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Preface 
 
 
 
 
 
 
 
 
 
   Cytochromes P450 are enzymes present in all living species. They have 
been isolated from yeasts, bacteria, plants, insects, and vertebrate animals, 
where they are found in a large number of tissues. Although already more 
than 2500 different cytochromes P450 have been described, new forms are 
constantly being found, opening up new research fields. Because of the 
variety of substrates and reactions catalyzed by these enzymes, they found 
applications in many disciplines, such as pharmacology, toxicology, 
medicine, biotechnology and environmental sciences. In particular, human 
cytochromes P450 are clinically relevant because of their involvement in 
drug metabolism, and a better understanding of these enzymes would be 
useful to prevent drug-drug interactions and to decrease the risk of side-
effects. Therefore, experimental techniques capable of studying their 
structure at molecular level in relation with their function are highly 
valuable.  
 
  The aim of this thesis is to apply vibrational Raman spectroscopy, a 
particular type of laser spectroscopy based on inelastic scattering of light, to 
a human cytochrome P450 (CYP2D6) in order to obtain information about 
its structure and function. The main emphasis is on a mode of Raman 
spectroscopy known as “resonance Raman”, which enables the probing of 
the enzyme’s active site. Besides traditional experimental approaches 
wherein buffered protein solutions are studied, new methods are developed. 
In particular, biocompatible nanostructured metal surfaces are employed to 
obtain spectra from a single layer of adsorbed proteins by exploiting a well 
known “surface-enhancement” effect, increasing the sensitivity with respect 
to traditional methods in solution and opening new experimental 
possibilities. 
  Moreover, although the attention is focused on the CYP2D6, the 
application of the traditional as well as the innovative spectroscopic 
methods described in this thesis is not restricted to this specific enzyme but 
to all cytochromes P450 and to heme proteins in general. 
 

 vii 



 viii

   Since it is opportune to make the advanced protein spectroscopic 
applications accessible to a broader audience, two chapters in this thesis are 
dedicated to the introduction of fundamental aspects. A brief introduction to 
cytochromes P450 in general and to CYP2D6 in particular is given in 
Chapter 1. The focus is on the structure of their active site, and on some of 
its properties such as “color” and spin, while the fundamentals of Raman 
scattering and its conventional application to heme proteins in the form of 
resonance Raman spectroscopy is described in Chapter 2. These 
introductory chapters are only dealing with aspects which are considered 
relevant to conceive the scientific results provided in other chapters, and are 
not intended to be exhaustive overviews. Those readers who are well 
acquainted with cytochromes P450 may skip the first chapter, while those 
familiar with resonance Raman spectroscopy of heme proteins may miss the 
second one. 
   In Chapter 3, Resonance Raman scattering is eventually employed to 
study the role of specific amino acid residues found in CYP2D6’s active site, 
with the help to site-directed mutagenesis. Chapter 4 introduces a 
spectroscopic method based on surface-enhanced Raman scattering, which is 
used in Chapter 5 in an innovative approach to study CYP2D6 on coated 
metal nanoparticles and electrodes.  
   Finally, some general conclusions about the current possibilities of Raman 
spectroscopy in studying cytochromes P450 are drawn in Chapter 6, along 
with some considerations about potential future developments and 
applications. 
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Chapter 1 
Structure and properties of cytochromes P450:  

a brief introduction 
 
 
 
 
 
    
1.1 Cytochromes P450 (CYPs) 
    Cytochromes P450 (or CYPs) are a superfamily of mono-oxygenases, 
enzymes which catalyze the incorporation of a single atom of molecular 
oxygen O2 into a substrate RH with the concomitant reduction of the other 
atom to water [1, 2]. The reaction catalyzed by cytochromes P450 can be 
summarized as 
 

R-H + O2 + NAD(P)H + H+ → R-OH + H2O + NAD(P)+ 
 
With their catalytic activity, CYPs play an important role in various 
physiological processes such as biosynthesis of steroid hormones, vitamin D, 
fatty acids, bile acids and eicosanoids, and they are involved in drug 
metabolism and degradation of foreign chemicals such as environmental 
pollutants, natural plant products and many other exogenous compounds as 
well [1, 3, 4]. 
   The name of this group of enzymes is associated with their discovery [5], 
when it was noted that in presence of carbon monoxide, the absorption 
spectrum of their reduced form has a characteristic peak at 450 nm 
(Fig.1.1.1), whereas under aerobic conditions it resembles that of the class of 
reddish-brown electron carrier proteins  known as “cytochromesa” [6, 7] (see 
Section 1.3). Although CYPs are not electron carriers, they have in common 
with other cytochromes a heme as the prosthetic group.  
In general, a heme (or haem) consists of an iron atom coordinated to a large 
heterocyclic organic ring called a porphyrin, made of four pyrrole subunits 
linked on opposite sides (α positions) though four methine bridges (-C=) and 
forming a planar aromatic macrocycle. The porphyrin ring can carry 
different side chains or substituents, yielding several types of heme (i.e. 

                                                 
a From the Greek words kytos (cell) and chromos (color). In general, the term 
cytochrome designates a group of electron carrier proteins having one or more heme 
moieties as prosthetic group. 
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heme a, b, c and so forth). The type of heme present in CYPs is the iron-
protoporphyrin IX or heme b [2, 6] (Fig.1.1.2). 
   All the proteins which contain a heme moiety as prosthetic group are 
called heme proteins, a class which encompasses proteins with a wide range 
of functions, from oxygen storage and transport (e.g. myoglobin and 
hemoglobin) to catalysis (e.g. peroxidases, catalases, oxygenases) and 
electron transport (e.g. cytochromes c, b, a) [6]. 
    The generally accepted mechanism of CYP-dependent catalysis is 
depicted in the overall scheme presented in Figure 1.1.3 [1, 2]. In CYPs, the 
heme b iron is bound to the protein though the anionic, thiolate sulfur of a 
cysteine residue; besides this proximal thiolate ligand, the heme, depending 
on the situation, may have a distal ligand. 
   The cycle starts with the enzyme in its so called resting state, in which the 
ferric heme iron often has a water molecule bound as distal ligand. The first 
step of the reaction cycle is the formation of the substrate-enzyme complex, 
involving the binding of a substrate RH near the heme (1). A usual but not 
necessary consequence of substrate binding is the displacement of the water 
molecule from the heme axial position, yielding a five-coordinated ferric 
iron. The second step of the catalytic cycle is the reduction of the heme iron 
(2), followed by binding of a dioxygen molecule to the ferrous iron (3). 
   Although in some CYPs the substrate binding is a prerequisite for electron 
transfer, this is not a universal requirement. 
 
 

400 450 500 550 600 650 700

~ 450 nm

 A
bs

wavelength (nm)
 

Figure 1.1.1: electronic absorption spectrum of reduced CYP2D6 in 
presence of CO. 
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Figure 1.1.2: chemical structure of the iron-protoporhyrin IX of heme 
b present as prosthetic group in CYPs. The carbon atoms are labelled 
according to their position in the porphyrin macrocycle on in the side 
chains.   

 
The fourth step is the introduction of a second electron which yields a 
negatively charged peroxo intermediate (4), followed by protonation and 
cleavage of the dioxygen bond, which leads to the formation of the active 
oxidant species (5,6). It should be mentioned that the structure of the 
activated oxygen complex and the precise mechanism of oxygen cleavage 
are not yet fully understood. The active species oxygenates the substrate, 
then the product is released and another water molecule binds to the heme 
iron, yielding the resting state (7). 
   During the catalytic process, the electrons necessary for oxygen activation 
are supplied by external electron donor proteins, and CYPs can be classified 
according to their electron-supporting system into two main classes: the 
microsomal type (or class II) and the mitochondrial/bacterial type (or class 
I) [2, 8]. Although other types exist, these two classes cover the majority of 
CYPs. While most bacterial and mitochondrial CYPs receive electrons from 
an NADH-dependent FAD-containing reductase via a soluble iron-sulfur 
protein, microsomal CYPs (Fig.1.1.4) are bound to the endoplasmatic 
reticulum membrane and accept electrons from a microsomal NADPH-
cytochrome P450 reductase  which contains flavin adenine dinuclotide 
(FAD) and flavin mononucleotide (FMN). 
 
1.2 The human cytochrome P450 2D6 (CYP2D6) 
   In humans, one of the most important CYPs is CYP2D6. Although the 
CYP2D6 hepatic expression levels are just 2% of all CYPs present in the 
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liver, it is involved in the metabolism of about 30% of the currently 
marketed drugs, including β-blockers, neuroleptics, antidepressants and 
antiarythmics [9, 10]. 
   Furthermore, large inter-individual differences exist in CYP2D6 activity, 
due to gene multiplicity and polymorphisms, increasing further the clinical 
relevance of this enzyme [11]. Although the highest expression levels of 
CYP2D6 are found in the human liver, its presence has been reported in the 
skin, the gut and the brain as well.  
   The CYP2D6 crystal structure has been recently solved [12], and it shows 
the characteristic fold common to many other members of the CYP family 
(Fig.1.1.5). The overall shape is that of a triangular prism, with the heme 
deeply buried inside the protein structure, and roughly parallel to the 
triangular sides of the prism. 
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Figure 1.1.3: the catalytic cycle of CYPs, adapted from [2]. 
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Figure 1.1.4: model for the organization of microsomal CYP 
systems (adapted from [8]). 

 
 
 
    
 

 
Figure 1.1.5: ribbon representation of the CYP2D6 structure as 
derived from X-ray diffraction data (PDB 2F9Q). The heme cofactor 
is shown as a stick model in black. 
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The enzyme is presumed to bind to the NADPH-cytochrome P450 reductase 
with its proximal side (facing the Reader in Fig. 1.1.5), while on the opposite 
distal side there is the heme cavity where substrates are accommodated 
during catalysis. Further details about the active site structure can be found 
in Chapter 3.   
   The N-terminus of CYP2D6, as well as those of other mitochondrial 
CYPs, is believed to form a transmembrane helix which anchors the enzyme 
to the endoplasmatic reticulum membrane. It does not appear in Fig. 1.1.5, 
since it has been truncated (amino acid residues 1 to 22) and mutated (amino 
acids residues 23 to 33) to improve the protein solubility and facilitate its 
crystallization [12, 13]. 
 
1.3 Spin and color: electronic properties and spectra of 

CYPs 
The electronic structure of iron(0) is [Ar]3d64s2. In heme proteins it is 
mainly found in two oxidation states: the ferrous state Fe(II) [Ar]3d64s0 and 
the ferric state Fe(III) [Ar]3d54s0 [6, 7]. The electronic properties of iron are 
determined by the distribution of its electrons in the five d orbitals 
(Fig.1.3.1) each capable of being occupied by two electrons.  
   The electron distribution is governed by the number, geometry and nature 
of the ligands coordinated to iron: in hemes the coordination pattern has an 
octahedral geometry, the four porphyrin nitrogens being the equatorial 
ligands (Fig.1.1.2) and two other groups (amino acid residues or solvent 
molecules) the axial ligands. 
 
 

z

x
y

z

x
y

dx2-y2 dz2

dzx dxy dyz           
 

Figure 1.3.1: graphical representation of the five d orbitals. 
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   The relatively simple approach of the Crystal Field Theory (CFT), 
although not a realistic model, satisfactorily accounts for much of the heme 
properties of interest in the present work. CFT treats the ligands as negative 
point charges and assumes that the bonding between the iron and its ligands 
is entirely electrostatic, making no provision for covalency. Since the d 
orbitals are not spatially equivalent (Fig.1.3.1) they are differentially 
affected by the presence of the ligands. In a six-coordinated octahedral 
complex, because of the greater repulsion between d electrons and ligand 
electrons, the orbitals lying along the axes (dx2-y2 and dz2) are destabilized by 
the incoming ligands more than the orbitals lying between the axes (dxy, dxz, 
dyz). Naming the two different orbital sets according to symmetry labels, the 
t2g orbitals are at lower energy than the eg orbitals (Fig.1.3.2) [7, 14]. 
   Depending on the strength of the orbital splitting Δ0 due to the electrostatic 
field created by the ligands, the electrons can assume different distributions. 
If Δ0 is low compared to the energy P required to pair electrons in the same 
orbital, the unpaired electrons occupy both the t2g and eg sets, assuming a 
high-spin (HS) configuration. If the field is strong enough, the electrons will 
pair into the t2g orbitals and produce a low-spin (LS) configuration. 
   Porphyrin provides strong ligands which place the iron atom close to its 
spin-state crossover point, so that relatively small energy differences 
between the axial ligand component of the field (like those induced by 
binding of a substrate into the heme pocket, see Section 1.1) can trigger a 
spin-state change. 
 

 
Energy

dx2-y2 dz2

dxy dxz dyz
dx2-y2 dz2 dxy dxz dyzdx2-y2 dz2 dxy dxz dyz

high SPIN (S=5/2)free ion low SPIN (S=1/2)

Δ0 < P Δ0 > P

weak crystal field strong crystal field

eg

t2g

 
 
 

Figure 1.3.2: splitting of the d orbitals of Fe(III) into the eg and t2g by a crystal field. 
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    Whereas the spin properties of the heme can be qualitatively explained by 
considering the electronic structure of iron, its absorption spectrum is due 
to electronic transitions between orbitals which are located primarily on the 
porphyrin. The large aromatic system of heme’s porphyrin ring has a 
relatively small HOMO-LUMO energy gap, and consequently it strongly 
absorbs light in the visible region of the spectrum (therefore is a called a 
chromophore), being responsible for the red-brown color of heme-proteins 
[7]. 
   Fig.1.3.3 shows the absorption spectrum of CYP2D6, which illustrates the 
characteristic features of heme spectra: a very intense band, called B or 
Soret band around 400nm, and a couple of weaker bands, called Q0 and Qv, 
or α and β, between 500 and 600nm. The origin of these bands can be 
qualitatively understood with reference to Gouterman’s four orbitals model 
[7, 15] illustrated in Fig.1.3.3. In the idealized D4h symmetry of the 
tetrapyrrole ring (see Section 2.3), the lowest lying unoccupied π* orbitals 
are degenerate and have eg symmetry, while the two highest filled π orbitals 
have a1u and a2u symmetries. Because the filled orbitals have nearly the same 
energy, there is a large interactions between the two excitations a1u → eg  and 
a2u → eg; the transition dipole add up for the intense B transition, and nearly 
cancel for the weaker Q0 transition. Some intensity is regained for the Q 
transition via vibronic mixing with the B transition, leading to the Qv side 
band, which is an envelope of vibrational bands built on the Q0 band.   
 

350 400 450 500 550 600 650 700
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Figure 1.3.3: electronic absorption spectrum of CYP2D6, with a 
scheme indicating the heme orbitals (Gouterman’s model [15]) and 
the transitions between them originating the spectrum. 
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   The presence of bands in the visible region of the spectrum allows the 
application of a particular spectroscopic technique based on inelastic 
scattering of laser radiation (i.e. resonance Raman spectroscopy), to study 
CYP2D6 active site with high selectivity and sensitivity, as outlined in the 
following chapter.  
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Chapter 2 
Elementary notions on Raman scattering of heme proteins 

 
 
 
 
 
 
 
 
2.1 Basic aspects of vibrational Raman spectroscopy 
   When a beam of monochromatic light (e.g. a laser) having a wavelength λ0 
is directed on a sample, the main part of the light is transmitted, a part of it 
might be absorbed, and part is scattered (Fig. 2.1.1). In view of biological 
applications, the sample usually is liquid (e.g. an aqueous protein solution), 
although it could have any other form such as a turbid suspension (e.g. a 
colloid), an opaque solid (e.g. a biological tissue), a crystal, or a gas as well.  
Most of the scattered light coming out of the sample has the same 
wavelength λ0 as the incident light (Rayleigh scattering), while a small 
fraction of it is shifted to longer (λ0+λR) and shorter (λ0−λR) wavelengths 
because of its interaction with the molecules of the sample. The inelastic 
scattering was first observed in 1928 by C.V.Raman and K.S.Krishnan [1], 
while it has been predicted theoretically few years earlier by W.Heisenberg 
in Germany and A.Smekal in the Soviet Union [2]. Early experiments were 
conducted using excitation from filtered sunlight, and the shift in wavelength 
of scattered light was detected by eye. The effect was named “Raman effect” 
after its discoverer, and the spectrum of the wavelength-shifted light (i.e. a 
plot of intensity of scattered light vs. wavelength) is called a Raman 
spectrum (Fig.2.1.1B). The Raman scattering at wavelength longer than the 
exciting wavelength is referred as anti-Stokes scattering, while that at shorter 
wavelengths is called Stokes scattering.  
   Raman spectra usually contain many sharp bands at different wavelengths 
(Fig.2.1.2), whose positions are directly correlated with the vibrations of the 
molecules in the sample. Since these bands originate from molecular 
vibrations, Raman spectroscopy is a vibrational spectroscopy (like infra-red 
or IR spectroscopy). The shift of these new bands with respect to the exciting 
wavelength λ0 (Raman shift) is usually expressed in wavenumbers ν (cm-1). 
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Figure 2.1.1: simplified outline of a Raman experiment (upper part), 
together with the spectra of (A) the incident monochromatic laser 
light, and (B) the light scattered by the sample, constituted by pure 
toluene (lower part). Toluene is a transparent liquid and an excellent 
Raman scatterer, and is used here as an example to introduce the 
Raman effect. 
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Elementary notions on Raman scattering of heme proteins  

   A wavenumber is the reciprocal of the wavelength expressed in 
centimeters (in other words, the number of waves per centimeter): 
 

)(
1)(~ 1

cm
cm

λ
ν =−  

 
When expressed in wavenumbers, the Raman shift of these new lines 
(Stokes and anti-Stokes) differs from ν0 (wavenumber of the exciting laser) 
by amounts Δν equal to the vibrational frequencies of the molecules in the 
sample. In fact, a wavenumber is a unit of energy E, since 
 

ν
λ

ν ~hchchE ===  

 

where h is the Planck’s constant, c is the speed of light and ν is the 
frequency of light. 
   The use of wavenumbers as units for the Raman shift (instead of 
wavelengths) has the distinctive advantage to make the Raman shift 
independent of the excitation wavelength used. For every Stokes band 
(Raman shift Δν > 0) there is an equivalent anti-Stokes band (Raman shift 
Δν < 0) with the same absolute value of shift but with much lower intensity. 
Because of their higher intensity, Stokes bands are usually taken as the 
Raman spectrum, unless the spectrum is explicitly labeled as anti-Stokes. 
   It should be emphasized that, even considering the more intense Stokes 
bands, Raman scattering is a intrinsically feeble effect; Rayleigh scattering 
itself is only about 10-3 – 10-4 of the intensity of the incident exciting 
radiation, while Raman scattering is usually still 3-5 orders of magnitude 
lower in intensity (i.e. 10-6 – 10-9 of the incident radiation intensity). 
 
 
2.2 Theoretical background of the Raman effect and of 
the resonance Raman (RR) scattering 
   Raman scattering can be partially conceived within classical physics, 
according to which scattered light is generated by oscillating electric dipoles 
μ induced by the electric field E of incident (exciting) radiation [3-6]. 
According to this description, molecular vibrations may cause changes in the 
molecular polarizability α (a tensor indicating the ease with which the 
electron cloud of the molecule can be deformed or displaced to produce an 
electric dipole moment under the influence of an external electric field), and 
therefore they modulate the dipole moment μ induced by the external 
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electromagnetic field E of the incident radiation. As a result, the induced 
dipole moment μ oscillates at the frequency of the electric field (ν0, Rayleigh 
scattering) as well as at combination frequencies of the external field 
frequency and the frequencies of normal vibrations (ν0+νk, Raman 
scattering), radiating at all these frequencies with in intensity I μ∝ 2. As a 
consequence of this model, a given vibration of a molecule may appear in 
the Raman spectrum only if its polarizability α changes during the vibration 
(while in IR spectroscopy it is the electric dipole moment which has to 
change during the vibration). 
   Although the classical theory successfully describes the shift in frequency 
of the scattered radiation (and its independency from the frequency of the 
incident radiation) as well as other aspects of Raman scattering like the 
polarization of Raman bands (described elsewhere), it fails to predict the 
correct ratio between the Stokes and the anti-Stokes intensities. According to 
the classical treatment of the Raman effect the anti-Stokes bands should be 
more intense than Stokes bands, whereas it is found experimentally (see 
above) that the reverse is true.    

460 480 500 520 540 560

-2000 -1500 -1000 -500 0 500 1000 1500 2000

(nm)

(cm-1)

Raman shift
   977 cm-1

 

 

 
Figure 2.1.2: anti-Stokes and Stokes Raman spectra of toluene. The 
Raman shift of the strongest band in Stokes spectrum is evidenced. 
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   This inconsistency is eliminated when using a quantum mechanical 
approach. In terms of the corpuscular theory of light the Rayleigh scattering 
corresponds to an elastic collision process between the photon and the 
molecule, whereas in case of Raman scattering the collision is inelastic: the 
photon either loses (Stokes) or acquires (anti-Stokes) a quantum of 
vibrational energy. This picture accounts immediately for the higher 
intensity of the Stokes bands, since at room temperature most molecules are 
in the lowest (ground) vibrational state.  
   The quantum mechanical approach to Raman scattering treats the 
interaction between an incident photon and a molecule as a perturbation of 
the molecular states, and the transitions involved can be schematically 
summarized using a diagram of the molecule’s energetic levels (Fig. 2.2.1) 
[3, 6-10]. 
   When a photon of energy hν0 approaches a molecule in its electronic and 
vibrational ground state ІG,g›, it perturbs its electronic wavefunctions, (the 
nuclei are too “slow” to follow the fast-changing field of the incident 
photon), which acquire a mixed character and become linear combinations of 
all possible wavefunctions of the unperturbed molecule. Though this 
perturbation (i.e. by considering the perturbation energy as belonging to the 
molecule) the energy of the photon is spread out over the entire molecule, 
and the molecule can be formally considered to have attained a non-
stationary energy level of higher energy (virtual state). 
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Figure 2.2.1: energy levels diagram schematically illustrating the 
two-photon processes of Rayleigh, Raman and resonance Raman 
scattering. 
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    Upon reaching this virtual level, the perturbed molecule instantaneously 
emits the photon and jumps back to one of its stationary states. In this 
process, the photon can recover completely its energy so that the molecule 
returns to its original ground state ІG,g›. In this case there is no exchange of 
energy between the photon and the molecule (Rayleigh or elastic scattering). 
With lower probability, the photon and the molecule can exchange part of 
their energy during their interaction, yielding a photon with a lower energy 
hν and a molecule in a stationary state of higher vibrational energy ІG,g’› 
(Raman or inelastic scattering), where the difference h(ν0-ν) must 
correspond to a quantum of vibrational energy hνi. 
   It should be stressed that the virtual state indicated by a dashed line in 
Fig.2.2.1 refers to a transition state which is not an ordinary stationary 
energetic state (an eigenstate) of the molecule, but only an imaginary state 
by which the energy exchange between the molecule and the photon during 
the scattering process can be formally split up into two one-photon 
transitions. Unlike fluorescence (which consists in two sequential one-
photon processes, distinctly separated in time), scattering is a two-photon 
process in which the absorption and the emission of a photon are 
inseparable. In Raman scattering these are simultaneous events used to 
model a perturbation process, and they cannot be separated in time.  
   The Raman intensity for the transition from ІG,g› to ІG,g’› for a given 
normal mode is proportional to the square of the molecular polarizability 
tensor (αρσ)g,g’: 
 

( ) 2
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The molecular polarizability, according to the second-order perturbation 
theory, can be expressed as a sum of contributions from the wavefunctions 
of all the electronically excited states ІM,m› of the unperturbed molecule to 
give the Kramers-Hertzberg-Dirac formula: 
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where ρ and σ denote one of the three axis of a Cartesian coordinate system, 
μρ (μσ) is the component of the electric dipole moment operator along the 
direction of the ρ (σ) axis, and ΓM is a damping factor that ensures a finite 
bandwidth for the state ІM,m›. Note that the summation above is carried out 
over all the states ІM,m› of the unperturbed system, so that a large number of 

 16



Elementary notions on Raman scattering of heme proteins  

states have to be taken into account. The interpretation of this last equation 
leads to the description given above of Raman scattering being a two-photon 
process involving virtual absorption from the initial state ІG,g› to the entire 
manifold of eigenstates of the unperturbed molecule, accompanied by virtual 
emission to the final state ІG,g’›.  
   When the excitation energy hν0 is close to an electronic transition to an 
excited state ІE,e› (resonance condition), for this particular state the 
denominator in the first term in the expression for (αρσ)g,g’ becomes very 
small (but not zero because of ΓE), so that the corresponding term in the 
summation dominates over the other terms, which can be neglected. As a 
result, the expression for (αρσ)g,g’ can be simplified to a summation over all 
the vibrational states of a single resonant electronic state: 
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   Therefore, although in general Raman scattering is a very feeble effect, the 
intensity of the scattered radiation drastically increase when the frequency of 
the incident light is tuned to the frequency of an electronic transition (νGg,Mm 

~ ν0). Raman spectroscopy performed under such conditions is called 
resonance Raman (RR) spectroscopy [6-8], and yields spectra 103-106 
times more intense than conventional non-resonant Raman.  
   Although the vibrational frequencies in a RR spectrum are still those of the 
electronic ground state (as in non-resonant Raman scattering), their band 
intensities are determined by the properties of the resonant electronic excited 
state, and differ from those observed under non-resonance conditions. 
Assuming the Born-Oppenheimer approximation, electronic and vibrational 
wavefunctions can be separated and the electronic transition moments 
‹GІμρІE› and ‹EІμσІG› (briefly referred as μρ

e and μσ
e from now on) can be 

expanded in a Taylor series (Hertzberg-Teller expansion) with respect to the 
normal coordinate Q 
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Substitution of this expression into the preceding one yields an expression 
with many terms, of which only the first two (usually called A- and B-terms) 
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 are generally taken into consideration in RR theory [9, 11, 12]: 
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Depending on the electronic properties of the molecule and on the excitation 
conditions, either the A- or the B-term dominates. The A-term will dominate 
for excitation into strong (fully allowed) electronic transitions with large μe 
values, and it involves vibrational interactions with a single excited 
electronic state ІE,e› through Franck-Condon overlap integrals (or FC 
factors) ‹gІe› and ‹eІg’›. The FC factors are responsible for the selective 
enhancement only of specific vibrational modes: from symmetry arguments, 
it is known that FC factors are non–zero only for totally symmetric modes 
whose equilibrium positions are displaced in the excited state, assuming that 
the molecular symmetry is not altered. 
   Non-totally symmetric modes can gain intensity via the B-term, which 
become important for weakly allowed or forbidden transitions to a resonant 
state ІE,e› which is vibronically coupled to another nearby excited state 
whose transition is strongly allowed. This selectivity in enhancement of 
certain vibrational modes is a very important aspect of RR spectroscopy, 
since it leads to a considerable simplification of the observed spectra. These 
will consist primarily of bands arising from either totally or non-totally 
symmetric vibrations depending on the excitation conditions. 
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Figure 2.3.1: stick representations of CYP2D6 structure (PDB 
2F9Q). The parts of the protein whose vibrations are probed with 
Raman spectroscopy, under different experimental conditions, are 
shown in dark grey. While in normal Raman (A) the whole protein is 
probed, in RR (B) only the vibrations of the heme moiety are 
detected. 
 

