been used. ¢ As in panel b with '=211 cm™". d Lorentzian profile
tal data, after subtraction of the higher frequency N band; solid lines + vibronic coupling + low frequency modes + Gaussian inhomoge-
represent the calculated spectra. a Purely Lorentzian profile neous broadening. Values of the parameters relative to the theoreti-
(I'=90 cm™). b Lorentzian profile + coupling with high frequency cal profiles are given in Table 1

©
(@)

08~ ) L

Absorbance

1k L
C

08 | L
3
c
13
206} -
o
12}
£
<

0.4 r ~

02 -

1 1 | I ) 1 I 1 1 L - : ]
21 22 23 24 25 26 27 21 22 23 24 25 28 27
Wavenumber (1/4) Wavenumber (1/u)

Fig. 4a-d. As in Fig. 3, SWMb. a Lorentzian profile + coupling d Lorentzian profile + vibronic coupling + low frequency modes +
with high frequency modes; to show the vibronic coupling a I" val- non Gaussian asymmetric inhomogeneous broadening. Values of the
ue of 90 cm™! has been used. b As in panel a with ['=180 cm™. parameters relative to the theoretical profiles are given in Table 1

¢ Lorentzian profile + vibronic coupling + low frequency modes.



393

Table 1. Low temperature (7=20 K) linear coupling constants of the high frequency modes, I" and o values for SWMb and SWMbCO

S370 Se74 S1100 31357 olem™ I'fem™
SWMb 0.32%0.02 0.24%£0.02 <0.01 0.10£0.01 95 180£10
SWMbCO 0.12+0.022 0.06+0.01° 0.02£0.008 0.09+£0.01° 115 211 7

2 Data relative to SWMbCO refer to the mode at 350 cm™

® Data relative to SWMbCO refer to the mode at 676 cm™
° Data relative to SWMbCO refer to the mode at 1374 cm™!

values of linear coupling constants S,; moreover, for
hemeproteins, S, values are also available from inde-
pendent Raman excitation profiles measurements
(Bangcharoenpaurpong et al. 1984; Morikis et al.
1991; Schomacker and Champion 1986, 1989;
Schweitzer-Stenner et al. 1992, 1993);

iv) the well defined red edge of the band enables an un-
ambiguous determination of the Lorentzian width; sep-
aration of the Gaussian (o) from the Lorentzian width
(I') can be, in fact, a major problem when dealing with
less well resolved bands.*

When the band profile is not clearly ascribed to a single
electronic transition (partially overlapping bands) or when
the vibronic structure is not clearly resolved, the method
outlined above is not applicable. Information on the effect
of coupling with low frequency modes, however, can be
obtained together with some information on dynamic prop-
erties of the system through the simplified ‘“Methods of
moments’’, described in Appendix B.

Some experimental results

In this section we review some already published results
on the dynamic properties of the heme pocket in liganded
(CO derivatives) and unliganded spermwhale myoglobin,
obtained by applying the above approach to the analysis
of the Soret band absorption spectra in the temperature
range 300—-20 K.

Figure 5 shows the 20 K spectra of carbonmonoxy and
deoxy derivatives of spermwhale myoglobin (SWMbCO

* In some experimental cases the red edge of the absorption band
appears to be almost perfectly Gaussian, owing to the fact that the
value of the parameter I"is very small with respect to experimental
linewidth. In this case, if a clearly defined vibronic structure, due to
the coupling with high frequency modes, is present (see Leone et al.
1992) one can approximate the Lorentzian in (26) with a delta func-
tion obtaining:

[V—Vu(T) =3 m vy =N, 5 <V)]-
F
263(T)

Ny Sm,, -8y
G(V)=MVY, {HLJX 1

—F0 €
my h=1 my ! g(T)

where ¢*(T) is again given by Eq. (29).

