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We have measured the optical absorption spectra of azurin and stellacyanin in the wavelength range 1100-350 nm and in the
temperature interval 290—20 K. Samples are protein aqueous solutions containing 65% (v/v) glycerol or ethylene glycol as
cryoprotectants and remain homogeneous and transparent throughout the whole temperature range investigated. Spectra are
deconvoluted into Gaussian components and the temperature dependence of the zeroth, first and second moments of the various
bands is analyzed, within the harmonic Franck-Condon approximation, to obtain information on the stereodynamic properties of the
active sites of these proteins. Sizable differences of the integrated intensities of all the bands with temperature are observed and are
attributed to variations of the metal-ligand relative positions (i.e., deformations of the active site) that occur as the temperature is
lowered. The mean effective frequency of the nuclear vibrations coupled to all the observed bands is about 150 cm™! for both
proteins in both solvents used; this indicates that the electronic transitions from which the optical spectrum originates are
substantially coupled with low-frequency vibrational modes, likely ligand-metal-ligand deformations. The relevance of the stereody-
namic properties of azurin and stellacyanin, investigated in this work, to their functional behavior is also suggested.

1. Introduction shown that the temperature dependence of the
first (M) and second ( M,) moment of an absorp-
The optical absorption bands of a chromophore tion band can be expressed as {1,4]:
embedded in a crystalline matrix exhibit half-width
narrowing and peak position shift as the tempera- M, =AE/h+2r’/RL SiR;7,(8)

ture is lowered. This effect is due to the interac- )
tion of the optical electrons with the vibrations of + 174z, ( R, - 1) y(8) COth[hVJ' @)/ ZkT]

nearby atoms of the crystalline lattice. The theory, (1a)

developed several years ago to study the optical ) 5 2 5
properties of color centers in crystals [1-3}, as- M, =27°/hL S, R} (g) COth[h”j(g)/sz] +1I

sumes that the electron-lattice interaction depends (1b)
quadratically upon the displacement of the nuclei

from their equilibrium positions and makes use of where k and A denote Boltzmann’s and Planck’s
the Franck-Condon approximation; it can be constants, respectively; AE is the energy dif-

ference between the excited and ground electronic
states when the nuclei are in their equilibrium
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is the frequency of the j-th normal mode when the
electron is in the ground state; the sums are ex-
tended over the entire set { j} of normal modes to
which the electronic transition under considera-
tion is coupled; the term 72 in the M, expression
takes into account the presence of temperature-
independent halfwidth contributions due to the
finite lifetime of the excited electronic state
(homogeneous broadening).

Eqs 1 are not useful in analyzing experimental
data since, in general, independent measurements
of #;, §; and R, are not available. For this reason
the following approximate expressions, obtaimned

from eqgs 1 by taking the average over the normal

modes, are widely used:
M, =D+ F coth[ hy /2kT | (2a)
M,=A coth[hv/2kT] + C? (2b)

where the parameter » is a ‘mean effective’
frequency of the nuclear motions coupled to the
electronic transition. The term /2 is now included
in the parameter C? together with contributions
arising from the coupling with high-frequency
modes not populated in the temperature range
investigated; the analogous contributions to M,
are included in the parameter D.

If the sample is composed of a great number of
species which are spectrally heterogeneous (inho-
mogeneous broadening), the parameter AE in eq.
la has to be considered as an average value;
moreover, the sums in egs 1 are to be extended
not only over the normal modes, but also over all
the species present. Optical spectra are not af-
fected by the interconversion between species
(motional narrowing), since at all temperatures
interconversion times are much slower than the
characteristic times of electronic transitions. It is
easy to imagine that the effect of heterogeneity
does not alter the behavior of M, (eq. 2a), whereas
it adds to M, a contribution that is temperature-
independent if the distribution of spectrally het-
erogeneous species does not depend upon temper-
ature, and that therefore can be included in the
term C2.

