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Abstract 

This thesis explores two different facets of Raman spectroscopy that aim to 

extend the applications of this technique. 

Ultraviolet Resonance Raman Spectroscopy was used to examine the stable 

tryptophan and tyrosine radicals of the reaction of Cytochrome c Peroxidase (CcP) with 

Hydrogen Peroxide. Native CcP, reduced CcP and a CcP W191F mutant were analyzed 

at 248.2 nm in a fibre-optic probe setup and difference spectra were obtained from the 

data. Signals seen in the difference spectra were attributed to the tryptophan and tyrosine 

radicals in the protein. 

A surface plasmon resonance (SPR) imager was designed and built that interfaced 

with a Renishaw 1000B microscope with the future aim of analyzing DNA microarrays. 

The combination of the two techniques aimed to harness the enhancement advantages of 

Surface Enhanced Raman Spectroscopy (SERS). The device successfully imaged liquid 

drops on it's surface and was able to distinguish differences of refractive index between 

the solution of as little as 5x10"3. The spectrum of evaporated Salmon Sperm DNA 

spotted on the surface of the SPR imager was collected and a mild enhancement of the 

spectrum was observed when the SPR imager was operating concurrently during the 

acquisition of Raman spectra. 
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Chapter 1 

Introduction to Raman Spectroscopy 

1.1 The History and Development of Raman Spectroscopy 

In his Nobel acceptance speech about the discovery of the phenomenon which 

carries his name, C.V. Raman said "It soon became evident, however, that the subject 

possessed a significance extending far beyond the special purpose for which the work 

was undertaken, and that it offered unlimited scope for research." Three quarters of a 

century later, Raman's 1928 paper in which he used a telescope, sunlight and his eyes to 

observe Raman scattering1 has almost become scientific legend and it is a testament to 

Raman's intelligence and foresight that he was able to foretell the impact his discovery 

would have on the scientific community. The historical development and theoretical 

treatment of vibrational Raman light scattering are presented here using an appropriate 

distillation of a few sources of particular relevance to this thesis2'3. 

Early research in Raman Scattering was mainly centered on the development of 

new components for instrumentation. Raman scattering, which will be described in more 

detail later, is a spectroscopic phenomenon whereby photons impinge on molecules, 

excite them into virtual energy states, and then as molecules relax into lower energy 

states they scatter photons. Ideally a Raman experiment requires a high intensity light 

excitation source that has a very narrow band width, a method of separating light, and a 

light detector with a quantum efficiency that is both high and linear across all 

wavelengths. Since the sun is certainly not the most ideal excitation source, the focus of 

initial progress in Raman was the engineering of new narrow band excitation sources. 

Various atomic emission lamps were developed but mercury lamps proved to be the first 
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lamp that had sufficient intensity to be effective. Various configurations of the Mercury 

lamp were examined and other types of excitation sources were developed but significant 

advancement in light technology did not occur until the realization of coherent light 

sources. In time, both the Argon Ion Laser and the Nd:YAG Laser have proven to be 

important laser sources for Raman Spectroscopy due to their narrow, high intensity laser 

lines. The advent of the dye laser for pulsed applications allowed access to wavelength 

tunability that extends from the UV to the Infrared. More recently, dye lasers have been 

replaced by Optical Parametric Oscillators (OPO) which give superior wavelength 

tunability and steady power output across wavelengths while at the same time negating 

the need for a multitude of toxic dyes. Tunable pseudo-continuous wavelength lasers, like 

the Titanium Sapphire laser, have also represented a great stride in laser technology. 

The use of unaided human eyes as detectors were quickly abandoned in early days 

of the development of Raman spectroscopy and photographic plates soon followed as the 

detector of choice. The inherent inconvenience and bulky nature of photographic plates 

eventually led to their replacement by photomultiplier tubes in the 1940's. More recently, 

Charge-Coupled Devices and Intensified Charge-Coupled Devices have come into use, 

however, photomultipliers are also still in use. Both the liquid nitrogen cooled detectors 

and Peltier cooled detectors available offer high quantum yields while at the same time 

having favorable noise characteristics. 

Light wavelength separation in Raman was originally performed by prism 

monochromators, but present instrumentation has moved towards reflective gratings. 

Reflective gratings are superior because they are inexpensive to produce, disperse 

radiation linearly, and perform better for the same size dispersing element. Holographic 
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gratings have become the gratings of choice due to the high number of lines per 

millimeter that one can achieve which offers better dispersion. 

Modern applications of Raman have grown dramatically and a multitude of 

technological advances have broadened the applications of this technique. In recent years 

some advances in Raman technology, including fibre-optic probes and Raman 

microscopes, have allowed Raman to be used in systems that were previously impossible 

to analyze via this technique. 

One of the main goals of this thesis is to continue the trend of technological 

development in Raman technology. It is also hoped that this work might extend the 

breadth of applications currently available in Raman Spectroscopy. 

1.2 Raman Scattering 

There are many different ways in which light can interact with molecules. The 

Raman effect is the inelastic scattering of light by molecules. In non-resonance Raman 

spectroscopy, light impinges on a molecule and excites it to any one of an infinite number 

of virtual vibrational states, which exist between two electronic energy levels and which 

exactly corresponds to the energy of the incoming photon. Once a molecule is elevated to 

a virtual state it has a very short lifetime of approximately lxlO" 1 4 s. The molecule can 

either decay to it's original vibrational level (v0) or it can fall to a different vibrational 

energy level (vn) that is either above or below it's original vibrational level. This results 

in the molecule emitting a photon of energy corresponding to that transition. If the 

molecule decays to the state from which it originated, the frequency of the emitted light 

(v) will have the same frequency as the incoming light (v0) and is called Rayleigh 

Scattering (v = v 0) . However, if the molecule falls to a vibrational level of higher energy 

3 



than the originating vibrational level of the molecule, then the emitted light will have a 

lower frequency (v = v0-vn) than the incoming light and this is known as Stokes 

Scattering. On the other hand, if the molecule falls to a vibrational level of lower energy 

than the original vibrational level, the emitted light will have a frequency that is higher 

than the incident light frequency (v = v 0 +vn) which is deemed Anti-Stokes Scattering. 

E=l 5 

E=0 

1 
v'=0 

v=0 
Stokes Scattering A n t i - S t o k e s Resonance R a m a n Fluorescence 

Scattering Scattering 

Figure 1.1: Energy level transitions corresponding to various optical phenomena are 
depicted. Vibration energy levels are depicted by v = 0 to v = 5 and v' = 0 to v' = 5 and 
electronic energy levels are depicted by E = 0 and E = 1. The arrows depict electronic 
energy level transitions. 

In general, Raman scattering is a very weak phenomenon and only about 1 in lxlO 9 

photons are inelastically scattered. Fluorescence signals, on the other hand, are extremely 

intense in comparison. Since both fluorescence and Raman scattering can occur 
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simultaneously in a molecule and the two wavelengths of light observed from these two 

effects may overlap, light from fluorescence may completely obscure a Raman signal. 

Although in conventional (i.e., non-resonance) Raman any wavelength of light may be 

used, fluorescence is generally avoided by exciting the analyte with photons with 

energies that are not high enough to promote electrons across the electronic transitions 

required for fluorescence to occur. Fluorescence is also avoided in Resonance Raman and 

in Surfaced Enhanced Raman Spectroscopy but these cases are unique and will be 

discussed separately. 

1.2.1 Classical Scattering Theory 

If we consider the electric field component of light, we see that it fluctuates over 

time (t) as shown in equation (1.1): 

where E is the electric field strength, E 0 is the vibrational amplitude, v 0 is the 

frequency of the light. If we then consider this light interacting with a molecule, an 

electric dipole moment is induced: 

where P is the electric dipole moment, and the a is the polarizability of a molecule. As 

can be seen in the first half of equation 1.2, polarizability is a proportionality constant 

that determines the magnitude of the dipole moment induced for a given electric field. In 

E-E0 coslnvj (1.1) 

P=aE= aE0 cos27tvot (1.2) 
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reality the dipole moment of any real molecule is three-dimensional and, as such, a is 

represented in three-dimensions by equation (1.3): 

V ^ x x CXXy V 
p y - ayy CXyZ E y (1.3) 

^ z x CZzy 

From here we can assume that the molecule is vibrating: 

q = q0 coslxvj (1.4) 

where q is the nuclear displacement, vm is the vibrating frequency, and qQ is the 

vibrational amplitude. At small vibrational amplitudes oris proportional to q and so we 

can write: 

ex = a0 + q 0 +... (1.5) 

where is the polarizability at the equilibrium position and (da/dq)0 is the change in a 

with respect to changes in q from the equilibrium position. By combining equations (1.1), 

(1.2) and (1.4) we arrive at: 

P = « 0 E 0 cos2^v 0 t 

1 
+ 2 q 0E 0[cos{2;r(v0 + vm>}+ cos{2;r(v0 - vm >}] ( 1 "6) 
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Equation (1.6) has 2 terms that are very important for the classical explanation of Raman 

scattering. The first term of the equation dictates that the oscillating dipole will scatter 

light at frequency va which is known as Rayleigh scattering. The second term of equation 

(1.6) is comprised of 2 distinct parts. The first part of the equation shows that the dipole 

will scatter light at a frequency (v0 + vm), which is known as Stokes scattering, while the 

second half dictates that the dipole will also scatter light at a frequency (v0 - vm) which 

corresponds to Anti-Stokes scattering. Another important point is that the second term of 

equation (1.6) is preceeded by (da/dq)0 which illustrates that Raman scattering will only 

occur if this term- is non-zero. For this to occur, the molecule must undergo a change in 

polarizability. 

It is important at this point to understand why Stokes scattering is inherently more 

intense than Anti-Stokes scattering. The classical description of Raman scattering does 

not give any insight into the reason for the difference in intensities between Stokes and 

Anti-Stokes scattering, however, some insight into this difference can be elucidated from 

statistical mechanics. The Boltzman distribution dictates that a molecule has the highest 

probability of existing in the lowest energy level available to it and the probability of 

existing in higher states is much lower. Since Anti-Stokes Raman scattering originates 

from molecules being excited when they are in higher vibrational energy levels then it 

follows that the Anti-Stokes bands should be less intense than Stokes bands. 

1.2.2 Resonance Raman Spectroscopy 

Resonance Raman Scattering occurs when you excite a molecule with a 

wavelength of light that is close to that which corresponds to an electronic transition of 
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the molecule. In this situation the amount of scattered light from molecules is typically 

103 to 105 times more than that of non-resonance Raman2. The equation that describes 

the intensity of a Raman band (accounting for quantum effects) is2: 

Imn = constant • I 0 • (v 0 - v^f jjfc^)^ (1.7) 
pa 

Where m is the initial vibrational state of the electronic ground state, n is the final 

vibrational state of the electronic ground state, I0 is the laser intensity with frequency v 0 

and (a p a ) m n is the component of the polarizability tensor corresponding to the m-> n 

vibrational transition (where pa are the column and row indices of the polarizability 

tensor). If we look more closely at the (a p a ) m n term and rewrite it in the following 

manner2: 

( „ \ 1 ^ 1 M m e M e n M m e M e n 

- h L { V m _ V q + l T e Ven + Vq + 0-8) 

where M m e and M e n are the electric transition dipole moments, h is Planck's constant, e is 

an electronic excited state, Te is the band width of the eth state, and /r e is referred to as 

the damping constant. The transitional dipole moment can be described as: 
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where *F is the wave function, XF* is the complex conjugate of the wave function and (I is 

the magnitude of the induced dipole moment. As v e m approaches v 0 the first term of 

equation (1.8) becomes extremely large and thus the Raman band intensity shown in 

equation (1.7) becomes extremely large. This explains why Resonance Raman signals are 

much more intense then the non-resonance case. The intensity of different bands within a 

particular chromophore can be explained using the concept of the Franck-Condon 

principle and Franck-Condon overlap integrals. The Franck-Condon principle states that 

since electronic transitions occur almost instantaneously compared to vibrational changes 

of the nucleus of molecules, electronic transitions are said to be vertical with respect to 

the vibrational states. The relative intensities of the bands of a spectrum are proportional 

to the amount of overlap between the areas of the probability density. 
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Intel-nuclear Distance 

n'=0 

Figure 1.2 (Top) A graphical illustration of Franck-Condon Overlap. The two curves 
represent the internuclear distance between two nuclei of a molecule at two different 
energy levels. The vibrational energy levels are depicted within each electronic energy 
level and the shaded areas represent the harmonic-oscillator probability densities for each 
vibrational state. The arrows represent both electronic and vibrational transitions. 
(Bottom) The predicted intensity of transitions from the n = 0 to n' =0,1,2 levels. 
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Since the resonance enhancement is associated with an electronic absorption 

band, by using Resonance Raman it is possible to selectively enhance regions within a 

molecule that have different electronic absorptions. Heme based proteins, like 

Cytochrome c Peroxidase for example, have an iron porphyrin ring which is integral and 

required for correct protein function and the understanding of the function of the heme 

group is very important to protein characterisation. If non-resonance Raman spectroscopy 

was employed to investigate the heme group within these proteins, the analysis would be 

much more complex since the bands specific to the heme group would appear amongst a 

myriad of other protein bands of similar amplitudes. Fortunately, Heme has a 

characteristic absorption in the green region of the visible spectrum known as the Soret 

band. By exciting these proteins in the Soret region it is possible to selectively enhance 

the heme group within the protein4"10 and drastically reduce the contribution of other 

interferring vibrations. 