In this case therefore the spectrum results from a superposition
of a series of Gaussians centered at the various vibronic frequency
of the fundamental. Starting from the above expression, the effects
of quadratic coupling and of inhomogeneous broadening can be
treated as described in the text

and SWMb, respectively), together with the fittings ob-
tained using (37) (CO derivative) and (41) (deoxy deriv-
ative); the residuals are also shown on expanded scales.
Values of the parameters in (37) and (41), obtained from
fittings, are reported in Table 1.

We will concentrate on the temperature dependence of
parameter o’ (the Gaussian broadening of the band) since
this gives information on the low frequency bath that char-
acterizes the soft motions likely involving large parts of
the protein (for a detailed discussion on the other fitting
parameters see c¢.g. Di Pace et al. 1992; Cupane et al.
1993a).

The ¢? temperature dependence relative to SWMbCO
and SWMb is reported in Fig. 6. It is evident that Eq. (38)
cannot suitably fit the experimental 6% values in the whole
temperature range 20—300 K. In fact, the limiting behav-
ior of the hyperbolic cotangent in (38) for Kz T'> <v>/2
is a straight line whose intercept at =0 represents o, that,
of course, cannot be negative. The high temperature ¢ be-
havior must therefore be represented by a straight line hav-
ing positive (or 0, for the deoxy derivative) intercept at
7=0. The fact that in Fig. 6 the straight line tangent to the
high temperature experimental points has a negative inter-
cept at 7=0 implies therefore that (38), and the harmonic
model on which it is based, cannot account for the ther-
mal evolution of the bandwidth in the whole temperature
range explored. Physically meaningful fitting of (38) to
the experimental data can, however, be performed in the
range 20-160 K (CO derivative) and 20-110 K (deoxy
derivative); these fittings are shown by the continuous
lines in Fig. 6. The relative fitting parameters are reported
in Table 2.

Ac? values, i.e. the differences between the experimen-
tal points and the continuous lines in Fig. 6, are reported
in Fig. 7. Since, as mentioned above, (38) has been derived
within the harmonic approximation, we suggested that Ac*
reflect the onset of non-harmonic contributions in the nu-
clear motions coupled to the electronic transition. These
motions could involve torsional degrees of freedom and
the jumping of nuclei between different minima of the tor-
sional potential (“torsional jumping”) (Elber and Karplus
1987, Frauenfelder et al. 1988) and/or a softening, at tem-
peratures above that of the solvent glass transition, of the
average frequency of the “low frequency bath” that would
indeed cause an amplitude increase of the nuclear motions
above that predicted by the harmonic behavior (Levy et al.
1982).

Data in Fig. 7 show that anharmonic contributions de-
pend on the state of ligation of the protein: indeed for the
deoxy derivative deviations from the harmonic behavior
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Fig. 6. Temperature dependence of the Gaussian width (0 of the in the temperature range 20— 160 K (CO derivatives) and 20-110 K
Soret band of SWMbCO (squares, left panel) and of SWMb (trian- (deoxy derivatives) in terms of (38). For the deoxy derivative a val-
gles, right panel). The continuous lines represent fittings of the data ue of 62,=0 has been used (see text)

Table 2. Values of the parameters obtained by fitting the v, and o behavior in the temperature range 20110 XK in terms of (30) and (38),
taken from Cupane et al. 1993 b

N,S® G, /em™ (v)em™! R® (Voo (Q=0)+C)/cm™!
SWMb 0.5+0.1 - 13210 1.0240.004 22.629+2
SWMbCO  0.3+0.2 53+38 180+30 1.01£0.002 23.567+4

& N, S values are obtained under the assumption R*=1
b R, values are obtained by assuming the coupling with N=50 low frequency modes
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start at a lower temperature and are larger in magnitude
than those relative to the CO derivative. This observation
points out the stabilizing effect of the bound CO molecule
on the dynamics of the heme pocket in myoglobin. It is
also tempting to speculate on the possible functional role
of the above effects: in fact, anharmonicity of nuclear mo-
tions is an obvious prerequisite for the jumping among dif-
ferent conformational substates of the protein that, in turn,
is necessary e.g. to open “channels” for the ligands to reach
the active site in this protein (Case and Karplus 1978; Kel-
ler and Debrunner 1980; Debrunner and Frauenfelder
1982; Ansari et al. 1986).