In a recent series of papers [5-8], it has been
shown that egs. 2 can also be applied to rational-
ize the temperature dependence of the optical

spectra of a chromophore embedded in a protein
matrix; in particular, the liganded and unliganded
derivatives of ferrous hemoglobin and myoglobin
have been studied in detail. This has allowed
relevant information to be obtained on the local
dynamic properties of these proteins in the prox-
imity of the heme group and on the electron-
vibration coupling constants, as well as on their
dependence upon the protein structure and the
composition of the external medium.

In this work we have applied the approach
described above to analyze the temperature de-
pendence of the optical absorption spectra of
azurin and stellacyanin. These two proteins belong
to the class of so-called ‘blue copper proteins’ [9];
their biological function is to act as electron-trans-
fer agents in the respiratory chain of some bacteria
or in the photosynthetic system of a number of
plants. The active site is characterized by a single
Cu?* coordinated to four (or five) atoms from
side chains of amino acid residues of the protein;
the particular coordination geometry gives rise to
a peculiar absorption spectrum in the visible re-
gion characterized by a very intense central band
at about 600 nm (responsible for the beautiful
blue color of these proteins) and by two much
weaker lateral bands, one on the ultraviolet and
the other on the near-infrared side. This spectrum
is usually assigned to charge-transfer transitions
from orbitals of the liganded atoms to the copper
d,. ,: orbital. The analysis of the temperature
dependence of the optical spectrum is therefore a
useful tool for investigating the dynamic proper-
ties of these proteins in the proximity of the active
site; in turn, due to the intimate structure-dy-
namics-function interconnection, this will also add
to the understanding of their functional behavior.

2. Materials and methods

Azurin (from Pseudomonas aeruginosa) was
purchased from Sigma and was used without fur-
ther purification. Stellacyanin (from Rhus verni-
cifera) was a kind gift from Prof. B. Salvato and
was purified according to the procedure described
in ref. 10. For azurin, the ratio 4(280 nm)/A(625



A. Cupane et al. / Optical absorption spectra of azurin and stellacyanin 215

nm), measured at 290 K in a sample containing
65% (v/v) glycercl and 0.1 M phosphate buffer,
was less than 3; for stellacyanin, the ratio 4(280
nm)/A(604 nm) under the same experimental con-
ditions, was less than 7. Samples for spectrophoto-
metric measurements contained approx. 1.2 X 1074
M protein and 0.1 M phosphate buffer (KH,PO,
+ K, ,HPQ,, pH 7 in water at room temperature).
Spectra were measured on protein aqueous solu-
tions containing 65% (v/v) glycerol or ecthylene
glycol as cryoprotectants. These solutions re-
mained homogeneous and transparent over the
whole temperature range; indeed, no sample
cracking was observed even at cryogenic tempera-
tures, as confirmed also by the good quality of the
baseline.

The experimental setup and methods used to
measure optical absorption spectra in the temper-
ature range 300-20 K have previously been de-
scribed [5]. Experiments were performed with a
Varian 2300 UV-Vis-near-infrared spectropho-
tometer controlled by an IBM PC; the spectro-
photometer was operated in the ‘constant gain’
mode and the spectral bandwidth was less than
1.2 nm throughout the whole wavelength range
investigated (1100-350 nm). The spectra were dig-
itized with 2-nm steps; their deconvolution in
terms of Gaussian components, G(v) = A
exp(— (v — »,)2/20%), was performed on an HP-
1000 computer using a non-linear least-squares
fitting algorithm. The quantity to be minimized in
the fitting was x> =Z,[4; (observed)-4, (calcu-
lated))?/(N — p) where N =375 is the number of
data points and P = 12 is the number of optimiza-
tion parameters; all the data points in a spectrum
were assumed to have the same experimental vari-
ance.

The temperature dependence of the baseline
was determined by performing sets of measure-
ments with solvent samples. No baseline varia-
tions were observed in the region 800-350 nm, in
the whole temperature range; baseline variations
were instead observed in the region 1100-800 nm,
due to the absorption of the glycerol/water and
ethylene glycol /water mixtures. The baseline mea-
sured at the same temperature was subtracted
from each spectrum before analysis. The zeroth
(M,), first (M;) and second (M,) moment of each

band were calculated within the narrow band ap-
proximation, according to the definitions given by
Markham [1}, i.e.,

M0=f<(11) dv
M, =M(,_lfvc(v) dr

M2=M51fvzc(v) dv— M?

where e(») is the absorbance, at frequency v, of
the distribution that takes into account the band
of interest.