 

2.3 RR spectra of heme proteins and their interpretation 
   Because of the resonance enhancement mechanism discussed in the 
previous Section, when excited in the Soret- or Q-band (see 1.1.2), heme 
proteins will give RR spectra displaying exclusively  bands originating from 
the vibrations of chromophoric group, the heme  (Fig. 2.3.1) [11-14].  
   The heme core (not considering the substituents) consists of 37 atoms, for 
which there are 105 normal modes of vibration (according to the 3N-6 rule, 
with N number of vibrating atoms). Some of these vibrations are Raman-
active, and are enhanced upon excitation in the Soret-band or Q-band, 
according to their symmetry properties.  In first approximation, a perfectly 
planar and undistorted porphyrin macrocycle has a D4h symmetry (Fig. 
2.3.2).  
   Considering a simple model compound like nickel octaetylporphyrin 
(which has a symmetric substitution pattern), and treating the substituents as 
point masses, its vibrations can factorized according to their symmetry as in 
Table 2.3.1 [12-14].Since the transition dipoles of the Q and B bands are in 
the porphyrin plane, only the gerade in-plane modes will be enhanced upon 
resonant excitation. In particular, for excitation in the Soret band, the A-term 
of the polarizability tensor dominates and totally symmetric A1g modes are 
enhanced. Upon excitation in the Q bands the non-totally symmetric modes 
B1g, A2g and B2g are enhanced via the B-term (Fig. 2.3.3) [12, 13]. 
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Figure 2.3.2: ideal symmetry of the heme porphyrin macrocycle (not 
considering the heme substituents). 

 
 
Based on these symmetry considerations normal coordinate analysis has 
been carried out for the vibrations of simple model compounds [11, 12, 14-
17]. The results of these calculations are supported by a large number of 
experimental data and are extremely useful for assigning and interpreting RR 
spectra of heme proteins. Some heme vibrations are shown in Fig. 2.3.4, 
labeled according to the notation introduced by Abe et al. [15]. 
   Although this approximated model is very useful to understand and 
interpret the basic features of RR spectra of heme proteins, in reality heme 
shows a strong deviation from the ideal D4h symmetry, with important 
consequences. The presence of the two vinyl groups as substituents destroys 
the center of symmetry, so that Eu modes can become RR-active [18]. 
Moreover, since vinyl groups can conjugate with the π-electron system of 
the porphyrin macrocycle, their internal vibrations such as the C=C 
stretching can be significantly enhanced [19, 20]. Deviations from D4h 
symmetry, including ruffling or doming deformations, are also responsible 
for the resonance enhancement of the heme out-of-plane modes [12]. 
 

 

 in-plane vibrations out-of-plane vibrations 

gerade 
modes 35 (9A1g+9B1g+8A2g+9B2g)  8 (8Eg) 

ungerade 
modes 18 (18Eu) 18 (3A1u+6A2u+4B2u+5B1u) 

 
Table 2.3.1: factorization of the porphyrin macrocycle normal modes 
of vibration according to their symmetry.  
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Figure 2.3.3: resonance Raman spectra of the heme protein 
cytochrome c in its ferric (left) and ferrous (right) forms, acquired 
using excitation in resonance with the Soret (solid line) and Q 
(dashed line) bands. The bands are labelled according to their 
symmetry, and using the notation of Abe et al. [15]. 

 
 
 
   Interpretation of RR spectra 
   In Fig.2.3.5 a RR spectrum of CYP2D6 excited in the Soret band is shown, 
together with an overview of the general features of CYP spectra. Based on 
an extensive amount of experimental data on heme model compounds, most 
bands in a CYP RR spectrum can readily be assigned to the corresponding 
vibrational mode. A comprehensive table summarizing the RR data from 
different CYPs and their assignments can be found in the review by 
Hildebrandt [8].  
   Most bands in the RR spectrum of the heme originate from vibrations of 
the porphyrin macrocycle as such (see examples in Fig. 2.3.4) and do not 
involve the central metal ion. It should be noted however that fortunately for 
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some of them their frequencies are nevertheless responsive to the metal 
oxidation-, spin- and coordination properties via their structural 
consequences for the porphyrin ring [8, 20, 21].       
   For instance, the reduction of the heme iron from Fe3+ to Fe2+ can be 
thought as increasing the back donation from the metal dπ orbital to the 
lowest unoccupied molecular orbital of the porphyrin, which is supposed to 
have an antibonding character with respect to the Cα-N bonds.  
 
 
 

A1g 

 

   

 ν2 

 
ν3 ν4 

B1g 

  

 

 ν10 
 

ν11  

A2g 

   
 ν19 ν20 ν21 

 
 
Figure 2.3.4: vector representation of the normal modes of vibrations 
of the porphyrin macrocycle which are usually encountered in the 
1300-1700 cm-1 region of RR spectra of heme proteins. Vectors 
represent atom displacement during vibrations. The normal modes are 
labeled according to Abe et al. [15] and are divided according to their 
symmetry, indicated on the left. 
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Consequently, these bonds become weaker and the frequency of those 
vibrational modes which have a strong component of Cα-N stretching (in 
particular the ν4 mode) will decrease accordingly [8, 12].  
   Similarly, a transition from a low spin- to a high spin-heme will increase 
the size of the porphyrin core (intended as the distance Ct-N between the 
geometrical center of the macrocycle and the pyrrole nitrogens), and 
therefore will induce a structural deformation of the porphyrin macrocycle, 
with changes in angle bonds and lengths. A marked negative linear 
correlation between those heme vibrations having a high contribution from 
Cα-Cm or Cβ-Cβ stretching (e.g. the ν2, ν3 and ν10 modes, Fig. 2.3.4) and the 
porphyrin core size suggests a weakening of these bonds upon the increase 
of the Ct-N distance induced by a low spin to high spin transition [8, 20, 21].  
   Because of this correlation between their frequencies and the 
aforementioned iron properties, these bands are called marker bands for the 
metal oxidation-, spin- and coordination-states. In particular, the RR bands 
above 1450cm-1 are usually considered as marker bands for the coordination- 
and spin-state of the heme iron, while the bands with frequencies between 
1340 and 1375 cm-1 are markers for the oxidation-state of the metal (Table 
2.3.2). Although the frequency-property correlation for these bands has been 
extensively supported by experimental data and is therefore established and 
widely accepted, it is important to stress that the Raman frequency shifts are 
not caused by spin- or oxidation-state changes per se, but rather by the 
associated structural changes.   
 

400 600 800 1000 1200 1400 1600

16
34

16
2115

82

12
24

11
6811

32

42
4 75

3

67
5

15
01

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

resonance Raman spectrum
 of CYP2D6 (exc. 413.1nm)

13
72

  oxidation
marker band

spin marker
    bandsfingerprint

   regionsubstituents
and ligands

 
Figure 2.3.5: RR spectrum of CYP2D6 obtained using an excitation 
(413.1 nm) in resonance with the Soret band. 
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typical frequency range (cm-1) 

type of information vibrational 
modes Fe3+ 6cLS Fe3+ 5cHS Fe2+ 5cHS 

ν10 1634-1638 1623-1627 1600-1612 

ν2 1580-1584 1565-1570 1556-1564 spin / coordination state 

ν3 1500-1503 1485-1488 1462-1466 

oxidation state ν4 1370-1373 1341-1344 

 
Table 2.3.2: commonly used marker bands for the heme iron 
oxidation-, spin- and coordination-states usually encountered in 
CYPs, together with their typical frequency ranges [8]. 

 
 
   Besides the abovementioned marker bands, the frequencies of the most 
other bands in a CYP RR spectrum are rather insensitive to the iron 
oxidation state, spin or coordination. However, the set of frequencies and 
relative intensities of these bands is rather characteristic of a specific heme 
pocket, and in some cases can be used as a “fingerprint” to discriminate 
between CYPs having different heme environments. 
   In addition to the porphyrin vibrational modes, few bands are observed 
which originate from vibrations of vinyl and propionate heme substituents 
via electronic (in the case of the vinyls) or kinetic coupling with the 
porphyrin macrocycle. An analysis of these vibrations could in principle 
yield additional information about the heme interaction with its surrounding 
protein pocket [8, 11-14, 22-26]. However, the knowledge of the structure-
frequency relationship for these bands is far less established for the 
porphyrin ring vibrations. RR bands due to propionate vibrations have not 
been yet systematically studied in heme proteins, and the structural 
interpretation of their frequency and relative intensity changes is still 
tentative [25]. On the other hand, vinyl vibrations and in particular their 
stretching modes (νC=C) have been the subject of many studies [22, 24-26]. 
In CYPs, two vinyls stretching modes are observed in the high frequency 
region of the RR spectrum (1610-1635 cm-1); they overlap with the ν10 
porphyrin mode which falls in the same region, complicating their analysis. 
According to Kalsbeck et al. [24] the two distinct vinyl stretching modes 
originate from diverse rotamers in which the double bond C=C has different 
orientations with respect to the porphyrin ring.  
   Although a quantitative correlation between the vinyls stretching 
frequencies and the absolute value of their torsional angle with respect to the 
porphyrin plane has been described for peroxidases [26], in CYPs such a 
strict relationship has not been found [22]. However, a rough qualitative 
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correlation indicates νC=C frequencies of 1628-1632 cm-1 for vinyls having 
torsional angles of 30°-60°, whereas vinyls with larger torsional angles (90°-
180°) have lower frequencies (1618-1621 cm-1). Besides vinyls stretching 
modes, in RR spectra of CYPs various bending modes can be observed at 
lower wavenumbers: for instance δ(=CH2) between 1410-1435 cm-1, δ(CH=) 
around 1320 cm-1 and δ(CβCaCb) between 410-425 cm-1. 
   As an additional remark, it should be mentioned that a vibration between 
the heme iron and the cysteine axial ligand (Fe-S) can be observed at around 
350 cm-1, i.e. in the low frequency region of a CYP RR spectrum [8]. 
However, this band can be observed only using excitation in the UV (e.g. 
364 nm) and is hardly detected when exciting the enzyme in the Soret or Q 
bands, since its enhancement mechanism is not via the porphyrin ππ* 
transition. Since all the data presented in the following chapters have been 
acquired using excitation in either the Soret or the Q band, the Fe-S 
vibrational mode has a limited relevance for the understanding of this thesis. 
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Figure 2.4.1: scheme of the setup used to collect Raman spectra. 
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2.4 Experimental aspects: Raman microscope setup for 
RR measurements 
   There are Raman instruments of many different types and configurations 
[6, 7, 27-29], the one used to collect the data presented in this thesis being in 
fact rather simple. Although single optical elements such as filters, lenses, 
mirror and gratings were varied in different experiments according to the 
specific needs (see the experimental Sections of each chapter), the general 
instrument design was kept the same throughout all acquisitions. A scheme 
of the setup can be seen in Fig. 2.4.1. The beam of a continuous wave laser 
is sent by a set of adjustable mirrors and a beam splitter into a microscope 
objective, which focuses the laser light onto the sample mounted on the 
microscope stage. When illuminating the sample with normal white light, the 
microscope can be used to review the sample though the eyepieces and to 
correctly focus the laser on it. Moreover, the high numerical apertures of 
microscope objectives ensure an efficient collection of the scattered light 
(both Raman and Rayleigh) by the same optics used to focus the excitation 
laser on the sample (“backscattering” geometry). The Rayleigh radiation is 
then filtered out by an appropriate filter, and the remaining Raman light is 
sent into a single monochromator by focusing the radiation with an 
appropriate lens into the monochromator slit.  
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Figure 2.4.2: scheme of the rotating-capillary stage. The rotation of 
the capillary along its main axis is driven by an electric motor (not 
shown). 
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   With the aid of two mirrors, a grating inside the monochromator disperses 
the Raman light onto the sensor of a CCD camera, which eventually records 
the Raman spectrum. Samples typically consisted in glass capillaries filled 
with 5-15 μL of aqueous protein solutions. In fact, an attractive general 
feature of Raman spectroscopy is the ease with which aqueous samples can 
be studied: being a poor Raman scatterer, water gives no Raman bands of 
relevant intensity, contrary to what is observed in infrared (IR) spectroscopy. 
   Moreover, the use of expensive materials for sample preparation can be 
avoided, since normal borosilicate glass does not show significant absorption 
in the whole visible spectrum (400-700 nm), allowing the acquisition of 
excellent Raman spectra using excitation in the blue-green region (413.1-
514.5 nm).  
   To avoid sample photodegradation, the capillary containing the sample 
was kept rotating while mounted on a stage mechanically connected with an 
electric motor, ensuring that the portion of the sample which is illuminated 
was continuously renewed (Fig. 2.4.2). 
 

 
 

 
 
References 
[1]  Raman, C.V. and Krishnan, K.S. (1928) Nature, 121, 501 
[2]  Smekal, P. (1923) Naturwiss., 11, 873 
[3]  Keresztury, G. (2002) in: Griffiths, P.R. (eds), Handbook of vibrational 

spectroscopy, Wiley, New York 
[4]  Long, D.A. (1977). Raman Spectroscopy, McGraw-Hill, New York 
[5]  Schrader, B. (1995). General survey of vibrational spectroscopy, Wiley-VCH 

Verlag Gmbh, Weinheim 
[6]  Wang, Y. and Van Wart, H.E. (1993) Methods Enzymol., 226, 319 
[7]  Spiro, T.G. and Czernuszewicz, R.S. (1995) Methods Enzymol., 246, 416 
[8]  Hildebrandt, P. (1992) in: Rein, H. (eds), Relationships between structure and 

function of cytochrome P-450 : experiments, calculations, models, Akademie 
Verlag, Berlin 

[9]  Albrecht, A.C. (1961) Journal of Chemical Physics, 34, 1676 
[10]  Warschel, A. and Dauber, P. (1977) Journal of Chemical Physics, 66, 5477 
[11]  Spiro, T.G., Czernuszewicz, R.S. and Li, X. (1990) Coordination Chemistry 

Reviews, 100, 541 
[12]  Kitagawa, T. and Ozaki, Y. (1987) Structure and Bonding, 64, 71 
[13]  Spiro, T.G. and Li, X. (1987) in: Spiro, T.G. (eds), Biological applications of 

Raman spectrosocpy, Wiley, New York 
[14]  Procyk, A.D. and Bocian, D.F. (1992) Annual Reviews of Physical Chemistry, 

43, 465 
[15]  Abe, M., Kitagawa, T. and Kyogoku, Y. (1978) Journal of Chemical Physics, 

69, 4526 

 27 



Chapter 2 

 28

[16]  Abe, M. (1986) in: Hester, R.E. (eds), Spectroscopy of Biological Systems, 
Wiley, New York 

[17]  Gladkov, L.L. and Solovyov, K.N. (1986) Spectrochimica Acta Part a-
Molecular and Biomolecular Spectroscopy, 41, 1 

[18]  Choi, S. and Spiro, T.G. (1983) Journal of the American Chemical Society, 
105, 3683 

[19]  Choi, S., Spiro, T.G., Langry, K.C. and Smith, K.M. (1982) Journal of the 
American Chemical Society, 104, 4337 

[20]  Choi, S., Spiro, T.G., Langry, K.C., Smith, K.M., Budd, D.L. and LaMar, G.N. 
(1982) Journal of the American Chemical Society, 4345 

[21]  Parthasarathi, N., Hansen, C., Yamaguchi, S. and Spiro, T.G. (1987) Journal of 
the American Chemical Society, 109, 3865 

[22]  Hudecek, J., Hodek, P., Anzenbacherova, E. and Anzenbacher, P. (2007) 
Biochimica Et Biophysica Acta, 1770, 413 

[23]  Hudecek, J., Anzenbacherova, E., Anzenbacher, P., Munro, A.W. and 
Hildebrandt, P. (2000) Archives of Biochemistry and Biophysics, 383, 70 

[24]  Kalsbeck, W.A., Ghosh, A., Pandey, R.K., Smith, K.M. and Bocian, D.F. 
(1995) Journal of the American Chemical Society, 117, 10959 

[25]  Chen, Z.C., Ost, T.W.B. and Schelvis, J.P.M. (2004) Biochemistry, 43, 1798 
[26]  Marzocchi, M.P. and Smulevich, G. (2003) Journal of Raman Spectroscopy, 

34, 725 
[27]  Gardiner, D.J. and Graves, P.R. (eds). (1989) Practical Raman Spectroscopy, 

Springer, Berlin 
[28]  Pelletier, M.J. (1999). Analytical Applications of Raman Spectroscopy, 

Blackwell, Oxford 
[29]  Schrader, B. and Bougeard, D. (eds). (1995) Infrared and Raman spectroscopy: 

mehtods and applications, Wiley-VCH Verlag Gmbh, Weinheim 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Chapter 3 
Analysis of the CYP2D6 active site with RR spectroscopy 

 
 
 
 
    This chapter 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 first part of this chapter (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 second part (3.2) of this chapter, 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. A mechanistic model is introduced to explain the 
experimental observations, and its compatibility with the available structural and 
spectroscopic data is tested using quantum-mechanical DFT calculations on active 
site models for both the CYP2D6 wild-type and T309V mutant. 
 

3.1 The role of residue Phe120 in substrate bindingb 
   Among others, dextromethorphan (DX) and bufuralol (BF) (Fig.3.1.1) are 
well known CYP2D6 substrates [1-3]. Their metabolism is well described 
and they have been recently used to characterize enzymatic activity in many 
studies concerning the relevance of specific amino acid residues as Phe120 [1, 
2, 4], Glu216 [5, 6], Phe481 [7] and Asp301 [8] in substrate binding and 
catalysis.  

                                                 
b Adapted from Bonifacio, A., Keizers, P.H.J., Commandeur, J.N.M., Vermeulen, N.P.E., 
Robert, B., Gooijer, C. and van der Zwan, G. (2006) Biochem. Bioph. Res. Commun., 343, 
772 

 29



Chapter 3 

O

N

O OH

NH

O

O

N
H

dextromethorphan (DX)

3,4-methylenedioxymethylamphetamine (MDMA)

bufuralol (BF)

 
Figure 3.1.1: structures of the CYP2D6 substrates studied in this 
chapter. Black arrows show sites of oxidation by wild-type enzyme, 
and white arrows show additional sites of oxidation found when using 
the F120A mutated CYP2D6. 
 
 

   According to the literature DX is predominantly O-demethylated by wild-
type CYP2D6 to give one product (dextrorphan) [1, 2], whereas BF is 
metabolized to four metabolites [9], denoting a less specific hydroxylation 
pattern (Fig.3.1.1). Metabolism data reported for DX and BF for the 
CYP2D6 mutant F120A as well as computational studies [1, 2] indicated 
that Phe120 plays an essential role in the catalytic regiospecificity of DX, 
while it does not in the case of BF (Fig.3.1.1). 
   Phe120 is a bulky aromatic residue which according to homology models [1, 
10-12] is located in proximity of the heme. The recently published X-ray 
structure of the substrate-free CYP2D6 [13] confirmed this prediction, 
showing that Phe120 is placed within the active site, close above the heme on 
the side of propionate substituents (Fig.3.1.2). To explain the effects 
observed for the F120A mutant, it has been suggested that Phe120 has a 
double role: it fills the enzyme active site causing a reduction of its size, 
exerting a steric constraint on substrate orientation, and it may have a 
function as an aromatic interaction site [1, 2].  
   The mutation of the Phe120 to an alanine in CYP2D6 also has an effect on 
the catalytic regiospecificity of oxidation of 3,4-methylene-dioxy-
methylamphetamine (MDMA). Wild-type CYP2D6 only O-demethylenates 
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MDMA, whereas F120A also N-dealkylates and N-hydroxylates this 
substrate (Fig.3.1.1) [1]. 
   Thus, despite the fact that DX, BF and MDMA show structural similarity 
in having a basic N-atom about 7Å away from the site of oxidation and in 
having an adjacent aromatic moiety [14], the Phe120Ala mutation has 
different effects on their metabolism. The explanations suggested in the 
literature to elucidate these differences are still hypotheses, and there is a 
lack of experimental data about the effect of these substrates on the heme 
moiety and the nearby environment. In this study we use Resonance Raman 
(RR) spectroscopy to investigate these effects for both the wild-type and the 
F120A mutant CYP2D6, in relation to their different catalytic 
regiospecificity. 
   Our results indicate that the three substrates differ considerably in the way 
they perturb the active site in the proximity of the heme iron atom, and that 
Phe120 has a critical role in this interaction. These differences are interpreted 
in terms of steric constraints, substrate mobility and specific aromatic 
interactions. 
 

 

 
 

Figure 3.1.2: Ribbon diagram of the CYP2D6 active site (PBD ID 
2F9Q [13]). The heme, the side chain of Phe120 and the side chains 
of other two residues considered to play a role in substrate binding 
(Glu216 and Asp301), are represented as stick-models. 

 31 



Chapter 3 

 

3.1.1 Materials and Methods 
Chemicals 
   The pSP19T7LT plasmid containing bicistronically human CYP2D6 with a C-terminal 
His6-tag and human NADPH-cytochrome P450 reductase, was kindly provided by Prof. Dr. 
Ingelman-Sundberg. 3,4-methylenedioxymethylamphetamine (MDMA) was synthesized as 
described [15, 16]. Bufuralol (BF) hydrochloride was obtained from Gentest. 
Dextromethorphan (DX) and sodium dithionite were purchased from Aldrich (Steinheim, 
Germany).  Emulgen 911 was obtained from KAO Chemicals (Tokyo, Japan). Ni-NTA-
agarose was from Qiagen (Westburg, Leusden, The Netherlands). All other chemicals were of 
analytical grade and obtained from standard suppliers. 
Expression and Purification of CYP2D6 
   The pSP19T7LT plasmids containing wild-type or F120A mutant CYP2D6 were 
transformed in Escherichia coli, strain JM109. Expression and membrane isolation was 
carried out as described [1]. Purification was carried out as described in [12]. In short: 
membranes were resuspended in 0.5% of the original culture volume of KPi-glycerol buffer 
(50 mM potassium phosphate buffer, pH 7.4, 10% glycerol) and P450 contents were 
determined by CO difference spectra [17]. The enzyme was solubilized by stirring in KPi-
glycerol supplemented with 0.5% Emulgen 911 for 2 hrs at 4° C. Insoluble parts were 
removed by centrifugation (60 min, 120,000 g at 4° C). The supernatant was mixed, while 
gently rocking, with Ni-NTA agarose for 60 min at 4° C. The Ni-NTA agarose was then 
applied to a polypropylene tube with porous disc (Pierce, Perbio Science, Ettenleur, The 
Netherlands), washed with KPi-glycerol buffer containing 2 mM histidine. Subsequently, 
bound CYP2D6 was eluted with 0.2 M histidine. After overnight dialysis in KPi-glycerol 
buffer the sample was concentrated on a Vivaspin 20 filtration tube (10.000 MWCO PES, 
Sartorius, Nieuwegein, The Netherlands) to a final concentration of 50 μM of cytochrome 
P450 2D6 (determined with CO difference spectroscopy). 
Dissociation constants (Ks) of F120A-substrate complexes and their standard deviation were 
determined by spectral titration, as previously described [12, 18]. Spectra were taken at room 
temperature on a Pharmacia Ultrospec 2000 spectrometer. 
Resonance Raman spectroscopy 
   Spectroscopic measurements were conducted using a home-built Raman microscope in a 
backscattering configuration (schematically described in Chapter 2): a Zeiss microscope (D-
7082 with a 40x objective, NA 0.85, working distance 0.3mm) was coupled to a single 
monochromator (Instruments SA Inc., New Jersey, USA) with a mounted 2400 g/mm grating 
and a CCD camera (Andor Technologies DV-420OE, Belfast, N.Ireland). The 413.1nm line 
of a continuous wave Kr ion laser (Coherent Innova 300c, California, USA) and the 457.9nm 
line of a continuous wave Ar ion laser (Spectra Physics 2000-336, California, USA) were 
used for excitation and the Rayleigh scattered light was removed using 3rd Millenium edge 
long pass filters (Omega Optical, Vermont, USA). Laser powers of 10-15mW (at 413.1nm) 
and 1mW (at 457.9nm) at the sample were used throughout the experiments. The sloping 
background of the spectra was subtracted using a baseline fitted to the experimental data with 
the Andor CCD camera software. 
Sample preparation 
   For RR measurements, a 1mm-diameter glass capillary was filled with 10μL of buffered 
(pH7.4) CYP2D6 solution (10μM) and put in a spinning capillary holder under the Raman 
microscope. To measure substrate-bound CYP2D6 spectra, 1μL of  50-100mM substrate 
aqueous solution was added to 9μL of 10μM CYP2D6 buffered (pH7.4) solution. The final 
substrate concentration in the sample was 5-10mM, 500-1000 fold excess of substrate with 
respect to the enzyme (saturating conditions, as indicated by the Ks reported for the 
substrates). No further spectral changes were detected upon increasing substrate 
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concentration, indicating that all the CYP2D6 in the sample was bound to the substrate [19]. 
To obtain the ferrous CO-complexes, the CYP2D6 samples prepared as described above (with 
or without substrate) were deoxygenated with nitrogen, reduced by adding 5μL of a sodium 
dithionite buffered solution (25mg/mL in the same buffer used for the protein), and exposed 
to CO for 2-3 minutes. During all measurements the capillary containing the sample was kept 
spinning by the device described in Chapter 2 (Section 2.4), to minimize local heating and 
photodissociation of the iron-bound CO.  
 
