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Summary 
 
 
 

  Chapter 1 is a brief introduction to cytochromes P450 (CYPs) and their 
structure. Their active site contains the heme group, which is responsible for 
the intense brownish-red color of these proteins. In CYPs, the heme iron can 
alternatively assume two spin states, called low spin and high spin, which 
are usually associated with six-coordinated (6c) and five-coordinated (5c) 
iron, respectively. 
 
  Chapter 2 introduces the basics of Raman spectroscopy, and its application 
as resonance Raman spectroscopy (RR) to heme proteins. When a laser is 
shone on a sample, a part of the scattered light coming out of the sample has 
exchanged energy with the sample molecules. The spectrum of this light 
‘shifted’ in energy is called Raman spectrum and its bands correspond to 
molecular vibrations (similarly to infrared spectroscopy). In RR the laser is 
in resonance with an electronic transition of the molecules, causing an 
increase of the intensity of the Raman spectrum of those molecules involved 
in the electronic transition. RR can be applied to selectively study heme in 
CYPs, whose RR spectra contains information about heme oxidation and 
spin states. 
 
  Chapter 3 outlines two examples of how RR spectroscopy can be applied 
to the study of CYP2D6 active site structure, in particular by the observation 
and interpretation of differences between RR spectra of the wild type 
enzyme and two mutants, F120A and T309V. 
   Raman data presented in the section 3.1 show that the CYP2D6 heme is 
found to be in a six-coordinated low-spin state in absence of substrates, and 
that it is perturbed to different extents by bufuralol, dextromethorphan and 
3,4-methylenedioxymethylamphetamine (MDMA). Dextromethorphan and 
MDMA induce in CYP2D6 a significant amount of five-coordinated high-
spin heme species and reduce the polarity of its heme-pocket, whereas 
bufuralol does not. Spectra of the F120A mutant CYP2D6 suggest that 
Phe120 is involved in substrate-binding of dextromethorphan and MDMA, 
being responsible for the spectral differences observed between these two 
compounds and bufuralol. These differences could be explained postulating 
a different substrate mobility for each compound in the CYP2D6 active site, 
consistently with the role previously suggested for Phe120 in binding 
dextromethorphan and MDMA. 



   In the section 3.2, RR data from the T309V mutant of CYP2D6 show that 
the substitution of the conserved I-helix threonine situated in the enzyme’s 
active site perturbs the heme spin equilibrium in favor of the six-coordinated 
low spin species. The experimental observations could be explained by 
assuming two alterative positions for a water molecule above the heme iron 
atom, the two positions yielding the 6cLS and 5cHS states. This hypothesis 
is then tested with quantum-mechanical DFT calculations on active site 
models for both the CYP2D6 wild-type and T309V mutant, and it is shown 
to be compatible with the available structural and spectroscopic data is tested 
using. 
 
   In Chapter 4 the SERS effect is introduced, and its application to CYPs is 
outlined. SERS is an acronym for surface-enhanced Raman scattering, which 
is a Raman technique with improved sensitivity in which the molecules of 
the sample have to be located near a metal surface with particular 
morphological characteristics. When SERS is combined with the RR effect 
explained in Chapter 2, the technique is called SERRS and benefits from the 
advantages of both RR and SERRS. Although in the past SERRS has been 
applied to some CYPs, the interaction between the metal surface and the 
protein often resulted in undesired effects on the enzyme active site. This 
problem can be solved by using biocompatible coatings for the metal 
surfaces. Examples of how coated colloids and electrodes can be used as 
SERRS substrates is given in the last part of this Chapter.  
 
    Chapter 5 outlines two examples of how SERRS spectroscopy can be 
applied to the study of CYP2D6 active site structure, in particular by using 
coated Ag nanoparticles and electrodes as biocompatible SERS metal 
substrates.      
   In Section 5.1, SERRS from dilute solutions (down to nanomolar 
concentrations) of CYP2D6 is observed using aqueous dispersions of coated 
Ag nanoparticles previously described in Section 4.3. From a direct 
comparison with its resonance Raman spectrum in solution, CYP2D6 
appears to fully retain its native structure upon adsorption on coated 
hydrosol through electrostatic interaction, while a structural change in active 
site is observed when uncoated citrate-reduced hydrosol is used. Using 
SERRS on these biocompatible coated hydrosols, the effects of 
dextromethorphan (DX, a CYP2D6 substrate) on the enzyme’s active site 
can be observed, demonstrating that CYP2D6 ability of binding substrates is 
preserved. Moreover, by tuning the wavelength of the exciting laser away 
from the main absorption band of the heme, the vibrational bands of the 
SAM coating are observed and analyzed to see how the presence of the 
protein affects the SAM structure. 



   In Section 5.2, SERRS spectra of CYP2D6 adsorbed on coated Ag 
electrodes were obtained in various experimental conditions. An analysis of 
these spectra indicates that the enzyme’s active site retains its nature of six-
coordinated low-spin (6cLS) heme upon immobilization. Moreover, the 
spectral changes detected in presence of DX and imidazole (and exogenous 
heme axial ligand), indicate that the immobilized enzyme also preserves its 
ability to reversibly bind a substrate and form a heme-imidazole complex. 
However, despite immobilized CYP2D6 can be effectively reduced by a 
sodium dithionite solution, electrochemical reduction via the Ag electrode is 
not able to completely reduce the enzyme, and lead to its extensive 
inactivation.  
 
 Chapter 6 contains some opinions and concluding remarks, matured form 
the experimental work done on CYP2D6, about the relevance of RR and 
SERRS as spectroscopic techniques, and of their applicability to heme 
proteins in general.  
   RR is still an essential technique to study CYPs, although it must be 
complemented by other techniques because of its limitations (e.g. no 
information is given on those parts of the protein far from the active site).       
   SERRS is an extremely powerful method to study CYPs, but also quite 
difficult to apply, so that it cannot be easily used as a routine technique. 