1.2.2.1 UV Resonance Raman Characteristics and Applications 

While UV Resonance Raman Spectroscopy (UVRRS) shares all the 

characteristics of Resonance Raman Spectroscopy it has advantages that are unique and 

are worth mentioning separately. One of the main disadvantages of non-resonance Raman 

is the emission of unwanted fluorescence which can mask the Raman signal. In non-

resonance Raman this is usually avoided by exciting in the infrared or near infrared 

region where the energy of photons is low enough to avoid reaching an electronic state 

and thus cause fluorescence. However, at such low frequencies the Raman signal is much 
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weaker and higher laser powers, longer integration times or Fourier Transform methods 

must be used either separately or in combination to achieve a reasonable signal to noise 

ratio (SNR). Perhaps the greatest advantage of working in the ultraviolet region of the 

electromagnetic spectrum is that when a molecule is excited below -260 nm, molecular 

fluorescence is significantly red-shifted compared to the Raman scattered light. Since the 

two signals do not overlap, the interference and noise of the unwanted fluorescence is 

avoided completely while still maintaining the large scattering cross sections that are 

advantageous in Resonance Raman scattering. A further SNR advantage is realized due 

to the ( V Q - V J ^ , ) 4 term of equation 1.7. Many biochemical analytes of interest also exhibit 

resonance enhancement in the UV. 

The characteristics of UVRRS make it a very useful tool for investigating 

biological molecules, like proteins and deoxyribonucleic acid (DNA) 1 1" 2 4. In proteins, the 

aromatic amino acids Tryptophan, Tyrosine and Phenylalanine are often important in 

protein function due to their ability to accept or donate electrons. Conveniently, 

electronic absorptions for these side chains occur in different regions of the ultraviolet 

spectrum allowing some degree of selective excitation. Interference from the protein 

backbone can be avoided since it is excited in the deep ultraviolet region, close to 200 

nm. In the case of DNA, the four bases adenine, guanine, cytosine and thymine absorb in 

the ultraviolet region as well as it's phosphate backbone. In each of these cases, it is 

possible to selectively enhance the species of interest and reject most of the competing 

signals. Fluorescence avoidance is also very important since large macro-molecules often 

exhibit a high fluorescence quantum efficiency. 
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1.3 Surface Enhanced Raman Spectroscopy 

Surface Enhanced Raman Spectroscopy (SERS) was first discovered in 1977. 

Two different research groups simultaneously concluded that the abnormally high 

scattering signal from pyridine bound to a silver electrode that had undergone one 

oxidation reduction cycle was due to a new enhancement mechanism25'26. Since the 

discovery of SERS, the field has expanded dramatically and many molecules have been 

shown to exhibit this effect on a variety of SERS active metals. The noble metals have 

been the most widely used SERS substrates and Silver has been found to give the highest 

levels of enhancement while Gold and Copper substrates also provide a good level of 

enhancement. SERS enhancements on the order of 1014 have now been observed for 

some molecules thus allowing single molecule Raman Spectroscopy27. 

The explanation of SERS in terms of the underlying physical-chemical 

mechanisms remains a subject of active research, and the mathematical foundations of 

SERS are inherently complex. It is beyond the scope of this thesis to give a rigorous 

description of SERS details of them, however a qualitative description will be presented 
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that is based on a variety of sources. 

From the outset of the discovery of SERS, this phenomenon has been attributed to 

two contributing enhancement mechanisms: a first layer chemical enhancement and an 

electromagnetic enhancement. The chemical enhancement is by far the weaker of the two 

enhancement mechanisms and it has been estimated that it only provides 10 to 100 times 

the total signal enhancement observed in SERS. The nature of the chemical enhancement 

is attributed to two possible mechanisms. The first involves a new metal to analyte 

charge-transfer electronic transition that is characterized as a Resonance Raman effect, 

while the second mechanism is a dynamic charge transfer occurring between the metal 
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and the molecule. It is postulated that this second effect involves an excited electron 

transferring from the metal into the least unoccupied molecular orbital (LUMO) of an 

adsorbed analyte molecule and then relaxing to produce a photon Stokes-shifted from the 

excitation frequency. It is thought that the sharp features on the surface of the metal aid in 

these chemical enhancements. The electromagnetic enhancement in SERS is responsible 

for the far majority of the enhancement that is attributed to SERS. The electromagnetic 

enhancement derives from enhanced local optical fields that occur on the metal surface 

that interact with the molecule that is being excited. These enhanced fields are due to 

evanescent electromagnetic fields associated with surface plasmon resonances. The 

concept and physics of surface plasmon resonance will be further explored in the next 

chapter of this thesis. Surface plasmon fields have been theoretically modelled for single 

colloid silver and gold spheroids and such analyses have predicted strong enhancement 

on sharp features. This prediction correlates well with the observation of apparent "hot 

spots" that occur near sharp features on fractal surfaces where large electromagnetic 

fields exist. As will be explained later, surface plasmon resonances change with 

wavelength and as a result the hot spots in fractal surfaces have been observed to change 

location with wavelength. 

In the past, the best SERS signals were found to occur on fractal silver surfaces. 

However, because silver surfaces tended to be unstable due to oxidation, it was nearly 

impossible to create two silver SERS substrates that had the same enhancement 

characteristics. While this is not a serious issue for qualitative analysis of molecules, it 

certainly is a serious issue if meaningful analytical results are to be done with this 

technology. As a result of this, a large portion of research in the field has been involved 

in the development of SERS-active substrates that offer strong and reproducible 
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erihancement . Significant advances in this area could have a major impact on 

existing and developing applications of SERS, particularly in trace detection and analysis 

of chemicals and analysis of biological molecules in low concentrations30,47"52. 
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Chapter 2 

Introduction to Surface Plasmon Resonance 

2.1 Historical Development of Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) was first observed on a diffraction grating in 

the beginning of the twentieth century by Wood53. It was not until the 1960s that both 

Otto54 and Krestchmann55 separately discovered methods of exciting surface plasmon 

resonances using attenuated total reflection geometries. Later, in the early eighties, SPR 

began being used as a sensor to detect gases56 and also found its first use as a biosensor57. 

The first commercial instrument was released in 1990 by Biacore A B 5 8 and now there are 

at least half a dozen companies that offer competing instruments. SPR measurements 

have become very commonplace in biophysical laboratories and thousands of studies 

have now been done using information taken from SPR devices. Like any technology, 

early developments of SPR technology concentrated on improving the technique of 

surface plasmon resonance. More recently, however, the focus has become quite directed 

on the development of new applications for this technology59. Two major areas of 

research in SPR technology are the development of SPR platforms capable of detecting 

biological analytes and the analysis of the biophysical properties of biological 

substances59. 

Note that although grating based SPR devices do exist and theory for them has 

been developed, they will not be discussed here since the present work revolves around 

attenuated total reflection geometries. 
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2.2 Theoretical Basis of Surface Plasmon Resonance 

The theory behind SPR has been described previously60"62 and the following 

section will attempt to summarize these sources and highlight the salient points of SPR 

theory most relevant to the discussion of work presented in this thesis. 

Consider the interface between two different materials, 1 and 2, with complex 

frequency dependent dielectric constants £i(oo) and e2(co). Surface plasmons can only be 

excited at this interface if the electric field of the exciting radiation has a component that 

is normal to the interface. As such, p-polarized light is capable of exciting surface 

plasmons because it has E = ( E x , 0 , E z ) , where z is normal to the surface, while s-polarized 

light is unable to excite surface plasmon modes because it has E = (0,Ey,0). The 

electromagnetic surface wave should be described by: 

where E stands for the electric field component, kxl and kx2 are the wavevectors is the 

x-direction, &2land &z2are the wavevectors in the z-direction and tvis the angular 

frequency. It can also be shown that: 

in medium 1, z < 0 (2.1) 

in medium 2, z > 0 (2.2) 

£2 

(2.3) 

which demonstrates that for any electromagnetic mode to occur, the dielectric constants 

of the two materials at the interface must be of opposing signs. In this case the two 
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materials at the interface are a metal and a dielectric material. The dispersion 

relationship, or the energy-momentum relationship, of the surface plasmon can be shown 

to be: 

Where is £ r a is the dielectric constant of the metal and £d is the dielectric constant of the 

dielectric. From these equations it can also be shown that: 

Looking back at these formulas we can now elucidate some important properties of the 

surface plasmons. A surface plasmon wave is a bound, nonradiative (i.e.,evanescent) 

wave which has a maximum at the interface between the metal and dielectric and decays 

exponentially into both materials which is schematically illustrated in figure 2.1 

18 



z X 

Figure 2.1: Schematic representation of the evanescent decay of a surface plasmon wave 
at the surface of a metal. The surface represents the intensity of the wave in the x and z 
directions on a metal 6 1 

Up to this point the discussion has missed a very important concept concerning 

surface plasmon resonances. Figure 2.1 is the theoretical representation of what the 

resonance might resemble if a photon impinging directly on a metal surface was able to 

excite a resonance. In reality, however, it is impossible to excite a surface plasmon 

resonance by direct illumination onto the surface of a metal, as described here, and an 

alternative method must be used in order to generate them. 

With this in mind, an important point arises when examining the equation of the 

momentum of a photon kph in a dielectric medium. This is: 

(2.6) 

and the component that is available to excite the surface plasmon mode is: 
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(2.7) 

Where 9 is the angle between the incident photon and the surface. This means that the 

momentum of the photon propagating at the interface between the metal and the 

dielectric will always be smaller than the momentum of the surface plasmon mode, and 

hence we will be unable to excite a resonance. Even if we adjust the angle at which the 

light impinges on the surface so that it arrives at a grazing angle, and use the entire 

wavevector it still is not possible to excite a surface plasmon resonance. In order to 

circumvent this problem and create a surface plasmon resonance between the metal and 

the dielectric we use a high index prism, where eprjsm > edielectric, to couple the light into the 

metal by using the evanescent wave of the photon impinging at the surface of the prism 

that is closest to the metal surface. This is possible, as can be seen from equation (2.6), 

because, exploiting the high index of refraction of the prism, we can have photons with a 

momentum that is of sufficient magnitude to excite the surface plasmon resonance in the 

metal. This is achieved by using either the Otto configuration or the Kretschmann 

configuration, as shown in figure 2.2. At this point, we can now understand what sort of 

readout we should expect from a conventional SPR device and how it works as an 

analytical device. Since the component of momentum vector that is coupled into the 

evenescent wave changes with the angle the light impinges on the prism/metal interface, 

we would expect that, at angles where the momentum vector of the electromagnetic wave 

matches the surface plasmon mode, we should get a reduction in the reflected intensity 

since the light is being coupled into the metal. Figure 2.3 shows the reflected intensity 

versus angle of a typical surface plasmon resonance device and it obeys this prediction. 
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Metal 

Evanescent Field 

Figure 2.2: a) The Otto Configuration of Surface Plasmon Resonance induction. A prism 
is separated from a metal surface by a distance smaller than the wavelength of the light, 
b) The Kretschmann Configuration. A prism is plated with a layer of metal on the order 
of 50~100nm in thickness. The arrows represent the incoming photon beam being used to 
excite the surface plasmon resonance. 

Insight into the utility of SPR as an analytical technique comes by examining equation 

(2.4) where we can see that the momentum required to excite a surface plasmon mode 

changes if the dielectric constant of the dielectric material changes and thus the angle at 

which the surface plasmon resonance occurs should also change. This is extremely 

important because if we are able to adjust the local dielectric constant of the medium near 

the metal we will be able to observe a change in the resonance angle. This behavior is the 
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basis of how SPR sensors detect small refractive index changes due to the presence of an 

analyte at the surface of the metal 

1 

50.00 70.00 90.00 

Angle 

Figure 2.3: Typical SPR readout of reflectivity versus angle as calculated by a web based 
program132. Where the angle is determined between the incident beam and the normal to 
the metal surface. The curve represents the proportion of the incoming beam being 
reflected at different angles. 

2.3 Typical SPR Devices and Current Uses 

Most SPR systems are schematically similar to the one shown in figure 2.46 3. This 

configuration, known as the Kretschmann configuration, is the preferred geometry of 

SPR devices. In figure 2.4, p-polarized light is focussed on the surface such that the 

incident rays subtend a subset of angles and the reflected beam shows a marked decrease 

in intensity at those angles which couple radiant energy into the surface plasmon modes. 
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Alternatively, a collimated beam of light can be impinged on the surface and the angle of 

incidence of light can be changed while 

Figure 2.4: A schematic representation of a typical SPR device. The blue antibodies 
represent the immobilized surface species and the green dots represent the intended target 
molecule. Only the intended analyte will bind to the surface. Light impinges on the 
surface over a range of angles and only light that is at the appropriate angle to excite a 
surface plasmon resonance will be coupled into the surface. As the number of analyte 
molecules bound to the surface changes so does the local dielectric constant and 
consequently the angle at which light may be coupled into the surface also changes. 

monitoring the reflected intensity. In general, a typical kinetic SPR experiment involves 

binding a ligand to the metal surface of the SPR device (pictured as an antibody in figure 

2.4), a binding partner is passed through a flow cell over the surface of the metal and the 

reflectivity is monitored versus time63. This is repeated several times with varying 

concentrations. A popular readout method involves holding the angle of incident light 

constant and monitoring the intensity of reflected light over time. A plot of the reflected 
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light intensity (typically normalized the incident light intensity) versus time is called a 

sensorgram. Information about the rate constants, binding constants and a variety of other 

information can be extracted from these sensorgrams. 