 
3.1.2 Results 
Wild type 
  The RR high-frequency region (1300-1700 cm-1) of the wild type CYP2D6 
in the resting state (i.e. in absence of any substrate) is shown in Fig.3.1.3a. 
All the most relevant bands in our RR spectra have been assigned to the 
corresponding vibrational modes on the basis of former studies [20-22]. The 
most intense band in the RR spectrum of CYP2D6 in the resting state at 
1371cm-1 is assigned to the vibrational mode ν4, an oxidation state marker 
band characteristic of an heme iron in an oxidized form (Fe3+).  
 

 
Figure 3.1.3: oxidation- and spin-marker band region of RR spectra 
of the wild-type (left) and F120A mutant (right) CYP2D6 in absence 
of substrate (a,e), in presence of BF (b,f), MDMA (c,g) and DX (d,h). 
Positions of the oxidation marker band ν4 and spin-marker bands ν2 

and ν3 for both 6cLS and 5cHS heme species are indicated. Excitation 
413.1nm, laser power 10mW, accumulation time 600s. 
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The 1501 cm-1 band is assigned to a ν3 mode for a hexa-coordinated low-spin 
(6cLS) oxidized heme: this spin marker band is well separated from other 
modes and therefore it is usually regarded as the most reliable indicator or 
the heme spin state [23]. The two ν4 and ν3 marker bands are thus consistent 
with an oxidized iron which is mainly 6cLS, a typical situation for a CYP in 
the resting state (see Section 1.1). This conclusion is supported by other 
marker bands at 1634 and 1582cm-1 which are respectively assigned to 
modes ν10 and ν2, characteristic of a 6cLS hemec. 
    Vinyl stretching modes (νC=C) are expected around 1610-1635cm-1 (see 
Section 2.3) ; a band is clearly observed at 1620cm-1 overlapping with the 
spin marker band ν10 at 1634cm-1, and it is attributed to νC=C [21, 24]. Other 
vinyl vibrations are seen at lower frequencies: in Fig.3.1.4a, the in-phase and 
out-of phase scissoring modes (δs(=CH2) ) at 1431cm-1, two in-plane bending 
modes δ(CH=) at 1305 and 1318 cm-1, and a bending mode δ(CβCaCb) at 
420cm-1. At closer inspection the latter band has an asymmetric shape, 
suggesting the presence of an additional weaker band at lower wavenumbers. 
Besides the vinyl modes, the band observed at 379cm-1 is assigned to the 
bending vibrational mode δ(CβCcCd) originating from the propionate 
substituents [24].  
   Addition of BF, MDMA and DX induced spectral changes of so called 
“type I” in the UV-visible electronic absorption spectra [12, 25]. The 
dissociation constants Ks reported in previous studies for the three enzyme-
substrate complexes are 26±12μM for BF, 28±3μM for MDMA and 
33±5μM for DX, as derived from electronic absorption spectroscopy data 
[12, 25]. 
   RR spectra of wild type CYP2D6 in presence of the substrates are depicted 
in Fig.3.1.3(b-d) together with the difference spectra with respect to the 
substrate-free enzyme. The presence of BF, MDMA and DX cause the 
appearance of two bands at 1486 and 1567cm-1, assigned respectively to a ν3 

and a ν2 mode for a 5cHS heme, with a concomitant decrease in intensity of 
the two 6cLS marker bands ν3 (at 1501cm-1) and ν2 (at 1582cm-1). This 
effect is stronger in the presence of DX (Fig.3.1.3d), weaker but clearly 
observable in presence of MDMA (Fig.3.1.3c) and very weak (detectable 
only by the difference spectrum) in the case of BF (Fig.3.1.3b). In the latter 
case the spectrum in presence of the substrate is almost identical to the 
substrate-free enzyme. 

                                                 
c   A more detailed analysis of the ν3,ν2 and ν10 marker bands in Section 3.2, further in this 
chapter, will emphasize the occurrence of a minor amount of 5cHS heme species besides the 
6cLS. This observation, however, does not effet the conclusions drawn in the present Section; 
since the relative amount of 5cHS is small, the CYP2D6 can be rightly considered to be 
mainly 6cLS.  
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Figure 3.1.4: vinyl- and propionate-bending modes regions of RR 
spectra of the wild-type (left) and F120A mutant (right) CYP2D6 in 
absence of substrate (a,e), in presence of BF (b,f), MDMA (c,g) and 
DX (d,h). Excitation 413.1nm, laser power 10mW, accumulation time 
600s. 

 

 

These spectral changes are interpreted as a shift of the heme iron spin-state 
from a 6cLS to a mixture of 6cLS and 5cHS, with the ratio 5cHS/6cLS 
varying between the different enzyme-substrates complexes. Besides these 
spin shifts, no other significant changes are observed; the oxidation state 
remains Fe(III), as deduced from the unchanged position of the ν4 oxidation 
marker band. The absence of changes for the vibrations of the heme 
substituents (vinyls νC=C, δs(=CH2), δ(CH=), δ(CβCaCb)) and propionates 
δ(CβCaCb), Fig.3.1.4(b-d) indicates that these groups are unaffected by the 
presence of BF, MDMA or DX. 
   In the ferrous CO-heme complex, CO can be used as a vibrational probe of 
the heme pocket polarity, since changes in the pocket’s water content cause a 
variation of the local electromagnetic field and induce a shift in the Fe-CO 
vibrational frequencies [26-28]. To investigate the effect of each substrate on 
the CYP2D6 heme environment we registered the RR spectra of the enzyme-
CO complexes. The low-frequency region of RR spectra of the CO-complex 
of the reduced CYP2D6 in presence and in absence of substrates is shown in 
Fig.3.1.5(a-d). In the spectrum of the substrate-free, wild-type CYP2D6, the 
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band observed at 346cm-1 is attributed to the ν8 vibrational mode of the 
heme, and the band centered at 477cm-1 is assigned to the ν(Fe-CO) 
stretching mode, on the basis of the assignment previously done by others 
for other CYPs [19, 20, 29]. The ν(Fe-CO) remains unchanged upon binding 
of BF, while it shifts by 5cm-1 to higher wavenumbers upon binding of DX 
or MDMA. These changes indicate that while DX and MDMA reduce the 
polarity of the heme pocket through a decrease in its solvent content, binding 
of BF does hardly affect the heme environment [26, 28].  
F120A mutant 
   The 1300-1650cm-1 region of the RR spectrum of the F120A mutant 
(Fig.3.1.3e) is very similar to that of the wild type (Fig3.1.3a). The 
oxidation, spin and coordination marker bands ν4, ν3, ν2 and ν10 are identical, 
indicating an enzyme in the 6cLS oxidized state. There are also no 
differences for the stretching, scissoring or bending vinyl modes(Fig.3.1.4e), 
 
 

 
Figure 3.1.5: 300-550cm-1 region of RR spectra of the wild-type 
(left) and F120A mutant (right) CYP2D6 in absence of substrate (a,e), 
in presence of BF (b,f), MDMA (c,g) and DX (d,h). Bands attributed 
to the Fe-CO stretching mode are indicated. Excitation 457.9nm, laser 
power 1mW, accumulation time 600s. 
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 while for the δ(CβCcCd) bending mode of propionate substituents a slight 
downshift of 2 cm-1 is observed, which could be interpreted as a decrease of 
H-bonding interaction with the protein matrix [24]. However, since the shift 
is very small, the extent of such a perturbation would be marginal. In general 
the substitution of Phe120 with an alanine has no significant effects on the 
direct heme environment in the CYP2D6 resting state. 
   As for the WT, addition of substrates induced type I spectral changes in the 
UV-visible electronic absorption spectra. The dissociation constants Ks 
derived from optical titrations for the three enzyme-substrate complexes for 
the F120A mutant are 14±3μM for BF, 34±8μM for MDMA and 6±1μM for 
DX. 
   RR spectra of the F120A mutant in presence of BF, MDMA and DX are 
depicted in Fig.3.1.3(f-h) together with the difference spectra with respect to 
the substrate-free enzyme. Contrary to what observed for the wild-type, the 
RR spectra of the BF-, MDMA- and DX-bound F120A are almost identical 
to each other and very similar to the spectrum of the substrate-free enzyme, 
with 6cLS being the predominant heme species. The difference spectra show 
only small changes which are qualitatively similar to those observed for the 
wild-type (downshifts of the ν3 and ν2 marker bands to values characteristic 
of a 5cHS heme), indicating only a minor amount of 5cHS. As in the case of 
the wild-type, the Fe(III) oxidation state is preserved upon substrate-binding, 
and no significant changes are observed in the vibrational modes of the 
vinyls or propionates (Fig.3.1.4,f-h).   
   In the RR spectrum of the CO-complex of the substrate-free F120A 
(Fig.3.1.5e), the ν(Fe-CO) band is found at the same frequency observed in 
the case of the wild-type, although its intensity is decreased. As in the wild 
type, the presence of BF (Fig.3.1.5f) does not affect the position of the ν(Fe-
CO) band, while it causes an increase in its intensity. However, in contrast to 
the wild type, in F120A the binding of DX and MDMA (Fig.3.1.5g,h) does 
not affect the ν(Fe-CO) position either, indicating the absence of a 
significant perturbation of the heme pocket polarity by these substrates. 
 
 
3.1.3 Discussion 
Effects of substrates on heme properties 
   The experimental data obtained in this study point to an oxidized 6cLS 
heme (with a solvent molecule as the sixth distal ligand trans to the 
endogenous cysteinate as proximal ligand) as the resting state for CYP2D6, 
despite the fact that no distal ligand is observed in the CYP2D6 crystal 
structure (although a small but significant area of residual electron density 
above the heme has been reported) [13]. 
The changes observed in the CYP2D6 RR spectra in presence of BF, 
MDMA and DX (Fig.3.1.3b-d) are consistent with the displacement of the 
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water molecule coordinated to the heme Fe3+ as consequence of substrate 
binding [20, 30-32]. The removal of the water as the sixth ligand is the cause 
of spin-shift and the appearance of the 5cHS marker band at 1486cm-1 
detected in the RR spectra.    The binding of each of the three substrates 
considered in this paper does not induce a complete conversion to a 5cHS 
species (as in bacterial CYP101 [20]), but leads to an substrate-dependent 
equilibrium between 6cLS and 5cHS, with the 6cLS species clearly still 
present (marker band at 1501cm-1). DX displaces the sixth water ligand more 
effectively than MDMA and BF, with BF causing only barely detectable 
changes. It should be stressed that the persistence of a 6cLS species in the 
enzyme-substrate complex is not due to incomplete substrate binding, since 
under our experimental conditions all the CYP2D6 in the sample was bound 
to the substrate (no spectral changes were detected upon further increase of 
substrate concentration). Such a spin equilibrium in the substrate-bound state 
was reported for other CYPs as well [19, 20] and it suggests that in some 
cases the substrate allows water molecules to be located in the binding cavity 
near the heme, so that a water can rebind to the iron as sixth ligand, yielding 
the equilibrium between 5c- and 6c-heme.  
   Additional information about substrate interaction with the heme pocket 
comes from the RR spectra of CO-enzyme complexes. DX and MDMA, 
which have a considerable effect on the CYP2D6 spin-equilibrium, decrease 
the polarity of the heme environment, reducing the water content near the 
heme (as indicated from the shift of the ν(Fe-CO) stretching mode observed 
upon binding) [26, 28]. An alternative interpretation of the observed ν(Fe-
CO) shift could be a direct steric interaction between the substrate and the 
iron-bound CO [19, 29]; such an interaction is supposed to cause the Fe-C-O 
fragment to bend away from its linear geometry and enhance the otherwise 
RR inactive δ(Fe-CO) bending mode [19]. However, in absence of a 
detectable δ(Fe-CO) we favor the former explanation relying on an indirect 
effect. 
   Conversely, BF does not affect the ν(Fe-CO) frequency at all, apparently 
leaving the polarity (and therefore the water content) of the close heme 
environment essentially unaffected.  
 
Substrate mobility and specific binding interactions 
   The different effects caused by BF, MDMA and DX upon binding to 
CYP2D6 may be attributed to their different mobility inside the binding 
pocket. The 5cHS/6cLS ratio and the ν(Fe-CO) frequency are considered 
dependent on the mobility of the substrate, with highly mobile substrates 
leading to a high percentage of the 6cLS form and to a lower ν(Fe-CO) 
frequency [19, 28]. The mobility of a substrate may be related with the 
quantity of water molecules still allowed in the heme pocket [33]. According 
to this hypothesis the CYP2D6 substrates used in this study can be put in 
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decreasing order of mobility as BF>MDMA>DX, with BF as the most 
mobile and the DX as the most rigidly bound substrate. 
   The residue Phe120 (Fig.3.1.2) is shown to have a crucial role in the 
regiospecificity of metabolism of DX and MDMA, leaving BF unaffected [1, 
2], and a correlation between mobility in the active site and a low catalytic 
regiospecificity has been previously proposed in the case of CYP101 using a 
variety of substrates [33-35]; therefore RR data from the F120A mutant are 
interesting to elucidate the different enzyme-substrate interactions. 
   Besides a small perturbation of the propionate hydrogen bonding 
interaction with the protein matrix (explainable by the Phe120 position in 
Fig.3.1.2), the substitution of the Phe120 with an alanine does not affect the 
fundamental characteristics of the CYP2D6 resting state. 
   On the other hand, differences between the wild-type and the mutant are 
observed in presence of BF, MDMA and DX. RR data for F120A show that, 
consistent with the effect of mutation on their metabolism [1, 2], the 
interaction of DX and MDMA with the heme is changed significantly, while 
BF binding is very similar to that observed in the wild-type. The F120A 
mutation causes DX and MDMA to behave like BF, making the RR spectra 
of the three enzyme-substrate complexes virtually indistinguishable. It 
should be emphasized that these effects cannot be attributed to decreased 
substrate affinities for the mutant, since the Ks observed for F120A are 
approximately equal or lower than those measured for the wild-type.  
   According to previous studies [1, 2], Phe120 has a two-fold influence on the 
substrate mobility. In the case of the relatively bulky DX molecule, Phe120 
may exert a steric constraint which limits substrate mobility. This hypothesis 
and is also supported by automated docking studies [1, 2] on homology 
models whose heme pocket structures match closely the crystal structure. 
Consistent with this assumption, RR data show that once the constraint is 
removed by mutating Phe120 to an alanine, DX behaves similarly to BF, 
increasing its mobility and the water content in proximity of the heme. The 
effect of the F120A mutation on the MDMA-binding is similar as the one 
observed for DX, although MDMA steric encumbrance is smaller than that 
of DX and in fact close to that of BF. The difference between the RR spectra 
of the MDMA- and BF-bound wild-type CYP2D6 should be therefore at 
least partly attributed to a specific aromatic anchoring role of Phe120, rather 
than to a steric constraint. Such a role for Phe120 in binding MDMA is 
supported by MD calculations [12]. According to RR data, the interaction 
with Phe120 would limit the MDMA mobility in the wild type and reduce the 
access of water molecules to the heme in the substrate-bound enzyme. 
However, the nature of the MDMA-Phe120 interaction is still not completely 
understood and it is not possible to give a detailed structural explanation for 
the differences observed between MDMA and BF only on the basis of RR 
data.   
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3.1.4 Conclusions 
   RR spectroscopy is shown to be an appropriate tool to investigate the 
interactions between BF, MDMA and DX and the human CYP2D6 active 
site. These three substrates affect the heme properties and environment 
differently, with DX giving the largest spectral changes and BF leaving the 
heme almost unaffected. DX and MDMA significantly influence the heme 
spin-state, inducing the 5cHS form, and cause a decrease in the polarity of 
the binding cavity in proximity of the heme through a change of its water 
content. Conversely BF only exhibits a minor effect on the heme spin and no 
effect at all on the polarity on the heme environment. These results were 
attributed to a different mobility of the three substrates in the binding pocket. 
Consistently with this interpretation, the residue Phe120 appears to be 
involved in the differences in binding observed between the three substrates, 
limiting the mobility of DX and MDMA and the access of water molecules 
to the heme. 
 
 
 
3.2 The influence of residue Thr309 on spin equilibriumd 

A common structural feature in all CYPs, including CYP2D6 [13], is the 
distal helix (I-helix) positioned above the heme plane, which constitutes an 
important part of the enzyme’s active site (Fig. 3.2.1A). The critical role of 
the I-helix residue T309 in the mechanism of oxidation by CYP2D6 was 
previously demonstrated [36]. Similar results were found after mutation of 
the homologous threonine residues, T302 and T303 in rabbit CYP2B4 and 
CYP2E1, respectively [37, 38]. The I-helix threonine is highly conserved in 
CYPs and seems to be a key residue in the mono-oxygenation reaction. It 
has been studied in many CYPs with mutagenesis, spectroscopic and 
crystallographic techniques [39]: depending on the specific isoenzyme, the 
distal threonine has been attributed a variety of roles besides oxygen 
activation and proton delivery [39, 40], including electron transfer [41], 
substrate recognition [42], and control of heme spin state equilibrium [42-
47]. This multiplicity of roles, as indicated by the diversity of results 
obtained from different CYPs, has been interpreted as a lack of a universal 
role of this residue, which might have instead distinct functions within the 
CYP super-family [39, 44, 47].  

In this study, RR spectroscopy is used to probe the active site of wild-
type and the T309V mutant of CYP2D6 in order to find out whether the 
mutation influences the heme characteristics. Besides its resting and 
                                                 
d Adapted from Bonifacio, A., Groenhof, A.R., Keizers, P.H.J., de Graaf, C., Commandeur, 
J.N.M., Vermeulen, N.P.E., Ehlers, A.W., Lammertsma, K., Gooijer, C. and van der Zwan, G. 
(2007), J. Biol. Inorg. Chem., 12, 645 
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substrate-bound oxidized states, CYP2D6 is studied in its ferrous form in 
presence of carbon monoxide, which form an adduct with the heme. In fact, 
the Fe-CO stretching frequency of the ferrous CO-heme complex is sensitive 
to variations in the electrostatic potential of the heme distal pocket induced 
by substrate-binding or mutated residues [48, 49]. RR was successfully 
employed in the past to study the effects of mutations in the active site of 
many CYPs [50-55], including those of the conserved I-helix threonine [41, 
56, 57].  

Besides spectroscopic data, a computational approach is employed to 
rationalize experimental results. Although experimental data on threonine 
mutants are already available for many CYPs, theoretical descriptions have 
been only carried out at a classical force-field level for the T302A mutant of 
CYP2B4 [58] and at a DFT level for the T252A mutant of CYP101 [59]. 

Quantum-mechanical DFT calculations can reliably predict the relative 
energies of the various electronic states of iron(II) and iron(III) porphyrins 
and have been previously used to study the resting state as well as further 
steps of CYPs catalytic cycle [59-63]. 

 
 

 
 
 

Figure 3.2.1: (A) view of the CYP2D6 active site as from 
crystallographic data (PDB 2F9Q). The heme (coordinated by C443) 
and a part of the I-helix are shown. In particular the heme and the 
residues A305 and T309 are depicted as ball-and-stick models. 
Hydrogen atoms are not modeled in the PDB file; (B) optimized 
geometry of the CYP2D6 active site model (i.e. the A305-G306-
M307-V308-T309 part of the I-helix and the iron-porphyrin part of 
the heme catalytic center of CYP2D6 in its doublet electronic spin 
state), with a water molecule coordinated to the iron (position 1); (C) 
Geometry of the CYP2D6 active site model corresponding to a 
second energy minimum (water in position 2). Distances are in Å. 
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   Therefore this method, in absence of a decisive experimental proof in 
favour of a specific model, is used in the present work to test the 
compatibility of a definite hypothesis with available structural and 
spectroscopic data on the CYP2D6 active site. In particular, through a 
computational analysis of the wild type and the T309V mutant active site 
structures, interactions are investigated between the residue T309, the heme 
moiety and a water molecule located above to the heme in the resting state. 
 

3.2.1 Materials and Methods 
Chemicals 

The pSP19T7LT plasmid containing in tandem the cDNAs of human CYP2D6 with a C- 
terminal His6-tag and the human NADPH-cytochrome P450 reductase, was used as described 
before [36]. Escherichia coli JM109 were obtained from DSMZ (Braunschweig, Germany). 
Dextromethorphan hydrobromide (DX) was obtained from Sigma (Sigma, St Louis MO). All 
other chemicals were of analytical grade and obtained from standard suppliers. 
Expression and purification of the enzymes  

The pSP19T7LT plasmids containing wild-type or the T309V mutant of CYP2D6 cDNA 
were transformed into E. coli strain JM109. Expression and membrane isolation was carried 
out as described [36]. Membranes were resuspended in 0.5% of the original culture volume of 
KPi-glycerol buffer (50 mM potassium phosphate buffer, pH 7.4, 10% glycerol) and the 
enzymes were purified, using nickel affinity chromatography as described [36]. CYP 
concentrations were determined by CO-difference absorption spectra according to the 
procedure of Omura and Sato [64], on a Pharmacia Ultrospec 2000 spectrometer. 
Resonance Raman spectroscopy  

Spectroscopic measurements were conducted using the home-built Raman microscope 
already described in Section 3.1. The fitting of experimental data with Lorentzian functions 
was performed with PeakFit 4.12 (SeaSolve Software Inc., Richmond CA).  
Sample preparation 

For RR measurements, a 1 mm-diameter glass capillary was filled with 10 µl of varying 
concentrations (1-50 µM) CYP2D6 in KPi-glycerol buffer and put in a spinning capillary 
holder under the microscope objective. To measure substrate binding, substrate concentrations 
of 5-10 mM were used, leading to a 500-1000 fold excess of substrate with respect to the 
enzyme (saturating conditions, as indicated by the Ks

 
reported for the substrates [36]). No 

further spectral changes were detected upon increasing substrate concentration, indicating that 
all the CYP2D6 in the sample was bound to the substrate [65]. To obtain the ferrous CO-
complexes, oxygen was removed from the CYP2D6 samples (with or without substrate) by 
stirring under a nitrogen atmosphere; then the samples were reduced by adding 5 µl of a 25 
mg/ml sodium dithionite (in KPi-glycerol buffer) to 20 µl of enzyme in the same buffer, and 
exposed to CO for 2-3 minutes while stirring. During all measurements the capillary 
containing the sample was kept spinning to minimize local heating and photodissociation of 
the iron bound CO. Before and after every RR measurement, CYP integrity was monitored by 
CO difference absorption spectroscopy.  
Computational details 
Model. The crystal structure at 3.0 Å resolution of the substrate-free human CYP2D6 (PDB 
2F9Q) [13] was used as the starting structure for the DFT calculations. The computational 
model includes only a small part of the distal I-helix from A305 to T309, the heme moiety 
and the proximal C443. In this model, the isopropyl amino acid side chain of V308 is replaced 
by a methyl substituent and the 2-(methylthio)ethyl side chain of M307 is replaced by a 
hydrogen. These alterations are applied to considerably reduce the computational cost and are 
usually justified by the fact that these amino acid side-chains are not pointing toward the 
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heme cavity [66]. Likewise, the heme substituents are replaced by hydrogens too, and the 
C443 proximal heme ligand is mimicked by a thiolate anion (HS–). Moreover, a water 
molecule is added above the heme iron to generate a six-coordinated (6c) resting state, as 
suggested by spectroscopic data (see Sections 3.2.2 and 3.2.3). This results in an 89-atom 
model for the active site of the wild type protein. The T309V mutant is approximated by 
replacing the alcohol moiety of the T309 by a methyl substituent to give V309 instead. These 
two models are used to provide a rationale for the differences between the observed relative 
amounts of high spin and low spin in the wild type and T309V-mutant enzymes of CYP2D6. 
Method. Density functional theory calculations were performed with the Amsterdam Density 
Functional (ADF) program [67-69]. The atomic orbitals on the atoms of the alcohol moiety of 
T309, the carboxylic moiety of A305, the thiolate anion, the iron and the nitrogens of the 
heme moiety were described by an uncontracted triple zeta valence plus polarization STO 
basis set (TZP). A double zeta valence plus polarization STO basis set (DZP) was used for the 
other atoms of the I-helix and the atoms of the periphery of the heme. The inner cores of 
carbon, nitrogen, and oxygen (1s2) and those of sulfur and iron (1s22s22p6) were kept frozen. 
The exchange-correlation potential is based on the newly developed GGA exchange 
functional OPTX in combination with the non-empirical PBE correlation functional (OPBE) 
[70, 71]. The OPBE density functional was chosen because of its demonstrated superior 
performance in describing the spin states and electronic structures for iron complexes, which 
is of crucial importance in the present study [60]. The model is based on the geometry of 
2F9Q [13] and is fully optimized for the doublet spin state (low spin or LS). This structure is 
used as a starting structure for the linear transit calculations (geometry scan) in which the 
water molecule is moved towards the threonine by decreasing the Owater–OThr distance to yield 
the five-coordinated (5c) heme moiety. In these geometry optimizations, the positions of the 
alpha-carbons of A305 and T309 and two porphyrin meso-carbons were fixed to mimic the 
rigidity of the protein tertiary structure. Subsequently, analogous geometry optimizations of 
the obtained LS geometries were performed for the sextet spin states (high spin or HS). 
The energy profiles for the mutant enzyme model are obtained by the same procedure for each 
structure of the wild-type profile in which the threonine hydroxyl moiety is replaced by a 
methyl substituent.  
 
