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12.1 INTRODUCTION
Spectroscopic techniques employ light to interact with matter and thus probe certain
features of a sample to learn about its consistency or structure. Light is electromagnetic radiation, a phenomenon exhibiting different energies, and dependent on that
energy, different molecular features can be probed. The basic principles of interaction
of electromagnetic radiation with matter are treated in this chapter. There is no
obvious logical dividing point to split the applications of electromagnetic radiation
into parts treated separately. The justification for the split presented in this text is
purely pragmatic and based on ‘common practice’. The applications considered in this
chapter use visible or UV light to probe consistency and conformational structure of
biological molecules. Usually, these methods are the first analytical procedures used
by a biochemical scientist. The applications covered in Chapter 13 present a higher
level of complexity in undertaking and are employed at a later stage in biochemical or
biophysical characterisation.
An understanding of the properties of electromagnetic radiation and its interaction
with matter leads to an appreciation of the variety of types of spectra and, consequently, different spectroscopic techniques and their applications to the solution of
biological problems.

477

Comp. by: PG0963
Stage : Revises1
ChapterID: 9780521516358c12
Date:7/12/09
Time:19:24:36
Filepath:H:/01_CUP/3B2/Wilson_Walker-9780521516358/Applications/3B2/
Proof/9780521516358c12.3d

478

Spectroscopic techniques: I Photometric techniques
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Fig. 12.1 Light is electromagnetic radiation and can be described as a wave propagating transversally in space
and time. The electric (E) and magnetic (M) field vectors are directed perpendicular to each other. For UV/Vis,
circular dichroism and fluorescence spectroscopy, the electric field vector is of most importance. For electron
paramagnetic and nuclear magnetic resonance, the emphasis is on the magnetic field vector.

12.1.1 Properties of electromagnetic radiation
The interaction of electromagnetic radiation with matter is a quantum phenomenon
and dependent upon both the properties of the radiation and the appropriate structural
parts of the samples involved. This is not surprising, since the origin of electromagnetic radiation is due to energy changes within matter itself. The transitions which
occur within matter are quantum phenomena and the spectra which arise from such
transitions are principally predictable.
Electromagnetic radiation (Fig. 12.1) is composed of an electric and a perpendicular
magnetic vector, each one oscillating in plane at right angles to the direction of
propagation. The wavelength l is the spatial distance between two consecutive peaks
(one cycle) in the sinusoidal waveform and is measured in submultiples of metre,
usually in nanometres (nm). The maximum length of the vector is called the amplitude.
The frequency  of the electromagnetic radiation is the number of oscillations made by
the wave within the timeframe of 1 s. It therefore has the units of 1 s1 ¼ 1 Hz. The
frequency is related to the wavelength via the speed of light c (c ¼ 2.998  108 m s1 in
vacuo) by  ¼ c l1. A historical parameter in this context is the wavenumber v which
describes the number of completed wave cycles per distance and is typically measured
in 1 cm1.

12.1.2 Interaction with matter
Figure 12.2 shows the spectrum of electromagnetic radiation organised by increasing
wavelength, and thus decreasing energy, from left to right. Also annotated are the
types of radiation and the various interactions with matter and the resulting spectroscopic applications, as well as the interdependent parameters of frequency and
wavenumber.
Electromagnetic phenomena are explained in terms of quantum mechanics. The
photon is the elementary particle responsible for electromagnetic phenomena.
It carries the electromagnetic radiation and has properties of a wave, as well as of
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Fig. 12.2 The electromagnetic spectrum and its usage for spectroscopic methods.