One of the important characteristics to recognize when using SPR is that the 

technique is unable to discern between specific and non-specific adsorption of substances 

onto the measurement surface. Since the surface plasmon resonance angle will change if 

a species is in close enough proximity to the surface to alter the local index of refraction 

of the surface, between 100 nm and 500 nm depending on the wavelength59, this will 

result in changing the angle at which a specific wavelength of light may be coupled into 

the surface. In this case, a change of angle may be observed even if a species is not 

selectively binding to its appropriate ligand but is merely touching the surface of the 

metal. Because of this fact, a lot of bioanalytical method development has been 

undertaken in order to address errors relating to the non-specific nature of SPR 

measurements. 

A variety of applications have been designed for surface plasmon resonance. By 

far, the bulk of the applications of SPR have focussed on examining biomolecular 

interactions. Kinetic and binding studies of proteins, anti-bodies and DNA have yielded 

very insightful information into the binding properties of these systems 57-58>60>63-67 

2.3.1 Surface Plasmon Resonance Imaging 

Of particular interest to the current work is the recent development of Surface 

Plasmon Resonance Imaging68"74. SPR imaging involves impingingp-polarized light over 

a surface and then imaging the reflected light onto a CCD device instead of a one-channel 
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detector. The read out is a 2-dimensional image of the area illuminated by the impinging 

light, as shown in figure 2.5 

Figure 2.5: A schematic representation of SPR imaging. A beam of light impinges on the 
gold surface and regions where substrate contacts the metal reflect at a reduced intensity. 

The interest in developing SPR imaging technology is due to trends in emerging 

bioassays, like DNA microarrays. Current microarrays use florescent probes to readout 

bound analyte molecules. This is problematic since fluorescent groups bleach, don't 

necessarily bind stoichiometrically and can conceivably alter the binding characteristics 

of the intended analyte. Although these assays are still very useful it is not possible to get 

accurate analytical data from them. The advantage SPR imaging brings to such 
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applications is that it can offer label-free detection while still being very sensitive. 

Further discussion of D N A microarrays will be presented in subsequent sections of this 

thesis. 
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Chapter 3 

Introduction to DNA Microarrays 

3.1 Historical Development of DNA Microarrays 

Simply put, DNA microarrays are 2 dimensional arrays of single stranded 

oligonucleotides, cDNA or cDNA fragments bound to a planar glass, silicon, polymer or 

metal surface, as shown in figure 3.1. 

Figure 3.1 A schematic representation of single stranded pieces of DNA bound to a glass 
substrate. In a conventional microarray, all of the individual probes attached to each cell 
(or register) of the array would be a known and different sequence of DNA. 

To analyze a sample of cellular DNA, mRNA or cDNA for the presence of a specific 

genetic sequence using a DNA microarray, the analyte sample is usually reacted with a 
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fluorescent tag and then it is exposed to the surface of the array under conditions that 

allow hybridization of complementary sequences74. Any genetic sequences in the sample 

that are complimentary to those found on the array should bind and should then be 

immobilized on the array surface. After rinsing the array they are usually read by an 

imaging fluorimeter. The readout of a typical microarray is shown in figure 3.2. 

Figure 3.2 The fluorescent readout of a DNA microarray. Each spot indicates that a 
complimentary portion of fluorescently tagged DNA has been bound. The varying 
intensity of each dots indicates the amount of complimentary DNA in the sample75. 

The intensity of each spot is measured and can be used to acquire semi-quantitative and 

qualitative information from the array. 

DNA microarrays have emerged in the last decade as an important tool for genetic 

analysis. The history presented here follows Chapter 1 of Methods in Molecular Biology, 

vol. 170: DNA Arrays: Methods and Protocols76. Like the development of many other 
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technologies, DNA microarrays have resulted from the maturation of multiple techniques 

that coalesced to form a powerful new tool. 

The infancy of DNA microarrays began soon after the structure of DNA by 

Watson and Crick. The idea of sequence complimentarity offered the possibility of the 

analysis of DNA and this idea was studied extensively. A major step in the development 

of arrays came in the 1960s when Fluorescent In-Situ Hybirdization (FISH) was 

demonstrated. FISH involves labeling fluorescently labeled probes that identify specific 

sequences of DNA on chromosomes. Another major discovery came in the mid 1970s 

77 

when Grunstein and Hogness discovered a way to lyse and fix DNA from bacterial 

colonies to a membrane. 

The idea of large scale analysis of multiple DNA sequences came in the 1980s 

and followed from the production of bacteria and yeast cell clones. Clones were initially 

organized onto microtitre plates and subsequent analysis was performed to find critical 

information about the genetic sequence of the clones. It was Hoheisel et al. 7 8 who 

advocated putting multiple libraries on filters at high density in order to cross-correlate 
7Q 

sequences. Kafatos et al. were the first to analyze multiple hybridization targets in 

parallel by putting them on a filter in a defined pattern, now known as a dot blot. This 

technique was not only able to hybridize in parallel but also to analyze in parallel which 

represents a huge step in the development of arrays. Automization followed this 

development and the density and reproducibility of these dot blots was drastically 

increased. 

Dot blots involve attaching sequences of unknown DNA to membranes and then 

using known DNA probes to analyze the sequence. Reverse dot blots approached more 

modern array methods by attaching the known DNA probes to the surface of the 

29 



membrane and labeling and hybridizing the unknown sequences. The major difference 

between these reverse dot blots and modern arrays is that modern arrays have the known 

probe DNA sequence bound to solid supports. Solid supports offer many advantages over 

membranes. Besides the inherent advantages of being significantly more robust in the 

face of physical contact and solvent exposure, there are other important differences that 

exist. Methods of producing microarrays on solid surfaces are capable of ensuring that 

the amount of DNA placed on a chip is consistent from one region to another. 

Membranes are much more fragile then solid supports and can deform when subjected to 

solvents and drying. 

The development of solid state organic chemistry techniques was also a 

tremendous aid in the development of microarrays. The ability to produce complex 

nucleic acids on solid supports has been integral in the development of certain kinds of 

80 81 

arrays. It was Letsinger et al. and Beaucage and Caruthers that lead the development 

of techniques for producing nucleic acids using the solid-phase method. Modern 

techniques for synthesis of DNA on solid supports can create long strands and sequences 

as long as 200 nucleic acids have been achieved, however, anything longer than 30 will 

likely contain too many errors to be very accurate for detection. 

3.2 Manufacturing of DNA microarrays 

There are a few competing methods for the manufacturing of DNA microarrays. 

The first commercially available high-density microarrays involved using 

photolithographic techniques coupled with solid-phase in situ synthetic chemistries to 

create probe sequences on the surface of the DNA microarray, also called a chip 7 4~ 7 5 ' 8 3. 

Photolithography, a commonly used technique in electronics manufacturing, is a solid-
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phase multi-step process which uses a combination of masks, light and chemicals to 

pattern a silicon surface has been adapted for use in microarray . Initially, the surface of 

glass is derivatized with a light reactive material. Photolithographic masks are created 

which expose certain regions of the chip to ultraviolet light. Once exposed to light, the 

selected surface becomes "activated" and will react with selected reagents that are 

washed over the surface. Steps are taken to react one particular nucleic acid to all the 

"activated" sites on the surface of the chip. Once the nucleic acid has been "attached" to 

the surface it is protected with another light reactive material. The process is then 

repeated with differing masks until the desired sequence of nucleotides is achieved over 

the entire chip. This process is visualized in figure 3.3. 

Light 

Mask 
X X X X X X X X x x x x x 
I I I I I I I I I I I I I 

O O O O O i HOHO O O O i T T O O O 
T-X 

_ L _ I • _ — Mask C A T A T X X X X X A C C T G 
T T O O O k. T T C C O i i T T C C G 
f / / / / r / / / / / r T / / / / s C-X <><><><><> Rental <><><><><> 

Figure 3.3 The schematic representation of the lithographic method of DNA microarray 
manufacturing. A,C,T,G represent the bases, X is a photolabile chemical bound to the 
surface of the slide or to the bases. Light impinges on the derivitized surface and de-
protects uncovered regions. The surface is then reacted with a derivitized bases that bind 
to the unprotected regions. The process is repeated until the desired surface is reached.83 

31 



One method of producing DNA microarrays is by using microprinting 

technology. Microprinting of DNA microarrays stems directly from technology 

developed by the printing industry. Printing heads developed for high-quality document 

production have been adapted for use in microarray manufacturing. Printing is achieved 

either by spraying the solution out of a miniature nozzle, like an inkjet printer, under high 

pressure, or by spotting the DNA onto the surface by using a needle "quill" tip 7 4 ' 7 5. The 

later involves using needle tips that are essentially tiny pen nibs. The design of the needle 

alters the spot size and spot volume although typical spotting volumes are less than 1 nL. 

Since the spot size can be affected by DNA concentration, in order to achieve desired 

DNA density at each probe site while maintaining an appropriate spot size, each location 

is spotted multiple times until the desired density is reached. The DNA sequences are 

chemically bound to the surface of the glass using various chemical approaches74'75. 

Although printing technology can be used for any DNA sequence it is often used to 

create arrays made of cDNA. 

There are a few advantages of using photolithographic methods over 

microprinting technologies. The first being that they are capable of accommodating very 

high probe densities with very precisely defined (albeit short, <20 nucleotides) 

sequences. This allows the investigator to explore thousands of probes simultaneously. 

Short oligonucleotides also make it possible to detect variations between DNA sequences 

of as little as one base pair84. In spite these advantages, there are drawbacks to 

photolithographic techniques. Photolithography is expensive and may not be feasible in 

an academic setting. Other disadvantages of oligonucleotide arrays result from the 

inherent method of fabrication84. Since the oligonucleotide sequences are chosen 

prospectively, there is the very real possibility of not detecting desired but unknown 
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sequences. High probe density, an advantage of these chips, can also be a hindrance since 

the sequences are short and highly variable which means that the thermodynamics of 

hybridization are highly variable within the probe population of the array85. This limits 

the ability to compare binding globally throughout the array. 

Microprinting methods offer a completely unique set of characteristics. Since 

printing technology is so readily available, microarrays produced by this method are 

much less expensive than photolithographic methods and as a result are much more 

feasible for laboratories with financial constraints84. A clear advantage of these arrays is 

that they can spot fragments of DNA of any length, including full length cDNA, Another 

advantage of this is that scientists can spot any sequence, known or unknown, to the 

surface and monitor hybridization. This adds a high degree of flexibility to experiments. 

Despite all the advantages of DNA microprinting there are definite pitfalls of this 

technology. Although spotting larger DNA sequences offers flexibility it also introduces 

the possibility of probe-target mismatches. This means that the analyte being examined 

may bind to one or more DNA sequences on the chip which may introduce error if the 

experiment is not designed correctly . The printing process is also a variable that can 

affect experimental outcome. The amount of DNA printed on the surface can affect the 

intensity of the output signal. Care must be take to ensure that DNA concentrations are 

optimized and consistent across slides in an experiment since this may greatly affect 

experimental outcomes. Another hurdle facing slide manufacturing is that evaporation of 

solvent while printing may lead to significant variability of the DNA on the slide which 

can be a significant source of error84. 
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3.3 Experimentation and Readout of DNA Microarrays 

Experimentation using DNA microarrays depends highly on the system to be 

studied. Typically, the gene sequences to be studied are selected and an array is 

manufactured to include the genes of interest. To aid in analysis, each probe is spotted at 

multiple locations throughout the array in an attempt to account for variability 

encountered in the hybridization. 

Once the chip has been manufactured, the samples to be analyzed must be 

prepared for detection. Microarrays depend on tagging DNA samples with fluorescent 

dyes for detection. Typical fluorescent dyes used to tag DNA samples include the green 

fluorophore Cyanine 3 (Cy3) and the red fluorophore Cyanine 5 (Cy5)88. One of the 

major drawbacks to fluorescent tagging is that the number of dye molecules that bind to a 

particular DNA sequence can vary. This issue manifests itself in analysis since this 

variation adds inaccuracy to the quatitation of bound DNA. After tagging, the samples 

are incubated with the arrays under controlled conditions that favor only Watson-Crick 

duplex formation and given time to hybridize, then the chips are rinsed with buffer to 

clear unhybridized sample DNA. 

As previously explained, readout consists of placing the probes into an instrument 

that illuminates the probes with the appropriate wavelengths and images of the surface of 

the array are taken at each excitation wavelength. Once the image is acquired the data on 

the chip must be analyzed in order to acquire useful information from the chip. Data 

analysis and interpretation has proven to be one of the major hurdles that researchers in 

this area face. In order to get useful information from arrays the raw images must first be 

processed and then interpretation of the data must commence to make biological sense of 

the information aquired. Due to the high volume of information on microarrays raw data 
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processing is done by computer. Image processing involves a few steps which include 

locating the individual spots, determining the boundary of the spots, measuring the 

fluorescent intensity of each spot, subtracting background intensity and normalization of 

signal intensity . Each one of these steps has unique problems associated with it and 

since there is no universally accepted standard that all scientists use it can make 

comparing array data from different laboratories very difficult. Normalization, in 

particular, has been one of the most systematic sources of error within experiments due to 

variability with fluorophores86. In some experiments, one analyte is labeled with two 

separate fluorophores while in other experiments two analytes are labeled with different 

fluorophores and hybridized on the same chip. Each fluorophore is read out separately 

with a separate wavelength of light and in order to compare the information garnered by 

the separate readouts of the two fluorophores the signal intensities of the two fluorescent 

tags must be normalized between themselves. This is difficult since not only does each 

fluorophore have unique emission characteristics but fluorescent intensity may vary from 

feature to feature. Complicated mathematical algorithms are being developed in an 

attempt to battle this issue ' but the reality remains that most information garnered by 

microarrays is qualitative and not quantitative. 