3. Results
3.1. Azurin

Fig. 1. (left-hand panel) shows the optical ab-
sorption spectra of azurin in 65% (v/v) glycerol/
water at various temperatures. The temperature-
induced difference spectra are shown, on an ex-
panded scale, in‘the right-hand panel of fig. 1.
Absolute spectra and temperature-induced dif-
ference spectra obtained with samples in 65% (v /v)
ethylene glycol /water are very similar to those
reported in fig. 1. An increase of the central band
at about 600 nm and a parallel decrease of the
near-infrared band at about 850 nm that occur as
the temperature is lowered are clearly demon-
strated by the raw data in fig. 1.

The deconvolution of the measured spectra in
Gaussian components is shown in fig. 2: four
bands are identified and labeled I-IV in the fig-
ure. These bands are usually attributed to ligand
to metal charge-transfer transitions; in particular,
the scheme of orbital promotions proposed is as
follows {11,12]: band I, #S (Cys) > d,:_,2(Cu);
band II, a8 (Cys) —d,:_:(Cu); band III, oS
(Met) —» d,:_2(Cu); band IV, «#N (His) —
d,:_,2(Cu). More recently a different assignment,
based on low-temperature optical absorption and
MCD and CD spectra in conjunction with self-
consistent field scattered wave calculations, has
been proposed by Gewirth and Solomon [13]; in
their scheme band 1 would arise from a d-d transi-
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Fig. 1. (Left) Optical absorption spectra of azurin at T = 260, 230, 200, 170, 140, 110, 80 and 50 K. The arrows at about 830 and 600
nm indicate the direction of spectral changes observed on lowering the temperature. (Right) Temperature-induced difference spectra.
A A(T)is defined as: A 4(T )= A(T)- A(290 K). All the spectra shown refer to samples in 65% (v/v) glycerol /water.

tion {(although having a significant S (Cys) = mix- good overlap between the ground and excited
ing), band II from a 7S (Cys) — d,2_,2(Cu) tran- state wave functions, band HI from a pseudo oS
sition which becomes intensified by the extremely (Cys) > d,2_,2(Cu) transition, while the assign-

1

x 1074 viem™ x 10

Fig. 2. Deconvolution of the absorption spectra of azurin in terms of gaussian components. (Left) T =20 K; (right) 7= 290 K.

Spectra refer to samples in 65% (v/v) glycerol /water. (O) Experimental points; continuous lines represent the Gaussian components

and the synthesized band profile. For the sake of clarity, not all of the experimental points have been reported. x values {(expressed in
A4 units) are 8 X107 3 at T=290 K and 2Xx10~2 at T=20 K.

u/em’
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ment of band IV remains unchanged. Concerning
the deconvolutions reported in fig. 2 the following
points are worth noting:

®

Band IV is very small at all temperatures and
not well defined, particularly on the high-
frequency side; for these reasons it is not
possible to make a meaningful analysis of its
temperature dependence. Moreover, to avoid
possible artifacts arising from its mixing with
the central band, M, and M, values of Gaus-

(1)

(iit)

217

sian component IV are determined from low-
temperature spectra and imposed constant in
the whole temperature range.

Bands II and III are not resolved separately,
even at low temperatures. For this reason we
consider a single band arising from the sum
of bands II and III; the moments of this band
are calculated from the distribution resulting
from the sum of the Gaussian components II
and IIL.

Band 1 appears as a shoulder on the low-
frequency side of the central band; at high
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Fig. 3. AM,, M, and M, relative to the optical absorption bands of azurin as a function of temperature. (Left) Band I; (right) band

I+ 1. AM, is defined as AM,= My(T)/My(290 K)-1. Samples in: (2) 65% glycerol/water; (O) 65% ethylene glycol /water.

