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Abstract In this review article we present a general
overview of the recent progress in the newly developing
area of the study of protein-ligand interaction by surface
enhanced Raman spectroscopy (SERS). Since its first
observation in 1977, SERS have been fast developing into
an analytical tool for trace detection of molecular entities,
particularly in the area of bio-molecule sensing and
characterization. Also, with the development of the
ability to design a variety of plasmonic structures and to
be able to control and tune their plasmonic properties, we
have been able to use them as SERS substrates for
probing complex materials. Here we describe yet another
application of SERS, mainly protein-ligand interaction
and its future into drug designing. We start with a
general
Subsequently we discuss the key spectral features of
amino acids, peptides and proteins, and their structural
aspects that can be elucidated from the SERS spectra. In
the final sections we discuss the application of SERS to
the study protein-ligand interaction and its potential role
in the area of drug designing.

description of the SERS phenomenon.
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1. Introduction

Surface enhanced Raman scattering is an emerging tool
for studying the vibrational fingerprints of biomolecules
[1,2]. Understanding the behaviour and function of
biomolecules at the molecular level is key to the
discovery and development of new drugs, as well as
diagnostic techniques. Development in the field of
structural biology has changed the way drugs are being
designed and developed nowadays. Techniques like X-
ray crystallography and NMR have helped to determine
the 3D structure of complex protein molecules, as well as
protein-ligand complexes [3,4]. These techniques, coupled
with sophisticated molecular visualization tools, have
opened up new areas in structure-based drug design and
development. X-ray crystallography can generate
structures of a variety of proteins and protein complexes,
but one of the drawbacks of this technique is the inability
to crystallize all proteins [5]. It is difficult to crystallize
some proteins and even if they are crystallized, their
crystal structure cannot be solved or they do not look the
same as those in the cellular environment [6]. NMR has
been an important alternative, being able to determine
protein structures in its physiological conditions, as well
as providing the opportunity to study protein kinetics
and dynamics [7]. But the major disadvantage of using
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NMR is that it is very complicated to use for bigger
proteins (bigger than 150 kD) [8]. Another promising tool,
which can provide useful information about complex
protein structures, is vibrational spectroscopy [9-12].
Raman and IR spectroscopy can provide information
about the secondary structure of proteins, unlike X-ray
crystallography and NMR, which provides information
about the tertiary structure [13,14]. Raman and IR are
complementary techniques. Since most of the proteins
and other biomolecules are found in aqueous solutions,
Raman spectroscopy is more advantageous to use as it is
a water insensitive technique. Other advantages of
Raman spectroscopy are that it is a non-destructive and
non-invasive method, and can be performed in
physiological conditions with a variety of light sources
[15-17]. spectroscopy has been wused for
characterization of various proteins like wool [18], keratin
in nails and hair [19], ivory [20], kidney and gallstones [21]
and many other proteins. Raman spectroscopy has also
been used to detect and identify microscopic pathogenic
organisms like bacteria and viruses [22,23]. It has also been
used to detect cancerous tissues, both in vitro and in vivo
[24]. In addition, Raman spectroscopic techniques have
been used to study intermolecular interactions and the
dynamics of proteins and nucleic acids [25]. Even though
Raman spectroscopy has been known about for over 80
years, it had to wait for the arrival of lasers and
sophisticated instrumentations to realize its potential as a
spectroscopic tool. One of the limitations of Raman
spectroscopy is the low scattering cross-section (only one in
a million photons is Raman scattered) limiting its use in
biomolecule characterization. With the discovery of surface
enhanced Raman spectroscopy (SERS) and the
development of this technique over the past three decades,
it has been possible to use it in biological applications. In
SERS, the analyte molecule is absorbed onto a metallic,
nanoscale surface to achieve enhanced Raman signals [26].
The enhancement depends upon the effective adsorption of
the analyte molecules to the nanoscale surface and also on
the nature and dimensions of the nanoscale surface [27].
SERS is a highly sensitive technique and in combination
with resonant Raman (usually referred to as surface
enhanced resonant Raman spectroscopy [SERRS]) can
even detect molecules at single molecular level [28].
Other advantages of SERS include the need for very low
concentrations of samples and the ease of sample
preparation. Therefore, it is gaining in importance in the
field of medicine and pharmacology. Our group has
demonstrated the use of SERS to understand protein-
ligand interactions in therapeutically important proteins
with no available structural information and this will be

Raman

discussed later in this review. These techniques, once
fully developed, would have therapeutic importance and
provide valuable information about protein-ligand
systems. The high sensitivity of SERS makes it useful in
both labelled, as well as non-labelled, schemes.
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2. Surface enhanced Raman spectroscopy
2.1 Role of substrates