3.4 Surface Plasmon Resonance Microarray Systems 

As previously mentioned, one of the disadvantages of using current DNA 

microarray technology is the use of bound fluorescent probes for chip readout89"91. As 

illustrated in the previous section there are groups that are attempting to combat the 

pitfalls of fluorescent probes but the heart of the issue results from inherent pitfalls of 
o o OA 

using fluorescent tags ' . One approach to this problem has come from the Surface 
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Plasmon Resonance community. As mentioned, SPR detection depends on a local change 

of index of refraction at the surface of a metal and this technology is ideal for creating 

microarrays that do not require fluorescent tag attachment. As demonstrated in the 

previous chapter, SPR has already proven itself to be very sensitive and by incorporating 

this technology into microarrays and eliminating the problems associated by fluorescent 

tag attachment, the acquisition of quantitative information from microarrays is very 

feasible as long as care is taken to avoid non-specific adsorption and surface 

contamination at the surface of the chip. A number of groups have taken the lead in the 

development of these chips92"96. Although these SPR arrays are currently only capable of 

detecting approximately 100 sequences simultaneously, with further development it will 

certainly be possible to begin to achieve densities that rival currently used microarray 

technologies. 

3.5 Applications of DNA microarrays 

The use of DNA microarrays has grown dramatically since their invention. It is 

understandable that any tool that is able to analyze a large amount of genetic material has 

a tremendous amount of applications. A few of these diverse applications includes the 

global analysis of gene expression of organisms, the genetic screening for cancer and 

other diseases, the identification of pathogens, and for drug design and drug discovery97" 

1 0 4 . The work presented herein attempts to build on the already tremendous applications 

of microarrays and to further the usefulness of SPR microarrays. By combining Raman 

Spectroscopy and SPR microarrays, the aim of this thesis is to provide researchers with 

the added information from Raman spectroscopy to help analyze microarray information. 
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Chapter 4 

Materials and Methods 

4.1 Introduction 

The materials and methods used in the experiments performed in this work will be 

presented here. Both the ultraviolet resonance Raman fiber-optic spectrometer used in our 

lab and the Renishaw Model 1000B Raman Microscope will be described. The design 

and construction of an SPR imaging device will be undertaken in a subsequent chapter. 

Finally, the expression and purification of Cytochrome c Peroxidase and the mutant 

Cytochrome c Peroxidase W191F will be presented in this chapter . 

4.2 Ultraviolet Resonance Raman Fiber Optic Spectrometer 

4.2.1 Ultraviolet Laser Source 

The laser source employed in this experiment was a frequency-doubled Argon ion 

laser (Coherent 1-90 FreD, Santa Clara, CA)which utilizes an intracavity BBO crystal. By 

using various BBO crystals, the laser is discretely tunable at UV229.0, 238.2, 244.0, 

248.2, 250.8, 257.2 and 264.3 nm. 

4.2.2 Detectors 

A thermoelectrically cooled CCD camera (SpectraVideo, Pixelvision of Oregon, 

Inc., Beaverton, OR) and a liquid nitrogen cooled CCD camera (Spec-10:400UVB, Roper 

Scientific, Trenton, NJ) were used in the present work. The later was on loan from Roper 
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Figure 4.1: Photographs of various components of the setup of the UV/Vis fiber optic 
Raman spectrometer used to perform the experiments. The laser originates in the FreD 
laser is coupled into a fibre optic probe using a fibre-optic coupling assembly. The beam 
is transmitted into the sample. Light is collected by the fibre optic collection fibres and it 
directed into a spectrometer. The data is collected and analyzed at the computer work 
station. 
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Scientific for evaluation and despite it's favorable performance characteristics was only 

available for a limited period. 

4.2.2.1 Thermoelectrically Cooled CCD Camera 

The Spectra Video camera uses a thinned back-illuminated CCD array which is 

coated with a UV anti-reflection coating. The array is 1100x330 pixels and each pixel 

measures 24 um . The camera is equipped with an externally mounted water-cooled 

Peltier effect device that was installed after delivery and a nitrogen purge which was 

added to the camera to avoid the condensation and ice formation. The camera is normally 

cooled to -51°C during data acquisition. When last tested in April of 2003, the dark 

current at -23°C was measured to be 6.42 electrons/pixel/second and the readout noise 

was 19.9 electrons per readout at 50kHz. 

4.2.2.2 Liquid Nitrogen Cooled CCD Camera 

The Spec-10:400UVB Camera is a back-illuminated CCD array with a UV 

enhancement coating. The array consists of 1340x400 pixels and each pixel is 20pm . 

The quantum efficiency of the camera between 200 nm and 300 nm is approximately 

45%. The camera is cooled by liquid nitrogen and was operated at -116°C. The dark 

current of the camera is reported to be 0.3 electrons/pixel/hour and the read noise at 50 

kHz is 2.8 electrons per readout. 

4.2.3 Wavelength Separation 

Wavelength separation was achieved through the use of a 1.0 meter Czerny-

Turner design single monochromator (McPherson Model 2061, Chelmsord, MA). The 
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grating employed was a 3600 grooves/mm holographic grating. Fiber-optic collection 

libers were coupled to the monochromator through the use of a fibre-optic adapter (FPH-

DJ, Newport Corporation, Irvine, CA) and with a chuck built to hold six collection fibres 

in a vertical column. The adapter was employed to match the f-number of the fibers to 

that of the monochromator and was modified by changing the lenses and adding a spacer. 

The slit width was chosen to be 200um since this allowed a good signal throughput while 

maintaining adequate spectral resolution. 

4.2.4 Fibre-Optic Multi-Fibre Ultraviolet Resonance Raman Probes 

Fiber optic probes were first created and used in our lab by Greek105 and have 

evolved into a multi-fiber geometry. The ends of six UVMI fiber-optics (Polymicro 

Technologies, Phoenix, AZ) of 400pjn are beveled to 45° using a fiber-optic grinder and 

polisher (Ultrapol, Ultratec Manufacturing Inc., Santa Ana, CA) using various grades of 

polishing paper while the other end is polished flat. The beveled end is dipped in 

photoresist and the angled portion of the fiber is exposed using methanol. Aluminum is 

vapour deposited onto the end of the fibers in a vacuum chamber (CHA Industries model 

SE-600-RAP, Menlo Park, CA). Once the aluminum has been deposited, the photoresist 

is removed and the fibers are positioned around a 600pm diameter excitation fiber using 

silastic tubing cut into small collars. The mirrored faces were rotated to face the 

excitation fiber and then were glued into position using medical grade silicone (Medical 

Adhesive Type A, Dow Corning, Midland, Michigan). The arrangement is presented in 

Figure 4.2. 
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Figure 4.2: a) The side view of the alignment of a single collection and a single excitation 
fibre. The excitation volume is depicted in blue and the collection volume is indicated by 
green, b) The top view of a bundle of six collection fibres surrounding the excitation 
fibre. The gray circles are collection fibres that have been angled and aluminized while 
the black circles are short spacers which are designed to allow flow over the face of the 
excitation fibre. 

4.2.5 Data Collection and Signal Processing 

4.2.5.1 Computer Hardware and Software 

The computer used to control both CCD cameras was an Intel 233 M M X based 

personal computer. The software used to control the SpectraVideo Camera was 

PixelView (PixelVision, Beaverton, OR) and the software used to control the Spec-

10:400UVB was WinSpec32 (Roper Scientific, Trenton, NJ). All files collected with 

either program were converted to the .SPC format and all data processing was done with 

Grams32 v5.1 (ThermoGalactic, Salem, NH). 
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4.2.5.2 Wavenumber Calibration 

Although reasonably constant, changes in the local environment, like temperature, 

humidity, can introduce variability in the position of observed peaks during data 

acquisition. For this reason, wavenumber calibration must be performed for each 

individual experiment. This is achieved by measuring the spectrum of neat ethanol as 

prescribed by Ferraro and Nakamoto". The pixel positions of the ethanol peaks were 

plotted versus the known wavenumber peak positions and were fitted to a quadratic. The 

quadratic relationship was then applied to each spectrum using Grams32. 

4.2.5.3 Background Removal 

Since the excitatory beam passes through a silica optical fiber before exciting the 

sample, Raman scattered light from the excitation fibre may be collected under certain 

experimental conditions and contribute to noise in the data. Although, typically, not 

intense, the removal of silica signal is important when analyzing data. This was 

accomplished by fitting a spectrum of silica, collected from the fibres exciting a reflective 

surface, and using the subtraction to remove the silica signal. The fitted silica signal is 

shown in Figure 4.3. The background signal of the camera was not subtracted since it did 

not prove to present any major interference, although it was monitored during each 

experiment to be certain. 
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Figure 4.3: The Raman spectrum of silica scatter collected at 248.2 nm. 

4.2.5.4 Internal Standard 

Sodium Sulfate was used as an internal standard in this experiment spectral 

subtraction. The sodium sulfate spectrum does not overlap with any of the transitions of 

interest, l 0 6 . and does not interfere with the enzymatic properties of CcP or CcP W191F. 

4.3 Renishaw Model 1000B Raman Microscope and Laser Source 

4.3.1 Laser Excitation Source 

The laser excitation source was a Titanium:Sapphire(TiAl203) multi-component 

laser system from Coherent Inc. (Santa Clara, CA). The laser is pumped by a solid-state 

diode-pumped frequency doubled Neodynium Vanadate (Nd:YVC>4) laser (Verdi V-10, 

Coherent Inc., Santa Clara, CA). The emission from this laser is 532 nm and has a 

maximum power of 10W which is directed into the Titanium:Sapphire cavity (Mira 
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Model 900, Coherent Inc., Santa Clara, CA). The Mira offers continuously tunable 

emission from 700 nm to 1000 nm and the emission of the laser and can be operated in a 

continuous wave mode or modelocked to operate with either picosecond or femtosecond 

pulses. For this study the laser was tuned to 785 nm and was in continuous wave mode. 

The power at the sample was held at 34 mW. 

4.3.2 Renishaw Model 1000B Raman Microscope 

4.3.2.1 Renishaw Model 1000B Raman Microscope Hardware 

The Renishaw 1000B Raman Microscope (Renishaw, Hoffman Estates, IL) is, simply 

put, a microscope with a built-in spectrometer and thus allows the acquisition of Raman 

spectra from samples placed under the microscope objective. Light enters the 

spectrometer portion of the instrument and is directed through the main case, beam 

expanded with 2 microscope objectives and finally impinges on the first of a set of 

holographic notch filters. Although notch filters are designed to reject light, in this 

Raman microscope they are initially used to direct light into the microscope without 

rejecting the incoming beam. The excitation light is reflected by the first notch filter and 

is directed into the microscope section of the instrument. The light passes through a Leica 

DMLB microscope with 5x, 20x and 50x objectives and the sample is mounted on an 

automated translational stage. The stage inset can be removed and replaced with custom 

insets, which was an SPR imager in this case. White light images can be taken of the 

sample using a mounted colour CCD camera. The Raman scattered light travels back 

through the microscope and arrives back at the notch filter setup. The holographic notch 

filters serve a dual purpose, coupling the light into the microscope objectives and 

rejecting the Rayleigh light from the sample, a large source of stray light. Since the notch 
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filters may give an undulating transmission profile, the combination of 2 matched filters 

offers a high degree of Rayleigh rejection while at the same time providing a smooth 

transmission profile. The notch filters in our particular instrument are designed to reject 

785 nm, which was convenient for this study due to the fact that this wavelength is able 

to excite a surface plasmon resonance in gold, but the filters can be changed to 

accommodate a variety of different excitation wavelengths. Once the light has passed 

through the notch filters it is imaged onto the spectrometer slit and onto a 1200 lines/mm 

holographic grating. The dispersed light finally impinges on a thermoelectrically cooled 

CCD which has been cooled to -70°C. The light path is pictured in Figure 4.4. Although 

the instrument can be run in confocal mode to increase z-dimension resolution, this mode 

was not used in this study. 
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Figure 4.4: The beam path of the beam path (illustrated by the red line) of the Renishaw 
100B Raman Spectrometer. 
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4.3.2.2 Renishaw Model 1000B Raman Microscope Software 

The instrument is run on a 1 GHz Pentium III personal computer. The software 

used to run the microscope (Renishaw WiRE, Renishaw, Hoffman Estates, IL) runs with 

Grams32 (ThermoGalactic, Salem, NH). The instruments software is calibrated using a 

neon lamp source and a silica wafer. 
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Chapter 5 

Investigation of Radicals in Cytochrome c Peroxidase 

5.1 Introduction 

Cytochrome c Peroxidase (CcP) was first discovered by Altschul et al in 1940. It 

is localized in the inter-membrane space of mitochondria and its main function is thought 

to involve the removal of toxic hydrogen peroxide. CcP is notoriously easy to crystallize 

and as a result in 1978 it became the first protein to have a three dimensional crystal 

structure taken. Another significant contribution to the scientific community came with 

the investigation of CcP by site-directed mutagenesis. This groundbreaking work was 

cited for the 1993 Nobel prize in chemistry awarded to Michael Smith. Having been the 

focus of such important scientific discoveries it is not surprising that this protein has been 

extensively studied. The following discussion of CcP will be a distillation of a variety of 

sources107"110. 