Continuous lines represent the best fit of eas 2 to the experimental points. For M, values relative to band LI +1I1, the fitting refers to
points in 65% glycerol /water only. The M; scale is in units of em™ ! %107 2; the M, scale is cm ™2 x 1075,
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Table 1

Values of the parameters obtained by fitting M; and M, of the optical absorption bands of azurin in terms of egs 2

Band Solvent A v C D F
(n72x10%  @m™) (p~ ' x10%) N (n~1x10%)

1 65% glycerol /water 57+16* 150+ 25 7 1 1.311 0

1 65% ethylene glycol /water 57+16* 150425 7 +1 1.311 0

11+ 111 65% glycerol /water 31+5 150+15 9.6+0.2 1.606 +0.001 0.62+0.2

I+ 111 65% ethylene glycol /water 2316 150+ 25 9.5+0.3 -° -t

a

In view of the fact that for band I solvent effects are almost absent, these parameters values are obtained by fitting together M,

values relative to both solvents. Values of the standard deviations are obtained directly from the fittings. Standard deviations
.. relative to parameters D and F of band [ are not given since M, values relative to this band have been imposed constant in the

fitting procedure.

Y For M, values relative to band 11+ 111 in 65% ethylene glycol /water the fitting has not been performed (see text).

temperatures, due to an increase in the width,
the shoulder is less well resolved and tends to
merge into the central band. To avoid artifacts
in the analysis of the high-temperature spec-
tra, the M, value (i.e., the peak position) of
Gaussian component 1 is determined from
the low-temperature spectra (20-160 K) and
imposed constant at all temperatures.

In fig. 3 we report the values of AM,, (i.e., the
fractional M, variation with respect to its high-
temperature value), M, and M, relative to band 1
and IT + IIT as a function of temperature. Lower-
ing the temperature from 290 to 20 K causes an
integrated intensity decrease of about 50% for
band I and an increase of about 20% for band
IT + III. The temperature dependence of M, and

B850 600
A/ nm

850 600
A/Znm

Fig. 4. (Left) Optical absorption spectra of stellacyanin at 7= 260, 230, 200, 170, 140, 110 and 80 K. The arrows at about 850, 700,
600 and 450 nm indicate the direction of spectral changes observed on lowering the temperature. (Right) Temperature-induced,
difference spectra. The data refer to samples in 65% (v/v) ethylene glycol /water.
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M, relative to both bands is in agreement with egs
2, except for small deviations observed at high
temperatures in the behavior of M, values relative
to band II + III; these deviations are larger when
65% cthylene glycol / water is used as solvent. For
this reason the M, fitting reported in fig. 3 for
band II+ III refers to points in 65% glycerol/
water only. The values of the parameters obtained
by fitting M, and M, with eqs 2 are reported in
table 1. The effects of solvent composition on the
thermal behavior of M, and M,, although sys-
tematically present, are very small; in particular, it
should be noted that identical values of the
parameter » (150 ¢cm™') are obtained in the two
different solvents.

3.2. Stellacyanin

The optical absorption spectra of stellacyanin
at various temperatures and the temperature-in-
duced difference spectra are shown in fig. 4. The
data refer to samples in 65% glycerol/ water; the
behavior in 65% ethylene glycol / water is similar.
In analogy with azurin, an increase in the central

band at about 600 nm is observed by lowering the
temperature; in contrast to azurin, the band at
about 850 nm also increases as the temperature is
lowered.

The deconvolution of the measured spectra into
Gaussian components is shown in fig. 5 and is
analogous to that reported above for azurin. The
four bands observed are usually attributed to
ligand-metal charge-transfer transitions and the
scheme of orbital promotions proposed is as fol-
lows: band I, 75 (Cys) = d 2 2(Cu); band II, ¢S
(Cys) > d,:_,2(Cu); band III, ¢S (Cystine)—

d.:_»(Cu); band 1V, #N (His) - d,:_(Cu).
Also for stellacyanin a different assignment has
been recently proposed, in analogy with azurin
and plastocyanin. Concerning the deconvolution
reported in fig. 5, the following aspects deserve

mentioning;

(i) A straight line tangent to the minima at
about 1100 nm and at about 390 nm (see fig.
4) is first subtracted as a baseline from the
experimental spectra. The spectra and the

v/em! x 1074

viem ' x 1079

Fig. 5. Deconvolution of the absorption spectra of stellacyanin in terms of Gaussian components. (Left) T'= 20 K;; (right) 7= 290 K.