SERS is a form of Raman spectroscopy in which we achieve
an unusually high Raman scattering cross-section when an
analyte molecule gets adsorbed to a metallic surface, which
has nanoscale roughness [29]. There are many forms of
SERS substrates depending on the purpose they are used
for [30,31]. These
immobilized or developed on solid substrates, as well as
different kinds and forms of metal nanoparticles stabilized
in solution phase [32]. SERS was first observed on the
roughened surface of electrodes [33]. Subsequently, the
Raman spectrum of pyridine was enhanced to almost more
than 10° times in SERS on metal colloids [34]. This
phenomenon was called SERS and it was realized that the
nature of the substrate plays an important part in the
enhancement [35]. Nanostructures from noble metals like
gold, silver and copper exhibit SERS and aluminium,

include metal nanostructures

lithium and sodium also show enhancement of Raman
spectra, but to a lesser extent [36]. Every material has a
characteristic plasmon (collective oscillations of electrons)
associated with it, which is size dependent. When the mean
free path of the electron exceeds the size of the structure (10
to 100 nm), the plasmon is mostly associated with the
surface. When a light matching the plasmon frequency of
the nanostructure is incident on it, it excites the surface
plasmons of the nanostructure. This is called the surface
plasmon resonance [37]. The excited surface plasmon
produces an oscillating dipole leading to generation of
thus producing a local

source, electromagnetic
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Figure 1. (A) shows the electromagnetic enhancement
mechanism. The metal nanoparticle experiences a time varying
electromagnetic field Eo which produces an oscillating dipole
moment in the nanoparticle. The resultant incoming field is Ei
and the resultant outgoing field is Eo. (B) Shows the chemical
enhancement mechanism. HOMO and LUMO interact with the
metal surface and are broadened into resonances. Charge
transfer happens through paths (i) and (ii), and path (iii) shows

the resonant Raman process [40].
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electromagnetic (EM) radiation matching the excitation
enhancement very close to the surface (within ~ 1 nm of
the nanostructure). When a molecule is in the proximity
of the surface of such a nanostructure, the Raman signal
is enhanced due to the increase of the EM field because of
resonant plasmons, leading to the phenomenon of SERS
[38]. There are two proposed mechanisms for SERS
enhancement, electromagnetic
chemical enhancement [39]. The intensity of Raman
scattering is dlrectly proportlonal to the square of the

enhancement  and

dipole moment P=a.E, where a is the molecular
polarizability and E is the electric field due the i incoming
radiation. Electromagnetic enhancement is associated
with E and chemical enhancement is associated with a
[40]. The two types of enhancement will be described in
detail below. A pictorial
enhancement mechanisms is shown in Fig. 1.

representation of the

2.2 Electromagnetic enhancement

The surface plasmons of the nanoparticles can be
resonantly excited by the time-varying electric field of the
incident light in the visible region of the electromagnetic
spectrum in the case of noble metals [41,42]. Metals can
be considered to consist of periodic static positive charges
surrounded by a sea of electrons. A momentary
displacement of the electrons causes a dipole to be
formed and this
characteristic frequency. The dipole oscillation in turn
generates an electric field which is a function of distance
from the surface of the nanostructure and that decays
down as 1/r'2, where r denotes the distance between the
centre of the spherical nanoparticle and the molecule. Fig.
1(A) shows the scheme for electromagnetic enhancement
mechanism. The resultant field experienced by the
adsorbed molecule near the surface is Ei= Eo+Es, where Eo
is the incident field and Es is due to the surface Plasmon

dipole oscillates with its own

[31]. Es depends on the sphere’s radius ra and the distance
d (=r-ra) from the molecule. It also depends on the metal’s
dielectric constant € and the incident field Eo. Es, using a
drude model, is given by [42]:

e~ g ro\3
Es_s+2£0(r+d) Eo

The resultant Ei produces an induced dipole ui in the

molecule. The ui is directly proportional to the Ei and the

proportionality constant, «, is the molecular polarizability
tensor, as both of them are vectors. The « is a function of