5.1.1 CcP Stucture and Function 

The molecular weight of CcP is 35,350 g/mol and after post-translational 

modification is a single polypeptide chain with 294 residues. It is important for this study 

to note that 7 of the residues are tryptophans and 14 are tyrosines. A heme moiety is 

crucial for protein function and the unreacted enzyme, known as the resting enzyme, 

exists in the iron (III) state. The structure of CcP and it's active site are shown in Figure 

5.1. 
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Figure 5.1: Cytochrome C Peroxidase. The red represents the Heme group in the center of 
the protein and is the source of the reaction. 
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Cytochrome c and CcP combine to form a catalytic cycle 

CcP + H 2 0 2 -»CcP -1 + H 2 0 (5.1) 

CcP -1 + C 2 + + H + -» CcP - II + C (5.2) 

CcP - II + C 2 + + FT -» CcP + C 3 + + H 2 0 (5.3) 

Where CcP-I is called compound I, CcP-II is called compound II, and C and C are 

different oxidation states of iron in the Cytochrome c. The formation of compound I has 

been the source of intense scientific research due to the formation of a radical in the 

protein. Many studies have been focused on elucidating the location of the radical, which 

was the source of an anomalous Electron Paramagnetic Resonance (EPR) signal. The 

source of the radical was conclusively identified in 1989 using Electron Nuclear Double 

Resonance (ENDOR) and was found to be a tryptophan cationic radical. Radicals are 

prevalent in many protein reaction mechanisms but what makes CcP interesting is that 

tryptophan radicals are uncommon and the radical formed in CcP is unusually stable at 

room temperature, lasting for approximately 2 hours and beyond. In the past 2 years it 

has been discovered that along with a stable tryptophan radical in CcP there are also 

stable tyrosine radicals in the protein. It was previously thought that the stoichiometric 

addition of hydrogen peroxide to the protein would only yield the tryptophan radical but 

this has been found not to be the case. These tyrosine radicals, located at the 39 and 153 

positions, were discovered using high resolution EPR spectroscopy, and have also be 

found to be stable at room temperature with a lifetime of approximately lhr. It is still 

unclear as to what mechanism is involved in the formation of these radicals and what role 

they play in enzyme activity. 
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Site-directed mutagenesis of CcP has yielded a variety of variants over the last 2 

decades. Of interest, in this study, is the CcP W191F mutant whereby the tryptophan in 

the 191 position has been replaced by a phenylalanine. The mutation results in a protein 

with increased activity in which the radical at position 191 has been replaced by a 7i-bond 

porphyrin based radical. 

5.1.2 Raman studies of CcP 

As can be expected by the high profile nature of this enzyme, CcP has been 

extensively studied using Raman Spectroscopy and Resonance Raman Spectroscopy11 °" 

1 1 8 . The main focus of these studies has been on the heme group in the protein. Resonance 

Raman in particular is uniquely useful for CcP since it can be used to selectively enhance 

the heme group using wavelengths that fall within the Soret band. While the crystal 

structure of CcP has been collected, the state of the active site is different in the crystal 

then in solution and a crystal structure only gives a static view of a protein. Raman has 

been useful in helping to elucidate the function of the heme in protein function 1 1 1 3" 

i i 6 , i i 8 M a n y vibrations in the low wavenumber region of Raman spectra, below 800 cm"1, 

give important information about the heme group, like coordination number and spin 

state. The interaction of CcP with Cytochrome c has also been examined using Raman110. 

5.1.3 Raman of CcP Radicals 

Despite having been identified and studied, the Raman spectrum of the tryptophan 

radical in CcP has not yet appeared in the literature. Bunte et al . 1 1 9 have calculated the 

theoretical Raman spectrum of the cationic radical of 3-methylindole, a tryptophan 
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analog. In addition to the recent discovery of the newly found tyrosine radicals, a unique 

opportunity exists to attempt to collect the Raman spectra of both the tryptophan radical 

and the tyrosine radical of CcP simultaneously. This could prove to be useful for the 

spectroscopic identification of similar species in other proteins or in further investigation 

of CcP. UVRRS is uniquely suited to observing the spectrum of the radicals in CcP 

because it offers the opportunity to selectively excite these species while at the same time 

reaping the intensity benefits and fluorescence avoidance characteristics of resonance 

enhancement. 

5.2 Experimental 

5.2.1 Expression and Purification of CcP and CcP W191F 

The expression and isolation of CcP and CcP W191F performed in this thesis was 

based on an unpublished protocol used in the laboratory of Dr. Grant Mauk. A general 

overview of the procedure will be presented here and the entire procedure is listed for 

reference in Appendix A. 

CcP and CcP W191F plasmids were obtained from the laboratory of Dr. Grant 

Mauk (University of British Columbia, Biochemistry Department). BL21(DE3) cells 

were transformed with the desired protein plasmid. For each protein, 20 liters of 

superbroth media innoculated with the transformed cells and the culture was grown at 

37°C until the desired optical density of cells was reached. At this point isopropyl-D-

thiogalactoside (IPTG) was added to induce protein expression at which time the cells 

were given 2-3 hours to express protein. Subsequently, the cells were harvested by 

centrifugation and were lysed using lysozyme and flash freezing in liquid nitrogen. 

Phenylmethylsulfonyl Fluoride (PMSF) was added to inhibit protease activity. DNAase 
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and RNAase were added to degrade the DNA and the ribonucleic acid (RNA) in the 

mixture. Once the cells were lysed all subsequent work was done in a 4°C cold room or 

on ice in order to limit protein degradation. After centrifugation, the supernatant was 

loaded on a DEAE sepharose CL-6B column, an ion-exchange column, and eluted into a 

fraction collector using a linear phosphate buffer gradient. Once eluted, a Sodium 

Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was run on the 

collected fractions and only those fractions with a high content of protein were kept. The 

desired fractions were concentrated and then run through a G-75 fine size exclusion 

column. Another SDS-PAGE was run on the samples and only fractions that contained no 

visible contaminants were kept. Following this, a hemin solution was mixed with the 

protein solution and the heme is naturally incorporated into the protein. As a final step to 

the purification, the protein was re-crystallized three times by dialyzing it with deionized 

water, suspended in deionized water and then flash frozen in liquid nitrogen for storage. 

Al l protein samples were kept at -80°C until use. 

5.2.2 Sample Preparation 

5.2.2.1 Preparation of CcP and CcP W191F for UVRRS 

Protein samples were thawed on ice, pelleted by centrifugation and re-suspended 

in 100 mM pH 7 phosphate buffer with 150 mM Na2S04 (BDH Inc., Toronto, ON). This 

was made by titrating 100 mM KH2PO4 (EM Scientific, Darmstadt, Germany) with 100 

mM K2HPO4 (EM Scientific, Darmstadt, Germany). This protein solution was 

centrifuged again to remove any excess heme that might still be present. The 

concentration of the protein was determined using a Cary 6000 (Varian, Palo Alto, CA). 

CcP has an extinction coefficient of 119 mM"'cm"1 at 408 nm. Protein concentrations 
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were adjusted in pH 7 phosphate buffer to 0.4 mM. A solution of 0.4 mM hydrogen 

peroxide (Fisher Scientific, Fair Lawn, NJ) was made up using the same buffer from a 

30% Stock and checked using a extinction coefficient of 39.4M"1cm"1. Immediately 

before each Raman experiment, 100 uL of protein was added to either 100 uL of buffer 

or 100 pL of 0.4 mM hydrogen peroxide solution. As a result, every solution was 0.2 mM 

protein, and 150 mM Na2S04. Where applicable, the hydrogen peroxide concentration 

was 0.2 mM. The protein concentration needed for the Raman experiments was 

120 

determined by using simulation software developed by Shane Greek which determines 

the optimum concentration of samples based on photon scattering and sample self 

absorption. Hydrogen peroxide concentrations were chosen to be in the same 

stoichiometric amount at the enzyme hopefully limiting the formation of undesired non

radical species. 

5.2.2.2 Preparation of Reduced CcP for UVRRS 

Reduced CcP was prepared in a nitrogen filled glove box. 100 mM pH 7 

phosphate buffer with 150 mM Na2S04 was bubbled with argon to remove all traces of 

oxygen and an argon flow was placed overtop of the protein solution to remove oxygen 

before introduction into the glove box. A large excess of Sodium Dithionite (Sigma, St. 

louis, MO) was used to reduce the protein as prescribed by Wittenberg et a l 1 2 1 . The 

sample was then washed in a concentrator with successive washes of buffer until Sodium 

Dithionite was not present in the UV/Vis data. The protein and the buffer were kept in 

sealed anoxic containers. Identical concentrations and solution preparation were used for 

reduced CcP as were previously described for CcP and CcP W191F. Al l spectra were 

taken under anaerobic conditions by using oxygen free buffer and a gas tight syringe to 
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load samples and by continuously flowing argon over samples during sample analysis. 

Hydrogen peroxide was added to form CcP with the iron in the +4 oxidation state but 

122 

with no concomitant radical . 

5.2.3 UVRPvS of Protein Samples 

All data was recorded with the liquid nitrogen cooled CCD array except the data taken 

from the reduced Cytochrome c Peroxidase, which was taken using the thermoelectrically 

cooled CCD camera. The maximum laser power that was available from the laser at 

248.2 nm was approximately 65 mW but the laser power at the sample was kept constant 

at 20 mW for all investigations of the protein samples. The samples were mixed using a 

custom design spinning apparatus powered by a small motor which was able to achieve a 

sufficient degree of stirring. Spectra were taken at 10s intervals and no sample was 

exposed to a total of more then 60s of laser power. 

5.2.4 Activity Assays 

Activity assays of Cytochrome c Peroxidase were performed as prescribed by Sigma-

1 7 3 

Aldridge . 2,2'-Azino-bis(3-Ethylbenzthiazoline-6-Sulfonic Acid) (ABTS) (Sigma, 

St. louis, MO), Hydrogen Peroxide (Fisher Scientific, Fair Lawn, NJ) and Cytochrome c 

Peroxidase were prepared to 10 mM ABTS, 3-OxlO-4 mM CcP and 0.3% H 2 0 2 all 

dissolved in 100 mM KjH;P04 pH 7.0 and standardized using the Cary 6000 (Varian, 

Palo Alto, CA). Protein samples were irradiated at 20mW at 248.2nm with stirring at 10s 

intervals. Kinetic data was also taken using kinetic software accompanied with the Cary 

6000 (Varian, Palo Alto, CA). 
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5.2.5 Ultraviolet Visible Measurements 

Ultraviolet/Visible Spectra used to aid resonance Raman measurements were 

recorded using a Cary 6000 (Varian Inc., Palo Alto, CA). 

5.3 Results and Discussion 

5.3.1 Selection of FO-UVRRS Excitation Wavelength 

The UV7Vis spectrum of tryptophan radicals has been observed previously124 but 

the spectral region amenable to FO-UVRRS was absent. For this reason, the UV/Vis 

spectrum of CcP and Compound I were taken in the region from 200nm to 300nm. The 

difference spectrum of Compound I and CcP was taken. The difference spectrum shows 

two distinct differences in this region with local maxima occuring at roughly 240nm and 

205nm. With the assumption that these signals were due to radical species the excitation 

wavelength was selected with this in mind. No laser lines were available to excite the 205 

nm absorption. 248.2 nm is a good choice for excitation wavelength because both 

tryptophan and tyrosine have reasonable excitation cross-sections at this wavelength125 

thus allowing simultaneous detection. 
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Figure 5.2: The upper plot is the UWVis spectrum of CcP and Compound I while the 
lower graph is the subtraction of the spectrum of CcP from that of Compound I. 

5.3.2 UV/Vis of Proteins 

The UV/Vis spectrum of CcP is generally regarded as a good indicator of enzyme 

quality since the Soret band is very sensitive to it's environment. The Soret band is also a 

good indicator of the oxidation state of the iron. The UV/Vis spectrum of prepared CcP, 

CcP W191F and reduced CcP were all taken and indicated that all the proteins conformed 

to previously acquired UV/Vis data. 
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5.3.3 Activity of CcP after UV Irradiation 

Ultraviolet radiation can severely damage biological samples, if care is not taken, 

resulting in a partial or complete loss of protein function. As a result, activity assays were 

performed on CcP to ensure that data was only being acquired under conditions that 

allowed the protein to still be active. Figure 5.4 shows the evolution of ABTS radical 

versus time after the addition of hydrogen peroxide. From initial visual inspection it 

appears that there is no loss of enzyme activity. The slope of the linear portion of each 

curve was calculated and the activity of samples relative to the activity before irradiation 

was determined. The result is plotted in figure 5.4. By comparing the slopes of each 

irradiated sample of CcP one can compare the relative activities of each irradiated sample 

of CcP. Upon initial inspection of the slopes of these samples it seems that there is no 

significant activity loss. By plotting the relative activity of each sample versus time it is 

apparent that there is no significant loss of activity during the course of data collection 

due to ultraviolet light. As a result it can be inferred that the protein undergoes relatively 

little damage during irradiation of up to 50s of 248.2nm wavelength light at 20 mW. 
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Figure 5.3: (Top) UV/Vis of CcP in lOOmM KiP04 buffer (Center) UV/Vis of CcP 
Trpl91Phe in lOOmM KiP04 buffer (Bottom) UV/Vis of Reduced CcP. 
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Figure 5.4: Each plot represents the reduction of A B T S versus time. Each assay was 
performed with CcP that had been exposed to U V light at 248.2 nm at 20 m W for 0 sec to 
50 sec. A l l assays were performed with l O m M A B T S , 3.0xl0" 4 m M C c P and 0 . 3 % H 2 O 2 

dissolved in 100 m M KjHjPCU pH 7.0. 
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Figure 5.5: A plot of the activity of CcP irradiated at 248.2 nm relative to CcP that had 
not been irradiated. 