Finally, it should also be mentioned that for various
myoglobin derivatives, an increase in the average atomic
fluctuations of the iron, of backbone and side-chains atoms
and of hydrogen atoms well above the predictions of the
harmonic behavior and occurring at temperatures higher
than 180 K has been observed both experimentally, by
Mossbauer spectroscopy (Mb and Mb>* crystals, Parak et
al. 1981, 1982) and inelastic neutron scattering (Mb>* hy-
drated powders, Doster et al. 1989; Cusack and Doster
1990), and by computer simulations (MbCO, Loncharich
and Brooks 1990; Smith et al. 1990); this effect has been
attributed to a transition (occurring at about 200 K) in
protein mobility from the low temperature “solid like” be-
havior characterized by essentially harmonic oscillations
of the nuclei around their equilibrium positions to a high
temperature “liquid-like” behavior characterized by the
jumping between different conformational substates of the
protein.
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Appendix A

This appendix reports the effects of electron-vibrations
quadratic coupling on the temperature dependence of ab-
sorption lineshape.

We recall that the energies of the ground (a) and ex-
cited states (b) are given by (see (5)—(7) in the text):

N
=na+ 3 h 3 vi@) g}
j=1
N
E, =1, + AE, +]§1aj q;

N
+% 3l + v (a)lg?.

Introducmg the quadratic coupling constants R;=V; 2(b)y/
v; % (a), we can rewrite E, and E, as:

Eb:na+AE0+§1aj qj

2
30 3 K v%)( QL} (A1
VR
2
2 2
=Ta+5 L ER V(a)[ij
N q 2
1.2 2 2 j
+=h R:[vi(a)—vi;(b)]| —=—
2 2 Rl vﬂ)][V,Rj]
2
=Tat5 hZZv(a)[R2+R(1 R))] (A2)
\RJ

By considering that | vj2 (a)— vjz (1< vj2 (a) and therefore
that | 1—Rj | <<Rj, one obtains:

(%j:vm + g R]-(mj +%) v;(a)
LR

N
> (1—Rj)(nj+%) vi(a)

%)v (@)

=vy + 2 Rj(m;—n;)v;(a)

(A3)

Nl

Jj=
ga R)(n +1)v (@).

Substituting the last term of Eq. (A 3) with its average value
one has:

E, - E N
( bh “)=v00+2Rj(mj—nj)vj(a)

N
; (1-R;) v;(a) (2 {n;) +1) (A4d)

-lkl

Equations (A1), (A2) and (A4) are formally identical to
Egs. (6), (5) and (8) respectively, provided that:



396

1) the quantities R;v;(a), QJNE and qj/\]E are substi-
tuted for v;, Q; and g; respectively;

ii) the temperature dependent term —1/42 (1-R) v;(a)
(2(n;)+1) is added to vy.

The procedure to calculate the absorption lineshape there-
fore runs exactly as described in the text and (28), (29) and
(30) are straightforwardly obtained.

Appendix B

Optical spectra of metalloproteins often arise from several
electronic transitions occurring in a rather narrow fre-
quency range and therefore consist of several, partially
overlapping, bands. In these situations the red edge of the
bands and their vibronic structure remain unresolved even
at very low temperatures and therefore attempts at analyz-
ing the measured spectra in terms of Eqs. (37) or (41) are
hopeless. Some information on the dynamics of the
system, however, can be obtained through the “Method of
moments”’. To this purpose the measured spectra at vari-
ous temperatures are heuristically deconvoluted in terms
of Gaussian components:

(V VW) } (BI)