the molecular vibrations and hence would combine with
the oscillating Ei to produce three kinds of frequencies of
oscillations of the ui, namely, wo (Rayleigh scattering, the
same as the incident electric field), wo + wr (anti-Stokes)
and wo - wr (Stokes), where wo is the angular frequency of
the incoming light and wr is the angular frequency of
normal mode. In the case of Stokes scattering, the dipole
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radiation Ep is red-shifted with respect to the incident
light. The resulting outgoing field is given by Ec=Ep+Een,
where Een is the additional component of enhancement
due to the elastic scattering producing further induced
dipole in the molecule. The field enhancement, A(v) at the
molecule, is given by the ratio of the field amplitudes,
Ei/Eo and Eo/Eo for laser and Raman scattered field
respectively. The SERS electromagnetic enhancement
(Gsers) is the product of the enhancement factors for the
laser and Raman scattered fields which are |A(v;)?| and
|A(vs)?|respectively. Thus Gstrs scales as fourth power of
the local field at the vicinity of the metallic nanostructure
and is strong in the case where the scattered and the
plasmon field are in resonance. Gsers is maximum when
the real part of ¢(v) is equal to -2e0 and the imaginary part
is very small, deduced from the equation given above.
These are the conditions for resonant excitation of surface
plasmons in the metal sphere. The electromagnetic factor
accounts for 10%-10° of the total enhancement factor.

There are instances when the enhancement factor reaches
more than 10%2, especially, when the molecule is localized
in between two or more nanoparticles, forming a cluster-
like situation [28]. These regions of intense electromagnetic
field, having a large electromagnetic enhancement, are
called “hot spots” [43, 44]. There is also interplay between
enhancement of Raman signals and fluorescence when the
distance of the molecule to the surface of the nanostructure
varies, leading to the change in their respective cross-
sections [45]. The increase in Raman scattering in the hot
spots makes single molecule detection through SERS
viable. The role of hot spots in SERS has been proven
theoretically, as well as experimentally [42-46]. It has been
shown that these hot spots contribute almost 24% of the
total intensity of SERS, even though only 63 hot spot sites
contribute to every million SERS sites [47]. Thus, most of
the SERS signal is contributed by the hot spots. There have
been studies to understand the nature of the hot spots and
the intensity of SERS signals emerging from them, and this
helps in designing highly efficient SERS substrates. This is
a challenging task as the hot spots are generally
heterogeneous, distributed in experimental studies and
also there is possible chemical bonding, which has to be
accounted for. Yoshida et al. studied the quantitative
nature of the electromagnetic enhancement effect on
SERRS and showed its correspondence with the optical
anisotropy of plasma resonance and the nanostructure
morphology [46]. Weber et al. studied the shape of SERS
hot spots and the spatial distribution of SERS’ intensity by
combining SERS with scanning electron microscopy [48].
The hot spots are the regions where behaviour in the single
molecule domain is observed like spectral blinking and
inhomogeneous broadening of Raman peaks [49, 50].
There have been attempts to control these hot spots’
geometries in an attempt to introduce reproducibility and
make the technique quantitative [51, 52].
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2.3 Chemical enhancement mechanism

Chemical enhancement accounts for 10-100 (relatively
small, but important) of the total
enhancement factor and requires the molecule to be in
direct contact (bonded) with the surface of the metallic
nanostructure [26]. When there is an electronic coupling
between the molecule and the metal, the Raman cross-
section of the molecule increases due to charge transfer
from the metal to the molecule. A charge transfer
between the molecule and the metal leads to the
broadening and shifting of the electronic level in the
adsorbed molecule resulting in a 'resonance' Raman effect
which gives SERS enhancement. A dynamic charge
transfer takes place when a photon is absorbed by a metal
which results in a hot electron state. The hot electron gets
transferred to the Lowest Unoccupied Molecular Orbital
(LUMO) of the molecule. The increase in the LUMO
electrons leads to increased Raman signal due to
increased probability of electron-phonon coupling in the
Raman scattering tensor. The excited electron is later
transferred back to the metal from the LUMO and this
results in the emission of Stokes photons. This
mechanism is called the first layer effect. The direct
attachment of the molecule to the surface gives a higher
enhancement factor [54]. Fig. 1(B) shows the schematic
representation of chemical enhancement mechanism.