5.3.4 FO-UVRR Spectra of CcP Proteins 

The UVRR spectra of CcP, it's associated compound I, and the subtraction of CcP 

from compound I are shown in Figure 5.6 and the corresponding vibrational assignments 

of CcP are listed in Table 5.1. Sodium sulfate, 982 cm"1, was used as a reference in order 

to perform the subtraction. 
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Figure 5.6: (Top) UVRRS spectrum of 0.2 mM CcP in 0.1 M KHP0 4 pH 7.0 buffer with 
0.150 M Na2S04 as an internal standard. Excitation wavelength of 248.2 nm at 20 mW 
and each sample irradiated for no longer than 50s but 240s averaging in total. (Middle) 
UVRRS of 0.2 mM CcP with 0.2 mM of H 2 0 2 in 0.1 M KHP04 pH 7.0 buffer with 0.150 
M Na2S04 as an internal standard. Excitation wavelength of 248.2 nm at 20 mW and each 
sample irradiated for no longer than 50s but 200s averaging in total. (Bottom) Difference 
spectrum of Top from Middle based on the Na2SC>4 internal standard. 
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Trytophan 
Vibrational Mode 

Experimentally 
Observed 

Values 

Assignment 

W1 1622 4>8a;N1-C8v 
W2 1573 3>8b 
W3 1550 C2-C3v 
W4 1500 3>19b 
W5 1459 3>19a 
W6 1433 N1-C2-C3v;N1H5 
W7 1355/1341 Fermi Resonance 
W8 1305 C3-C9v;N1H5 

W10 1238 C3-C10v;CHv 
W13 1127 <D9b 
W16 1008 3>C-Cv(018b) 

Table 5.1: The labeled vibrational modes of Tryptophan, the experimentally observed 
values and the appropriate vibrational assignment. 

The difference spectrum of the radical contains a variety of prominent positive 

and negative peaks. This is expected with the presumption that we are creating radical 

species from the addition of H2O2 while at the same time removing the signal from the 

lost tryptophan or tyrosine. When investigating unknown systems using Raman 

spectroscopy, many studies use a model compound to compare with the Raman spectra. 

In this case, the identity of the radical species involved have been identified and verified 

previously via multiple other techniques and thus we can consider CcP to be a model 

compound of the radicals negating the need for such a protocol. With this in mind, we 

must consider that the observed spectrum is likely due to a mix of both a tryptophan and 

tyrosine radicals. In order to differentiate between a tryptophan radical signal and other 

changes in the protein the CcP W191F mutant was employed. As explained previously, 

the CcP W191F mutant retains all activity except that it's tryptophan radical is avoided 

and the radical is based on the heme instead. Although no studies have been conducted 
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with this mutant to investigate tyrosine radicals, it is likely that the protein still forms 

tyrosine radicals upon addition of hydrogen peroxide. Logically, any signals that are 

observed to significantly decrease in intensity should be due to the tryptophan cationic 

radical and any remaining signals should be due to either the heme or a tyrosine radical. 

The resulting spectra of CcP W191F, it's associated compound I and CcP W191F 

subtracted from compound I are shown in Figure 5.7. Sodium sulfate was used as 

reference for the subtraction. 

. Although the signals of the tryptophan radical can be isolated it would also be 

useful to determine if the source of the remaining signal originated from either tyrosine or 

heme. Since the most useful spectroscopic absorptions of heme occur in the visible 

region, no UVRRS studies of heme could be found in the literature. As a consequence, it 

is difficult to assess what contribution heme would have in the UVRR spectrum. 

Conveniently, it has been shown that CcP can be reduced to the iron (II) state and 

oxidized to the iron (IV) state without the formation of the cationic radical1 2 2. This means 

that any changes in the spectra due to changes in the heme can be monitored separately. 

The resulting spectra of CcP (II), CcP (IV) and CcP (II) subtracted from CcP (IV) are 

shown in Figure 5.8. 

Upon inspection of the three difference spectra obtained in this study it is 

immediately obvious that they are all unique. Examination of the difference spectrum of 

CcP in the iron (II) state and CcP in the iron (IV) state reveals that a relatively small 

difference exists between the UVRR spectra of the two iron oxidation states. This 

indicates that none of the peaks observed in the difference between native CcP and it's 

associated compound I are likely to be due to changes in the heme or heme environment. 
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This also means that many of the signals observed in the native protein are either from 

the tryptophan radical or tyrosine radicals. 
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Figure 5.7: (Top) UVRRS spectrum of 0.2 mM CcP W191F in 0.1 M K H P O 4 pH 7.0 
buffer with 0.150 M Na2S04 as an internal standard. Excitation wavelength of 248.2 nm 
at 20 mW and each sample irradiated for no longer than 50s but 270s averaging in total. 
(Middle) UVRRS of 0.2 mM CcP W191F with 0.2 mM of H 2 0 2 in 0.1 M KHP04 pH 7.0 
buffer with 0.150 M Na2S04 as an internal standard. Excitation wavelength of 248.2 nm 
at 20 mW and each sample irradiated for no longer than 50s but 330s averaging in total. 
(Bottom) Difference spectrum of Top from Middle based on the Na 2 S0 4 internal 
standard. 
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Figure 5.8: (Top) UVRRS spectrum of 0.2 mM Reduced CcP in 0.1 M K H P O 4 pH 7.0 
buffer with 0.150 M Na2S04 as an internal standard. Excitation wavelength of 248.2 nm 
at 20 mW and each sample irradiated for no longer than 50s but 240s averaging in total. 
(Middle) UVRRS of 0.2 mM Reduced CcP with 0.2 mM of H 2 0 2 in 0.1 M KHP04 pH 
7.0 buffer with 0.150 M Na2S04 as an internal standard. Excitation wavelength of 248.2 
nm at 20 mW and each sample irradiated for no longer than 50s but 180s averaging in 
total. (Bottom) Difference spectrum of Top from Middle based on the Na 2 S0 4 internal 
standard. 
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Having eliminated heme from the discussion, it is now pertinent to examine the 

remaining two difference spectra to attempt to differentiate the tryptophan signal from the 

tyrosine signal. On initial comparison, it is quite apparent that all of the peaks observed in 

the native protein spectrum have either disappeared or significantly reduced in intensity 

when going from the native protein subtraction to the mutant subtraction. An exception 

occurs at 1608 cm"1, where a negative signal observed in the native difference spectrum is 

replaced by a positive peak in the mutant difference spectrum. The obvious question 

arises that if the signal observed in the native protein difference spectrum is a 

combination of two signals then why is a new peak observed? As it turns out, the 

negative signals observed in the native difference spectrum at 1008 cm"1, 1352 cm"1 and 

1622 cm"1 can be correlated with known tryptophan vibrations119'126"130. These negative 

signals are expected in the native difference spectrum since tryptophan 191 is being 

changed into a cationic radical and hence we would expect negative signals at know 

tryptophan vibrations and new positive signals from the radical. It is likely that the 

negative signal observed from the loss of a tryptophan at 1622 cm"1 is dominant over the 

new tyrosine radical signal seen at 1608 cm"1 and combine arithmetically leaving a 

negative signal. Once this negative signal is removed in the mutant difference spectrum, 

the signal at 1608cm"1 is observed. This signal is quite intense and so it is also possible 

that once Tip 191 is eliminated, a higher portion of the H2O2 that was previously used to 

form Tryptophan radicals is now used to form Tyrosine radicals. 

Upon further examination of this data we also expect to see negative signals from 

any lost tyrosines but strong negative signals are not observed in the difference spectrum 

of CcP W191F and it's associated compound I while the signal at 1608 cm"1 is relatively 

intense. This observation can be explained by the combination a few contributing factors. 

68 



First of all, it must be pointed out that although tyrosine can be observed at 248.2nm, this 

wavelength is not ideal for tyrosine examination and the enhancement cross sections for 

tyrosine are relatively weak compared with other wavelengths126'128'130. As seen in the 

native protein spectra, tyrosine signals are not nearly as intense as tryptophan signals 

since they not as resonant at this frequency. Since there happen to be 14 tyrosines in CcP 

and the tyrosine signal is weak to begin with, the 1/14th reduction in signal due to a 

missing tyrosine may be lost in the noise. If this is the case, then why is a relatively large 

positive signal observed in the mutant difference spectra? It is likely that the tyrosine 

radical has a larger excitation cross-section than tyrosine itself. 

Calculations of the vibrational frequencies of both tryptophan and tyrosine 

radicals have been published in the literature119'131 and it is useful to compare our values 

to these studies. Bunte et al.119 calculated the Raman spectra of 3-methylindole and it's 

associated neutral and cationic forms. When comparing 3-methylindole calculations to 

experimentally observed values of tryptophan, it is immediately obvious that reasonably 

large discrepancies exist between the two sets of data. In order to aid in the comparison 

of collected data with calculated values, the calculated shift of each peak of 3-

methylindole upon transformation to the cationic radical species was determined and 

these calculated shifts were applied to the experimentally observed tryptophan peaks. 

These new values should correspond more closely with the experimental values. With 

these values in hand, each peak on the CcP difference spectrum was matched with the 

closest matching peak of the calculated values. 
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Experimentally 
Observed Peaks 

(cm"1) 

3-Methylindole 
Calculated 

Peaks 
(cm"1) 

Cation 
Radical 

Calculated 
Peaks 
(cm"1) 

Cation Calc. Minus 
3-Methylindole 

Calc. (Negative is a 
downshift) 

(cm-1) 

Change 
Applied to 

Experimental 
peaks 
(cm"1) 

Resorted 
Descending 

(cm"1) 

Possible 
Matching 
Peaks in 
Radical 

Subtraction 
(cm"1) 

1622 1616 1636 20 1642 1642 1670 
1573 1658 1595 -63 1510 1533 1561 
1550 1594 1256 -338 1212 1510 1501 
1500 1485 1518 33 1533 1434 1435 
1459 1526 1501 -25 1434 1433 1435 or 1406 
1433 1446 1446 0 1433 1366 1375 
1355 1366 1377 11 1366 1317 1340 

1341 1322 
No 

Doublet 
1305 1372 1374 2 1307 1307 1307 
1238 1245 1324 79 1317 1212 1217 
1127 1150 1124 -26 1101 1101 1085 
1009 1034 1031 -3 1006 1006 neg peak at 

1008 

Table 5.2: Summary of calculated values used in determining the peaks correlated with 
the calculated 3-Methylindole Peaks. 

The observed peak position was plotted versus the calculated peak position and the result 

is shown in Figure 5.9. The relationship between the two data sets is linear with a 

correlation coefficient of 0.99 indicating that there is very good correlation between the 

two data sets. This supports the previously made assumption that the observed signal is 

due to a tryptophan radical. 

If the CcP W191F difference spectrum is compared with the CcP difference 

spectrum, it can be seen that the peaks at 970cm"1 and 1608cm'1 are probably new 

features and the peak at 1571cm"1 could also be new. Qin et al . 1 3 1 calculated the 

theoretical peaks for tyrosine radicals and these peaks are compared with the peaks found 

in this study in Table 5.3. The previous study investigating Tyrosine radicals involved 

irradiating samples with successively higher photon fluxes until a measurable difference 

signal was observed. Although signal was observed, there was never any attempt made to 

characterize these transient species by any other means. For this reason, it seems 

reasonable to conclude that the reason that the experimental signals observed in this study 

are different than those previously reported could be because different methods were used 

to create radicals and consequently it is possible 
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Figure 5.9: The predicted peak position of Tryptophan radical peaks was plotted versus 
the experimentally observed peaks and a linear regression was performed on the data. 

Predicted 

(cm"1) 

Experimentally 

Observed 

(cm"1) 

Previously 

Observed 

Peaks 

(cm"1) 

1620 1608 1565 

1564 1571 1510 

1418 1402 

1139 1160 

970 970 975 

Table 5.3: Predicted, experimentally observed and previously observed peaks of Tyrosine 
radical species. 
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that the data represents two different species. With this in mind, if we compare the 

experimentally observed values in this study to those calculated there seems to be a 

reasonable amount of agreement between the values. The obvious question that arises is 

why two of the calculated peaks do not correlate to any other peaks in this experiment? It 

is possible that the missing peaks are masked by noise in this experiment. Achieving a 

higher signal to noise ratio that would have verified this assertion but would have 

required integrating for a much longer period. The amount of protein needed and the 

prohibitive amount of time required to ameliorate the signal negated this approach. 

5.4 Conclusions and Future Directions 

From the data collected in these experiments it seems quite apparent that the 

cationic tryptophan radical created in CcP with the addition of H2O2 was observed using 

UVRRS. Additional evidence also points to the observation of the tyrosine radicals that 

are formed concomitantly with the tryptophan radical and it has been shown that 

precludes any of the signal being due to the oxidation state of the Heme group in the 

molecule. 

