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Summary. We report the optical absorption spectra of  
azurin (Pseudomonas aeruginosa) in the temperature 
range 290-20 K. The samples used are protein aqueous 
solutions containing 65% (by Vol.) glycerol as cryopro- 
tectant. The measured spectra are deconvoluted in 
gaussian components  and the temperature dependence 
of  the zeroth, first and second moment  of  the observed 
bands is analyzed using the harmonic Franck-Condon 
approximation for the coupling between electronic 
transitions and nuclear vibrations. The analysis pro- 
vides information on the stereodynamic properties of  
the active site of  this protein. The possible functional 
relevance of  these results is also suggested. 
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Introduction 

The temperature dependence of the optical spectra of  
proteins is related to the interactions of  optical elec- 
trons with the nuclear vibrations. The theory, devel- 
oped long ago to study the properties of  color centers 
in crystals (Markham 1959), has recently been applied 
to heine proteins (Cordone et al. 1986; Leone et al. 
1987; Cordone et al. 1988; Cupane et al. 1988). It can 
be shown that, within the Franck-Condon approxima- 
tion, the temperature dependence of  the first (M1) and 
second (M2) moment  of  an absorption band can be ex- 
pressed as: 

ml = O + Fcoth  (h (v)/2 kT) 

m2 --- A coth (h ( v )/2 k T) + C 2 (1) 

where (v) is the 'mean effective' frequency of the nu- 
clear motions coupled to the electronic transition and 
D, F, A and C are parameters linked to the Franck- 
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Condon  linear and quadratic coupling constants. Eqs. 
(1) show that information on the stereodynamic proper- 
ties of  a protein in the proximity of the chromophore 
can be  obtained from the thermal behavior of  the opti- 
cal spectrum over a wide temperature range. 

In this paper we use the above approach to analyze 
the temperature dependence of  the optical absorption 
spectrum of azurin. Our aim is to obtain information on 
the stereodynamic properties of  the active site of this 
protein since a deeper knowledge of these properties 
will also add to the understanding of  the functional be- 
havior. 

Materials and methods 

Azurin (from Pseudomonas aeruginosa) was purchased from 
Sigma and was used without further purification. Samples for 
spectrophotometric measurements contained 0.1 M phosphate 
pH = 7 (in water at room temperature) and 65% (by Vol.) glycerol/ 
water; the protein concentration was 0.12 raM. Plastic cuvettes 
with an optical path of 1 cm were used; the samples remained 
homogeneous and transparent in the whole temperature range in- 
vestigated. Glycerol (Carlo Erba) was RP grade and was used 
without further purification. Spectra (1100-350 nm) were mea- 
sured with a Cary 2300 spectrophotometer controlled by an IBM 
PC; the spectral bandwidth was always less than 1.2 nm. The ex- 
perimental setup and methods for spectral measurements have al- 
ready been described (Cordone et al. 1986). The temperature de- 
pendence of the baseline was measured by performing measure- 
ments with a solvent sample. No baseline variations were ob- 
served in the region 800-350 nm over the whole temperature 
range; baseline variations with temperature were, however, ob- 
served in the region 1100-800 nm due to the absorption of the 
glycerol/water mixture. The baseline measured at the same tern- 
perature was subtracted from each spectrum before analysis. 

The spectral deconvolution in terms of gaussian components 
G(v)=A.exp[-(v-vo)2/2~ 2] was performed on an HP 1000A 
900 computer. The reduced-mean-square deviation was minim- 
ized using a non-linear least-squares algorithm. The zeroth, first 
and second moment of each band were calculated according to 

Mo= 7 A(v) dv (2a) 
0 

M1 =m£ ~ 7 vA(v) dv (2b) 
o 
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M2 = M~- 1 T v2 A (v) d v -  M~ (2c) 
0 

where A (v) is the absorbance of the deconvoluted band at the op- 
tical frequency v. Within the so-called narrow-band approxima- 
tion (Dexter 1958), Mo is proportional to the oscillator strength 
and Eqs. (2b) and (2c) are the first and second spectral moment 
which satisfy Eqs. (1). 

Table 1. Values of the parameters obtained by fitting M~ and M2 
in terms of Eqs. (1) 

Band 1 0 - 4 × A  <v) 1 0 - 2 × C  D 1 0 - 2 x F  
(gm-2) (era-l) (p,m-~) (~tm- a) (Ixm- 1) 