 
3.2.2 Results 

Enzymes expression and purification, UV-visible absorption spectroscopy 
Recombinant expression followed by affinity chromatography 

purification yielded approximately 60 nmoles CYP2D6 per liter of cultured 
E coli, in case of the wild-type and the T309V mutant of CYP2D6. The 
enzymes were pure, as judged by the observation of a single band of 55 kD 
on a Coomassie brilliant blue stained SDS-polyacrylamide gel. The absolute 
absorbance spectra of oxidized and reduced CO-bound, wild-type and 
T309V mutant CYP2D6 are shown in Fig. 3.2.2. Both enzymes show 
characteristic strong absorption bands at 418 nm and 448 nm, in their resting 
state and reduced CO-bound form respectively. No significant differences 
are observed in position or relative intensity of absorption bands between the 
spectra of the wild-type and the T309V mutant of CYP2D6, even by use of 
spectral subtraction (data not shown). An amount of P420 (inactive CYP, 
observed as a band at 420 nm in the reduced CO-bound form) was present in 
the both the wild-type and T309V mutant samples to approximately the same 
extent. 
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Figure 3.2.2: electronic absorption spectra of 1μΜ purified wild-type 
(lower frame) and T309V mutant (upper frame) CYP2D6, in the 
oxidized resting state form (solid line) and reduced CO-bound form 
(dashed line). 
 

 

Resonance Raman spectroscopy 
The RR spectra of the wild-type and T309V mutant of CYP2D6 in the 

resting state (i.e. without substrate) are at first sight rather similar (Fig. 
3.2.3). In both spectra, the most intense band at 1372 cm-1 is attributed to the 
ν4 vibrational mode, indicative for an oxidized heme iron atom [20].   

The high-frequency region of the RR spectrum of the wild-type enzyme 
(Fig. 3.2.4) is indicative for a predominantly 6cLS oxidized heme, in 
agreement with the results presented in Section 3.1. The bands at 1501, 1582 
and 1635 cm-1

 
are attributed to the ν3, ν2

 
and ν10 

 
vibrational modes for a 

6cLS heme respectively [20]. However, the slight asymmetry of ν3 suggests 
the presence of another band at lower wavenumbers, characteristic of a 5cHS 
species. Indeed, a better fit of the spectroscopic data for wild-type CYP2D6 
is obtained when including bands at 1486, 1567 and 1623 cm-1, for 
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respectively the ν3, ν2
 
and ν10

 
vibrational modes of a 5cHS heme species in 

addition to the 6cLS bands. The presence of 5cHS heme species in the RR 
spectrum of the wild-type is more evident when compared with the spectrum 
of the T309V mutant (Fig. 3.2.4): although the two spectra seem identical, 
the difference spectrum of the two enzymes shows an intensity increase for 
the bands characteristic of a 6cLS species, and a concomitant decrease of the 
ν3, ν2

 
and ν10

 
vibrational modes, typical for a 5cHS heme. Therefore, in the 

T309V mutant the content of 5cHS is decreased compared to the wild-type, 
with a concomitant increase of the 6cLS fraction. 

In presence of saturating amounts of the substrate DX, the bands 
distinctive of the 5cHS species (ν3 and ν2 at 1486 cm-1

 
and 1567 cm-1 

respectively) increase their intensity, whereas the intensity of the 
corresponding bands for the 6cLS species (ν3 and ν2 at 1501 and 1582 cm-1 
respectively) diminishes, for both the wild-type and the T309V mutant of 
CYP2D6 (Fig. 3.2.5). The intensity ratio between the 6cLS/5cHS ν3

 
bands 

(at 1501 and 1486 cm-1
 
respectively) is higher in the T309V mutant than in 

wild-type for substrate-bound CYP2D6.  
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Figure 3.2.3: RR spectra of wild-type (WT) and mutant (T309V) 
CYP2D6. Spectra were acquired as described in Section 3.2.1. 
Excitation wavelength 413.1nm, laser power at the sample 5mW, 
accumulation time 600s. 
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The T309V mutation does not alter the Fe-CO stretching frequency (νFe-CO) 
observed at 476 cm-1 in both the reduced CO-bound wild-type and T309V 
mutant CYP2D6 (Fig. 3.2.6). As previously observed in Section 3.1.2, in the 
RR spectrum of wild-type CYP2D6 the νFe-CO

 
increases by 5 cm-1 upon 

addition of saturating amounts of DX. Under the same experimental 
conditions, the νFe-CO

 
band of the T309V mutant broadens towards higher 

wavenumbers, indicating that a shift, although less evident, is taking place 
similarly to that in the wild-type. 
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Figure 3.2.4. spin marker bands region of the RR spectra of wild-type 
(WT) and mutant (T309V) CYP2D6, together with their difference 
spectrum. Excitation wavelength 413.1nm, laser power 5mW at the 
sample, accumulation time 600s. The Lorentzian functions used to fit 
the spectrum of the WT enzyme (see Section 3.2.1) are represented as 
solid (for high-spin marker bands) or dotted (low-spin marker bands) 
peaks. Frequencies of high-spin marker bands are reported in bold. 
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DFT calculations 
The optimized geometry of the model for the enzyme’s resting state is 

obtained by adding a water molecule above the heme in the crystal structure 
of the human CYP2D6 (Fig. 3.2.1B). The RMSD between the backbone 
atoms of the part of the I-helix in the optimized model and those of the 
corresponding residues in the experimental structure is only 0.28 Å (Fig. 
3.2.7), confirming that the modifications applied to the side chains of 
residues M307 and V308 in the model to reduce its computational cost do 
not cause relevant conformational changes in that part of the I-helix in the 
active site. The water molecule is bound to the iron porphyrin moiety (water 
position 1 in Fig. 3.2.1B, Fe–O distance is approximately 2.2 Å), yielding a 
6cLS iron porphyrin complex. 
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Figure 3.2.5: spin marker bands region of the RR spectra of wild-
type (WT) and mutant (T309V) CYP2D6 in presence (solid line) and 
in absence (dotted line) of DX. The spectral difference between the 
enzyme in presence and in absence of substrate is shown for the spin 
marker band ν3. Excitation wavelength 413.1nm, laser power 5mW 
at the sample, accumulation time 600s. 
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   Additionally, in the 6cLS structure the water molecule forms a hydrogen 
bond to the amide oxygen atom of the A305-G306 peptide bond (~1.9 Å). 
The hydroxyl moiety of the threonine amino acid residue (T309) forms also 
a weak hydrogen bond to this amide oxygen (~2.6 Å). The six-coordinated 
high spin (6cHS) state is 7.5 kcal mol-1 higher in energy with respect to the 
6cLS state. 
   Upon migration of the water molecule from iron to the threonine, a 
hydrogen bond between the water molecule and the threonine alcohol is 
formed and two hydrogen bond donor/acceptor isomers are possible, one in 
which threonine is the hydrogen bond donor and one in which it is the 
hydrogen bond acceptor. The structure in which the threonine alcohol acts as 
a hydrogen bond donor has a lower energy with respect to the other isomer 
(ΔE = 6.6 kcal mol-1 at an OThr–Owater distance of 2.58 Ǻ). Therefore, the 
present work focuses on the threonine donor isomer, and is referred to as 
water in position 2 (Fig. 3.2.1C). The energy profiles upon migration of the 
water molecule towards the threonine (i.e. from position 1 to 2) for both the 
LS and HS states are shown as solid curves in Fig. 3.2.8. 
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Figure 3.2.6: low-frequency RR spectra of the reduced CO-bound 
CYP2D6 wild type (WT) and mutant (T309V), in presence and in 
absence of DX. Excitation 457.9nm, power at the sample 1mW, 
accumulation time 600s. 
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Figure 3.2.7: overlay of the CYP2D6 active site as from 
crystallographic data (PDB 2F9Q, carbon atoms in light gray) and the 
optimized geometry of the CYP2D6 active site model (i.e. the A305-
G306-M307-V308-T309 part of the I-helix and the iron-porphyrin 
part of the heme catalytic center of CYP2D6 in its doublet electronic 
spin state), as from DFT calculations (carbon atoms in dark gray). 
The RMSD between the two structures varies from 0.28 Å (when 
considering the carbon atoms of the I-helix backbone) to 0.46 Å 
(when including also oxygen and nitrogen atoms). Hydrogen atoms 
are not shown. 
 
 

This movement of the water molecule results in the increase of the 
relative energy of the LS state and a new local minimum (5cLS) is obtained, 
which is 1.4 kcal mol-1 higher in energy with respect to the starting structure 
(6cLS). The relative energy of the HS increases slightly upon shortening the 
threonine-water distance and decreases again to reach a new minimum that is 
lower in energy. There is a spin crossover at a Owater–OThr distance of 
approximately 3.1 Å and a global minimum for the HS state is obtained. In 
the corresponding structure, the water molecule occupies a second position 
in the active site pocket (Fig. 3.2.1C). 

Replacement of the threonine with valine in each of the structures 
followed by partial geometry optimizations results in different energy 
profiles for the mutant (dashed curves in Fig. 3.2.8). For both the HS and LS 
mutant models, after a small initial decrease of approximately 2 kcal mol-1 
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which yields minima at a Owater-OTHR  distance of 3.9 Å and 3.5 Å for the LS 
and HS states respectively, the relative energy increases steeply as the water 
is approaching position 2, for which, contrary to the wild type, no minima 
are found.  

The interaction between residue T309 and the CO-adduct has been 
studied by full geometry optimization of the CO-bound iron porphyrin 
model species for both the wild type and T309V mutant, showing that the 
bond distances, bond dissociation energies and bond orders of the Fe-C≡O 
moiety are virtually identical, with differences of less than 1.6% in these 
parameters (Table 3.2.1). Population analysis of the CO-adduct shows a 
substantial iron back-donation into the empty π* orbitals of CO, with 
π*(CO) occupation numbers of 0.19e and 0.18e for the wild-type and mutant 
respectively. 
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Figure 3.2.8: the relative doublet (LS) and sextet (HS) energies for 
the active site model of the wild type CYP2D6 with respect to the 
distance of the oxygen atom of water and the oxygen atom of the 
threonine alcohol side group (threonine is hydrogen bond donor). The 
dashed line the represents the LS and HS energy profiles for the 
mutant model, obtained by replacing Thr for Val and subsequent 
partial geometry optimization for each point. 
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 Fe-CO  FeC≡O 
 WT T309V  WT T309V 

distance 1.824 1.825  1.147 1.146 
ΔE(Fe-CO) -24.6 -24.2  - - 

Mayer Bond Order 0.21 0.20  0.52 0.52 
π*(CO) population - -  0.19e 0.18e 

 
Table 3.2.1: selected bond distances (Å), bond dissociation energies 
(ΔE(Fe–CO)), bond orders and π*(CO) orbital population of the 
carbon monoxide heme model for the wild type and T309V mutant of 
CYP2D6. 
 
 
 

3.2.3 Discussion 
As stated in Chapter 1, the heme iron atom of a CYP in its resting state 

is generally observed as oxidized (Fe3+), and mainly in the 6cLS state with a 
water molecule (or hydroxyl ion) as the sixth distal ligand trans to the 
endogenous cysteinate ligand [32]. Although no distal ligand is reported in 
the structure determined by X-ray diffraction [13] (Fig. 3.2.1A), both 
electronic absorption and RR spectroscopy indicate that wild-type CYP2D6 
is predominantly 6cLS. The present DFT calculations show that the resting 
state is clearly a 6cLS state, in agreement with spectroscopic data (Fig. 
3.2.1B). In addition to experimental data, DFT calculations suggest a 
network of H-bonds between the residue A305, the distal water ligand and 
the residue T309, in which T309 and the water ligand are too far to interact 
directly. The same structural pattern, where the distal water is H-bound to an 
alanine (four positions before the conserved threonine in the primary 
sequence), which is in turn weakly H-bound to the threonine, is also present 
in the experimental structures of other bacterial and mammalian CYPs [72-
74].  
   Moreover, in agreement with the DFT calculations for CYP2D6, in all 
these structures the conserved threonine is too far to H-bond the distal water 
ligand. The absence of a direct interaction between the heme axial ligand and 
the threonine in CYP2D6 is experimentally corroborated by the absence of 
differences in the electronic absorption and RR spectra of the CO-adducts of 
the wild-type and T309V, where CO occupies the position of the water 
molecule in the resting state. In fact, H-bonding or direct electrostatic 
interaction between T309 and the axial CO would alter the extent of back-
donation of iron dπ electrons to the empty CO π* orbitals, shifting 
significantly both the Fe-CO stretching frequency in RR spectra and the 
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absorption maximum in the UV-visible absorption spectra of the reduced 
CO-bound heme [26, 75]. A similar situation is observed for the T268A 
mutant of CYP102 A1, whose CO-adduct has a UV-visible absorption 
spectrum identical to that of the wild-type [39, 44]. The absence of a 
significant interaction between the CO-adduct and residue T309 is supported 
by DFT calculations on CO-bound CYP2D6, showing that the Fe–CO bond 
energy, bond order, and the extent of Fe→CO back-donation are virtually 
the same for both the wild type and mutant (Table 3.2.1).  

Besides the predominant 6cLS state, a minor presence of the 5cHS state 
is observed in CYP2D6 (Fig. 3.2.4). The occurrence of 5cHS species could 
not be detected in UV-visible absorption spectra, probably because of its 
small amount. RR spectra have more bands, narrower and usually better 
resolved than UV-vis spectra at room temperature, making it easier to detect 
asymmetries or weak shoulders when using spectral subtraction or fitting. 
The presence of the 5cHS species in the resting state is not unusual and has 
been reported in RR spectra of other bacterial and mammalian CYPs [76-
79]. A shift of the spin equilibrium toward the 5cHS state, in which the heme 
is no longer ligated to an axial water molecule, is often observed when a 
substrate (like DX for CYP2D6, Fig. 3.2.5) is present in the heme-pocket, 
perturbing the iron bound water molecule directly, or through inducing 
conformational changes in the enzyme [32]. However, this substrate-induced 
spin shift often does not lead to a pure 5cHS species, but rather to a mixture 
of the two species with 6cLS still significantly present, like in the case of 
CYP2D6 with DX.  

The decrease of 5cHS and the concomitant increase of the 6cLS content 
in the RR spectra of the T309V mutant of CYP2D6 indicate that the residue 
T309 is structurally involved in the spin equilibrium. This role is preserved 
in the presence of DX; the substrate itself perturbs the wild-type and mutant 
spin-equilibria to the same extent, as can be seen by spectral subtraction of 
the ν3 region of the resting state from the substrate-bound state (Fig. 3.2.5). 
The same conclusion can be drawn from RR-spectra of the CO-adduct of the 
two enzymes in presence of substrate. Moreover the similar affinity of the 
two enzymes for DX (as was judged from optical titration experiments [36] 
as well as modeling studies [80]) do indicate T309 to be not involved in 
substrate binding in CYP2D6. This strongly suggests that the difference in 
the 6cLS/5cHS ratio between the substrate-bound wild-type and mutant 
enzyme in the RR spectra is not due to different binding modes of DX, but 
rather to a difference caused by the T309V mutation, as observed in absence 
of a substrate.  

An altered spin-equilibrium upon mutation of the conserved threonine 
residue has been reported for many other CYPs [42, 44-47, 81, 82]. Notably 
in the T268A mutant of CYP102 A1, which shares with the optimized 
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CYP2D6 computational model the H-bonding pattern “distal water-alanine-
threonine”, the alteration is in favor of the 6cLS, like in CYP2D6 [42, 44].  

In an effort to rationalize the experimental observations, we looked for 
an explanatory model, compatible with our spectroscopic data, which could 
be tested using available quantum-mechanical methods. The absence of 
direct interactions between T309 and the axial ligand indicate that T309 
exerts its influence on the spin equilibria of CYP2D6 indirectly. 

The increase of the 6cLS species in the T309V mutant could be due to 
an increased solvent accessibility of the binding pocket caused by a 
mutation-induced conformational change. However, this hypothesis is 
incompatible with the spectroscopic data on the CO-adduct, which clearly 
rule out any significant change in polarity in the heme pocket due to the 
T309V mutation. Alternatively, following the model proposed for explaining 
spin-equilibria in substrate-bound CYP102 A1 and its T268A mutant [43, 
44], T309 in CYP2D6 could stabilize, via an H-bond, an alternative position 
for the distal water in which the water is far enough from the iron, yielding a 
5cHS state. The substitution of the threonine with a valine would weaken the 
H-bonding interaction and perturb the equilibrium by destabilizing the 5cHS 
state in favor of the 6cLS species, as observed in the spectra.  

DFT calculations clearly support this hypothesis, showing the 
destabilization of the 5cHS state upon the T309V mutation. In agreement 
with the experimental observation of a small amount of 5cHS in the resting 
state of the wild-type, a spin transition from LS to HS occurs upon moving 
the water molecule from position 1 to 2, and a second energy minimum has 
been found for the water molecule H-bound to the T309 (Fig. 3.2.1C, Fig. 
3.2.8). Replacing the threonine with a valine results in a relative 
destabilization of the structure in which water is in position 2, most likely 
because of the absence of hydrophilic interactions between the water and the 
valine. This relative destabilization of the 5c heme with the water in position 
2 will result in the occurrence of a higher relative amount of the 6cLS heme 
species in the T309V mutant of CYP2D6 with respect to the wild type.  

Although the computational model of the CYP2D6 active site used in 
the present study only includes few amino acids in addition to the iron-
porphyrin complex, and therefore does not take into account the rest of the 
protein, it provides a clear rationale for the observed experimental data. 
Unfortunately, an evident limit of this model is the inability to include the 
substrate and to study its influence on the spin equilibrium of the substrate-
bound enzymes, for which extended models and methods have to be used. 
However, it should be stressed that experimental data indicate that the role of 
T309 in the CYP2D6 spin equilibrium is independent from that of DX; 
therefore it is reasonable to assume that the implications of our model about 
the role of T309 would still be valid for the substrate-bound enzymes.     
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3.2.4 Conclusions 
   Based on RR data, it is concluded that the T309V mutant of CYP2D6 has 
an altered spin equilibrium with respect to the wild type enzyme, with a 
relative higher amount of 6cLS species at the expense of the 5cHS species, 
in both the resting state and the substrate-bound forms. Apparently, there is 
no direct interaction between the residue T309 and the heme sixth ligand, 
suggesting an indirect mechanism of action on the spin equilibrium. 
Spectroscopic data also indicate that the T309V mutation does not 
significantly alter the polarity of the heme environment, excluding an 
increased amount of water molecules in the heme pocket as the reason for 
the altered spin state. DFT calculations show that a simple model, involving 
a water molecule alternatively occupying two positions inside the heme 
pocket corresponding to two different spin states, is able to explain the 
experimental data. In this model, the position corresponding to the 5cHS 
state is stabilized by an H-bond with T309, and a T309V mutation will 
induce an increase of the 6cLS species, as experimentally observed. 
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Chapter 4 
Surface-enhanced Raman scattering 

 
 
 
 
 
 
 
 
 
4.1 Basic aspects of surface-enhanced Raman scattering 
(SERS) 
   The expression “surface-enhanced Raman scattering” (whose acronym is 
SERSe) denotes a particular form of Raman scattering whose intensity is 
largely increased with respect to the conventional form (under equivalent 
experimental conditions), occurring when a laser with a proper wavelength is 
directed on a sample whose molecules are located in close proximity of a 
metal surface having adequate characteristics (Fig.4.1.1). 
   This phenomenon was first observed as a large increase of the Raman 
intensity of pyridine adsorbed on electrochemically roughened silver 
electrodes by Fleischmann et al. [1], who attributed this effect to an 
increased surface area. Later on, Jeanmaire and Van Duyne [2] as well as 
Albrecht and Creighton [3] independently demonstrated that the Raman 
scattering intensity per molecule of pyridine was enhanced by four to six 
order of magnitude relative to that of pyridine as pure liquid (for extensive 
reviews on SERS, see references [4-10]). Since then, SERS has been 
observed for a wide variety of molecules adsorbed on different metals: gold, 
silver and copper are the most used, but surface-enhancement has been 
reported also for aluminium, lithium, sodium and a variety of transition 
metals as well [11]. 
   The extent of the relative increase in intensity observed in SERS (also 
called enhancement factor) depends on many factors related to the 
experimental conditions (see Section 4.2), and can reach, as in the case of 
pyridine on Ag, several orders of magnitude (up to 106 times). Therefore, 
despite the lack of full understanding of all aspects of the mechanisms 
                                                 
e In literature there is no agreement on the use of the acronym SERS; some authors use SERS 
for “surface-enhanced Raman spectroscopy” (referring to the technique) and others for 
“surface-enhanced Raman scattering” (referring to the physical phenomenon, also called 
SERS effect). In this thesis, the acronym SERS will be used in the latter sense. 
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producing the enhancement, the practical importance of obtaining an 
enormous increase in intensity made SERS a domain of applied science.  In 
fact, the intensity enhancement gained using this approach can be exploited 
to overcome the problem of the intrinsic weakness of the conventional 
Raman scattering (see Section 2.1), allowing the observation of Raman 
spectra from thin layers or even sub-monolayers of molecules adsorbed on 
metal surfaces. Despite the complication represented by the need to work 
with molecules adsorbed on a surface (see section 4.3), this increase in 
sensitivity is particularly attractive for biological applications, where 
sometimes only low amounts of sample are available [12].  
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Figure 4.1.1: an example of SERS: (a) normal Raman spectrum of a 
1 mM mercaptopropionic acid acqueous solution and (b) SERS 
spectrum of the same compound adsorbed on the surface of Ag 
nanoparticles from a 1 mM aqueous solution (excitation at 514.5 nm, 
laser power 5 mW, exposure 5 s).  
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SERS theory at a glance: electromagnetic and charge transfer mechanisms 
   The most accredited theory about SERS explains the enhancement with an 
electromagnetic mechanism (EM) [5, 13]. According to EM, the 
electromagnetic field experienced by molecules near a metal surface is larger 
than the one experienced far from it, which is due to the incident radiation 
only. In its classical description, Raman scattering is conceived as the 
process of re-radiation of scattered light by dipoles μ induced in the 
molecules by the incident light and modulated by the molecular vibrations 
(see Section 2.2). The induced dipoles are simply those that result from the 
action of the electric field component E of the incident light on the 
molecules, μ = α E, where α is the molecular polarizability. Therefore the 
intensity of Raman scattering is proportional to the intensity of the 
electromagnetic field incident on a molecule, and will be larger for the 
molecules located in proximity of the metal. The extent of the 
electromagnetic field enhancement depends on many factors, including the 
orientation of the molecule with respect to the surface and its distance from 
it, the electric properties of the metal, the morphology of its surface and the 
energy of the incident radiation. Surface roughness or curvature is an 
essential requirement for SERS to occur, and its size and geometry are 
crucial in determining the overall enhancement. Metal nanoparticles (i.e. 
metal colloids or sols), electrochemically, chemically or mechanically 
roughened surfaces are examples of substrates on which adsorbed molecules 
may show SERS. The radiation incident on the such surfaces, if having an 
adequate wavelength, can excite the conduction electrons of the metal. Since 
the conduction electrons are spatially confined, they can be excited only at a 
particular frequency called plasma frequency. The value of this frequency 
depends on the electric properties of the metal and on its surface 
morphology, and for Au, Ag and Cu nanoparticles or rough surfaces it is 
found in the visible region of the electromagnetic spectrum. Therefore, if the 
frequency of the incident laser radiation coincides with the plasma 
frequency, there is a resonant response to the field which yields an enhanced 
secondary electromagnetic field near the surface. According the EM, the 
sum of the field due to the incident radiation and the secondary field due to 
the plasma resonance determines the surface-enhancement of Raman 
scattering for molecules near the metal surface.  
   Although EM is generally considered the main responsible for the SERS 
effect, there are evidences that, at least under some circumstances, another 
mechanism called charge transfer mechanism (CT) has a significant 
contribution to the surface-enhancement [5-7]. CT occurs when a molecule 
physisorb or chemisorb directly on the surface, forming a complex with the 
metal. The electronic interaction between the adsorbate and the surface 
results in a charge transfer between the two, yielding an excited state that 
serves as resonant intermediate in Raman scattering, if a proper exciting 
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radiation is used (i.e. the adsorbate-metal complex becomes a resonant 
Raman scatterer, see Section 2.2). 
   It should be noted in both EM and CT mechanisms, the distance of a 
molecule from the surface is an important parameter from which depends the 
extent of the enhancement, as it has been experimentally observed (see 
Section 5.1). In the CT mechanism the proximity to the surface is a 
requirement for the formation of the adsorbate-metal complex, whereas in 
the EM mechanism, although the direct contact with the surface is not 
strictly required, the electromagnetic field is highest near the surface, its 
intensity rapidly decaying with the distance from the metal. 
 

SERS selection rules 
   It must be noted that in many cases the relative intensities of the bands in 
SERS spectra differ considerably from the ones observed in conventional 
Raman spectroscopy. In fact, for molecules at surfaces, selection rules 
different from those for free molecules may arise because of the effect of the 
surface in modifying the electromagnetic field at the surface and in orienting 
the molecules relative to this field. Within the theoretical perspective of the 
EM, the SERS selection rules [14] may be stated in their simplest form as 
follows: since the local field at the surface is highest in the direction normal 
to the surface, vibrations involving changes in the adsorbate polarizability 
perpendicular to the surface are preferentially enhancedf. Such surface 
selection rules are at the same time a problem and a benefit: they complicate 
the interpretation and analysis of SERS spectra, and give an important 
opportunity to obtain information about the orientation of the molecule 
relative to the surface. 
 