This study could be important for further investigations of other protein species 

since it is known that tryptophan and tyrosine are known sites of transient radical 

formation in the mechanism of action of a variety of proteins. Future development of our 

probes for use in a pulse-probe or stop-flow geometry could be very useful in the 

elucidation of the mechanism of action of differing protein systems. 
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Chapter 6 

Development of a Raman Microscope Coupled Surface Plasmon Resonance 
Imaging Apparatus for Use in DNA Microarrays 

6.1 Motivation 

The development of DNA microarrays has been very important in the field of 

genomics. As previously explained in Section 3.3, one of the issues of "conventional" 

microarrays is that due to the use of fluorescent probes the quantitative information 

provided by these arrays is not as accurate as scientists would like in order for 

unambiguous conclusions to be made. The development of SPR imaging of DNA 

microarrays may be able to overcome these issues68"74. One drawback to both approaches 

is that they do not provide structural information about the bound molecules, information 

that could be useful for DNA researchers. Raman spectroscopy would be the perfect tool 

for such a structural analysis information acquired using Raman spectroscopy could 

provide valuable information about the interactions between the DNA probes and the 

molecules on the surface of microarrays. Since Gold is used in SPR microarrays and 

SERS can use gold as a substrate, the potential for signal amplification using SERS for 

DNA analysis is a possibility. The phenomenon of SERS, as described previously, offers 

the potential for ultrasensitive detection, analysis and identification of molecules. 

Although the mechanism of SERS enhancement is not completely understood, it is 

accepted that a large majority of the enhancement is due to localized surface plasmon 

resonances on fractal surfaces of noble metals. The difficulty with combining SERS and 

SPR lies in the fact that the fractal surfaces used in SERS are not compatible with current 

SPR technology. However, the use of flat surfaces for SERS have been theorized and 
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investigated which could allow a fusion of SPR and SERS technologies132"134. In fact, a 

weak enhancement of Raman scattered light on the order of 1 order of magnitude has 

been observed by using a flat SERS substrate. The combination of SPR and Raman for 

the use of DNA microarrays has not been previously studied and it was for this reason 

that research into this idea was conducted.. 

6.2 Materials and Methods 

6.2.1 Instrument Design 

SPR microarray imaging devices have been described previously135"141. The 

essential components of these devices are a collimated light source, a prism for coupling 

the light to the gold surface, an interchangeable gold surface, a method for changing the 

incident light angle on the surface of the metal, and an imaging detector. Although the 

design of our apparatus was intended to conform quite closely with previously published 

designs, there were a few unique constraints to consider. First and foremost, the device 

had to be able to interface with the Renishaw 1000B Raman Microscope. Second, many 

SPR devices employ expensive step motors for angle adjustment of the incident beam on 

the gold surface but due to the inherent expense, these devices they were unavailable and 

alternative mechanisms for the operation and functioning of the apparatus had to be 

conceived 

The instrument used in this study was designed to be relatively simple to 

construct and operate. Polarized laser light at a wavelength of 785 nm from a laser diode 

(Sanyo DL4140-001, Thorlabs, NJ) emitted in a wedge shape, was aligned so that the 

light was p-polarized relative to the gold surface. The diode laser was powered by a laser 

diode driver (Model 501 Laser Diode Driver, Newport Corporation, Irvine, CA). The 
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light passed through a bi-convex lens (Melies Griot) and was collimated. The lens 

position was adjusted back and forth to achieve optimal collimation. The collimated light 

passed into a right angle prism followed by a layer of index matching fluid (Norland Inc., 

NJ) and finally, through a BK-7 slide (Technical Glass Products, OH) and impinged onto 

the surface of the slide which had been coated with 3nm of Chromium and 50nm 
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Figure 6.1: (Top) Top view of the SPR imaging device. (Bottom) Side view of SPR imaging device. 
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of Gold. The gold and chromium were vapor deposited using a vacuum deposition 

chamber. The sample to be examined was placed on the gold surface in the region of 

laser illumination. The reflected light from the surface passed back through the slide, the 

index matching fluid, the prism and finally impinged on a low cost CCD camera (WAT-

902, Watec, Japan). Angle adjustment of the incident light was achieved using a rotating 

mount (RSP-1, Newport Corporation, Irvine, CA) which gave accuracy of up to 0.5° and 

the prism height was also crudely adjustable. The base of the device was designed to fit 

into the slot of a removable inset of the Renishaw 1000B instrument. Any other 

components of the instrument were constructed by the UBC Chemistry Machine Shop. 

When the SPR imaging device was operated with the Raman microscope it was inserted 

into the removable inset of the translational stage and the two devices were operated 

independently. 
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Figure 6.3: Highlighted view of the SPR device mounted in the Renishaw 1000B Raman 
microscope. 



6.2.2 Light Source Considerations 

There were a few considerations when deciding which light source should be used 

for the SPR imaging system. Although Surface Plasmon Resonance occurs in the visible 

to infrared region of the electromagnetic spectrum, at higher frequencies the resonance 

subtends a broad range of angles while at lower frequencies the resonance becomes 

considerably sharper141. Figure 6.5 shows the theoretical resonance profile for water at 

632.8 nm and at 785 nm to illustrate this point. 

0 20 40 60 80 

Angle (degree) 

Figure 6.5: The theoretical resonance profile of water on a 50 nm gold surface bound to a 
BK-7 glass surface at 632.8 nm and 785 nm. The resonance of the 632.8 nm excitation 
subtends a much larger range of angles than the 785 nm resonance. 
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The advantage of having a sharp resonance angle is that it provides better 

resolution between different indices of refraction at the surface of the gold. In the end, 

two laser diodes were purchased. The first laser diode, which emitted light at 632.8 nm, 

was chosen because of the broad resonance characteristic of this wavelength since it 

would be helpful in the early instrument development stages. This property was useful 

because it permitted easy location of the resonance angle and thus facilitated instrument 

alignment. The second diode, at 785 nm, was chosen because the sharp resonance would 

improve the resolution of the instrument. This wavelength was also chosen to match the 

Ti:Sapphire laser frequency so that surface enhancement from SPR could be possible. 

This second light source was used for the day-to-day operation of the instrument. The 

power source used for the laser diodes was a laser diode driver (Model 501 Laser Diode 

Driver, Newport Corporation, Irvine, CA) which offered stable electrical currents ranging 

from 0 to 100 mA. It was important to employ a stable power source since laser diodes 

are susceptible to mode hopping. Since the absolute intensity of the reflected laser light is 

being monitored, if an unstable light source was used, mode hopping would seriously 

hamper the operation of the instrument. 

6.2.3 Operating Software 

The instrument was run on a 1 GHz Pentium III computer. Images were 'grabbed' 

from the CCD camera using Grablt (AIMS Lab Inc). 
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6.2.4 Analysis Software 

Two different tools were used for analysis of the data collected from the SPR 

imaging device. Fresnel calculations were performed to determine the theoretical angular 

profile of the surface plasmon resonance using a web based program offered by Dr. R. 

Corn 1 4 2. Further analysis was performed using NIH Image v. 1.6.3 (Freeware). This 

software allowed cross-sectional intensities, three dimensional mapping, as well as 

background subtraction to be performed on collected images. Al l data collection and 

analysis of Raman spectra is the same as previously described. 

6.3 Evaluation of SPR Imaging Device Operation 

Although the SPR device was based on previously proven designs the operation 

of the home built instrument had to be evaluated to ensure correct operation. The initial 

testing of the instrument was performed with deionized water and 0.4 M and 1 M 

solutions of NaCl (Sigma). A background image of the blank slide was taken and then 

2mm drops of these solutions were placed on the surface of the gold-coated slide. The 

device was tuned to the minimum reflectance of the water solutions and the resulting 

background subtracted image is shown in Figure 6.6. The images appear as ellipses since 

the collimated beam is incident on the surface of the gold at an angle but impinges 

normal to the surface of the camera. This enabled a greater surface area to be imaged, but 

if desired, the images can be corrected to account for this effect. Interference patterns are 

observed and this is due to the coherence of the laser light impinging on an uneven 

surface. Using an Abbe refractometer the refractive index of water was measured and 

found to be 1.33, and the refractive indices of the 0.4 M and 1.0 M salt solutions were 
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measured and found to be 1.3375 and 1.3422 respectively. With this information it was 

possible to calculate the reflected intensity vs. angle of each solution using Fresnel 

calculations. 
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Figure 6.6: (Top) Background image of the reflected beam. (Middle) Raw image of drops 
on the gold surface of the custom built SPR imaging surface. The drops from left to right 
are deionized water, 0 .4M N a C l and 1.0M NaCl . (Bottom) The background subtracted 
image of the drops. 

84 



The minimum reflectance of water was calculated to occur at 66.5° from the normal of 

the surface and this was also observed experimentally. These calculations also highlight 

that the instrument should be able to distinguish between the 3 solutions since the 

minimum reflectance of the curves do not overlap which is shown below. 

1 

65 66 67 68 69 70 

A n g l e 

Figure 6.7: Calculated reflected intensity vs. angle of solutions of different refractive 
indices varying from 1.33 to 1.34. 

NIH Image was used to plot the 3 dimensional intensity of the image as well the cross 

section through the image. It is immediately obvious that the reflected intensities of the 3 

drops are different. From the image it is discernable that the water is in full resonance 

while the drop of 1 M NaCl is barely in resonance. From this data, we can say, with 
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confidence, that the instrument is capable of measuring differences of index of refraction 

on the order of 5x10"3. There are a few explanations as to the inferior signal to noise 

characteristics of the instrument. First of all, the CCD being employed for the imaging in 

this device is not intended to be used as an analytical instrument and as a result it's noise 

characteristics are not ideal for analytical instrumentation. An analytical CCD was 

available for use but extensive modification of the existing setup and modifications to the 

microscope would have been necessary. Secondly, the interference patterns add noise. 

Although care was taken with the optical setup there could still be room for improvement 

in future designs which might help eliminate this problem. 
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Figure 6.8:(Top) 3 dimensional cross section of the SPR image of the 3 droplets on the 
surface of the SPR imager. (Bottom) The numerical cross section of the black line drawn 
shown on the 3 dimensional cross section. 
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6.4 Evaluation of Raman Microscope Coupled Surface Plasmon Resonance Imaging 

Apparatus 

After evaluating the performance of the SPR imaging device it was tested to see if 

any signal enhancement could be observed when performing Raman Spectroscopy on a 

sample'. 

6.4.1 Experimental 

The SPR imaging device was operated as detailed in section 6.2 and was mounted 

into the removable inset of the Raman Microscope. Since DNA on microarrays was the 

desired analyte, DNA was chosen as the test substrate for this experiment. A 2 pi spot of 

Salmon Sperm DNA (Life Technologies Inc. (GIBCO BRL), Rockville, MD) with a 

concentration of 1 mg/ml suspended in 0.1 mol/L phosphate buffer was dropped on the 

surface of the gold slides and left to dry under a flow of dry nitrogen. The sample was 

placed in the imaging device with a drop of index matching fluid between the prism and 

the slide. The angle adjustment on the SPR imager was rotated until the image of the 

DNA spot was witnessed. This angle was found empirically to be 45°. Since the CCD 

camera on the SPR imaging device could only handle low incident powers, all images 

were taken with the diode being driven with 2 mA of current prior to laser irradiation but 

the diode laser current was turned up to 50 mA for acquisition of Raman spectra in the 

hopes of achieving the greatest possible enhancement. The intensity of the laser beams 

were too low to measure with the power meters available in the lab. The Ti: Sapphire laser 
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was tuned to 785 nm to match the laser diode output and the power at the sample was set 

to 30 mW. Spectra were each collected for 10 minutes with and without laser irradiation. 

6.4.2 Results and Discussion 

In Figure 6.8 the SPR imager was tuned to 45° and a film of DNA from an 

evaporated drop was created on the gold surface. 

Figure 6.9: The SPR image of evaporated drop of DNA solution on the surface of the 
gold coated slide. 
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This is important since the absence of light reflecting from the surface indicates that a 

surface plasmon resonance is being excited on the surface of the gold slide in the area of 

the DNA film. After having achieved surface plasmon resonance of the substrate it is 

possible to further investigate whether any significant Raman enhancement occurs. A 

spectrum of a bulk sample of DNA was used to collect a higher intensity spectrum to 

compare with the thinner layers used on the SPR imager's gold surface. The features 

observed in the spectrum are well known DNA vibrations and they're assignments are 

listed in Table 6.1 1 4 3 " 1 5 0 

16000 -, 

14000J 

12000 -4 

!5 10000 -I 

8000-̂  

6000-̂  

4000 

1— 
1200 1300 1400 1500 

Wavenumber (cm1) 

1600 

Figure 6.10: The Raman Spectrum of a bulk sample of Salmon Sperm DNA taken at 30 
mW for 10 minutes. 
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Wavenumbers (cm-1) Assignment 

1175 dA, N7C8;ClN2s;C6NHb 

1201 dT, C5-CH3 s + ring 

1239 dT, C5-CH3; ring s, dC 

1300 dA,dT 

1327 dT,dC 

1364 dT, ring+C6-H ip bend, dG 

1409 dA, dG 

1476 deoxyribose 

1528 dC,-N3C4, -N1C2 

1568 dA, dG 

Table 6.1: Vibrational assignments of the observed bands in the spectrum of Salmon 
Sperm DNA. 1 4 3 " 1 5 0 

- i 1 1 1 1 1 1 1 1 1 , 1 , 1 

1100 1200 1300 1400 1500 1600 1700 

Wavenumbers (cm'1) 
Figure 6.11: (Black) Salmon Sperm DNA spectra taken with 34 mW laser intensity taken 
for 10 minutes at 785nm without the addition of the SPR imager. (Red) Salmon Sperm 
DNA spectra taken with 34 mW laser intensity taken for 10 minutes at 785 with the SPR 
imager in operation. 
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Figure 6.10 shows the Raman spectra collected from a drop of Salmon Sperm 

DNA evaporated on the surface of a gold slide with and without additional irradiation 

from the SPR imager. At first comparison both spectra contain the same features and 

morphology. Additionally, both spectra also contain all the same features observed in the 

spectrum of the bulk DNA sample. This confirms that the signal is originating from DNA 

and not from another anomalous source. The other significant observation made from 

these spectra is that the additional irradiation of the SPR imager appears to increase the 

intensity of the collected spectra. Control experiments which measured the signal from 

just the diode laser found no difference in signal intensity between having the diode on or 

off. Previous studies have shown that marginal enhancement is possible when SPR and 

Raman are combined in similar fashions and this evidence supports this observation. 