I 50+10 150+35 8.0+2.0 1.3069 0 
II+III 30+5 150+20 9.5+0.3 1.6043+0.003 0.75+0.04 

Results and discussion 

Fig. 1A shows the temperature dependence of  the spec- 
trum between 290-20 K; by lowering the temperature,  
an increase of  the central band at ~ 600 nm and a pa- 
rallel decrease of the near-infrared band at ~ 850 nm 
are evident. This is even more clearly shown in Fig. 1B 
where we report  the temperature-induced difference 
spectra. A typical spectral deconvolution in terms of  
gaussian components  is shown in Fig. 1C. The four 
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Fig. 1. (A) Spectra of azurin at various temperatures. (B) Temper- 
ature-induced difference spectra; 6A is defined as 
A(T)-A(290 K). (C) Deconvolution of the 20 K spectrum in 
terms of gaussian components. Crosses are the experimental 
points; the continuous lines represent the gaussian components 
and the synthesized band profile 
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Fig. 2. 6Mo, M1 and M2 as a function of temperature. Left: band  
I I + I I I ;  right: band  I. ~Mo is defined as [Mo(T)-Mo(290 K)]/ 
Mo(290 K). The continuous lines represent the best fit of Eqs. (1) 
to the experimental  points;  note that  points at low temperatures 
are essential for a correct determination of parameters 

main bands, labeled I-IV in the figure, are attributed to 
ligand-metal charge-transfer transitions (Solomon et al. 
1980; McMillin and Morris 1981) and in particular to 
the following orbital promotions:  ~S (Cys) ~ dx2_y2 
Cu (band I); oS (Cys) ~ dx2_y2 Cu (band II); oS (Met) 

dx~_y2 Cu (band III); ~ N  (His) ~ d~_y2 Cu (band 
IV). As can be seen from Fig. 1, band IV is too small to 
be able to make a meaningful analysis of  its tempera- 
ture dependence while bands II and III are not re- 
solved separately, even at low temperature. For this 
reason, we considered a single band arising from the 
sum of  the two gaussian bands II and III. Moreover,  a 
temperature- independent  M1 value was imposed on 
band I to avoid artifacts arising from mixing with the 
central band. 

In Fig. 2 we report  the values of  8Mo, M1 and M2 
relative to band I and II + III as a function of  tempera- 
ture. As can be seen, lowering the temperature from 
290 K to 20 K causes an integrated intensity decrease of 
about 50% for band I and an increase of  about 20% for 
band II + III. The values of  the parameters obtained by 
fitting M1 (T) and M 2 ( T )  with Eqs. (1) are reported in 
Table 1. 

Concerning the data reported in Table 1, we note 
that the value of  the mean effective frequency of the 
vibrational modes coupled to the electronic transitions 
is about 150 cm -1 both for band I and band I I + I I I .  A 
previous report gave a (v) value of ~350 cm -1 (Solo- 
mon et al. 1980). This value was obtained from the tem- 
perature dependence of optical spectra measured in 
thin films of  dried protein; experimental data, however, 
were available at only four temperatures (i.e. 35, 60, 120 
and 200 K). 

In the resonance Raman spectra of  azurin (Woo- 
druff  et al. 1984; Nestor et al. 1984; Ainscough et al. 
1987; Mino et al. 1987), intense bands are observed 
near 400 cm-1 and are assigned to Cu-l igand stretch- 
ing motions. Weaker bands are also evident in the 
range 120-170 cm -1 and are attributed to l igand-Cu-  
ligand deformations a n d / o r  to ligand torsions. Our 
data show that the ligand-to-metal charge transfer tran- 
sitions responsible for the optical spectrum of  azurin 
are substantially coupled with low-frequency modes; 
the deformation modes mentioned above are likely to 
be involved. We stress, however, that our data do not 
suggest a strong coupling with a single vibrational 
mode, but rather a weak coupling with several modes 
whose 'mean effective' frequency is about 150 cm -1. 

Our data clearly show that the integrated intensities 
of  the observed bands (Mo) are temperature-dependent.  
This result implies that, as the temperature is varied, 
the overlap between the copper  and ligand orbitals in- 
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vo lved  in the  cha rge - t r ans f e r  t r ans i t i ons  a lso  var ies ,  due  
to a n h a r m o n i c i t y .  Var ia t ions  o f  the  m e t a l - l i g a n d  re la-  
t ive pos i t ions ,  i.e. d e f o r m a t i o n s  o f  the  act ive site,  there-  
fore  occu r  as the  t e m p e r a t u r e  is var ied .  

W e  wish  n o w  to specu l a t e  on the p o s s i b l e  b io log i c a l  
r e l evance  o f  these  resul ts .  L o w - f r e q u e n c y  l i g a n d - m e -  
t a l - l i g a n d  d e f o r m a t i o n  m o d e s  p o p u l a t e d  at r o o m  tem-  
p e r a t u r e  ( k T ~ 2 1 5  cm -1 at 300 K) c o u l d  a d d  to the  
c o n f o r m a t i o n a l  f l ex ib i l i ty  o f  the  act ive s i te ;  moreove r ,  
the  v a r i a t i o n  o f  the  sc reen ing  o f  the  c o p p e r  d~2 _y2 orb i -  
tal ,  c o n t r o l l e d  b y  a n h a r m o n i c i t y ,  c o u l d  be  re l evan t  in 
r egu la t ing  the  e l ec t ron  t r ans fe r  r eac t ion  t o / f r o m  the  or- 
b i ta l s  o f  the  r e d o x  pa r tne r s  ( N i s h i d a  1987). 
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