nevertheless

3. SERS of amino acids, peptides and proteins: an overview

Amino acids are the basic building block of peptides and
proteins. A detailed analysis of the Raman and SERS
spectra of the amino acids is useful to assign bands of
complex and much larger protein structures. Amino acids
are linked together by peptide bonds to form peptides.
Longer peptides are known as oligo-peptides and
polypeptides. Repeating units of polypeptide backbone
form the secondary structure, which constitutes the
backbone of the protein. A typical protein has a
secondary structure consisting of a-helix, p-sheet and
random coils among the major components. These
secondary structures combine together to give a three
dimensional conformation of the protein called the
tertiary structure. The polypeptide chains assemble into
an oligomeric protein structure called the quaternary
structure. All these structures of bio-molecules have been
probed by Raman spectroscopy [54]. Several reviews can
be found in the literature to elucidate this [55-58].
Considering some of the drawbacks of normal Raman-
like low scattering cross-section, fluorescence background
and difficulty in producing therapeutically important
proteins in substantial amounts, SERS is being considered
as a potential method for the study of bio-molecules
[59,60] and a considerable amount of work has been
carried out in this direction. We list a few here for
completeness. SERS of amino acids, homopeptides,
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heteropeptides and proteins have been studied in detail
by Podstawka et al. [61-66]. SERS of peptides and
proteins on electrochemically prepared silver surfaces
have been studies by Stewart et al. [67]. Hu et al. studied
the SERS of lysozyme on silver colloids [68]. Suh and
Moskovitz studied the SERS of amino acids and
nucleotide bases on silver colloids, and have derived
orientational information of the molecules with respect to
the surface of the silver colloid [69]. Gullekson et al.
studied the surface sensitive Raman spectroscopy of
collagen I fibrils, one of the main constituents of connective
tissues in humans [70]. SERS has been employed for highly
sensitive detection of proteins by means of label-free or
labelled techniques [1].
published on protein bio-sensing and bio-recognition [71-
77]. Further studies of different proteins include
flavoproteins [78], glucose oxidase [79], lactate oxidase, p-
hydroxybenzoate hydroxylase, old yellow enzyme [80],
IgG [81], haemoglobin [82], myoglobin and cytochrome C
[83]. SERS has also been used to detect molecular
signatures of viruses and bacteria [84,85]. Chumanov et
al. reported on the SERS of water soluble proteins,
dipeptides and amino acids [86,87]. Nabiev et al. have
studied the SERS of aromatic amino acids and proteins on
the surface of silver hydrosols [88]. Kneipp et al
demonstrated SERS in living cells, opening up the
possibility of in vivo and real-time applications [89].
These studies become interesting provided the
instruments used are adaptable to biological methods and
if they are inexpensive to undertake. We provide the
schematics of the system (see Fig. 2) developed by the one
of the authors on a fluorescence microscope [90].

Several articles have been
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Figure 2. shows the SERS microscopy setup. The scattered light
from a sample in aqueous solution is collected by a water
immersion objective and directed to the monochromator via the
collection optics. The collection optics is connected to a
monochromator and CCD, camera and a laser input. The camera
and the monochromator are connected to a computer. The
collection optics consists of the following components. NDF -
neutral density filter, BPF - band pass filter, DM - dichroic
mirror, Bl and B2 - beam splitters, BINO - binocular, EF - edge
filter, FL - focusing lens and F - optical fibre.
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4. p300 structure probed by SERS

In our work we have studied biologically important
proteins such as p300 (Fig. 3A) and CARMI (coactivator
associated arfinine methyltransferase 1) [91,92]. A custom
made Raman setup used for the SERS experiment is
shown in Fig. 2. All SERS experiments were performed in
aqueous phase to probe the protein structure close to
physiological conditions. p300 is a 300 kDa multi-
functional protein, which also functions as transcriptional
co-activator and is involved in multiple, signal dependent
transcriptional events. Due to its diverse functional
importance, any alteration in the function leads to several
diseases, including cancer and diabetes to name but a few
[93]. In order to study the structure-function relation of
p300, it is very important to investigate its structural
aspects through SERS due to the absence of any x-ray
diffraction data for full-length p300. Therefore, the
from SERS is
therapeutically significant. SERS studies have also been
conducted on the p300 HAT domain to look at the effect
of auto-acetylation (see Fig. 3B) [94].