2
2Gj

A(v)=2 a; exp{—
J

where a;, Viy; and 0; are the intensity, peak frequency and
halfwidth of each component j. Each Gaussian identifies
a spectral band; however, when two or more components
are so near that they are not resolved separately in the spec-
trum even at low temperature, a single “‘band” arising
from their sum is considered. Thereafter, the zeroth (M),
first (M) and second (M,) moment of each “‘band” is cal-
culated, within the so called narrow band approximation
(Dexter 1958), according to the definitions given by Mark-
ham (1959), i.e.:

My= | e(v)dv;
L
Mlzm_Lvs(v)dv;

(B2)

1 7.2 2
M, :Vo_{cv e(V)dv - M;
where £(Vv) is the absorbance, at frequency v, of the distri-
bution that takes into account the band of interest. We re-
call that M, represents the integrated intensity of the band,
M, its average frequency and M, its width; moreover, for
purely Gaussian bands,

My=-2mac; Mj=vy; My=0>. (B3)
Approximate expressions for the temperature dependence
of M, and M, have been derived by Markham (1959):

vy Kv) .

2KBT’ M, = Acotth Tt

M; =D+ F coth 555 (B4)
where the parameter (V) is a ““mean effective’” frequency

of the bath of nuclear motions coupled to the electronic

transmon responsible for the band investigated. The term
C? takes into account all temperature independent contri-
butions to linewidth that are not resolved from the analy-
sis, i.e. homogeneous broadening (Lorentzian width I'),
coupling with high frequency modes not populated in
the temperature range investigated and inhomogeneous
broadening; analogous contributions to M, are included in
the parameter D.

As an example, we show in Fig. 8 the procedure fol-
lowed to analyze the temperature dependence of the vis-
ible bands of azurin (Cupane et al. 1990 a, b). In the left
panel of Fig. 8 the low temperature (7=20 K) visible spec-
trum is reported, together with the fitting in terms of Gaus-
sian components. Four bands, attributed to ligand to metal
charge transfer transitions, are expected (Solomon et al.
1980; McMillin and Morris 1981; Gewirth and Solomon
1988) and, indeed, four Gaussian components (labeled I
to IV in Fig. 8) are needed to fit the spectrum. However,
bands II and IIT are not resolved separately, even at
low temperature; for this reason, we considered a single
“band’” arising from the sum of bands II and III and cal-
culated the moments of this ““bands” from the distribution
resulting from the sum of the Gaussian components II and
ITII. The temperature dependence of M, is shown in the
right panel of Fig. 8 together with the fitting in terms of
(B1). The value of the parameter (V) obtained (and con-
firmed by the analysis of band I) is about 150 cm™' and
this fact points out the coupling of low frequency ligand-
metal-ligand deformation modes with the copper orbitals
that, in turn, are directly involved in the biological func-
tion of the protein. A role of the above low frequency
modes on the electron transfer process could therefore be
inferred from the study.

Mz

SURN

10

100 200
T (K)

Fig. 8. Left: deconvolution of the 20 K absorption spectrum of az-
urin in terms of Gaussian components; protein concentration is
=~1.2x107* M, other experimental conditions as in Fig. 1; the cross-
es represent the experimental points; continuous lines represent the
Gaussian components and the synthesized band profile; for the sake
of clarity, not all the experimental points have been reported. Right:
second moment (M,) of band II + III of azurin as a function of tem-
perature; the continuous line represents the best fit of (B4) to the
experimental points; the A, scale is em?x107°



The main advantage of the method lies in the fact that
one does not need any detailed theoretical expression for
the spectral lineshape; in fact, the deconvolution of the
spectra into Gaussian components is an heuristic one and
is performed only in order to calculate the moments of the
bands. The most severe limitation is that only average in-
formation on the stereodynamic properties of the system
under study can be obtained; in particular, the fact that rel-
evant lineshape contributions (homogeneous broadening,
vibronic coupling with high frequency modes, conforma-
tional heterogeneity) are not sorted out separately but
added as constant terms to the M, temperature dependence
could mask important dynamic effects.
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