Surface-enhanced resonance Raman scattering (SERRS)g 
   A variation of SERS, SERRS is obtained when the RR (Section 2.2) is 
‘combined’ together with SERS, i.e. the exciting laser is in resonance with 
an electronic transition of the molecule and at the same time it excites the 
collective motions of the conduction electrons on the metal surface, yielding 
the SERS effect [4, 5, 12]. It should be noted that the term SERRS only 
indicates the surface enhancement of adsorbates which are already in 
resonance with the laser wavelength prior to the adsorption on the metal 
surface, and not the one due to the resonance of the incident radiation with 
the adsorbate-metal complex invoked by the CT mechanism. In other words, 

                                                 
f This is true if the exciting wavelength used is longer than the plasma frequency (i.e. to the 
red), otherwise the reverse is true [14] 
g while SERS and SERRS are distinct techniques, the hybrid acronym SE(R)RS can be 
sometimes used to indicate both, indifferently. 
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SERRS requires that the absorption band of the molecule under investigation 
matches (or at least partially overlaps with) the plasma frequency of the 
metal surface. Since plasma frequencies for the metals commonly used in 
SERS (Au, Ag and Cu) fall in the visible spectral region, SERRS can only 
be obtained from ‘colored’ compounds (i.e. chromophores which absorb in 
the visible). 
    The sensitivity of SERRS combines those of RR and SERRS, and allows 
the observation of spectra from solutions with concentrations as low as 10-18 

M [5], approaching single molecule detection [15-19]. SERRS sensitivity, 
however, obviously depends on the molar extinction coefficient of the 
molecule at the wavelength of the incident laser radiation, and on the 
‘distance’ of the laser wavelength from the plasma frequency of the metal. 
Even though the attomolar levels of detection mentioned above refer to 
extremely favorable cases (i.e. direct physisorption on the surface and high 
molar extinction coefficient), detection limits from nanomolar to picomolar 
are frequent in SERRS experiments [4, 12]. 
   Besides the increase in sensitivity with respect non-resonant SERS, an 
extremely important benefit of SERRS is the selectivity gained through the 
resonance enhancement (Section 2.2). Different from SERS, in which only 
the molecules (or the part of a molecule) closest to the metal surface are 
enhanced, in SERRS the chromophores in resonance with the incident 
radiation are preferentially enhanced over other molecules (or different parts 
of the same molecule) which might be closer to the metal. This feature of 
SERRS is useful in eliminating unwanted spectral interference from other 
species present in solution. In fact, one of the experimental problems often 
encountered in SERS of mixtures is the co-adsorption on the metal surface 
of molecules other than the species under investigation. 
   Another characteristic of SERRS is that the selection rules observed in 
spectra can be those of RR rather than those of SERS, depending on the 
excitation. In fact, in most cases the maximum absorbance of the 
chromophore has a different wavelength than the plasma frequency. If the 
excitation laser has a wavelength which is closer to the asborption maximum 
than to the plasma frequency, the RR contribution to SERRS will be 
dominant over the SERS one, and the selection rules will be those of RR 
(even if the signal intensity will benefit from the SERS effect). On the other 
hand, if the wavelength of the exciting laser is closer to the plasma 
frequency than to the absorption maximum of the chromophore, SERS will 
dominate over RR and the selection rules will be those of SERS [5, 20, 21]. 
   As a final and important remark about SERRS, it should be mentioned that 
whereas RR of fluorophores is often impossible, since the Raman spectrum 
is obscured by fluorescence, the use of SERRS overcomes this problem. In 
fact, the decrease in the excited-state lifetime experienced by molecules near 
a metal surface, resulting from a highly efficient energy transfer to the 
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surface, often leads to a remarkable decrease in the fluorescence yield of the 
adsorbates as compared to that of molecules in solution [5, 12]. This surface-
induced quenching of fluorescence occurring in SERS allows the 
observation of spectra of highly fluorescent species (e.g. flavins).  
 

 

4.2 The application of SERRS to CYPs 
   SERRS (see previous Section) spectra can be obtained from CYPs when a 
blue or green (400-550 nm) laser is used as excitation source and Ag is used 
as surface-enhancing metal. In fact, Ag surfaces are expected to have a 
plasma frequency in that spectral region, and CYPs absorb strongly around 
400 - 430 nm (Soret band, see Section 1.1). The main reason for the use of 
SERRS to study CYPs is the gain in sensitivity, although in the case of 
microsomal CYPs the surface could be used to mimic a biological 
membrane. Most CYPs are not commercially available, and expression and 
purification procedures are expensive, time-consuming and usually yields 
only low amounts of sample. For these reasons, techniques such as SERRS, 
requiring small volumes of diluted solutions are valuable. 
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(protein matrix
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Figure 4.2.1: comparison between (a) a CYP in solution (RR) and (b) 
on a metal surface (SERRS). In SERRS, the use of a laser excitation 
having a wavelength in resonance with the absorption band of the 
heme (RR conditions) ensures only the heme bands are seen, even 
when the protein is close to a Ag surface (SERS conditions). In fact, 
because of the resonance enhancement, the signal coming from heme 
(SERRS) is much stronger than those of the part of the protein closer 
to the surface (SERS), as the normal Raman signal of the protein 
matrix is weaker than the RR. 
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   In CYPs, the chromophore (i.e. the heme b) is deeply buried within the 
protein matrix (Section 1.2) and therefore it cannot get directly in contact 
with the metal surface (Fig.4.1.2). However, thanks to the selectivity of the 
resonance enhancement, only the heme vibrations are observed, even if the 
enhancement due to SERS is stronger at the protein surface (close to the 
metal) than inside the protein, where the heme is found. On the other hand, 
the distance between the heme and the metal surface avoids possible 
complications due to CT contributions, ensuring that ET is the only possible 
surface-enhancing mechanism. 
 
 

CYPs metal surfaces excitation references 
    

Soret band (413 nm) [30] CYP101* Ag electrodes Q-band (514 nm) [29] 
    

Soret band (457 nm) [26-28] CYP102 A1* Ag colloids Q-band (514 nm) [25-27] 
    

Ag electrodes Soret band (406 nm) [36] 
Soret band (406, 457 nm) [31, 33-36] CYP 2B family 

(2B1, 2B2, 2B4)** Ag colloids Q-band (514 nm) [32-34] 
    

CYP1A2** Ag colloids Soret band (457 nm) 
and Q  band (514 nm) [32] 

    
 
Table 4.2.1: bacterial (*) and microsomal (**) CYPs investigated so 
far with SERRS on various Ag substrates and different excitation 
wavelengths. 
 
 

      In SERRS spectra of CYPs excited with a laser having a wavelength 
close to the maximum of the Soret absorption band (e.g. 413.1 nm of a 
Krypton ion laser), the contribution of the resonance enhancement seems to 
dominate over the SERS effect. The selection rules of RR are thus 
maintained, yielding SERRS spectra which are almost identical to RR ones 
(see Chapter 5). Therefore, the information about the CYP active site 
contained in SERRS spectra is the one already discussed for RR (see Section 
2.2), which mainly concerns the heme oxidation- and spin-states, the iron 
coordination and the heme substituents conformation [22]. Since Smulevich 
and Spiro [23] pointed out a possible protein denaturation induced by the 
adsorption on the metal surface, most SERRS studies of heme proteins have 
been concerned with efforts demonstrating that the protein structure and 
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activity have been retained upon adsorption, or that adsorption-induced 
changes were minimized. 
   As remarked by Keating et al. [24], the “failure” of SERRS to become 
ubiquitous in studies of proteins having a chromophore, despite its 
advantages, is mostly due to problems concerning the biocompatibility of the 
metal substrates used. Despite this biocompatibility problem, certain CYPs 
(mostly bacterial CYP102A1, CYP101 and microsomal CYPs of the 2B 
subfamily) adsorbed on Ag colloids or electrodes have been investigated 
using SERRS [25-36] (Table 4.2.1). 
   In most cases the CYP heme spin state (as observed with SERRS) was 
altered upon adsorption on the metal surface, and substrate binding (see 
Section 1.1) was never unambiguously detected (as it is in RR). To 
overcome the problem of the biocompatibility of the metal surface, 
Rospendowski et al. suggested to avoid the direct contact between the CYP 
and the surface of Ag nanoparticles by ensuring the presence of a layer of 
citrate ions coating the metal [32]. Similarly, Cotton and coworkers 
proposed the use of a thin layer of inert organic molecules to coat the surface 
of metal electrodes, as a general method to be applied in SERRS, to prevent 
the direct protein-metal interaction [12, 37]. Successively, the development 
of the self-assembling monolayers (SAMs) technology [38] and the 
increasing commercial availability of different organothiols (i.e. the building 
blocks of SAMs) opened the way to the use of these monolayers as stable 
and reliable metal coatings for SERRS studies [39, 40] (Fig. 4.2.2).  
 

 

metal surface
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direct
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Figure 4.2.2: comparison between a heme protein adsorbed on a (a) 
bare and (b) coated metal surface. The coating consists of a self-
assembled monolayer of molecules and acts as a spacer between the 
metal and the protein, avoiding the direct contact between the two. 
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4.3 Experimental aspects: SAM-coated Ag colloids and 
electrodes for SERRS measurementsh 
   In the experiments presented in the next Chapter, two approaches are used 
in applying SERRS to CYP2D6: one involving the use of Ag nanoparticles 
and the other employing Ag electrodes. Both approaches have their 
advantages and disadvantages. To name the most obvious ones, colloids are 
easier to prepare and do not require particular instrumentation, whereas 
electrodes allow to the control of the surface potential. The use of Ag 
surfaces coated with SAM of different thiols avoids the direct contact 
between the CYP2D6 and the metal (see previous Section), and gives a 
better control on the chemical nature of the SERS surfaces. Moreover, a 
spectroelectrochemical system had to be developed, which could be used 
with our Raman microscope (see Section 2.4). The preparation and 
characterization of the suspensions of coated Ag nanoparticles and the 
spectroelectrochemical setup employed in the SERRS measurements are 
described below. 
 
SAM-coated citrate-reduced Ag colloids as SERRS substrate  
   In recent years, the heme protein cytochrome c has been extensively 
investigated by many authors using SERRS on roughened silver electrodes, 
coated with self-assembled monolayers (SAMs) of several different 
alkanethiols and their derivatives [39, 41-43]. The coating was used to 
prevent the direct contact of the proteins with the metal surface and to give 
the metal surface specific properties. SAMs can be thought of as a crude but 
efficient model for biological membranes [43] and the surface properties 
such as polarity and charge can be selected choosing the right alkanethiol 
derivative [42-44].  
   Silver hydrosols are an alternative to electrodes as a SERRS metal 
substrate, and they have been successfully used to study CYPs as well (see 
Table 4.2.1). Metal electrodes have the advantages of being more stable and 
allowing control of the surface potential, but metal hydrosols are much 
easier to prepare, are used without electrochemical instrumentation, and 
require much lower sample volumes (down to a few microliters). 
   Since the development and the characterization of SAMs on gold and 
silver electrodes [38, 45], there has been much interest in the preparation of 
modified metal hydrosols coated with SAMs [46-49]. Maeda et al. [46] 
succeeded in preparing a NaBH4-reduced silver sol modified with a 
monolayer of different mercaptoalkanoic acids, and subsequently Tarabara et 
al. [47] prepared and characterized a citrate-reduced silver sol coated with 
                                                 
hAdapted from parts of Bonifacio, A.; van der Sneppen, L.; Gooijer, C. and van de Zwan G., 
(2004) Langmuir, 20, 5858 and Bonifacio, A.; Millo, D., Gooijer, C., Boegschoten, R. and 
van de Zwan G., (2004) Anal.Chem, 76, 1529 
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mercaptoethanol. Many efforts have been recently made to prepare silver 
colloids by means of laser ablation or NaBH4 reduction and subsequent 
coating with thin films of organothiols as a spacer, for studying porphyrin 
and metalloporphyrin systems [48, 49]. 
   To study CYPs or other proteins having biological chromophores with 
SERRS, it would be desirable to have a citrate reduced silver colloid coated 
with various types of SAMs. The citrate reduced hydrosol, compared to 
theNaBH4-reduced one, is considered to have a more uniform particle size 
distribution, a better stability with time, and a greater signal enhancement 
capability [50, 51].  
    Citrate reduced modified silver hydrosols coated with SAMs of two 
mercaptoalkanoic acids (MPA, mercaptopropionic acid, and MUA, 
mercaptoundecanoic acid) were prepared as efficient SERRS substrates for 
studying CYP2D6. Such organothiols are known to form a negatively 
charged SAM, which was used in many recent SERRS studies on silver 
electrodes [39, 42, 43]. 
   The citrate-reduced silver hydrosol was prepared according to the 
procedure described by Lee and Meisel [52]. A total of 45 mg of AgNO3 was 
dissolved in 250 mL of Milli-Q water. The solution was heated to the boiling 
point, and then 5 mL of sodium citrate aqueous solution (1%) was added 
drop by drop under vigorous stirring. After a few minutes, the solution 
turned yellow and then gray. The mixture was kept boiling for 1 h and then 
slowly cooled to room temperature. The resulting hydrosol has an absorption 
maximum at 410 nm. 
   To coat the Ag hydrosol, a 5 mM aqueous solution of potassium salts MPA 
and MUA was prepared by adding 1 M KOH in stoichiometric proprortion 
to the aqueous solution of the mercaptoalkanoic acids. The SAM-coated 
hydrosols were prepared slowly adding drop by drop 1 mL of the 5 mM 
mercaptoalkanoic acid potassium salt solution to 4 mL of a twofold diluted 
hydrosol under continuous stirring. Although the addition of the 
mercaptoalkanoic acid salts causes partial aggregation of the hydrosol, the 
modified sol remains stable for several hours. 
   Prior to SERRS measurements, to increase the number of silver particles 
per volume unit, the hydrosol was centrifuged (6000 rpm, 30min) in glass 
graduated tubes (KIMAX oil centrifuge tubes); then 98% of the remaining 
supernatant volume was thrown away, and the remaining concentrated 
hydrosol was used for SERRS measurements. In that way, a more dense 
suspension of silver nanoparticles was achieved, with a higher Raman 
enhancement efficiency per volume of hydrosol. All glassware was 
thoroughly cleaned before use with concentrated HNO3 and rinsed with 
distilled and Milli-Q water. All chemicals were of reagent grade and were 
purchased from Sigma-Aldrich (St.Louis, USA) or from J.T.Baker 
(Deventer, The Netherlands). 
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    The addition of the mercaptoalkanoic acid solutions to the citrate-reduced 
hydrosol causes a partial aggregation of the silver particles which induces a 
slight change in the hydrosol color. This partial aggregation is due to the 
displacement of the citrate layer and the chemisorption of the organothiols 
on the surface of the silver particles with the cleavage of the S-H bond and 
the subsequent formation of the S-Ag bond [47]. Because colloids are stable 
on account of the electrostatic repulsion between surface-charged particles, 
the reduction in stability due to the displacement of the charged citrate layer 
by organothiols was a major problem in the synthesis of modified hydrosols. 
The kinetics of aggregate formation was slowed by diluting the citrate-
reduced sol (thus, increasing the average distance between colloidal 
particles) by using potassium salts of mercaptoalkanoic acids to increase the 
number of charged carboxylic groups, by adding them very slowly to the 
diluted sol, and by ensuring rapid mixing by vigorous stirring of the diluted 
hydrosol.  
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Figure 4.3.1: (a) normal Raman spectrum of MPA (pure liquid), and 
(b) SERS spectrum of MPA monolayer, modified hydrosol. Both 
spectra were obtained with the Raman setup described in Section 2.4, 
by filling a glass capillary either with pure liquid MPA or with the 
hydrosol. The laser power at the sample was 15 mW, the excitation 
wavelength was 514.5 nm.  
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   Because the silver nanoparticles are partially aggregated, the system 
becomes SERS-active and SERS spectra of the adsorbed mercaptoalkanoic 
acids can be observed. In Fig. 4.3.1 and 4.3.2, the normal Raman spectra (a) 
and SERS spectra (b) of MPA and MUA are shown. The SERS spectra of 
MPA on a silver surface have been previously observed and characterized by 
Kudelski (on Ag electrodes) [45] and by Maeda et al. (on NaBH4-reduced 
colloid) [46]. The three most intense peaks in the SERS spectrum of MPA 
(Fig. 4.3.1b, Table 4.3.1) are those at 661, 739, and 933 cm-1 (the last one is 
not reported in Table 4.3.1 because it is not a C-C or C-S stretching 
vibration, see below). Analogously to previous studies [45-47] dealing with 
different alkanethiols on Ag surfaces, we assign the peaks at 661 cm-1 and 
739 cm-1 to the C-S stretching vibration: the former is attributed to the 
gauche (G) rotational conformer of the S-C-C chain, the latter to the trans 
(T) rotational conformer (Fig. 4.3.3).  
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Figure 4.3.2: (a) normal Raman spectrum of MUA (solid), and (b) 
SERS spectrum of MUA monolayer, modified hydrosol. Both spectra 
were obtained with the Raman setup described in Section 2.4, by 
filling a glass capillary either with solid MUA or with the hydrosol. 
The laser power at the sample was 15 mW, the excitation wavelength 
was 514.5 nm.  
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MPA MUA  

Raman 
(liquid) 

SERS 
on Ag 

Raman 
(solid) 

SERS 
on Ag 

vibrational 
mode 

673 661   ν(C-S)G 
766 739 733 711 ν(C-S)T 

  1064  ν(C-C)T 
  1105 1100 ν(C-C)T 

 
Table 4.3.1: experimental vibrational frequencies (in cm-1) of C-S 
and C-C stretching modes observed in Raman and SERS spectra of 
MPA and MUA reported in figures 4.3.1 and 4.3.2. 

 

 

Two corresponding peaks are observed with different relative intensities in 
the normal Raman spectrum at 672 and 766 cm-1. The same spectral pattern 
was observed for mercaptoethanol on a citrate-reduced hydrosol by Tarabara 
et al. [47]. They suggested that the downshift to lower wavenumbers 
observed in the SERS spectrum compared to the normal Raman spectrum 
may be caused by a withdrawal of electron density from the C-S bond and an 
increased effective mass of the S atom due to the Ag-S bond. Bryant and 
Pemberton [53, 54], as well as other authors [47], suggested that the ratio 
between the intensities of the SERS C-S stretching bands of the T and the G 
conformers can be used to indirectly estimate the “quality”, intended as the 
density and degree of order, of the monolayer. We observed (Fig. 4.3.1b) a 
dramatic change in the T/G intensity ratio in the SERS spectrum compared 
to the normal Raman spectrum (Fig. 4.3.1a) in solution, with a relative 
increase of the T band. This change is ascribed to an increase of the ratio of 
the T conformer in SERS active adsorbed molecules in comparison to the 
molecules in solution. Such a comparison of intensities is allowed because 
under SERS conditions the C-S bonds of the two conformers are oriented in 
the same way with respect to the metal surface; the peaks corresponding to 
their stretching vibrations are, therefore, subjected to equal surface 
enhancements.  
   Thus, in both SERS and normal Raman spectra the relative intensities of 
the T and G peaks reveal the relative amount of each conformer present in 
the sample, and the two situations can be compared. According to our SERS 
spectra and to the criterion proposed previously, it can be deduced that a 
monolayer of MPA is formed on the Ag surface and that its quality, although 
not determinable quantitatively, is rather good. 
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Figure 4.3.3: schematic diagram of the two possible structures of the 
S-C-C chain in T and G conformers of MPA, where the letters T and 
G stand for trans and gauche, respectively. 

 

 

   The T/G intensity ratio has been initially developed as a qualitative 
parameter [53, 54] to indicate the quality of a monolayer, and in later works 
[47, 55] numeric values have been reported. Kudelski [55] observed a T/G 
ratio of 0.2 for pure MPA and a T/G ratio of 1.5 for MPA on Ag electrodes. 
We observed a similar T/G ratio value (~0.2) for pure MPA and a T/G ratio 
value of ~1 for MPA on Ag hydrosol. This difference could be due to the 
fact that the quality of monolayers on spheroidal particles is expected to be 
different from that observed on flat surfaces [56], because in the former case 
the high curvature of the metallic surface is responsible for allowing free 
interchain volume and subsequently a higher ratio of G conformers. 
Moreover, typical values for the T/G ratio of MPA on different metal 
surfaces (Au, Ag, and Cu) vary from 0.8 to 1.5 [55], in the same range of the 
value we found. Tarabara et al. [47] observed T/G ratio values for the 
mercaptoethanol SAM on Ag hydrosols ranging from 0.5 to 1.5, while for 
the same compound on electrodes Kudelski [55] reported T/G values of 2.6 
for Ag, 1.9 for Au, and 1.4 for Cu. The highest T/G ratio value we observed 
(~1) for MPA is somewhat lower than the one Tarabara et al. [47] reported 
for mercaptoethanol (1.5). This might be caused by the different nature of 
mercaptoethanol and mercaptoalkanoic acids. The steric hindrance and the 
charge of the carboxylic groups might be responsible for the smaller increase 
of the T/G ratio and, thus, for a less ordered monolayer. 
   MUA has been far less studied than MPA. The SERS spectrum of MUA 
adsorbed on a NaBH4-reduced silver colloid has only been published by 
Maeda et al. [46] while recently SERS measurements of MUA on a silver 
electrode were reported by Dick et al. [42], although they do not show 
experimental data. In general, previous experimental work suggested that 
alkanethiols and mercaptoalkanoic acids with longer carbon chains form 
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more ordered and densely packed monolayers than short-chained compounds 
[46, 53, 54]. Our SERS spectrum of MUA on citrate-reduced hydrosol (Fig. 
4.3.2b) is consistent with that previously obtained on other Ag surfaces by 
the authors just cited. The most intense SERS peaks are those at 711 and 
1100 cm-1. The normal Raman spectrum (Fig. 4.3.2a) exhibits many peaks in 
the region between 700 and 750 cm-1, the most intense of which is at 733 cm-

1. According to previous studies on related compounds [46, 53, 54] we 
assign the SERS peak at 711 cm-1 to a C-S stretching of the T conformer. 
This assignment is consistent with the downshift of this peak compared to 
the corresponding intense peak at 733 cm-1 in the normal Raman spectrum, 
as observed in the case of MPA. The SERS peak at 1100 cm-1 has a 
corresponding peak at 1105 cm-1 in the normal Raman spectrum, and it can 
be assigned, in agreement with Maeda et al. [46] and Dick et al. [42], to a C-
C stretching vibration of the T conformer. The experimental evidence that 
the only two strong peaks observed in the SERS spectrum of MUA originate 
from the T conformer indicates that a monolayer is formed in which the 
fraction of T conformers is high, and, thus, according to the criterion cited 
above, the monolayer itself is ordered (at least in that part of the MUA chain 
near the C-S bond and, thus, near the silver surface). Because no peaks have 
been assigned to the G conformer and, thus, no T/G values for MUA on Ag 
are reported in previous literature, a quantitative comparison could not be 
done. 
   The characterization of such SAMs with SERS cannot give direct evidence 
of the surface coverage achieved by the monolayer. Moreover, the 
discussion about the SAM surface coverage is complicated by the fact that 
some desorption phenomena occur over time, during which a small part of 
the organothiols forming the monolayer pass into the aqueous solution, as 
demonstrated by Kudelski [55]. Anyway, on the time scale considered for 
spectroscopic measurements, the overall structure of the monolayer is stable 
and the presence in solution of some free mercaptoalkanoic acid molecules 
does not have any detectable effect on the system. According to previous 
studies [53, 54] the SAM structure of longer alkanethiols on Au and Ag is 
defined as a crystalline-like packing arrangement with a high degree of 
order, while in the case of shorter chains the SAM is somewhat less ordered 
and defects in its structure may be present. 
 

Linearly moving low-volume spectroelectrochemical cell for potential 
controlled SERRS measurements on Ag electrodes 
   SERRS on roughened silver electrodes has been successfully employed in 
recent years to study heme proteins such as cytochrome c [39, 42, 43] and 
CYPs (see Table 4.3.1). Compared to other SERRS substrates, electrodes 
offer the advantage that the potential of the metal surface can be varied. If 
compared with colloids, electrodes have the additional benefit that some 
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experimental parameters (e.g. pH, ionic strength) can be better controlled. 
For all those heme proteins like CYPs and c-type cytochromes, whose 
activity involves electron transfer reactions, measuring SERRS spectra as a 
function of the electrode potential is important to study the protein structural 
changes in different oxidation states. An analysis of potential controlled 
SERRS data can also yield information about the thermodynamic and kinetic 
parameters of the ET process [43, 57]. Moreover, potential controlled 
SERRS measurements could yield information about the protein behaviour 
at the electrode interface, under the influence of electric fields whose 
strength is comparable to those present at biological membranes [43]. 
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Figure 4.3.4: schematic diagram (top view above and cross section 
below) of the SERRS spectroelectrochemical cell, in two variants. In 
both variants there is a cell body (a), a platinum counter electrode 
(CE) (b), a porous frit (c), the Ag working electrode (WE) (d), a glass 
cover disk (e), and an inner part containing a thin layer of solution (f). 
The porous frit ensures the electrical contact between the inner 
solution layer and an external reference electrode (RE). The 
difference between the two versions of the cell are the position of the 
WE, the position and shape of the CE (a ring around the WE in the 
second variant) and the presence of two holes (g) (inlet and outlet) 
used to flow a solution through the cell.  
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   However, for historical reasonsi, the traditional approach to perform 
SERRS spectroelectrochemistry on heme proteins involved the use of a 
traditional Raman setup, in which the SERRS from the electrode surface is 
collected (in a backscattering of 90° configuration) from normal lenses [4, 
58]. Moreover, in these instrumental configuration the metal electrode was 
immersed in electrochemical cells needing rather large volumes (few to tens 
of mL) of solution. The use of a Raman microscope with a high numerical 
aperture objective greatly enhances the efficiency of light collection, though 
a spectroelectrochemical cell with the working electrode facing up is needed 
[59, 60] (unless an inverted microscope is used). A linearly moving low-
volume spectroelectrochemical cell has been developed to perform SERRS 
measurements on CYP2D6 (as well as on other proteins) on electrodes [57, 
61]. This cell (Fig.4.3.4) is easily placed under a Raman microscope with the 
working electrode facing up, and it is small, easily cleaned and has been 
designed to work with low volumes of solution. 
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Figure 4.3.5: schematic diagram of the device to linearly move the 
SERRS spectroelectrochemical cell placed below the Raman 
microscope objective, to prevent photodegradation of the sample. A 
rotating asymmetric wheel causes the electrode holder to move in a 
direction perpendicular to the objective axis, while a spring placed on 
the opposite side of the wheel, and connecting the electrode holder to 
a non-moving part, restores the holder initial position after every turn 
of the wheel. 