structural information obtained

SERS, in general, contains information about the
secondary structure of the protein and the relative
abundance of the different aromatic amino acids present
in the protein. The position and intensities of these bands
depend on the orientation with respect to the surface of
the nanostructure, distance, as well as the local
environment of the residues. Bands from carboxylic
groups and other side chain vibrations, including those
containing sulphur, can also be observed in the spectra of
proteins. Characteristic bands found in the SERS spectra
of peptides and proteins include amide I, Il and III bands.
The amide band arises due to bond vibrations in the
peptide units. The amide I band consists of C=O
stretching vibrations with some contribution from N-H
bending, out of phase CN stretching vibration and CCN
deformation. The amide II mode is the combination of the
NH in plane bending and CN stretching vibration with
contributions from CO in-plane bending and CC
stretching vibration [85]. The C=O and N-H bonds take
part in the hydrogen bonding between different residues
inside the protein framework, therefore, their position
and intensities can be directly correlated to the secondary
structure of the protein. The amide I bands for a-helix, 3
sheet and random coil lie in the regions 1640-1658 cm,
1665-1680 cm™ and 1660-1665 cm™ respectively in Raman
spectra. On the other hand, in the case of SERS, due to the
strong interaction of the -CO-NH- with the silver surface,
the C=O bond weakens and thus the amide I band shifts
to lower frequencies. The amide II mode, which is a
Raman inactive mode, appears in the SERS spectrum
because of a modification of surface selection rules. This
band occurs in the region around 1550 cm. The amide III
band lies in the region from 1200 cm™' to 1400 cm. In the
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case of normal Raman, the amide bands can be resolved
to obtain the fractions of the secondary structures in the
proteins, as the spectra are the average of the total
structure of the proteins. But in the case of SERS,
preferential enhancement takes place depending on the
way the protein binds to the nanoparticle surface.

In full-length p300, the amide I, IT and III bands lie at
1623, 1540 and 1296 cm™! respectively. In the SERS of p300
HAT domain (p300HD), as shown in Fig. 1B, the amide
bands lie at 1660 cm™ (amide I, a-helix), 1632 cm™ (amide
I, random coil), 1518 cm™ (amide II) and 1294cm™ (amide
IIT) [94]. The positions of the amide bands were confirmed
by deuteration of the proteins. Upon deuteration, most of
the labile hydrogen in the amide groups gets replaced by
the heavier deuterium. The reduced mass of the vibrating
unit increases, which is inversely proportional to the
vibrational frequency. The amide I band in both p300 and
p300HD shifts by around 7 cm™ on deuteration. The
amide II band also shifts on deuteration by around 5 cm!
and the amide III band shifts from 1296 cm™ to 950 cm™!
[91]. The SERS of proteins are also dominated by bands
from the aromatic side chain vibrations of amino acids
like tyrosine (Tyr), tryptophan (Trp) and phenylalanine
(Phe). As a general rule, in SERS, a mode is strongly
enhanced if its polarizability component is perpendicular
to the surface of the nanostructure. Therefore, the
intensities of the ring modes greatly depend on the
orientation of the ring to the surface of the nanostructure.
The modes which have polarizability components in all x,
y and z axes will always be enhanced irrespective of their
orientation with respect to the nanoparticle surface. The
other modes, which have polarizability component
preferentially oriented, will be enhanced when they are
oriented in a perpendicular direction with respect to the
metal surface. A conspicuous absence of a mode in the
spectrum, in spite of having the polarizability component
in all three axes, is due to the distance of this moiety from
the metal surface. The Raman intensity of a mode decays
drastically with distance. Hence, not all modes that
present in the normal Raman of the proteins get enhanced
in the SERS spectra. Modes due to aliphatic chain
vibrations can also be seen in the SERS spectrum of
proteins. Mostly the carboxylic group or the amino
groups in the protein interact with the metal surface to
give strong enhancements of these bands. In p300 SERS
spectra, the carboxylate group of the aspartic acid (Asp),
glutamate (Glu) and the C-terminus group in protein
interact with the silver surface. The enhancement of
modes corresponding to the symmetric stretching of CaN
and the asymmetric stretching of CCaN groups suggest
that the p300 absorbs to the silver nanoparticles through
the nitrogen groups. SERS can be used as a tool to
generate spatially localized surface spectra of proteins.
Thus, a great amount of information about the protein
structure, orientation and environment of the amino acid
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Figure 3. (A) inset on left - Raman spectra of pure p300 (curve 1),
nanoparticles (curve 2) and buffer with nanoparticles (curve 3).
Curve (i) - SERS spectra of p300. Curve (ii) - SERS of deuterated
p300, *denotes the new or modified bands. Inset on right - amide
I band region. (B) SERS of p300 histone acetyltransferase domain.
Reprinted with permission from The Journal of Physical
Chemistry B, vol. 110, pp.16787-16792. Copyright 2006 American
Chemical Society.

side chains can be deduced through SERS, making it a
promising tool for investigation of protein structure.
spectroscopic  techniques, like
spectroscopy, are very sensitive to bond strength changes.
These kinds of techniques are also used to monitor bond
distortions in catalytic reactions with great accuracy. We
will discuss further in this review how the SERS
technique can be used to monitor protein-ligand
interactions and provide valuable information about drug
development.