Spectra refer (0 samples in 65% ethylene glycol /water. Symbols as in fig. 2. x values (expressed in A units) are 2x 1072 a1 7= 290

K and 8 X107 2 at T=20 K. Note that, before performing the deconvolution, a straight line tangent to the minima at about 1100 and
390 nm has been subtracted from the raw spectra.
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Fig. 6. AMy, M, and M, relative to the optical absorption bands of stellacyanin as a function of temperature. (Left) Band I; (center)
band IE+T1I; (right) band IV. Symbols and scales as in fig. 3. The continuous lines represent the best fit of egs 2 to the experimental

points.
deconvolutions reported in fig. 5 have been lacyanin is very well defined at all tempera-
obtained by this procedure. tures and therefore the temperature depen-
(it) In contrast to azurin, band IV of stel- dence of its moments is analyzed in detail.

Table 2

Values of the parameters obtained by fitting M, and M, of the optical absorption bands of stellacyanin in terms of eqs 2

Band Solvent A v C D F
(r7¥x10%  (em Y (r7'x10%)  (p7) (»™'x10%)
1 65% glycerol /water 35+15° 160 ® 9+0.7 1171 0
I 65% ethylene glycol /water 21+ 8 160 + 30 10+0.4 1171 0
n+111 65% glycerol /water 30+15 160 7+0.% 1.701 +0.002 -11+03
11+ 111 65% ethylene glycol /water 24+ 8 160 + 30 8+0.4 1.704 £0.001 —12401
v 65% glycerol /water 36+ 9 160 8+0.5 2.302 +0.002 —31+06
v 65% ethylene glycol /water 39+ 6 160 + 15 8+0.3 2.289 +0.001 —29+04

 Values of the standard deviations are obtained directly from the fittings. Standard deviations relative to parameters D and F of
band I are not reported, since M, of this band is imposed constant in the fitting procedure.

® In the fitting of M, and M, relative to samples in 65% glycerol /water, the » values have been taken to be equal to those obtained
from samples in 65% ethylene glycol /water, since the reduced temperature interval does not enable one to perform an independent
and meaningful evaluation of this parameter.
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(iii) In analogy with azurin, bands II and III are
not resolved separately. We therefore con-
sider a single band arising from their sum;
the moments of this band are calculated
from the distribution resulting from the sum
of the Gaussian components II and III.

(iv) At low temperatures, band I is well resolved
and appears to be split into two compo-
nents; however, as the temperature in-
creases, this band is poorly resolved (see fig.
4) and tends to merge into the central band.
To avoid artifacts in the analysis of high-
temperature spectra a single Gaussian com-
ponent is taken to account for band I, more-
over, in analogy with azurin its M, value is
determined from the low-temperature spec-
tra (20-150 K) and imposed constant at all
temperatures.

Fig. 6 shows the values of AM,, M, and M,
relative to bands I, IT + 111 and IV as a function
of temperature. The integrated intensities of all
bands increase by about 20% as the temperature is
lowered from 290 to 20 K. The temperature de-
pendence of M, and M, relative to all bands is in
agreement with eqs 2; the values of the fitting
parameters are reported in table 2. Concerning the
effects of solvent composition, they are small for
bands I and II + Il and sizably larger for both
M, and M, relative to band IV. It should be
noted that, for stellacyanin, measurements in 65%
glycerol/water are limited to the temperature
range 80-290 K; this range is not sufficiently wide
for a meaningful determination of the parameter
v. In view of the fact that (i) for azurin, identical »
values are observed in the two solvents and (ii) for
stellacyanin, the » values in 65% ethylene glycol /
water are almost identical to those relative to
azurin, the value of the parameter » is fixed to 160
cm ™! in the fitting of M, and M, values in 65%
glycerol /water.