                                                 
i first SERRS spectroelectrochemistry experiments were done when Raman microscopy was 
not yet fully developed, and there were no commercial Raman microscopes available. 
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   The cell body is a cylinder of PEEK which is 16 mm in diameter and 10 
mm in height, in which three holes (Fig.4.3.4b-d) of different sizes and 
shapes were made. One hole houses a platinum plate or ring (working as 
counter electrode, CE) (b), the second a fixed porous frit (c), and the third 
one a removable working metal electrode (WE, Kel-F of PEEK body with a 
metal disk fixed inside) (d). A 0.2-mm thick glass disk (e) covers the thin 
(0.5 mm) solution layer (f) and is held tightly to the cell by a PEEK ring 
screwed onto the cell body. The total internal volume of the cell is 50 μL. 
PEEK was chosen as the cell material because of its chemical resistance and 
mechanical characteristics. The porous frit is in contact with a reference 
electrode (RE) through a Teflon capillary filled with electrolyte solution 
(KCl 0.1 M). The later version on the cell (on the right in Fig.4.3.4, used in 
the experiments presented in Section 5.2) has the possibility to flow a 
solution through the cell via two small holes (g) (0.75mm diameter each). 
   Photodegradation of the sample, which is often a problem while working 
with heme proteins, is prevented by the linear motion imposed to the cell by 
the electrode holder (Fig.4.3.5). Linearly moving electrodes, together with 
rotating electrodes [58], have been previously adopted as a strategy to 
minimize photodegradation by causing to laser spot to continuously change 
its position on the surface [29] and thus avoiding a prolonged sample 
exposure to laser radiation.     
   The efficiency of the cell in applying a constant and determined potential 
to the Ag working electrode has been demonstrated in previous studies on 
cytochrome c, as well as its capability to be used for voltammetric 
techniques [57, 61]. 
   As in the case of colloids, the surface of the Ag electrodes, after being 
electrochemically roughened, has been coated with SAMs to prevent the 
direct adsorption of CYP2D6 on the metal surface. The roughening 
procedure, consisting in a series oxidation-reduction cycles (ORC) will be 
described in detail in Section 5.2.1, and it is applied to create the surface 
roughness necessary to yield the SERS effect (see Section 4.1). The coating 
of electrode surfaces with SAMs of alkanethiols is simply achieved by 
immersion in a thiol ethanolic solution, as described in Section 5.2.1.  
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Chapter 5 
SERRS spectroscopy of CYP2D6 on biocompatible  

metal surfaces 
 
 
 
 
   This chapter 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 the first part of the chapter (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 the second part (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.  
 

5.1 Retention of CYP2D6’s active site structure upon 
adsorption on coated silver nanoparticlesj 
   As stated in the Chapter 4, SERRS has been used to study many heme 
proteins, and CYPs as well, on a variety of metal substrates (see Table 
4.2.1). To fulfil the requirements to achieve both resonance- and surface-

                                                 
j Adapted from Bonifacio, A., Keizers, P.H.J., Vermeulen, N.P.E., Commandeur, J.N.M., 
Gooijer, C. and van der Zwan, G. (2007) Langmuir, 23, 1860 
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enhancement, silver is usually used as surface-enhancing metal, in the form 
of roughened electrodes or aqueous dispersions of Ag nanoparticles (sols). 
Despite its sensitivity and selectivity, use of SERRS with proteins has been 
controversial, since direct interaction with metal following adsorption on 
silver surfaces can alter proteins function, induce major conformational 
changes, or even cause extensive denaturation [1, 2]. 
  More recently, cytochromes c [2-6] and bacterial CYP101 [7] have been 
investigated using SERRS on roughened Ag electrodes coated with self-
assembled monolayers (SAMs) of several different alkanethiols and their 
derivatives. The coating has the two-fold role of preventing direct contact of 
the protein with the metal and of giving the surface specific properties (see 
Sections 4.3 and 5.2). Because of their structure and characteristics, SAMs 
can be thought of as a rough model for biological membranes [2, 8]. In 
studying protein-protein interactions, SAMs can also be used to mimic the 
binding domain of a partner-protein, since its surface properties such as 
polarity and charge can be selected by choosing the appropriate alkanethiol 
derivative [8, 9]. 
  Silver hydrosols are an alternative to electrodes as SERRS metal substrate, 
and they have been used to study heme proteins as well [10-20]. While 
electrodes have the advantage of being more stable and allowing control of 
surface potential, metal hydrosols are cheaper, are much easier to prepare, 
are used without the need of any electrochemical instrumentation and 
usually require lower sample volumes (down to few μL). Since the 
development and the characterization of SAMs on gold and silver electrodes 
[21, 22], there has been much interest in the preparation of SAM-coated 
silver hydrosols [23-27]. In Chapter 4 (Section 4.3) the preparation and 
characterization of a biocompatible silver hydrosol coated with 
mercaptopropionic and mercaptoundecanoic acids, suitable as SERRS 
substrate for proteins, has been reported [28]. 
   In this Section, these biocompatible coated hydrosols are eventually used 
to obtain SERRS spectra of CYP2D6, in the absence and presence of the 
substrate dextromethorphan. 
 

5.1.1 Materials and Methods 
Chemicals and Ag hydrosols, expression and purification of CYP2D6 
  The pSP19T7LT plasmid containing bicistronically human CYP2D6 with a C-terminal His6-
tag and human NADPH-cytochrome P450 reductase, was kindly provided by Prof. Dr. 
Ingelman-Sundberg. Dextromethorphan (DX) and sodium dithionite were purchased from 
Aldrich (Steinheim, Germany).  Emulgen 911 was obtained from KAO Chemicals (Tokyo, 
Japan). Ni-NTA-agarose was from Qiagen (Westburg, Leusden, The Netherlands). 
Mercaptopropionic acid (MPA), mercaptoundecanoic acid (MUA), silver nitrate (AgNO3), 
sodium dithionite, sodium citrate, KOH and horse heart cytochrome c (cyt c) were purchased 
from Sigma-Aldrich (St.Louis, USA). Phosphate buffer solutions (pH 7.4, 10-40 mM) were 
prepared from K2HPO4

 
and KH2PO4

 
(J.T.Baker, Deventer, The Netherlands). All other 
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chemicals were of analytical grade and obtained from standard suppliers. Uncoated and 
coated Ag hydrosols were prepare as previously described in Section 4.3 [28]. CYP2D6 was 
expressed and purified as previously described in Chapter 3 (Section 3.1.1) 
Raman and UV-vis absorption spectroscopy 
  Spectroscopic measurements were conducted using a variant of the home-built Raman 
microscope in a backscattering configuration, described in Section 3.1.1. The microscope was 
coupled to a Andor Shamrock SR-303i-A single monochromator (Andor Technologies DV-
420OE, Belfast, N.Ireland) with mounted 2400 g/mm and 1800g/mm holographic gratings 
and a Andor Newton DU970N CCD camera (Andor Technologies DV-420OE, Belfast, 
N.Ireland). The 413.1nm line of a continuous wave Kr ion laser (Coherent Innova 300c, 
California, USA) and the 514.5nm line of a continuous wave Ar ion laser (Spectra Physics 
2000-336, California, USA) were used for excitation. The Rayleigh scattered light was 
removed using 3rd Millenium edge long pass filter (for 413.1nm excitation) or an holographic 
notch filter (for 514.5nm excitation) (Omega Optical, Vermont, USA). Laser powers of 5-
8mW at the sample were used throughout the experiments. The monochromator slit was set to 
120μm, yielding a resolution of approximately 3-5cm-1 depending on the grating used. The 
increment per data point was approximately 0.8cm-1 for 413.1nm excitation (with the 2400 
g/mm grating) and 1.4cm-1 for 514.5nm excitation (with the 1200 g/mm grating). 
For all measurements, a 1mm-diameter glass capillary was partially filled with the sample 
(solids, liquids or hydrosols) and put in a spinning capillary holder under the Raman 
microscope. During all measurements the capillary containing the sample was kept spinning 
to minimize photodegradation. The sloping background of the spectra was subtracted using a 
baseline fitted to the experimental data with the Andor CCD camera software. To fit data with 
Langmuir isotherm functions, Origin Pro software (OriginLab, Northampton, MA) was used, 
applying built-in non-linear curve-fitting routines. UV-vis absorption spectra were taken at 
room temperature on a Pharmacia Ultrospec 2000 spectrometer. 
Sample preparation 
  Normal and resonance Raman spectra of DX and CYP2D6 were obtained from a 1mm 
diameter glass capillary filled with solid DX (powder) or with few μL of CYP2D6 buffered 
solutions, obtained by dilution of a 60μM stock solution of CYP2D6 (80mM buffer pH7.4, 
10% glycerol) with 10-40mM buffers (pH 7.4). 
For SER(R)S measurements, 1μL of buffer, CYP2D6 solution or DX solution was added to 
3μL of Ag hydrosol, put in a 1mm glass capillary and put under the Raman microscope The 
SERRS spectrum of a 60nM CYP2D6 solution, was obtained by adding 1μL of 0.6μM 
CYP2D6 in 40mM buffer to 9μL of MPA-coated Ag hydrosol. All measurements were done 
within 8h after the preparation of the modified hydrosols. 
Binding of DX to CYP2D6 was obtained by adding 1μL of a 20mM DX solution (in buffer, 
0.1% of methanol) to 4μL of Ag hydrosol/protein sample prepared as described above. DX 
was always added to the protein after adding the protein to the hydrosol. The final substrate 
concentration in the sample was 4mM, ~2500 fold excess of substrate with respect to the 
enzyme (i.e. saturating conditions, as indicated by the Ks reported for the substrates [29]). No 
further spectral changes were detected upon increasing the substrate concentration, indicating 
that all the CYP2D6 in the sample was bound to the substrate. 
 

5.1.2 Results and Discussion 

SERRS spectra of CYP2D6 
   Addition of Ag hydrosols to CYP2D6 yields intense spectra, which are 
shown in Fig.5.1.1a-c. All spectra show vibrations which are characteristic 
of a CYP RR spectrum, such as the intense bands at 1371 cm-1, at 676 cm-1, 
and around 1570-80 cm-1 [30], which are absent in the spectra in absence of 
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CYP, obtained by adding only buffer to the same hydrosols (shown as 
backgrounds in Fig.5.1.1). The relatively weak bands observed in the 
background are instead characteristic of non-resonant SERS spectra of 
phosphate ions, MPA or MUA (depending on the hydrosol), and they are 
thus originating from the molecules directly absorbed onto the Ag surface 
[28, 31-33]. For an assignment of the bands in MPA and MUA SERS 
spectra, see Section 4.3. Because of their lower intensity, the SERS signals 
due to the MPA and MUA SAMs are not hindering the observation of the 
bands due to the protein itself.  
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Figure 5.1.1: SERRS spectra of CYP2D6 on uncoated (a), MPA-
coated (b) and MUA-coated (c) Ag hydrosol. The non-resonant SERS 
spectra obtained from the hydrosols by adding only buffer without 
CYP2D6 are shown as background (bgr). To evidence the relevant 
bands in each background, magnified background spectra (bgrx20, 
bgrx15 and bgrx6) are shown. Excitation wavelength 413.1nm, laser 
power 5mW at the sample, accumulation time 60s. 
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   Considering the greater distance of the CYP2D6 from the Ag surface in the 
case of coated hydrosols, the difference in Raman intensity between the 
protein and the SAMs molecules directly bound to the surface must be due to 
the dominant resonance enhancement, present in the case of the protein but 
not in for the SAMs. CYP2D6 has an electronic absorption spectrum 
(Fig.5.1.2) which is characteristic of heme proteins, having one intense band 
centred at 418nm (Soret band) and two weaker bands at longer wavelengths, 
between 500 and 600nm (Q-bands) (see Chapter 1). Excitation of CYP2D6 
with the 413.1nm emission line of a Krypton ion laser in resonance with the 
Soret band yields the intense SERRS spectra in Fig.5.1.1, whereas phosphate 
ions, MPA or MUA molecules, which do not have any electronic transition 
in the visible (data not shown), give less intense, non-resonant SERS spectra. 
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Figure 5.1.2: electronic absorption spectrum of CYP2D6 (2μM in 
phosphate buffer 80mM pH 7.4). The two wavelengths used in this 
study for Raman spectroscopy are shown, together with a schematic 
drawing of the protein adsorbed on SAM-coated silver nanoparticle 
surface. The dominating enhancement mechanism corresponding to 
the different excitation wavelengths is indicated. 
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Figure 5.1.3: comparison between intensities of SERRS spectra 
obtained from CYP2D6 1.5μM on uncoated (a), MPA-coated (b) and 
MUA-coated Ag hydrosol, and intensity of the ν4 band (at 1371 cm-1) 
plotted against the estimated relative distance from the Ag surface 
(i.e. the thickness of the coating), for different sols. RR spectrum of 
CYP 1.5 μM is also shown (d). All spectra have been obtained under 
same experimental conditions: excitation wavelength 413.1nm, laser 
power 5mW at the sample, accumulation time 60s. 

 

Besides resonance-enhancement, the role of surface-enhancement in 
CYP2D6 spectra can be observed when comparing SERRS intensities 
between different hydrosols (Fig.5.1.3). As expected from a purely 
electromagnetic SERS effect, the intensity decreases with increasing 
“thickness” of the coating, with uncoated hydrosols showing the most 
intense signal, followed by MPA (C3-chain) and MUA (C11-chain). This 
observation is in agreement with the SERRS spectra of cyt c obtained on Ag 
electrodes coated with SAMs of different lengths [9]. Calculation and 
comparison of the absolute enhancement factors is complicated by the 
unknown surface-area of the aggregated hydrosol and by possible different 
protein coverages due to dissimilar surface-protein interaction for the three 
investigated hydrosols. Nevertheless, a qualitative insight of the sensitivity 
of SERRS approach for studying CYP2D6 can be attained by using protein 
concentrations in the nanomolar range: SERRS spectra with sufficient details 
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can be obtained from enzyme concentrations as low as 60nM upon longer 
accumulations (300s), whereas under such conditions no distinguishable 
bands are observed in RR spectra (Fig.5.1.4). 
   All the relevant bands in CYP2D6 SERRS spectra have been assigned to 
the corresponding vibrational modes on the basis of former RR studies of 
CYP2D6 [34] and other CYPs [30] in buffered solution (see Chapter 2). The 
most intense band at 1371 cm-1, a common feature in all the SERRS spectra 
of CYP2D6 (Fig.5.1.1-4), is assigned to the vibrational mode ν4, an 
oxidation state marker band characteristic of an heme iron in an oxidized 
form (Fe3+). 
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Figure 5.1.4: high-frequency spectral regions of SERRS (upper) and 
RR (lower) spectra obtained from a 60nM CYP2D6 solution. SERRS 
spectrum obtained using MPA-coated Ag hydrosol. Excitation 
wavelength 413.1 nm, laser power 5 mW at the sample, accumulation 
time 300 s. 
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   Besides such common features like the ν4 band, and the ν7 band at 676  
cm-1, some diversity can be observed as well: a closer examination of the 
1450-1660 cm-1 spectral region of CYP2D6 SERRS spectra (Fig.5.1.5) 
shows differences when different hydrosols are used. The frequencies of the 
vibrational modes above 1450 cm-1 are correlated with the spin and 
coordination state of the iron atom and therefore they are referred as ‘marker 
bands’ for such properties [30]. A frequency of approximately 1500 cm-1 is 
characteristic of a ν3 vibrational mode for a hexa-coordinated low-spin 
(6cLS) oxidized heme, as well as the frequencies of 1580 cm-1 (ν2) and 1635 
cm-1 (ν10). On the other hand, the ν3, ν2 and ν10 modes shifted to lower 
wavenumbers are indicative of a penta-coordinated high-spin (5cHS) 
oxidized heme. While SERRS spectra obtained with coated hydrosols 
(Fig.5.1.5a,b) have bands characteristic of a 6cLS heme species and look 
very similar to the RR spectra of CYP2D6 in solution, uncoated Ag particles 
yield quite a different SERRS spectrum (Fig.5.1.5c), with marker bands 
typical of a 5cHS heme. 
   The appearance of 5cHS heme species upon interaction with Ag surfaces 
has already been reported for other bacterial and mammalian CYPs studied 
with SERRS on uncoated colloids or electrodes [10, 11, 13, 16-20]. 
Although the 5cHS state might not necessarily correlate with an extensive 
denaturation of the enzyme, its absence in the corresponding solution RR 
spectra indicates that unknown structural alterations are taking place upon 
adsorption, and many efforts have been made to minimize the adsorption-
induced LS to HS conversion [10, 11, 18, 20].   
   In the case of CYP2D6, the coating appears to be essential for the full 
retention of the 6cLS heme in the resting state as observed for the free 
enzyme in buffered solution. However, in a very recent SERRS study on 
bacterial CYP101 on coated Ag electrodes (the first study ever reported of a 
CYP on coated substrate), the coating was not successful to prevent 
problematic structural changes in the enzyme [7]. The dissimilar behaviour 
of CYP101 and CYP2D6 on SAMs might be due to the intrinsic difference 
between the two enzymes. CYP2D6 is a poorly-soluble, peripheral 
membrane protein which receives the electrons from a diflavin reductase 
(class II CYP), whereas CYP101 is a soluble, cytosolic protein, reduced by a 
ferrodoxin which receives electrons from a FAD-containing flavodoxin 
reductase (class I CYP). Considering the environment in which these two 
proteins are found in organisms, the absorption on a biocompatible surface 
as coated Ag is likely to be more appropriate for a membrane-bound protein 
than for a cytosolic one.   
   To further investigate the nature of the interaction taking place between 
CYP2D6 and the MPA- and MUA-coated surfaces, the dependence of the 
SERRS intensity on the protein concentration was recorded at two different 
buffer concentrations (Fig.5.1.6). 
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Figure 5.1.5: spin marker bands region of SERRS spectra of 
CYP2D6 1.5 μM in absence (a, b, c) and in presence (a’, b’, c’) of 
DX, on MUA-coated (a, a’), MPA-coated (b,b’) and uncoated (c,c’) 
hydrosol, together with RR spectrum of a 60 μM CYP2D6 solution 
(RR). In RR spectrum the asterisk marks a glycerol vibrational band. 
Relevant spin marker bands are labeled with their frequency. 
Experimental conditions: excitation wavelength 413.1 nm, laser 
power 5 mW, accumulation time 60 s (SERRS), 8 mW and 
accumulation time 900 s (RR). 
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   Apparently, both MPA- and MUA-coated hydrosols are sensitive to ionic 
strength approximately to a similar extent, showing two distinct behaviours 
in 10 mM and 80 mM buffers. Following Langmuir adsorption theory, the 
SERRS intensity I is proportional to the number of adsorbed molecules and 
therefore, in first approximation, depends on the concentration of the 
molecules C in solution and the adsorption constant B according to the 
expression 
 

1
BCI K

BC
=

+
 

 
 

where K is a constant. Although very simple, this approximate model could 
fit the experimental adsorption isotherms, with some deviations at higher 
protein concentration, providing values of B for a quantitative comparison. 
At lower ionic strengths, the B value for protein adsorption on MPA-coated 
hydrosol (1.82±0.49 x10-6 M-1) is four to five times the B obtained for higher 
ionic strengths (0.40±0.06 x10-6 M-1). A similar situation is observed for 
MUA-coated hydrosol, with B values of 0.81±0.29 x10-6 M-1 and 0.19±0.06 
x10-6 M-1, for 10 mM and 80 mM respectively. This behaviour suggests that 
the interaction between CYP2D6 and the coated hydrosols has a strong 
electrostatic component, which might be explained by inspection of the 
CYP2D6 structure. The proximal surface of CYP2D6 has a region 
containing a number of positively charged basic amino acid residues which 
are thought to interact with the negatively charged acidic residues of the 
cytochrome reductase protein via electrostatic interactions [35]. Therefore, 
this region might be a good candidate for an electrostatic interaction with the 
negatively charged carboxylic groups of MPA and MUA SAMs, which 
would then mimic the reductase binding domain, rather than a biological 
membrane.  
   On the other hand, adsorption constants B for MUA-coated surfaces are 
approximately one half those for MPA-coated surfaces, suggesting that 
shorter chains promote a stronger protein-surface interaction. In general, 
alkanethiols and mercaptoalkanoic acids with shorter carbon chains form 
less ordered monolayers, and such defects could have a role in the efficiency 
of the protein-adsorption process [21, 22, 36]. However, the model used for 
data fitting might be too simple and great care must be taken to compare 
MUA and MPA absorption data directly. Moreover, considering the absence 
of significant differences between the CYP2D6 spectra on MPA- and MUA-
coated hydrosol (Fig.5.1.5), it appears that the length of the carbon chain of 
the mercaptoalkanoic acid forming the coating does not influence the 
properties of the enzyme active site. 
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Figure 5.1.6: dependence of the intensity of ν4 band (at 1371 cm-1) in 
CYP2D6 SERRS spectra on MPA- and MUA- coated hydrosols on 
CYP2D6 concentration, for protein solutions in 10 mM (circles) and 
80 mM (triangles) buffers (pH 7.4). Data on MUA-coated hydrosols 
have been rescaled according to average intensity values obtained 
from Fig.5.1.4, to compensate for the weaker enhancement due to the 
longer chain. Data fitted with Langmuir isotherms (solid lines). 
Excitation wavelength 413.1nm. 

 
 
 
  In addition, SERRS spectra of CYP2D6 were analyzed for possible 
conformational changes of heme’s vinyl- and propionate-substituents, 
induced upon adsorption on the coated Ag surface. A difference in the 
intensity is observed around 1630 cm-1 between the RR and SERRS spectra 
of CYP2D6 on coated hydrosols (Fig.5.1.5), where a vinyl stretching 
vibrational mode is expected (overlapping with the ν10 mode of the 
porphyrin ring at 1635 cm-1). Although this might indicate a conformational 
change of vinyls substituents [37, 38], no other differences were detected, 
either for the other vinyl stretching mode at 1621 cm-1 or for other 
vibrational bending modes of vinyls or propionates in other regions of the 
spectra (data not shown). Therefore any major conformational change in the 
porphyrin ring substituents can be excluded. 
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Figure 5.1.7: Normal Raman spectrum of solid DX (a) and SERS 
spectra (b-d) obtained by adding DX (solution, see material and 
methods) to uncoated (b), MPA-coated (c) and MUA-coated (d) Ag 
hydrosol. Excitation wavelength 413.1 nm, laser power 5 mW at the 
sample, accumulation time 60 s. 

 

 

Substrate-binding 
   A further indication of the retained biological activity of CYP2D6 on 
coated hydrosol is given by the SERRS spectra of the enzyme in presence of 
DX, a typical substrate. In CYPs, the substrate usually displaces the heme 
axial water ligand upon binding, causing a change in spin-state (see Chapter 
1) [39]. When DX is added to the enzyme on coated hydrosols 
(Fig.5.1.5a’,b’), a spin-shift is observed, which is in agreement with RR data 
obtained from the enzyme in buffered solution [34] (see Section 3.1). On the 
other hand, on the uncoated Ag particles no changes in heme spin state or 
other properties could be detected (Fig.5.1.5c’), meaning that the adsorption-
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induced structural alterations hamper the observation, or the actual 
occurrence, of substrate-binding. 
   To ensure that the changes observed in the SERRS spectra in presence of 
DX are due to different heme species and not to accidental SERS bands from 
DX molecules adsorbed on the Ag surface, we collected spectra of DX on 
different hydrosols in absence of the protein (Fig.5.1.7). From a comparison 
with the normal Raman spectrum of DX (Fig.5.1.7a), it can be seen that no 
SERS bands due to DX are present in the spectra obtained with the coated 
hydrosols (Fig.5.1.5c,d), while an evident SERS signal from adsorbed DX 
can be observed when using the uncoated hydrosol (Fig.5.1.5b). Differently 
from the uncoated sol, the MUA- and MPA-coatings are thus successful in 
preventing the adsorption of DX on the Ag surface, avoiding any spectral 
interference due to SERS spectra of the substrate. Although the SERS 
spectrum of DX is less intense compared to the resonance-enhanced SERRS 
spectrum of CYP2D6, the ability of excluding the co-adsorption of small 
molecules like CYP substrates or inhibitors on SERS-active surfaces could 
be a distinctive advantage when selectively studying the enzyme’s active 
site. For instance, SERS bands due an excess of metyrapone and 
benzphetamine adsorbed on the Ag colloid were observed in the SERRS 
spectrum of CYP102 A1 and CYP2B2, while studying inhibition and 
substrate-binding, respectively [13, 18]. 
    Since the step subsequent to binding in the CYP catalytic cycle is 
reduction of heme to Fe2+ by diflavin reductase, attempts were made to 
reduce the heme by addition of sodium dithionite to the adsorbed protein in 
the presence and absence of the substrate. Despite our efforts, all the 
attempts to chemically reduce the heme led to a substantial denaturation of 
the protein to the P420 inactive form, as detected by the presence of a 
characteristic band at 1360 cm-1 (data not shown). This conversion to P420 
upon reduction has also been observed for CYP101 on coated electrodes [7], 
but it might not be necessarily a consequence of protein adsorption, since it 
has been observed for CYPs in solution as well [37, 40]. Among other 
causes, auto-oxidation and laser-induced photo-oxidation have been 
proposed. Moreover, because of the rapid reaction of the ferrous heme 
cofactor with oxygen, spectra of reduced CYPs should be acquired under 
anaerobic conditions, but in our experimental configuration the advantage of 
working with very low volumes in capillaries is counterbalanced by the 
drawback that measurements under argon or nitrogen atmosphere are 
difficult to perform. This problem will be solved using electrodes and a 
flow-cell, in the next Section (5.2). 
 