Vibrational Raman

5. SERS for studying protein-ligand interactions

One of the most important advantages of SERS is the
ability to detect protein-ligand interactions at very low
concentrations, much lower than that of NMR and x-ray
crystallography [96]. It is possible to detect and interpret
protein-ligand interactions without prior information
about the protein’s functions and the nature of the ligand.
There are three main approaches to studying protein-
ligand interactions by SERS. The first one constitutes the
Raman dye-labelled methods. SERS have been employed
to study protein-ligand interactions using Raman dye-
labelled silver or gold nanoparticle probes [1]. This
method needs specially designed fluorophores or
chromophores and other substrate analogues. The second
method is to study the difference spectra of the ligand
and the protein-ligand complex. This gives the mode of
binding of the ligand to the protein. The third method
constitutes the change in spectra of proteins on the
binding of the ligand. This gives an insight into the
protein conformation change and the interaction of the
ligand with various residues in the protein. In our studies
we have used this label-free method to study the
interaction of ligand with proteins.

5.1 Detection of protein-ligand interactions
by dye-labelling methods

This method can be used in high-throughput studies in

proteomics. Fluorescence is generally used to conduct
such studies, but SERS is also emerging as a promising
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tool in this area due to multiplexing possibilities [97].
There are two major drawbacks of the fluorescence
method which limit its application in certain areas.
Firstly, its broad emission spectra make multiplexing
difficult and complicated. Secondly, there is also a
possibility of photo-bleaching, which affects the detection
limit. Ozaki et al. have devised a method to study the
protein-ligand interaction using the dye-labelling method
[98]. Ligands like small molecules and antibodies were
labelled with TRITC and Atto610 [96]. They were used as
Raman and fluorescence reporters for determinations of
the interactions between human IgG and TRITC-anti-
human IgG and those between avidin and Atto 610-
biotin. Silver staining techniques were used to obtain
SERS spectra. Surface-enhanced fluorescence (SEF) could
also be seen in cases when the dye molecules were far
from the surface of the nanoparticles due to the protein
structure. Han et al. have also used coomassie brilliant
dyes, like brilliant blue R-250 (BBR) and brilliant blue G-
250 (BBG), as SERS labels for studying protein-ligand
interactions [98]. These dyes have strong affinity for
proteins without any need for separation and
purification. The dyes are not directly labelled to the
nanoparticles, making the procedure simpler and faster.
This method can also be used to detect protein-protein
interactions and protein-small molecule interactions
either in solution phase or on a solid substrate. Protein-
ligand or antibody interactions can also be studied by dye
displacement method by the use of SERS [99].

5.2 Study of protein-ligand interactions by label-free methods

This method is used to predominantly study protein-drug
or protein-small molecule interactions. Miskovsky et al.
have studied the binding of the antiretrovirally active drug
hypericin to the IIA subdomain of human serum albumin
(HSA) by SERS and resonance Raman [100]. SERS enabled
the study of hypericin in the complex structure as it was
strongly enhanced and also the fluorescence was quenched
on adsorbance of the molecule to the silver colloidal
surface. The SERS spectra of hypericin and hypericin-HSA
complex were obtained, and the difference spectrum was
studied. The main features observed in the complex
spectrum in relation to that of hypericin were the decrease
in relative intensity and change in spectral profile. From
the SERS spectra of hypericin and the protein complex it
could be interpreted that there is a disruption of the
intermolecular H-bonds existing between the drug
molecules with the solubilizing of hypericin molecule and
formation of an H-bond between the carbonyl groups of
hypericin and a hydrogen donor of albumin leading to a
protonated carbonyl in the drug. Fabriciova et al. studied
the interaction of the antitumor drug emodin with human
serum albumin [101]. It was shown that emodin could
interact with human serum albumin through two binding
sites, I and II sudlow binding sites. It was shown how the
drug binds to the protein in defatted conditions and also in
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the presence of other ligands like fatty acids. Jurasekova et
al. have studied the binding of flavonoid luteolin to human
serum albumin [102]. It was shown by SERS that luteolin
interacts with protein in the neutral form and through the
B and C ring of the ligand molecule.

5.3 Protein-drug interactions in p300: a case study

The other approach to studying protein-ligand
interactions is to study the change in protein spectra on
binding of ligand or small molecules to the protein. In the
subsequent sections we show how the change in structure
of the proteins brought about by covalent attachment or
other modes of binding of small molecules can be probed
by SERS. It can be a quick and easy method to find the
efficiency of binding of molecules to the target protein
indicated by the associated structural changes. A cartoon
representation of the study of protein-ligand interaction
through SERS is shown in Fig. 4.