4. Discussion

The data shown in figs 3 and 6 cleatly show
that the integrated intensities (M, values) of all

the observed bands vary as the temperature is
lowered. These variations (also evident in the raw
spectra, see figs 1 and 4) are large (about 20-30%
or even greater) and can be either positive or
negative; for these reasons they cannot be attri-
buted either to variations of the sample volume
due to thermal contraction or to artifacts arising
from the deconvolution procedure.

In the case of charge-transfer bands, integrated
intensity variations are ‘readily interpretable as
being due to differing degrees of overlap between
the molecular orbitals involved in the electronic
transitions that give rise to the absorption bands.
For azurin and stellacyanin, this would imply that
the overlap between the copper and ligand orbitals
involved in the charge-transfer transitions is tem-
perature-dependent; variations of the metal-ligand
relative positions, i.e., deformations of the active
site, therefore occur as the temperature is varied.
For bands arising from d-d transitions the above
mechanism is obviously inapplicable. Our data
relative to band I, however, are not inconsistent
with the assignment reported in ref. 13, since the
d-d transition that gives rise to this band is sug-
gested to have significant S (Cys) = mixing,

Concerning M, and M,, the data in figs 3 and
6 show that their temperature dependence can be
well rationalized in terms of eqs 2. One likely
exception might be the behavior of the first mo-
ment of band II + III of azurin in 65% ethylene
glycol / water, where a deviation from the predic-
tions of eq. 2a is observed at temperatures higher
than about 190 K. Analogous (although much
more dramatic) deviations, present in the behavior
of M, but not in that of M,, have already been
observed for the visible bands of liganded ferrous
myoglobin [7] and have been attributed to a con-
formational readjusiment of the protein that takes
place following the solvent glass transition and
that alters the electric field ‘seen’ by the electron
that undergoes the optical transition without sub-
stantially altering either the frequency of nuclear
motions or their coupling constants with the elec-
tronic transitions.

The data listed in tables 1 and 2 show that the
mean effective frequency of the nuclear motions
coupled with the electronic transitions (») is about
150 cm™! both for azurin and for stellacyanin;
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this value depends neither upon the particular
band considered nor upon the solvent composi-
tion. Two previous investigations from other
laboratories reported » values of about 350 cm™?
[11] and about 35 cm™! [14]. The former value
was obtained from the temperature dependence of
optical spectra measured in thin films of dried
proteins; however, the data points relative to only
four temperatures (i.e., 35, 60, 120 and 200 K)
were consider in the analysis. The latter value was
obtained from the temperature dependence of g,
values measured from EPR spectra; the experi-
mental data, however, were available only in the
range 77-200 K, where linear behavior of g, with
temperature was observed. Concerning the latter
data, when comparing data from optical and EPR
spectroscopy, it must be borne in mind that, since
different kinds of electronic transitions are in-
volved, the interactions with nuclear vibrations
could also be different. Since the » values are
obtained by averaging over the normal modes
weighted with their coupling constants (see, e.g.,
eqs la and 1b), different » values could in princi-
ple be recorded with two experimental techniques.

In order to compare in greater detail our results
with those mentioned above, we performed the
fittings reported in fig. 7. In the top panel of fig. 7,
the M, values of band II + HI of stellacyanin are
reported as a function of temperature. The data
points at 30, 60, 120 and 200 K are marked by
arrows and the solid line is a best fit of eq. 2a to
the above four experimental points whereby the »
value is held fixed at 350 cm™!. It is evident that
although the solid line fits the four points reasona-
bly well, a systematic overall misfit is present. In
the center panel of fig. 7, the M, values in the
range 80-200 K are delimited by arrows and the
solid line is a best fit to the data points in this
temperature range whereby the » value is held
fixed at 35 cm ™ !; once again the solid line fits the
data points concerned quite well, whereas a sys-
tematic. misfit to the overall M, behavior is evi-
dent. The fitting performed in this work on the
whole set of experimental data (yielding a » value
of 160 cm™') is reported in the bottom panel of
fig. 7, for the sake of comparison. Inspection of
fig. 7 indicates that, to achieve a correct de-
termination of v values, a large number of experi-