Stability of MPA and MUA monolayers 
  As outlined above, when using a laser at 413.1 nm, in resonance with the 
CYP2D6 Soret band, the SERRS signal due to the protein almost completely 
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obscures the SERS spectra of the monolayers (Fig.5.1.1). However, as 
schematically illustrated in Fig.5.1.2, excitation at 514.5 nm, out of 
resonance with the Soret absorption band of CYP2D6, completely reverses 
the situation, yielding the intense SERS spectra of the MPA and MUA 
molecules directly adsorbed onto the Ag surface, as shown in Fig.5.1.8. 
Besides the substantial decrease of resonance enhancement of the heme 
vibrations, at 514.5 nm the surface enhancement is significantly increased, 
contributing to the emergence of the intense MUA and MPA SERS bands 
over the Raman signal from the heme, which is far from the surface.  
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Figure 5.1.8: SERS spectra of MPA-coated (a,b) and MUA-coated 
(c,d) Ag hydrosol, in presence (b,d) and in absence (a,c) of CYP2D6 
1.5 μM. Excitation wavelength 514.5 nm, laser power 8 mW at the 
sample, accumulation time 300 s. 
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   However, since the protein has a weak absorption band at 535 nm 
(Fig.5.1.2), a small resonance enhancement is still present, and the v4 and v10 
heme vibrational modes are still visible (by spectral subtraction, Fig.5.1.8b-
a,c-d) as extremely weak bands at 1371 cm-1 and 1636 cm-1. Since upon 
514.5 nm excitation the non-totally symmetric heme vibrational modes gain 
intensity, the v4/v10 intensity ratio is different from the one observed under 
Soret excitation, although their frequencies are unchanged [30].  
   SERS spectra of MPA and MUA can be used to study the structure and 
stability of the monolayers by looking at the frequency and relative intensity 
of ν(C-S) stretching vibrations for different rotational conformers of the 
molecules forming the SAM [28, 41] (see Section 4.3). Spectra acquired 
before (Fig.5.1.8a,c) and after (Fig.5.1.8b,d) protein adsorption are virtually 
identical both in position and relative intensities of all the bands, revealing 
that the presence of the protein does not induce significant alterations in the 
structure of the monolayers. This structural stability of SAM-coatings upon 
protein adsorption is not surprising, especially for SAMs having longer 
chains like MUA [28, 42].  
 

5.1.3 Conclusions 

   Intense SERRS spectra can be obtained from dilute solutions (down to 
nanomolar concentrations) of CYP2D6 enzyme using “biocompatible” 
coated hydrosols, significantly increasing the sensitivity over traditional RR 
spectroscopy. These spectra can be used to obtain relevant structural 
information from the enzyme active site, showing that SAM-coatings are 
essential in preventing unwanted structural alterations of the active site upon 
adsorption on the hydrosols surface.  
   SERRS spectra on coated hydrosols can be also used to follow changes in 
the heme coordination sphere due to the presence of a substrate in the 
binding pocket, avoiding spectral interferences from surface-enhanced signal 
due to direct absorption of excess substrate on the Ag surface.  
   The possibility to tune the relative contribution of resonance- or surface-
enhancement by choosing the proper excitation conditions, allows to 
selectively investigate the effect of protein on the coating stability as well, 
showing that MPA and MUA monolayers are structurally very stable upon 
CYP2D6 adsorption. 
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5.2 Reversible binding of substrates and inhibitors to 
CYP2D6 on coated silver electrodesk 
   Heme-enzymes such as CYPs and other oxygenases, being able to bind 
several substrates and to use electrons from their heme iron to drive a 
catalytic reaction, seem to be promising for nano-biotechnological 
applications in biosensing and biocatalysis [43, 44].  
   The immobilization of enzymes on solid supports or electrodes is a 
commonly used approach for constructing biosensors or biocatalytic devices 
[45, 46]. In principle, electrodes can be used as a source of electrons to drive 
a catalytic reaction, or as elements of biosensors which translate a molecular 
event such as substrate binding into a measurable electric signal. The 
question arises whether immobilization preserves the protein function or 
rather induces losses of enzymatic activity, and what structural changes 
cause the dysfunction [43]. Therefore, techniques such as SERRS, capable of 
probing the activity and the structure of enzymes immobilized on surfaces 
are valuable. Besides technological applications, SERRS on SAM-coated 
electrodes can become an important tool in fundamental studies about 
protein-membrane and protein-protein interactions. In fact, because of their 
structure and characteristics, SAMs can be thought of as a crude model for 
biological membranes [2, 8], or can be used to mimic the binding domain of 
a partner-protein, since surface properties such as polarity and charge can be 
selected by choosing the appropriate alkanethiol derivative [8, 9]. Moreover, 
electrochemically roughened Ag electrodes coated with SAMs were recently 
shown to be excellent for studying immobilized proteins with voltammetric 
techniques, so that both SERRS and voltammetry can be performed on the 
same sample [47].  
   In this Section, SERRS is exploited to study the behaviour of CYP2D6 
electrostatically immobilized on silver electrode coated with a SAM of 11-
mercaptoundecanoic acid (MUA). Using the SERRS spectro-electrochemical 
flow cell described in Section 4.3, we investigated the CYP2D6 active site 
structure under diverse experimental conditions in order to check the 
functionality of the immobilized enzyme, its redox activity and its ability to 
bind reversibly a substrate or an exogenous heme ligand such as imidazole. 
Besides confirming the retention of the enzyme’s function upon 
immobilization, SERRS spectra yield information about structural changes 
in the active site associated with substrate binding and electron transfer, the 
initial two steps of a CYP catalytic cycle. 
 

                                                 
k Adapted from Bonifacio, A., Millo, D., Keizers, P.H.J., Boegschoten, R., Commandeur, 
J.N.M., Vermeulen, N.P.E., Gooijer, C. and van der Zwan, G. (2007) J.Biol.Inorg.Chem., in 
press  
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5.2.1 Materials and Methods 
Chemicals, Expression and Purification of CYP2D6 
   The pSP19T7LT plasmid containing bicistronically human CYP2D6 with a C-terminal 
His6-tag and human NADPH-cytochrome P450 reductase, was kindly provided by Prof. Dr. 
Ingelman-Sundberg. Dextromethorphan (DX), imidazole, 11-mercaptoundecanoic acid 
(MUA) and sodium dithionite were purchased from Sigma-Aldrich (St.Louis, USA). Emulgen 
911 was obtained from KAO Chemicals (Tokyo, Japan). Ni-NTA-agarose was from Sigma. 
Phosphate buffer solutions (pH 7.4, 40 mM) were prepared from K2HPO4

 
and KH2PO4

 (J.T.Baker, Deventer, The Netherlands). All other chemicals were of analytical grade and 
obtained from standard suppliers. 
CYP2D6 was expressed and purified as previously described in Sections 3.1.1 and 5.1.1.  
 
Spectro-electrochemical flow cell 
   SERRS measurements were performed using linearly moving low-volume flow spectro-
electrochemical cell previously described in Section 4.3 [48, 49]. This cell has the possibility 
to flow a solution through the cell via two small holes (0.75mm diameter each, Fig.5.2.1). By 
using a valve, a liquid-chromatography (LC) pump (Gilson Inc., Middleton, USA) and 
flexible PEEK tubing (VICI AG International, Schenkon, Switzerland), the thin layer 
(0.3mm) of solution in contact with the Ag electrode surface can be changed by flowing 
different solutions though the spectro-electrochemical cell, without the need to disassemble 
the cell itself (Fig.5.2.1). Moreover, by degassing the solutions with argon and by using 
oxygen-proof PEEK tubing, the presence of oxygen, which can interfere with electrochemical 
and spectroscopic measurements, can be minimized in the cell. It should be noted that small 
internal diameter of the LC tubing (0.75mm) and the low internal volume of the cell (~50μL) 
allows the use of relatively small amounts of solutions. 
 
Raman spectroscopy instrumentation 
   Spectroscopic measurements were conducted by placing the spectro-electrochemical cell 
under the home-built Raman microscope in a backscattering configuration, previously 
described in Section 5.1.1 and schematically depicted in Chapter 2. The 413.1 nm line of a 
continuous wave Kr ion laser (Coherent Innova 300c, California, USA) was used for 
excitation. The Rayleigh scattered light was removed using 3rd Millenium edge long pass 
filter. Laser powers of 5mW at the sample and accumulation time of 180s were used 
throughout the experiments. To avoid sample photodegradation, the cell was put in a moving 
holder which ensured a constant linear movement of the metal electrode surface under the 
microscope objective, while keeping the focus approximately constant [48] (see Section 4.3). 
The monochromator slit was set to 120 μm, yielding a resolution of approximately 4 cm-1, 
with an increment of approximately 0.8 cm-1 per data point. The sloping background of the 
spectra was subtracted using a baseline fitted to the experimental data with the Andor CCD 
camera software, while the fitting of the CYP2D6 spectrum at -1.0 V with Lorentzian 
functions was performed with PeakFit® v4.12 (SeaSolve Software Inc., Richmond, USA). 
Electrochemical instrumentation 
   Polycrystalline silver disk electrodes (IJ Cambria Scientific, Carms, UK) of 2 mm diameter 
(geometric area=0.0314 cm2) were used as working electrodes (WE); a platinum ring and a 
saturated calomel electrode (AMEL Instruments, Milano, Italy), were used as counter (CE) 
and reference electrode (RE) respectively. The RE was kept in a glass tube filled with a 40 
mM potassium phosphate buffer solution and separated from the working solution by a peek 
porous frit. The RE was kept at constant room temperature (20±0.1°C) during all the 
experiments. The three electrodes system was controlled with a μAutolab potentiostat (Eco 
Chemie, Utrecht, The Netherlands). All potentials are referred versus a saturated calomel 
electrode (SCE), previously calibrated against the methylviologen (MV) MV2+/MV+ couple. 
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Figure 5.2.1: schematic drawing of the SERRS 
spectroelectrochemical flow system. The degassed solutions are 
pumped though PEEK LC tubing into the cell and then to the waste. 
A switching valve is used to select which solution has to be pumped. 
A scheme of the cell is shown in detail, with the inlet and outlet for 
the flowing solution and the three electrodes: the Ag working 
electrode (WE), the Pt counter electrode (CE) and the connection 
though a porous frit to a SCE reference electrode (RE). The laser for 
Raman excitation is focused by the microscope objective onto the Ag 
electrode through a glass cover and a layer of solution. 

 

 
Sample preparation 
   SERRS measurements were performed on electrochemically roughened Ag electrodes 
coated with MUA, prepared as follows: Ag electrodes were treated as previously described 
[50] with water on aluminum oxide lapping film sheets (261X and 262X, 3MTH, USA) from 5 
to 1 micron grain size until a mirror-like appearance of the surfaces was obtained. After 
polishing, the electrodes were roughened ex situ with an oxidation reduction cycle (ORC) 
procedure similar to that described by Roth et al. [51] and then kept overnight in 2 mM 
ethanol solution of MUA. The ORCs (ca. 0.67 C/cm2 of anodic charge passed per step) were 
performed in an ordinary glass electrochemical cell (5 mL) filled with a 0.1 M KCl solution 
using the three electrodes system described above. 
   The MUA-coated Ag electrodes were rinsed with ethanol to eliminate the excess of MUA, 
dried by gently blowing nitrogen on them and then immersed into 50 μL of a 3 μM solution 
of protein in potassium phosphate buffer (40 mM, pH 7.4, 10% glycerol) for at least 3 hours 
at 4 °C, to induce adsorption of the protein on the electrode. Then the coated electrodes with 
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the adsorbed protein were rinsed with buffer to eliminate an eventual excess of loosely bound 
protein, and put into the spectro-electrochemical cell described above.  
   Depending on the required experimental conditions, before every SERRS measurement the 
appropriate solution was flowed for 1-2 minutes into the cell: for measurements in absence of 
DX or imidazole, a potassium phosphate buffer (40 mM, pH 7.4) was used, while for 
measurements in presence of DX or imidazole, solutions of DX (5 mM, 0.02% of methanol) 
or imidazole (10 mM) in buffer were used. The solutions of DX were prepared by diluting 
with buffer a 2M stock solution of DX in methanol. To chemically reduce the protein in 
absence or presence of substrate, sodium dithionite solutions (5 mg/mL) were prepared using 
buffer solutions or DX solutions (5 mM) in buffer, and were flowed for 1-2 minutes into the 
cell before every SERRS measurement. Prior to use, all the solutions flowed into the cell were 
de-oxygenated for at least 3 hours with argon. RR measurements were performed using 
CYP2D6 buffered solutions in spinning glass capillaries as previously described [34] (see 
Chapter 3). To chemically reduce the enzyme in solution prior to RR measurements, solid 
sodium dithionite (to a final concentration of 5 mg/mL) was added to a buffered 3-5 μM 
protein solution in presence of DX 5 mM, previously degassed with argon. 
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Figure 5.2.2: SERRS spectra of CYP2D6 on a MUA-coated Ag 
electrode obtained by consecutively flowing different solutions in the 
spectroelectrochemical cell (at open circuit), according to the 
following order: (a) buffer, (b) DX buffered solution, (c) buffer 
(rinse), (d) imidazole buffered solution, (e) buffer (2nd rinse), (f) 
dithionite and DX buffered solution. The 1300-1450cm-1 regions of 
spectra (b)-(e) are identical to (a) and are omitted for visual clarity.  
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Figure 5.2.3: detailed view of the 1450-1660cm-1 region of the 
CYP2D6 SERRS spectra in presence of (a) buffer, (b) DX and (c) 
imidazole (previously shown in Fig.5.2.2 as (a), (b) and (d), 
respectively). Bands corresponding to the ν2 and ν3 vibrational modes 
for the 6cLS and 5cHS heme species are indicated. 

 
 

 

5.2.2 Results and Discussion 

The resting state 
   Intense SERRS spectra (Fig. 5.2.2a, 5.2.3a) are observed from CYP2D6 
immobilized via electrostatic interaction [52] on MUA-coated Ag electrodes 
at open circuit (i.e. no external potential is applied), in presence of phosphate 
buffer. These experimental conditions should reproduce the “resting state” of 
the enzyme (i.e. the starting point of its catalytic cycle) when no substrate is 
present in the active site and no reaction is taking place [39, 53] (see Chapter 
1). A MUA-SAM has been chosen as coating because of its structural 
stability, its compatibility with CYP2D6 [52] (see Section 5.1) and its use in 
recent SERRS studies on bacterial CYP101 [7] and on cytochrome c [2, 8]. 
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Fe3+  Fe2+ 

6cLS  6cLS/5cHS  

mode 
without 

substr/inhib 
with inhibitor 

(imidazole)  with substrate 
(dextromet.)  5cHSb 

ν2 1582 (0.19) 1582 (0.14)  1582 (0.20) 
1567 (n.a.)c  1561 (0.91) 

ν3 1501 (0.08) 1501 (0.10)  1501 (0.09) 
1486 (0.05)  1466 (0.65) 

ν4 1371 (1.00) 1371 (1.00)  1371 (1.00)  1344d (1.00)  
a relative intensities are reported after the corresponding frequencies between parentheses;     
  values are relative to the band with an intensity of 1.00 
b reduced state is achieved by adding dithionite in presence of substrate 
c band not sufficiently resolved, frequency estimated by spectral difference (see Section 3.1) 
d together with this band, in spectra of CYP2D6 another one is observed at 1360 cm-1,  
  characteristic of reduced inactive P420 species 
 
Table 5.2.1: vibrational frequencies (cm-1) and relative intensitiesa of 
most relevant oxidation- (ν4) and spin/coordination- (ν3,ν2) marker 
bands in SERR spectra of CYP2D6 adsorbed on MUA-coated 
electrodes, under different experimental conditions. 
 
 
 
 

   The most intense band of the SERRS spectra is observed at 1371 cm-1, and 
a group of bands is detected between 1450 and 1650 cm-1. The frequencies 
of the vibrational modes above 1300 cm-1 are correlated with the oxidation, 
the spin and coordination state of the iron atom and therefore they are 
referred as ‘marker bands’ for such properties [30] (see Chapter 2). The 
most relevant marker bands in CYP2D6 SERRS spectra are assigned to the 
corresponding vibrational modes (Table 5.2.1) on the basis of former RR 
studies of CYP2D6 [34] (Section 3.1) and other CYPs [30] in buffered 
solution. According to the frequencies observed, the heme-iron in the 
enzyme active site is oxidized (Fe3+), mainly six-coordinated and in its low-
spin state (6cLS), as is usually expected from a CYP in its resting state [30, 
39]. An extensive amount of experimental data from other CYPs as well as 
theoretical studies showed that in the 6cLS state the Fe3+ atom has the four 
pyrrolic nitrogens of the porphyrin macrocycle as equatorial ligands, and a 
cysteine and a water molecule (or hydroxyl ion) as axial ligands [39, 53], as 
previously stated in Chapter 1.  
   The observation of an oxidized 6cLS state is in agreement with 
spectroscopic data on CYP2D6 previously reported in Chapter 3. In 
particular, the SERRS spectrum of CYP2D6 under these conditions is 
identical to the RR spectrum of the same enzyme in buffer [34, 54] 
(Fig.5.2.4b,b’). An analogous identity with RR data was recently reported in 
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Section 5.1 for SERRS spectra of CYP2D6 adsorbed on Ag nanoparticles 
coated with MUA [52]. This striking similarity in the position and relative 
intensity of SERRS and RR spectra is suggesting that, differently from what 
was recently reported for CYP101 [7], CYP2D6 is retaining its active site 
structure upon adsorption on the SAM-coated electrode, or at least that there 
are no structural changes inducing significant alterations in heme properties. 
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Figure 5.2.4: comparison between SERRS (a,b) and RR (a’,b’) 
spectra of reduced (a,a’) and oxidized (b,b’) CYP2D6. SERRS 
spectra are obtained from MUA-coated Ag electrodes in presence of 
buffer alone (b) and a dithionite and DX buffered solution (a), while 
RR spectra are obtained from CYP2D6 in solution under the same 
conditions. Marker bands for oxidation (ν4) and spin (ν3, ν2) states are 
indicated.  
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Reversible binding of a substrate 
   Although the active site structure is likely to be unaffected by the protein-
surface interaction, the functioning of the adsorbed enzyme still has to be 
verified. According to the accepted scheme of the catalytic cycle common to 
most CYPs, the heme iron may experience changes in its coordination 
sphere and spin state as a consequence of the presence of substrates in the 
active site [39]. RR spectra of CYP2D6 in presence of dextromethorphan 
(DX), a substrate of this enzyme, showed the appearance of marker bands 
for a 5cHS heme besides the 6cLS heme already present in the resting state 
[34]. In agreement with those RR data, SERRS spectra of CYP2D6 adsorbed 
on coated electrodes, upon flowing a DX solution into the cell (Fig.5.2.2b, 
5.2.3b), exhibit distinct differences with the spectra of the enzyme in the 
resting state, showing additional bands characteristic of a 5cHS heme (ν3 at 
1486 cm-1 and ν2 at 1567 cm-1, Fig.5.2.3b, Table 5.2.1). 
   This partial transition from 6cLS to 5cHS is attributed to the displacement 
of a water molecule as the heme’s distal axial ligand by DX, which is 
accommodated in the active site on the distal side above the porphyrin 
macrocycle [34]. Water molecules, which may still be present in the active 
site, can then rebind to the heme iron, yielding an equilibrium between the 
5cHS and 6cLS states [29, 30, 34]. 
   The spectral changes taking place due to the presence of DX therefore 
clearly indicate that the adsorbed enzyme retains its ability to accommodate 
a substrate into its active site, confirming similar results reported in Section 
5.1 for CYP2D6 adsorbed on coated Ag nanoparticles [52]. Unfortunately, 
neither RR nor nanoparticles-based SERRS allowed the investigation of the 
reversibility of the substrate-binding process, since it is extremely difficult to 
rapidly eliminate the substrate from the enzyme-containing sample. Such 
problems are not encountered in the present spectro-electrochemical cell 
setup. The substrate is easily removed from the enzyme-coated electrode 
surface by flowing buffer through the cell, re-establishing the resting state 
conditions. Once the buffer completely replaced the DX solution in the cell, 
5cHS marker bands disappear from SERRS spectra of CYP2D6, which 
recover the shape characteristic of the 6cLS heme in the resting state 
(Fig.5.2.2c). The exchange between the two solutions can be operated many 
times, showing every time the concomitant spectral changes, and indicating 
an intrinsic stability of the CYP2D6/SAM/electrode system. The similarity 
between the SERRS spectra of the same enzyme sample before the 
introduction of DX (Fig.5.2.2a) and after its removal (Fig.5.2.2c) clearly 
demonstrates that the adsorbed CYP2D6 is able to reversibly bind a 
substrate, implying that the interaction with the coated electrode surface does 
not obstruct the substrate access routes to the enzyme active site. 
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Reversible binding of imidazole as exogenous heme axial ligand 
   Imidazole and several imidazole-derivatives are believed to form a 
relatively strong bond via their nitrogen with the heme iron of ferric CYPs, 
replacing the water molecule as distal axial ligand, and thereby preventing 
the binding of oxygen to the heme in a subsequent step of the catalytic cycle 
[30, 55-58]. Since oxygen binding is essential for mono-oxygenase activity, 
often these compounds are effective CYPs inhibitors [59].  
   The SERRS spectra of CYP2D6 collected upon flowing an imidazole 
solution over the enzyme-coated electrode are shown in Fig.5.2.2d and 
5.2.3c, displaying marker bands characteristic of a 6cLS state (Table 5.2.1), 
as expected from a CYP heme having an imidazole as sixth axial ligand.  
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Figure 5.2.5: comparison between the spin/coordination marker 
bands region of SERR spectra of CYP2D6 in presence (above) and in 
absence (below) of imidazole. Spectra were fitted using Lorentzian 
functions. Bands originating from vinyl stretching modes are 
evidenced. 
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   Although the frequencies of the imidazole complex are identical to those 
reported for the resting state, the relative intensity ratio between the ν3 and 
ν2 bands is visibly increased with respect to the 6cLS resting state from 0.4 
to 0.7 (Fig.5.2.3a,c; Table 5.2.1), in agreement with RR data previously 
reported for other CYP-imidazole complexes [56, 60]. This difference in 
relative intensities is sufficient to discriminate between the two 6cLS states 
having either imidazole or water as heme axial ligand.  
   An additional but less pronounced feature observed in the SERRS 
spectrum of the CYP2D6-imidazole complex is the intensity decrease in the 
region around 1630 cm-1, where three overlapping bands are expected: two 
stretching modes of the heme vinyl substituents around 1620 and 1630 cm-1, 
and the ν10 porphyrin mode around 1635 cm-1 [30]. Upon fitting the data 
with Lorentzian functions for both the resting state and the imidazole 
complex (Fig.5.2.5), a decrease in relative intensity of the a vinyl band at 
1627 cm-1 is observed for the imidazole complex, suggesting a possible 
perturbation of vinyls rotational conformation upon imidazole binding [38]. 
   Similarly to what observed for DX binding, SERRS spectra obtained by 
flowing buffer through the cell in place of the imidazole solution (Fig.5.2.2e) 
are identical to the spectra of the enzyme in the resting state (Fig.5.2.2a), 
demonstrating that the CYP-imidazole complex formation is reversible. 
 
Redox activity 
   The catalytic activity of CYP2D6 relies on its ability to receive electrons 
from NADPH-dependent cytochrome P450 reductase, to drive the catalysis 
and to activate molecular oxygen to oxidize the substrate [39]. In particular, 
the first of the two electrons transferred during a catalytic cycle reduces the 
iron from Fe3+ to Fe2+, facilitating oxygen binding to the ferrous heme (see 
Chapter 1). In its resting state, CYPs usually have a formal reduction 
potential (E°’) lower than that of their electron donor protein, so that heme 
reduction does not occur [39]. However, the E°’ of some CYPs, including 
CYP2D6, is shifted to more positive values by the presence of a substrate in 
the active site, facilitating the reduction of the enzyme heme by the redox 
partner [39, 43, 61]. Therefore, the electron transfer (ET) reaction is believed 
to be triggered by substrate binding and is usually considered the third step 
of the catalytic cycle [39]. 
   In absence of reductase, immobilized CYP2D6 might receive electrons 
from a reducing agent present in solution or directly from the electrode, by 
applying a proper voltage. The ET process from the alternative electron 
source to the enzyme can be monitored by examining the relative presence 
of reduced heme species in SERRS spectra, using solutions previously 
deoxygenated with argon. This requirement is crucial since dioxygen rapidly 
binds to the ferrous heme to form a complex, which upon reaction with 
another electron quickly turns into an instable peroxo-ferric intermediate, 
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continuing the catalytic cycle and hampering the observation of reduced 
species [39]. 
   Upon flowing over the adsorbed enzyme a deoxygenated and buffered DX 
solution containing sodium dithionite as reducing agent, the SERRS 
spectrum shown in Fig.5.2.2f is observed. It mainly presents bands with 
frequencies characteristic of a reduced 5cHS heme (Table 5.2.1), which are 
markedly different from all the spectra of oxidized CYP2D6 obtained so far 
(Fig.5.2.2a-e). A noticeable feature is the co-existence of two ν4

 oxidation 
marker bands at 1344 and 1360 cm-1, originating from the downshift and the 
splitting of the corresponding ν4 band observed at 1371 cm-1 in the oxidized 
enzyme, and indicating the presence of two different heme species.  
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Figure 5.2.6: SERRS spectra of CYP2D6 on MUA-coated Ag 
electrodes in presence of dithionite buffered solution (a) with DX and 
(b) without DX. The inset shows the oxidation marker band regions in 
detail, together with their spectral difference. 
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   While the ν4 band at 1344 cm-1 - consistent with the other bands observed - 
is typical of a ferrous CYP in its active form, the band at 1360 cm-1 is 
characteristic of a ferrous inactive form called P420 [7, 30, 40, 62]. This 
strongly suggests that upon reduction a significant fraction of the 
immobilized enzyme undergoes structural changes leading to its inactivation. 
However, according to the RR spectra of the ferrous active and inactive 
forms previously reported for other CYPs [7, 30, 40, 62], the active enzyme 
still contributes significantly to the observed CYP2D6 SERRS spectrum, 
whereas no marker bands for the inactive species other than the one at 1360 
cm-1 can be detected.  
   Notably, this partial inactivation is not due to the immobilization as such, 
since every attempt to obtain reduced free CYP2D6 in solution by dithionite 
addition led to samples containing inactive enzyme besides the active one, 
yielding RR spectra which closely resemble the SERRS spectrum of the 
adsorbed enzyme (Fig 5.2.4a,a’). The inactivation might be due to laser-
induced photo-degradation, since laser illumination is common to both RR 
and SERRS. However, the use of laser powers lower than 5mW yielded 
identical spectra (data not shown), and small amounts of inactive enzyme 
were previously detected in dithionite-reduced CYP2D6 samples using non-
laser techniques as well, such as UV-visible electronic absorption 
spectroscopy [54]. 
   When reduction of CYP2D6 with dithionite is attempted in absence of 
substrate, the resulting SERRS spectrum presents some differences with 
respect to the one of the substrate-bound enzyme (Fig.5.2.6). In particular, 
the presence of DX in the dithionite solution increases the amount of 
reduced active enzyme at the expense of the oxidized and reduced inactive 
forms, as deduced from the increase in intensity of the band at 1344 cm-1 and 
the concomitant decrease of the bands at 1360 and 1371 cm-1. Thus, the 
presence of DX in the heme pocket appears to affect the redox activity of the 
enzyme, possibly by causing a shift of its E°’ to more positive values, as 
previously observed for CYP2D6 on polyaniline-doped glassy carbon 
electrode in presence of fluoxetine [61].  
   On the other hand, in the electrochemical approach the control of the 
CYP2D6 oxidation state is attempted by applying a constant potential to the 
Ag working electrode, during which a SERRS spectrum is recorded to 
monitor the relative abundance of oxidized and reduced species 
characteristic for that voltage. Complete oxidation or reduction of the protein 
should in principle be obtained by applying a potential which is sufficiently 
more positive or more negative with respect to its E°’, respectively.  
   Besides the advantage of controlling the enzyme oxidation state and 
therefore, under adequate conditions, to supply the electrons and drive the 
catalytic reaction, an additional benefit of this approach would be the 
possibility to study the ET process quantitatively. In stationary SERRS 
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spectro-electrochemistry the analysis of a set of spectra acquired at various 
potentials can assess the Nernstian character the ET process, yielding its E°’ 
value [2, 3, 47]. Moreover, a time-resolved approach based on potential-
jump experiments (TR-SERRS) can give information about the ET kinetic 
parameters [2, 63]. 
   However, despite the broad potential window investigated (from +0.15 V 
to -1.0 V) the electrochemical approach appeared to be unsuccessful in 
reducing the immobilized CYP2D6 completely, and failed to generate any 
reduced active enzyme at all. In fact, although there is some variability in the 
spectral data obtained from distinct electrodes, a common feature is the 
persistence of an intense marker band for the oxidized enzyme at 1371 cm-1 
even at potentials as negative as -1.0 V, together with the appearance of the 
marker band for a reduced inactive enzyme at 1360 cm-1 (Fig.5.2.7).  
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Figure 5.2.7: Oxidation marker band (ν4) regions of SERRS spectra 
of CYP2D6 on MUA-coated Ag electrodes at (a) -1.0 V, (b) -0.8 V, 
(c) -0.4 V and (d) -0.1 V (vs.SCE), in presence of buffer. The 
spectrum at -1.0 V is fitted with Lorentzian functions for the reduced 
and oxidized forms, represented as dotted lines and labeled with their 
Raman shift (1371cm-1 for the oxidized form and 1360cm-1 for the 
reduced inactive P420 form). 
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Figure 5.2.8: SERRS spectra of CYP2D6 on MUA-coated Ag 
electrodes in presence of buffered solution at -0.8 V (vs.SCE) (a) with 
DX and (b) without DX. The inset shows the oxidation marker band 
regions in detail. 
 