Protein

)

Intensity

Ligand

Protein-ligand
complex

Manoparticle surface

[ Raman shift >

Figure 4. Cartoon representation of detection of protein-ligand
by SERS. The change in the SERS spectrum is a direct indication
of ligand binding to a protein forming a protein-ligand complex.
On the binding of the ligand, the protein may undergo structural
changes which results in change in the orientation of the amino
acid moieties with respect to the nanoparticle surface. Due to the
ligand binding disruptions of hydrogen, bonding happens and
some of the residues are distanced from the nanoparticle surface.
These lead to changes in the spectrum of SERS which indicate
the formation of a protein-ligand complex.

5.3.1 Acetylation of histone acetyltransferase (HAT)
domain of p300

SERS was used to probe the acetylation-induced specific
structural changes in the histone acetyltransferase (HAT)
domain of p300. On comparing the normal HAT and the
acetylated HAT domain, there was a marked change in the
modes corresponding to the symmetric stretching of COO-
(1369 cm™) and amide IIT (1294 cm™), voa of Phe (1184 cm)
and asymmetric stretching of CaCN (1132 cm™) [84]. The
intensity of these modes changed and also shifted in
position to lower frequencies, indicating softening of
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Figure 5. (I) shows the SERS of HAT domain and (II) shows the
SERS of acetylated HAT domain. Softening of some modes due
to acetylation is shown by red arrows.

Reprinted with permission from The Journal of Physical
Chemistry B, vol. 111, pp. 4527-4534. Copyright 2007 American
Chemical Society.

modes (Fig. 5). The shifts in band positions is because of
acetylation, which effects hydrogen bonding causing
softening and the changes in intensities of bands. This
also indicates change in the orientation of the protein on
the nanoparticle surface due to local conformational
changes of the HAT domain on complete acetylation.

5.3.2 Interaction of small molecule activators with p300

SERS was used to probe activation of p300 histone
acetyltransferase by small molecules altering the enzyme
structure [103]. SERS was performed on p300 protein and
p300 complex with CTPB and CTB (Fig. 6a). Both CTPB
and CTB (structure is given in Fig. 6a) are the only known
activators for the histone acetyl transferase (HAT) and are
insoluble in water. In addition, CTPB has a very large
penta-decayl Hence, both of these
molecules would go into a hydrophobic domain of the
HAT. In addition we can anticipate a strong steric
hindrance from the penta-decayl chain of CTPB, hence
CTPB binds weakly to the protein compared to CTB,
again confirmed from the activity of these enzymes [103].
This has been reflected in the SERS spectra of p300 when
complexed with CTPB and CTB. In the case of CTPB, the
intensities of bands at 1654, 1335 and 960 cm™ change,
indicating binding of the molecule to the amide groups of
a helix and f sheet. The changes are greater when CTB
binds to p300 with complete disappearance of the 1623
cm?! band. The binding of molecules to the protein
distances the binding sites from the nanoparticle surface
also changing their orientation with respect to the
nanoparticle surface. These result in the change in
intensity of Raman modes, as well as complete
disappearance. The change in the spectrum of protein on
binding of molecules indicates protein structure change.
This also gives an idea about the probable binding sites of
the molecules. Since the molecules are hydrophobic, it
binds to the hydrophobic region of the protein. Secondly,
when we look at the CTPB and CTB, we find that the
halide groups give the hydrophobic envelop and the
ethoxy and amide region of the molecule is the

alkane chain.
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hydrophilic region. The molecule hence would form a
micelle by combining together to get into the hydrophobic
region. Interestingly, looking at the protein sequence, we
find that the most hydrophobic and most hydrophilic
region resides in the HAT domain itself. Secondly, we find
that the HAT domain should be full of a-helix and (3-sheets
as the spectral change shows a large change due to the
binding of the small molecule. It is interesting to point out
here that x-ray data of synthetically prepared HAT domain
carried out later indeed confirm these observations [104].
In addition, the modes related to aromatic amino acids also
underwent changes in intensity and position on binding of
CTPB and CTB (for example disappearance of 802 cm
related to the tyrosine residue [81]). These kinds of binding
are brought on by strong hydrogen bonding, as well as
hydrophobic interactions and the Raman peaks being
shifted by 10-35 cm'.