Unfortunately, the signal enhancement observed in this experiment are weaker than that 

seen from the enhancements observed with both SERS and UVRRS. However, the fact 

that enhancement was observed in this proof-of-concept instrument is very encouraging 

and definitely merits further experimental follow-up. 

6.5 Conclusion and Future Directions 

This project merely represents the completion of the proof of concept phase of 

this research. During the course of this research some immediate concerns with the 

current device need to be addressed before any significant data collection can proceed. 

Although effective for these purposes, the current angle tuning apparatus will need to be 

replaced with an accurate angle adjustment system. A high precision step motor would 

probably be the best choice for this change. As previously mentioned, the detector used in 
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the imager was not designed to act as an analytical instrument. Redesigning the device to 

incorporate a low noise CCD would be crucial to acquire analytical measurements. In an 

attempt to make the device more practical, the optics could be changed to illuminate a 

larger area of the gold slide and thereby increasing the imaging area. Another avenue that 

could be explored while redesigning this instrument involves adapting it to include a flow 

channel to allow for the Raman analysis of SPR kinetic experiments. Once redesigned, an 

obvious follow up experiment would involve performing experiments on a spotted 

microarray. This experiment would be crucial to assess any possible applications that this 

device could have in the future. If a flow through channel was incorporated, the 

information from Raman could provide additional information for these studies. 
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Appendix 
Isolation of Recombinant Cytochrome c Peroxidase from E. Coli 

1. From a plate of freshly transformed BL21 (DE3) cells with the desired mutant 
plasmid (pT7 CcP), inoculate a 3 mL culture of superbroth/amp (see media 
preparation) and grow at 37°C with shaking (250 rpm) for 4-5 hours, until some 
turbidity is evident. 

2. Use 500 u,L of this culture to inoculate 50 mL of superbroth/amp in 250 mL 
Erlenmeyer flast and incubate with shaking at 37°C for 2-3 hours until some 
turbidity is evident (Do not let these cultures overgrow. The final yield of CcP 
seems to be quite sensitive to the age of the inocula used). 

3. Inoculate each 10 L superbroth/amp in 2L Erlenmeyer flasks with 1 mL of the 
previous culture and grow for 10-11 hours at 37°C with shaking (250 rpm). The 
ODeoo at this point should be around 2, and some CcP will already be present. At 
this point, add 1 mL of a filter sterilized solution of 125 mg IPTG/mL to each 
flask, and continue the incubation for another 3 hours. At this point, there should 
be a large amount of CcP present in the cells, and an SDS gel of the cell lysate 
should give a clearly distinctive band of CcP. 

4. Centrifuge cell (GS 3) for 6 minutes at 8000 rpm. Weigh the wet cells. Al l steps 
from this point should be performed at 4°C. 

5. Resuspend cells in buffer B plus 1 mM PMSF (see lysis buffer preparation) to a 
final volume of ~100 mL. (It is important to resuspend the cell paste as well as 
possible and get a homogeneous suspension without any large clumps of cell. Use 
a spatula, and press the cells against the sides of the container. The centrifuge 
bottles with yellow caps are good containers in which to perform this operation). 

6. Add 100 mg of lysozyme (Sigma) dissolved in 10 mL of water, and incubate on 
ice with gentle shaking for 1 hour. Freeze the cells in liquid nitrogen and store 
them in the -70°C freezer until ready to process them. (The final quality of the 
enzyme does not seem to be affected by the time the cells spend in "hibernation") 

7. Take the container out of the freezer and let the cell suspension thaw overnight at 
4°C. Add 5 mL of a 2 M solution of MgCL, 5 mg of DNase (Sigma) and 2 mg of 
RNase (Sigma) dissolved in a few mL of water, and mix well with a spatula (the 
suspension should be extremely viscous and sticky at this point). Shake gently at 
4°C for ~1 hour an check the viscosity of the mixture. If it is still very viscous, 
add another 5 mg of Dnase and shake until the suspension can be easily sucked 
into a Pasteur pipette. 

8. Centrifuge the suspension for 30 minutes at 8500 rpm in a precooled GS-3 rotor, 
and store the supernatant on ice. Wash the pellet twice with 50 mL of cold buffer 
B, and collect all the washes together with the first supernatant. 

9. From the lysis procedure, ~ 200 mL of solution containing CcP/apo-CcP should 
be obtained. Place this solution in two 150 mL dialysis bags (see preparation of 
dialysis bads). Leave some room in the bag for expansion. Dialyze overnight at 
4oC against 4 L of 50 mM potassium phosphate buffer/1 mM EDTA, pH 6.3. 

104 



(Make this buffer by diluting twentyfold with distilled water a stock of 1 M 
potassium phosphate buffer/20mM EDTA pH 6.0 @ 25°C). 

10. Variable amounts of solid material (commonly known as "white stuff) will 
precipitate during dialysis. Centrifuge for 1 hour at 8500 rpm in a precooled GS-3 
rotor. 

11. Load the supernatant onto a 2.5 x 4 cm DEAE sepharose CL-6B column 
equilibrated with buffer A. Wash the column with 100 mL of buffer A, and elute 
with a linear gradient using 300 mL of buffer A and 300 mL of buffer C (use 
large linear gradient maker). 

12. Run a 13% SDS PAGE gel on the fractions and pool those containing apo-CcP. 
(Note: A small amount of reconstituted protein that is sometimes produced by 
E.Coli, and that runs slower than apo-protein in the DEAE column, is not good 
enzyme. Since this represents a small fraction of the total discard these fractions). 

13. Concentrate the pooled fractions, and exchange them into buffer B. The final 
volume should be -10 mL. Load this material into a 2.5 x 100 cm G-75 fine 
column equilibrated in buffer B. (Note: While concentrating and exchanging the 
DEAE fractions does not bring the solution to a volume smaller than 10 mL, 
handling solutions that are too concentrated may damage the apo-protein. On the 
other hand loading a smaller volume onto the gel filtration column does not 
improve the resolution due to the great viscosity of the solution at this point). 

14. Run a 13% SDS PAGE gel on the fractions and combine the fractions that contain 
a reasonable amount of CcP peptide (Note: Usually, the first fractions eluting 
from the column in the void volume contain variable amounts of the "white stuff. 
The apo-protein normally elutes after this fraction, or in some cases it may 
overlap with the final fractions of the "white stuff). 

15. Concentrate the fraction to a volume of 30-40 mL and estimate the amount of 
apo-protein (MW (WT) = 33484): e28onm = 55 mM'Vm"1 (Note: This extinction 
coefficient for the apo-protein is very likely an underestimate of the real value. 
Using this value leads to an overestimation of he amount of protein present. The 
yield of crystallized protein at the end of isolation procedure is approximately half 
of the yield estimated at this point). 

16. Load this solution in a dialysis bag and dialyze overnight against 4 L of 0.1 M 
potassium phosphate buffer, pH 7.5 (Make this buffer by diluting the 1 M stock of 
potassium phosphate buffer, pH 7.2 @ 25°C tenfold with distilled water). 

17. Prepare a solution of hemin as follows: 
a. Weigh 1.1 equivalents of hemin into a 15 mL Falcon tube covered with 

aluminum foil. 
b. Add 1 mL of 0.1 M NaOH and vortex vigorously for 5 min. 
c. Adjust the pH to >7 (but <7.5) by filling the tube with 0.1 M potassium 

phosphate buffer taken from last night's dialysis beaker. Vortex again for 
another 3 min. 

18. Add the hemin solution to the dialysis bag containing the apo-protein. Mix and let 
stand for 1 hour in the same beaker shielded from light with aluminum foil. 

19. Place bag into 4 L of 0.1 M phosphate buffer, pH 6.2 (Make this buffer by 
diluting 1 M stock of potassium phosphate buffer, pH 6.0 @ 25°C tenfold with 
distilled water) and dialyze for 6 to 10 hours. 

105 



20. Dialyze exhaustively against distilled water, changing the water twice a day. It 
will take several changes for the protein to start crystallizing. 

21. After three to four days the crystallization is complete. Collect the crystals by 
centrifugation (20 min at 8000 rpm in an SS-34 rotor). Discard the supernatant 
which should have a green-brown colour due to excess heme. Wash the crystals 
twice with distilled cold water and redissolve them in approximately 20 mL of 0.1 
M potassium phosphate buffer pH 6.2. Do not stir the solution too vigorously or 
pipette too fast. The solution of holo-CcP is very concentrated at this point, and it 
has to be treated with lots of care. Centrifuge this solution, keep the supernatant 
and wash the precipitate with 5 mL of the same buffer (Note: there can be a 
substantial amount of material that does not redissolve at this point. Do not worry, 
this seems to be normal. Just discard this material and concentrate in the fraction 
that does redissolve) 

22. Fill a dialysis bad with the previous supernatant, and dialyze extensively against 
distilled water. The crystallization of the enzyme should be faster this time IT 
should take about two days. 

23. Repeat the procedure described in #20 and 21. (The supernatant from the second 
crystallization should have much less colour than the one from the first 
crystallization since a large fraction of the excess heme has already been removed 
and there should be little enzyme that does not crystallize). 

24. The material that has been crystallized three times is ready to be stored, used or 
sent away. Collect the crystals by centrifugation, discard the supernatant, and 
using a PI000 resuspend the crystals in ~2 mL of cold distilled water. Transfer 
the slurry to cryovials, check the quality of the enzyme, and determine the 
concentration of the suspension of crystals. Store the cryovials in liquid nitrogen. 

25. Even after three crystallizations, there is still some free heme present in the 
reconstituted protein. When a certain amount of protein is needed for an 
experiment, the best way to proceed is to dissolve the crystals is to take the 
required amount of suspension, centrifuge to pellet the crystals and discard the 
supernatant that should be colourless or have a very faint color. Dissolve the 
pellet in the desired buffer and centrifuge again. A dark solution of the protein 
and a very dark pellet, that is essentially heme, should be obtained. Keep the 
supernatant and resuspend and wash the pellet once with the same buffer. Discard 
the pellet. 

Media and Buffers 

Superbroth 
1 Og bactrotryptone 
8g yeast extract 
5g NaCl 
1 mL glycerin 

Make up to 1 L with distilled water and autoclave for 20 min. Before inoculating add 1 
mL of a filter sterilized solution of 100 mg/mL of ampicillin. 
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Buffers for chromatography 

Potassium phosphate, pH 6.0 @ 4°C. Buffer D is 1 mM EDTA. 

K H 2 P 0 4 K 2 H P 0 4 EDTA pH 

Buffer A: 50 mM IL 5.87g 1.20g 6.11 
4L 23.47g 4.80g — 

Buffer B: 100 mM IL 11.21g 3.07g 0.38g 6.11 
4L 44.84g 12.28g 1.50g 

Buffer C: 500 mM IL 50.44g 22.54g 6.08 
2L 100.88g 45.08g . . . 
4L 201.76g 90.16g — 

Lysis Buffer 

Dissolve 17.5 mg of PMSF in 3 mL of ethanol and add this solution dropwise to 100 mL 
of cold buffer B, while stirring vigorously. 

Dialysis stock buffers 

Prepare a l M solution of K^HPO^and a 1 M solution of KH2PO4. To make the stock 
buffers titrate one solution with the other to the desired pH (measure at 25°C). The stock 
buffer containing EDTA is prepared in the same way and EDTA is added at the end. 

Cleaning Spectrapor Dialysis Tubing 

1. To remove glycerol rinse with water for 3-4 hours at room temperature and then 
rinse with 1% acetic acid. Wash residual acetic acid off with distill water. 

2. To remove sulfides, treat in the following manner. 
Solution A: 0.05% sodium sulfate 
Solution D: 0.016% sulfuric acid 

Soak the tubing in solution A for 1 minute. 
Soak the tubing in water at 6 O 0 C for 2 minutes. 
Soak the tubing in solution B for 1 minute. 
Wash with distilled water, 

3. To remove metal contaminants, soak in EDTA (10 mM)/bicarbonate(10mM) 
solution for 5 minutes at room temperature. Wash with water. In washing and 
soaking be careful to treat both the outside and the inside of the tubing. 
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