 

   An additional feature in the SERRS spectra of reduced CYP2D6 is the lack 
of any influence of DX (Fig.5.2.8), contrary to what observed with chemical 
reduction. Although the E°’ of CYP2D6 on MUA-coated Ag electrodes 
might differ significantly from the E°’ reported on polyaniline doped glassy 
carbon electrode (-0.12 V) [43, 61], the persistence of a consistent amount of 
oxidized enzyme at -1.0 V is suggesting an incomplete ET. Despite the large 
variability of the E°’ values found in literature, depending on the CYP and 
on the method employed, no E°’ is reported below -0.6 V [43]. Consistently 
with this fact, CYP2D6 is effectively and completely reduced by a 5mg/mL 
dithionite solution having a calculated redox potential of approximately -0.7 
V [64]. Therefore, on a pure thermodynamical basis, the application of a 
potential more negative than -0.7 V to the Ag electrode should lead to a 
reduction of the adsorbed enzyme. 

 109 



Chapter 5 

1300 1400 1500 1600

 

Raman shift (cm-1)

ν
2

ν
3

ν
4

b

a

In
te

ns
ity

 (a
.u

.)
 

 
Figure 5.2.9: comparison between SERRS spectra of CYP2D6 on 
MUA-coated Ag electrodes, (a) chemically reduced with dithionite 
(open circuit) and (b) at -800mV (vs.SCE). Both spectra are recorded 
in presence of DX. Marker bands for oxidation (ν4) and spin (ν3, ν2) 
states are indicated. 

 

 

The marked difference in the amount of reduced species obtained with 
chemical and electrochemical reduction (Fig.5.2.9) might therefore be due to 
a slower kinetics of the ET process when using the second method. 
   The efficiency of the electrochemical reduction via the electrode is likely 
to be dependent on both the distance and the orientation of the adsorbed 
protein with respect to the electrode surface [43, 45], whereas these two 
factors probably do not influence the dithionite reduction process. In vivo, 
ET between the electroactive heme center, deeply buried inside the protein 
structure, and the electron-donating reductase occurs via an interaction 
involving specific domains on the protein surfaces [43, 45],with a strictly 
defined orientation. Conversely, the ET from dithionite in solution will not 
be sensitive to the protein orientation, considering the capacity of the 
reducing agent to approach the enzyme from more directions. Moreover, 
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while the minimum distance between the enzyme active site and the 
electrode surface is equivalent to the thickness of the MUA-coating (ca. 19 
Å [9]) plus the heme-protein surface distance, dithionite is free to diffuse 
closer to the enzyme redox center. Therefore, an unfavorable enzyme 
orientation with respect to the coated metal surface or a too large heme-
electrode distance would be consistent with experimental data, since it would 
slow down or suppress the ET from the electrode, while dithionite would 
still be able to effectively reduce the CYP2D6 heme. Moreover, the inability 
of the electrochemical approach to generate any amount of reduced enzyme 
in its active form, which is otherwise observed in dithionite-reduced protein 
samples, suggests that CYP2D6 inactivation is triggered by the application 
of potentials between -0.4 and -1.0 V, during the enzyme reduction attempts.   
   The intense electric field  present at the interface of the SAM-coated Ag 
electrodes, which has been recently indicated as the main reason for the 
extensive conversion of the immobilized bacterial CYP101 to its inactive 
P420 forms [7], might be the cause of this potential-induced inactivation. 
However, according to the theory originally proposed by Smith and White 
[65] and later adapted by Hildebrandt and coworkers [9, 66] to explain the 
behavior of c-type cytochromes adsorbed on electrodes, the intensity of this 
interfacial electric field is expected to decrease as the applied potential 
approaches the potential of zero charge (-0.97 V for a polycrystalline Ag 
electrode) [8, 67-69].  Therefore, supposing that this theoretical model could 
be extended to CYPs (as it has been assumed in the case of CYP101[7]), the 
interfacial electric field should be more intense at -0.1 V than at -1.0 V, 
whereas CYP2D6 inactivation occurs at more negative potentials, suggesting 
that in this case the interfacial electric field intensity as such is not 
responsible for the enzyme conversion to the P420 form upon 
electrochemical reduction. This hypothesis would be compatible with the 
electric field-induced inactivation reported for CYP101 upon immobilization 
[7], considering that CYP101 is a soluble cytosolic enzyme while CYP2D6 
is a peripheral membrane protein, and the same interfacial electric field 
might have very different effects on their respective active site structures. 
   Besides tentatively excluding the interfacial electric field intensity as a 
cause, SERRS data alone cannot support any explanation for the CYP2D6 
potential-induced inactivation. Additional detailed structural data about the 
secondary and tertiary structure of the adsorbed protein and about the nature 
and position of the amino acid residues interacting with the MUA-monolayer 
would be highly valuable, and it might be retrieved in further studies upon 
using SERRS in combination with surface-enhanced infrared absorption 
spectroscopy (SEIRA/SEIDAS) [70] as well as other techniques [71-73]. 
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5.2.3 Conclusions 
   Upon immobilization on MUA-coated Ag electrodes, the human enzyme 
CYP2D6 retains its active site structure, its ability to reversibly bind a 
substrate (DX) and an exogenous heme ligand (imidazole), and its capacity 
to exchange electrons, demonstrating the efficiency of the coating to prevent 
major protein conformational changes or denaturation. However, despite its 
success in preserving an intact protein structure, MUA-coating appears to be 
unsuited to perform direct electrochemistry experiments on immobilized 
CYP2D6, since its reduced state could not be adequately achieved by 
varying the electrode potential. The application of potentials from -0.4 V to -
1.0 V appears to induce enzyme inactivation instead. Among other factors 
influencing the redox activity, a more favorable enzyme orientation or 
distance with respect to the electrode surface might be achieved using other 
coatings, an approach currently under study in our group.  
   In general, SERRS spectroscopy on coated Ag surfaces was proven to be 
successful in monitoring the active site structure of the immobilized 
CYP2D6, enabling the detection of reversible substrate- and ligand-binding 
using only very low amounts of protein. Besides its technological relevance 
as an optical biosensing tool, this technique might have a significant 
potential for fundamental research on the mechanisms of catalysis for CYPs, 
as well as for other heme-enzymes.  
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Chapter 6 
Concluding remarks 

 
 
 
 
 
 
   The scope of this thesis, as elucidated in the preface, was to see how Raman 
spectroscopy (and in particular RR) could be applied to CYP2D6 to study its 
structure and function. While part of the work (especially Chapter 3) was done to 
gain new knowledge about CYP2D6 itself, another part was aiming at the 
development of an innovative experimental approach (Chapter 5). This final Chapter 
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. 
 
 
6.1 RR, an essential complementary technique to study 
CYPs 
Why still use RR to study CYPs?    
   Despite the first examples of RR applied to CYPs are about 30 years old, 
this technique still proves to be extremely useful nowadays in studying 
CYP2D6 (as well as other CYPs). Its capability to yield information about 
the enzyme active site structure is still valuable, as it is exemplified by the 
results obtained in Chapter 3.       
   The possibility to work in aqueous solutions and at room temperature are 
distinctive advantages of this technique with respect to powerful techniques 
as for instance x-Ray diffraction (XRD) and electron paramagnetic resonance 
(EPR) spectroscopy, and makes RR a valuable complement to them. The first 
advantage overcomes the problem of artifacts due to working with solid state 
samples, as it clearly demonstrated in the case of the heme iron coordination 
in CYP2D6 resting state. RR spectra did show that this enzyme is mainly 
found in a six-coordinated low-spin state with a water molecule as sixth 
ligand, confirming the data from UV-visible spectra, whereas XRD data 
failed to detect such a ligand [1, 2] (Section 3.1). Working at room 
temperature is advantageous compared to EPR, since the extremely low 
temperatures needed for this technique usually have a strong influence on the 
heme spin state. Moreover, in RR no labeling is needed (as it is sometimes in 
fluorescence or in NMR techniques), avoiding any further sample preparation 
or manipulation of the protein structure. 
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   An additional advantage of RR with respect to other techniques is its 
relatively high sensitivity, and the possibility to work with very low sample 
volumes (especially if a Raman microscope and a capillary sample holder are 
used). This benefit is particularly appreciated if compared with techniques 
such as XRD, EPR and NMR where substantially higher amounts of protein 
(in terms of concentration and volume) are usually required.  
 
The importance of knowing its limitations 
   However, it must be noted that despite all these benefits, RR has some 
limitations. The most severe one is that only the active site can be studied, 
whereas the other parts of the protein no not yield any spectroscopic signal. 
Despite the important function obviously played by the active site, other parts 
of the protein besides the heme - which are not seen with RR - often have 
essential roles in the enzymatic activity. Therefore, with respect to the 
amount of structural information yielded, techniques such as XRD and NMR 
are surely surpassing RR, despite their limitations. For this reason, RR has 
always to be considered, as most techniques, just one piece of the puzzle, and 
its full potential can be exploited only when it is used in combination with 
other techniques or approaches. 
 
“With a little help from my friends” 
   The usefulness of combining RR with other approaches is outlined in 
Chapter 3, where mutagenesis and computational methods are used to tackle 
problems about the function of two different amino acid residues present in 
the active site. Targeted mutagenesis, guided by molecular modelingl, 
introduced a way in which RR could indirectly yield information about the 
role of parts of the protein active site other than the heme, via their influence 
on the heme itself. On the other hand quantum mechanical calculations, being 
able to calculate the heme spin, proved valuable in providing a link between 
the experimental RR data on the heme spin state and the various possible 
active site structures compatible with this data. In general, molecular 
modeling can be of extreme utility as guidance for the full exploitation of RR 
spectral data in terms of structural information, and, vice versa, RR data can 
reveal suggestions to computational chemists on how to improve their 
models, in a virtuous self-consistent process.     
 

                                                 
l It should be noted that most of the work presented Section 3.1 and part of that in Section 3.2 
has been done before the publication of the experimental CYP2D6 structure, which occurred in 
2005. At that time, the only CYP2D6 structure available was the homology model produced by 
dr. de Graaf, which turned out to be remarkably close to the experimental structure published 
later. 
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6.2 SERRS, an extremely powerful technique “in hands 
of specialists” 
SERRS on coated surfaces: a great opportunity 
   Mainly two difficulties have prevented SERRS from becoming an 
omnipresent technique in protein (and therefore in CYPs) studies: (1) the 
unwanted conformational changes occurring upon direct adsorption on the 
metal surface, and (2) the often low reproducibility due to the poor control of 
the chemical and physical characteristics of the surface [3]. The use of metals 
coated with self-assembled monolayers (SAM) as SERRS substrates might 
have been the turning point of this trend, opening the way for an extensive 
use of SERRS in fundamental and applied protein research. In fact, as has 
been demonstrated in the case of CYP2D6 (Chapter 5), SAM coatings, acting 
as biocompatible spacers between the metal and the biomolecule, are often 
useful (or even necessary) in determining the retention of native structure and 
functionality in immobilized proteins. Moreover, the desired chemical and 
physical characteristics of the coated surface can be achieved upon choosing 
the appropriate molecule as the fundamental building block of the SAM, 
allowing the use of engineered coatings as simple models for biological 
membranes or binding domains of other proteins. The intensities and band 
frequencies of SERRS spectra of CYP2D6 on both coated Ag nanoparticles 
and electrodes proved to be reproducible, and the use of negatively charged 
SAMs led to the formulation of a hypothesis about the interaction between 
the enzyme and its partner protein (reductase). In that sense SAM coatings, 
from being a “necessary complication” in order to avoid unwanted protein 
conformational changes, might be able to become a valuable tool in studying 
protein-protein and protein-membrane interactions.   
 
A difficult technique 
   Despite the high sensitivity and the improvements in biocompatibility and 
reproducibility gained by using coated metal surfaces, SERRS is still not an 
easy technique to use. A few commercial patented metal substrates for SERS 
are now available, but they are still expensive and only have gold as a metal. 
On the other hand, the laboratory preparation of metal surfaces suitable for 
SERS is not trivial. In absence of a standard procedure, every researcher 
follow her/his own protocol, where small differences in parameters such as 
temperature, pH or water purity may lead to significant differences in the 
characteristics of the obtained surface.  
   The choice of an appropriate laser wavelength for excitation is also very 
important in determining the successful outcome of an experiment. The 
wavelength has to be in resonance with both the surface plasmons of the 
metal (to yield the SERS effect) and with an electronic transition of the 
protein chromophore (to yield the RR effect, see Chapter 4). However in 
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SERRS, as can be seen for CYP2D6 in Section 5.1, if the combined effect of 
SERS and RR is too unbalanced in favor of surface-enhancement (i.e. the 
exciting wavelength is closer to the plasmon frequency than to the 
chromophore absorption maximum), the signal due to the coating will 
obscure the protein spectrum.  
   On the other hand, the use of different excitation wavelengths entails 
different RR enhancement mechanism (Chapter 2), and therefore SERRS 
spectra with different relative intensities. Sometimes, the desired information 
is better retrieved when looking at the frequency of a specific band (or a 
group of bands), which may have an appreciable intensity only when a 
specific excitation wavelength is used. In other words, the experimental 
conditions should be carefully chosen according to the information needed. 
   Moreover, besides the use of an appropriate laser wavelength and of a 
silver surface adequately treated, in order to obtain a SERRS spectrum the 
protein has to “bind” to an appreciable extent to the coated surface. A 
detailed knowledge of the amino acids constituting the protein surface (or at 
least the protein isoelectric point) is often important to choose an adequate 
coating. A controlled pH is often useful to obtain an efficient protein-surface 
interaction, and even in the case of matching charges, experimental 
parameters often considered of secondary importance, such as the solution 
ionic strength, may play a decisive role. 
   As it was once stated in a review from 1993 by Fabian and Anzenbacher 
[4], “SERS and SERRS are not routine techniques for the investigation of 
biomolecules (…). In hands of specialists, however, which are familiar with 
the different sample preparations, the influence of the experimental 
conditions on the spectra and their interpretation, the method is very 
powerful and creates additional possibilities for structural studies on 
biological molecules.” As far as CYP2D6 is concerned, although in the near 
future SERRS might become a routine technique for studying CYPs as well 
as other proteins, this statement is still true today. 
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Samenvatting 
 
 
 

Resonante Raman spectroscopie  
aan menselijk cytochroom P450 2D6:  

in oplossing en op nanogestructureerde  
bio-aangepaste metalen oppervlakten 

 
 
 
  Hoofdstuk 1 is een korte inleiding in cytochromen P450 (CYP’s) en hun 
structuur. Het voor de katalytische cyclus belangrijke deel van het enzym 
bevat een ijzer-haem groep, die ook verantwoordelijk is voor de rood-bruine 
kleur van deze eiwitten. In de CYP’s kan het ijzer in twee spin toestanden 
voorkomen, die lage spin en hoge spin worden genoemd, en die geassocieerd 
zijn met  de coordinatietoestand van het ijzer: coördinatie met zes liganden 
voor lage spin (6cLS), en coördinatie met vijf liganden voor hoge spin 
(5cHS). Ook de oxidatietoestand van het ijzer, Fe2+ of Fe3+, is belangrijk. 
Gedurende de cyclus veranderen deze toestanden, wat gevolgd kan worden 
met Raman spectroscopie.  
 
In Hoofdstuk 2 worden de basisprincipes van Raman spectroscopie 
uitgelegd, en de toepassing ervan als resonante Raman spectroscopie aan 
haemeiwitten. Als laserlicht op een oplossing met CYP wordt geschenen kan 
het licht energie uitwisselen met deze moleculen. Het spectrum van het 
uittredende licht  laat verschuivingen zien ten opzichte van het inkomende 
licht, en de pieken in dat spectrum corresponderen met trillingen van het 
molecule. In Resonante Raman (RR) spectroscopie is het inkomende 
laserlicht in resonantie met een electronische overgang, wat een grote 
versterking van het signaal geeft. Voor de CYP’s is dat een electronische 
overgang van de ijzer-haem bij 413 nm, een golflengte die door krypton 
wordt uitgezonden. Dat maakt het mogelijk om met behulp van een krypton 
laser de haem selectief te bestuderen, en met name de eerder genoemde 
toestanden van het ijzer te volgen, omdat de energie en intensiteit van de 
vibraties van de haem afhangen van de toestand van het ijzer in het midden.   
De resultaten die in dit proefschrift worden gepresenteerd zijn hoofdzakelijk 
verkregen door metingen aan CYP2D6, een belangrijke bij mensen 
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voorkomende vorm van CYP die een rol speelt in de afbraak van medicijnen 
en andere lichaamsvreemde stoffen. 
 
Hoofdstuk 3  geeft twee voorbeelden van het gebruik van RR om de 
structuur van het actieve deel van CYP2D6 te bestuderen, in het bijzonder 
door het meten en interpreteren van verschillen in de spectra tussen de in 
mensen voorkomende vorm (WT) en de twee mutanten F120A en T309V.  
Eerst wordt aangetoond dat in afwezigheid van substraat het CYP2D6 
voorkomt in de 6cLS toestand, en dat dit in verschillende mate wordt 
verstoord door het binden van drugs als bufuralol, dextromorphan (DX) en 
3,4-methylenedioxymethylamphetamine (MDMA). DX en MDMA zorgen 
voor omzetting naar een significante hoeveelheid 5cLS, en veranderen de 
polariteit in de omgeving van de haem, terwijl bufuralol geen veranderingen 
te zien geeft. Spectra van de F120A mutant suggereren dat de phenylalanine 
op positie 120 (Phe120) betrokken is bij de binding van DX en MDMA, iets 
dat niet het geval lijkt voor bufuralol. De verschillen kunnen verklaard 
worden uit de beweeglijkheid van de substraten in het CYP, wat in 
overeenstemming is met een al eerder voorgestelde mogelijke rol van Phe120 
bij binding van het substraat. 
Vervolgens laat RR data voor de T309V mutant zien dat vervangen van de 
threonine op plaats 309 van de I-helix in de buurt van het enzymatisch active 
deel van het enzym het haem-ijzer spin evenwicht verstoord in de richting  
van de 6cLS configuratie. Deze experimentele waarneming kan worden 
verklaard door aan te nemen dat een watermolecule dat zich boven het ijzer 
bevindt in twee mogelijke posities kan voorkomen: dicht bij en verder af van 
het ijzer. Deze hypothese kon verder worden vergeleken met quantum 
mechanische DFT berekeningen voor het actieve deel van zowel de WT als 
de T309V mutant. Deze berekeningen voor de energieverschillen van het 
water op de verschillende posities blijken consistent met de beschikbare 
structurele en spectroscopische data. 
    
In Hoofdstuk 4 wordt aandacht besteed aan het feit dat metaaloppervlakken 
een dramatisch versterkend effect kunnen hebben op het Raman spectrum. 
Dit wordt het SERS (Surface Enhanced Raman Spectroscopy) effect 
genoemd, maar hiervoor zijn metaaloppervlakken nodig die een specifieke 
structuur moeten hebben, in dit geval zilver met een door oxidatie-reductie 
cycli geruwd oppervlak. Als dit met de in hoofdstuk 2 beschreven Resonante 
Raman techniek wordt gecombineerd, wordt het SERRS genoemd, en 
verenigd het de voordelen van RR met SERS. Hoewel SERRS in het 
verleden is toegepsast op sommige, niet menselijke, CYP’s geeft directe 
binding van CYP2D6 aan het metaaloppervlak ongewenste veranderingen in 
de eiwitstructuur. Dit kan worden voorkomen door het oppervlak van 
chemische coatings te voorzien, waarop het eiwit gebonden kan worden 
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zonder dat de ongewenste structuurveranderingen optreden. Voorbeelden 
van hoe dusdanig aangepaste zilvercolloiden en -electrodes kunnen worden 
gebruikt als SERRS substraat worden in het laatste deel van dit hoofdstuk 
behandeld. 
 
Hoofdstuk 5 geeft twee voorbeelden van het gebruik van SERRS voor het 
bestuderen van het actieve deel van het CYP2D6 eiwit, in het bijzonder door 
het gebruik van gecoate zilver nanodeeltjes en electrodes als met biologische 
activiteit verenigbare substraten. In 5.1 is beschreven hoe SERRS spectra 
werden verkeregen in zeer verdunde oplossing (tot op nanomolaire 
concentraties) door het gebruik van de gecoate zilver nanodeeltjes 
beschreven in hoofdstuk 4.3. Door vergelijking met de resonante Raman 
spectra in oplossing blijkt dat de CYP2D6 structuur niet verandert door het 
gebruik van de coating waarop het eiwit zich vasthecht door electrostatische 
interactie. Dit in tegenstelling tot wanneer ongecoate zilver deeltjes worden 
gebruikt, waarvoor een duidelijke structurele verandering zichtbaar is. Ook 
het effect van binding van DX op de structuur van het eiwit kan worden 
aangetoond, wat laat zien dat ondanks de binding van het eitwit aan het 
oppervlak dit deel van de katalalytische cyclus  nog steeds kan worden 
doorlopen. Daarnaast, kunnen door gebruik te maken van het SERS effect de 
vibratiebanden van de coating zelf worden waargenomen en geanalyseerd, 
wat de effecten van het eiwit op de structuur van de  aangebrachte monolaag 
aantoonbaar maakt.  
In hoofdstuk 5.2 wordt beschreven hoe SERRS spectra van CYP2D6 werden 
verkregen onder een verscheidenheid van experimentele omstandigheden 
voor geruwde en gecoate zilver electrodes. Analyse van de spectra toont aan 
dat het enzym zijn gebruikelijke structuur, de 6cLS toestand, behoudt als het 
eiwit aan de monolaag gebonden wordt. Verder laten de spectrale 
veranderingen die optreden bij binding van DX en imidazole (dat direct aan 
de haem ligandeert) zien dat het eiwit nog steeds in staat is tot reversibele 
binding van deze substraten. Echter, hoewel het gebonden eiwit effectief 
gereduceerd kan worden door de reductant natriumdithioniet, is verandering 
van de potentiaal op de electrode vooralsnog niet in staat om het eiwit 
volledig te reduceren, en leidt bovendien tot vorming van een inactieve 
variant van het enzym.  
 
Hoofdstuk 6 bevat een aantal conclusies, en opvattingen  die in de loop van 
het onderzoek tot wasdom zijn gekomen, met name over het gebruik van de 
verschillende varianten van Raman spectroscopie voor CYP’s, maar ook 
voor andere haemeiwitten. RR is een essentiele techniek om CYP’s te 
bestuderen, ondanks zijn beperkingen. Er wordt bijvoorbeeld geen tot weinig 
informatie verkregen over delen van het eiwit die verder van het 
enzymatisch actieve deel liggen. SER(R)S is een buitengewoon krachtige 
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techniek om CYP’s te bestuderen, maar is nogal lastig in de uitvoering, 
zodat het niet snel mogelijk zal zijn om dit routinematig te gebruiken: veel 
vooronderzoek is nodig voor het identificeren van de juiste materialen en 
condities. 
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