Derivatives of the compounds CTPB and CTB were made
to find the structural basis of enhancement of enzyme
activation. The positions of the hydrophobic groups,
namely para pointing —Cl and meta pointing -CFs in CTB,
were changed to disturb the hydrophobic influence and it
was observed that the activity of these derivatives was
strongly correlated to their position. In one such situation,
the activation of the HAT was not achieved at all and we
find that the SERS immediately captures this, showing no
change in spectra when there were no functional groups
in the para position of the phenyl ring (Fig. 6b). It was
observed that substitution in the meta and para positions
of the phenyl ring with strong hydrophobic groups leads
to large evident from SERS,
confirming that the distance between the hydrophilic to
hydrophobic group is critical to the activity of this
molecule itself. It was observed that only the molecules,
which activated p300, showed structural alteration of the
enzyme as shown by SERS (Figures 6a and 6b). There was
also a one to one correspondence between the degree of
activation and the extent of change in the SERS spectra of
the enzyme-molecule complex.

structural changes
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Figure 6a. SERS spectra of p300 (a) and p300 complexed with

CTB(a) and CTPB(b). The SERS spectra of p300 with CTPB and

CTB both show changes with appearances of new modes. The

change in the case of CTB is larger. The dotted areas show the

modes which undergo changes [93].
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Figure 6b. SERS spectra of p300 (a) and p300 complexed with
derivatives of CTB with the electronegative groups —Cl and —CFs
groups at different positions of the phenyl group. This shows the
role of the hydrophobic group of CTB molecule, namely, —-CFs
and —CI. The molecular structure is given along with the spectra.
There is no effect on the SERS spectra in the case of the 3 curve
from bottom, concurrent with its activity on p300 (arrows show
all the peaks existing in both the spectra) [93].

5.3.3 Interaction of small molecule inhibitor with p300

SERS was also used to probe p300-specific inhibitors,
inducing specific alteration in the enzyme conformation.
SERS was performed on p300 in complex with garcinol,
isogarcinol (IG) and isogarcinol derivatives [105]. These
aromatic ligands form hydrophilic and hydrophobic
interactions with p300 resulting in structural changes in
protein. Garcinol brought about changes in the amide
bands in p300. IG is structurally different from garcinol in
having an oxygen bridge instead of a hydroxyl group in
garcinol. It causes large-scale changes to the structure of
p300. The modes, which were affected in the case of
garcinol, were also affected in the case of IG. In addition
to that it also affects the modes related to Tyr, Trp, Phe
and His. SERS of protein complex with the derivatives of
IG like LTK-13, -14, -15 and -19 (the structure of these
molecules are given in the [105]) were performed (see
Fig. 7b). LTK-15 is an inactive IG derivative and showed
no change in SERS spectrum (see Fig. 7b H). LTK-13
brought about changes in the SERS spectrum of p300 only
in the areas of amide modes and certain carboxylic
groups of the aliphatic amino acids (see Fig. 7b E). But in
the case of LTK-14 and LTK-19 there were large-scale
changes in the SERS spectra (see Fig. 7b F & 7b G), not
only in amide modes, but also in modes corresponding to
Tyr, Trp, Phe and His. SERS was therefore useful in
elucidating the differential structural changes brought
about by specific and non-specific inhibitors on binding
to p300. Detailed docking studies would considerably
help in the understanding the SERS response to elucidate
the binding difference of specific and non-specific
inhibitors of p300. The large size of p300 is in fact a
practical difficulty in this case.
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Figure 7a. SERS of (A) p300 and p300 complexed with (B)
DMSO, (C) Garcinol and (D) isogarcinol. [95] The dotted circles
show the altered functional groups in the molecules.

Reprinted from Chemistry and Biology, vol. 14, Mantelingu et.
al,, Specific Inhibition of p300-HAT Alters Global Gene
Expression and Represses HIV Replication, pp. 645-657, 2007,
with permission from Elsevier.
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Figure 7b. SERS of p300 complexed with (E) LTK-13, (F) LTK-14,
(G) LTK-19, and (H) LTK-15 [95]. The dotted circles show the
altered functional groups in the molecules.

Reprinted from Chemistry and Biology, vol. 14, Mantelingu et.
al., Specific Inhibition of p300-HAT Alters Global Gene
Expression and Represses HIV Replication, pp. 645-657, 2007,
with permission from Elsevier.

6. Conclusion

In conclusion, SERS, hitherto being used for diagnostics,
can now be looked at as a potential tool to understand
protein interactions, without the
knowledge of the structure of the protein in physiological

small molecule

www.intechopen.com

conditions - very close to the biological conditions used in
kinetic studies.. Therefore, this technique can soon be
used by biologists and pharmacologists for studies on
therapeutic proteins. Future of use of SERS in drug
designing  will
computational techniques to perform accurate docking
studies and the development of computational techniques
to understand the physics of SERS. Small steps have
already been taken in this direction and there are a few
publications coming in the immediate future to propel
this field further.

depend on

improvements  in
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