169
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Fig, 7. (Top) M, values (cm ™! X 107 2) relative to band I1+1II
of stellacyanin as a function of temperature. Data points at 30,
60, 120 and 200 K are marked by arrows. The solid line is a
best fit of eq. 2a to the above data points with the value of the
parameter # held constant at 350 cm ™. (Center) Same as in
the top panel. The range 80-200 K is delimited by arrows. The
solid line is a best fit of eq. 2a with the value of the parameters
» held constant at 35 cm~!. (Bottom) Same experimental data
as in top and center panels. The solid line is a best fit of eq. 2a
to the whole set of experimental data and yields a » value of
160 cm ™.

mental data over the widest temperature range
attainable are needed.

In agreement with the data in ref. 11, the
spectra of azurin and stellacyanin do not exhibit
any vibronic structure, even at 20 K. This fact
implies that the » value of 150 cm ™! results from
the weak coupling of the electronic transitions
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with several vibrational modes whose ‘mean effec-
tive’ frequency (weighted over the coupling con-
stants) is about 150 cm™! rather than from a
strong coupling with a single (or few) vibrational
mode(s).

In the resonance Raman spectra of blue copper
proteins [15-18], intense bands are observed near
400 cm ™! and are assigned to Cu-ligand stretching
motions; weaker bands are also evident in the
range 120-170 cm ™! and are attributed to Lgand-
Cu-ligand deformations and/or to ligand torsion.
Our data show that the optical bands of azurin
and stellacyanin are substantially coupled with
low-frequency modes: the above-mentioned defor-
mation modes are likely to be involved.

Another interesting point to emerge from the
data listed in tables 1 and 2 is the systematic
presence of large C values. As mentioned in sec-
tion 1, non-zero C values can originate via three
different physical mechanisms, i.e., homogeneous
broadening, due to the finite lifetime of the ex-
cited electronic state, inhomogeneous broadening,
due to the presence of a spectrally heterogeneous
ensemble of protein molecules, and coupling with
high-frequency vibrational modes that are popu-
lated only at the zero-point level in the tempera-
ture range investigated. Our data do not enable us
to distinguish between these three contributions;
however, it is tempting to speculate that, in agree-
ment with the suggestion in the literature that
azurin exhibits conformational heterogeneity
{19,20], inhomogeneous broadening substantially
contributes to the large C values shown in tables
1 and 2. The relevance of inhomogeneous broad-
ening to the width of the visible bands of the
carbonmonoxy derivatives of sperm whale
myoglobin and of isolated hemoglobin «- and
S-subunits has also been recently suggested (E.E.
Di Torio et al,, manuscript in preparation).

Concerning the effect of solvent composition
on the temperature dependence of the absorption
bands, the data in figs 3 and 6 show that a solvent
effect on M, and M, 1s indeed observed. How-
ever, iIn view of the smallness of the effect as
compared to the standard deviations of the values
of our parameters (see tables 1 and 2), it is not
possible to draw any quantitative conclusion from
these data.

We wish now to speculate on the possible func-
tional significance of our results. Ligand-metal-
ligand deformation modes at about 150 cm ™! are
significantly populated at room temperature (kT
=215 cm™! at 300 K). Our data indicate that
these low-frequency local modes are coupled with
the electromic transitions and therefore particu-
larly with the copper d,:_,: orbital that, in turn, is
directly involved in the biological functions of
these proteins. A direct role of these low-frequency
modes on the electron-transfer process can there-
fore be suggested.

A second point of possible functional interest is
the M, variation with temperature shown in figs 3
and 6. As already discussed, this effect is interpre-
ted in terms of variations of the copper-ligand
relative positions (i.e., deformations of the active
site) that occur as the temperature is lowered.
Active site deformations, induced, for example, by
the binding of heterotropic ligands and/or of
other proteins, could be relevant in regulating the
screening of the d,2_ . orbital by the endogenous
ligands [21] and therefore the electron transfer
to/from the orbitals of the redox partners.

More data are needed in order to substantiate
the above speculations; in particular, a compara-
tive study of several blue copper proteins and a
correlation of their stereodynamic and functional
(e.g., redox potentials) properties appear prom-
ising.
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