a particle, albeit having a mass of zero. As a particle, it interacts with matter by
transferring its energy E:
E¼

hc
¼ h
l

ð12:1Þ

where h is the Planck constant (h = 6.63  1034 Js) and  is the frequency of the
radiation as introduced above.
When considering a diatomic molecule (see Fig. 12.3), rotational and vibrational
levels possess discrete energies that only merge into a continuum at very high energy.
Each electronic state of a molecule possesses its own set of rotational and vibrational
levels. Since the kind of schematics shown in Fig. 12.3 is rather complex, the Jablonski
diagram is used instead, where electronic and vibrational states are schematically drawn
as horizontal lines, and vertical lines depict possible transitions (see Fig. 12.8 below).
In order for a transition to occur in the system, energy must be absorbed. The
energy change DE needed is defined in quantum terms by the difference in absolute
energies between the final and the starting state as DE ¼ Efinal – Estart ¼ h.
Electrons in either atoms or molecules may be distributed between several energy
levels but principally reside in the lowest levels (ground state). In order for an electron
to be promoted to a higher level (excited state), energy must be put into the system.
If this energy E ¼ h is derived from electromagnetic radiation, this gives rise to an
absorption spectrum, and an electron is transferred from the electronic ground state
(S0) into the first electronic excited state (S1). The molecule will also be in an excited
vibrational and rotational state. Subsequent relaxation of the molecule into the
vibrational ground state of the first electronic excited state will occur. The electron
can then revert back to the electronic ground state. For non-fluorescent molecules,
this is accompanied by the emission of heat (DH).
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Fig. 12.3 Energy diagram for a diatomic molecule exhibiting rotation, vibration as well as an electronic structure.
The distance between two masses m1 and m2 (nuclear displacement) is described as a Lennard–Jones potential
curve with different equilibrium distances (Re) for each electronic state. Energetically lower states always have
lower equilibrium distances. The vibrational levels (horizontal lines) are superimposed on the electronic levels.
Rotational levels are superimposed on the vibrational levels and not shown for reasons of clarity.
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Fig. 12.4 Energy scheme for molecular orbitals (not to scale). Arrows indicate possible electronic transitions.
The length of the arrows indicates the energy required to be put into the system in order to enable the
transition. Black arrows depict transitions possible with energies from the UV/Vis spectrum for some biological
molecules. The transitions shown by grey arrows require higher energies (e.g. X-rays).

The plot of absorption probability against wavelength is called absorption spectrum.
In the simpler case of single atoms (as opposed to multi-atom molecules), electronic
transitions lead to the occurrence of line spectra (see Section 12.7). Because of the
existence of more different kinds of energy levels, molecular spectra are usually
observed as band spectra (for example Fig. 12.7 below) which are molecule-specific
due to the unique vibration states.
A commonly used classification of absorption transitions uses the spin states of
electrons. Quantum mechanically, the electronic states of atoms and molecules are
described by orbitals which define the different states of electrons by two parameters:
a geometrical function defining the space and a probability function. The combination
of both functions describes the localisation of an electron.
Electrons in binding orbitals are usually paired with antiparallel spin orientation
(Fig. 12.8). The total spin S is calculated from the individual electron spins. The multiplicity M is obtained by M ¼ 2  S þ 1. For paired electrons in one orbital this yields:
S ¼ spinðelectron 1Þ þ spinðelectron 2Þ ¼ ðþ1=2Þ þ ð1=2Þ ¼ 0
The multiplicity is thus M ¼ 2  0 þ 1 ¼ 1. Such a state is thus called a singlet state
and denotated as ‘S’. Usually, the ground state of a molecule is a singlet state, S0.
In case the spins of both electrons are oriented in a parallel fashion, the resulting state
is characterised by a total spin of S ¼ 1, and a multiplicity of M = 3. Such a state is called
a triplet state and usually exists only as one of the excited states of a molecule, e.g. T1.
According to quantum mechanical transition rules, the multiplicity M and the total
spin S must not change during a transition. Thus, the S0!S1 transition is allowed and
possesses a high transition probability. In contrast, the S0!T1 is not allowed and has a
small transition probability. Note that the transition probability is proportional to the
intensity of the respective absorption bands.
Most biologically relevant molecules possess more than two atoms and, therefore,
the energy diagrams become more complex than the ones shown in Fig. 12.3.
Different orbitals combine to yield molecular orbitals that generally fall into one of
five different classes (Fig. 12.4): s orbitals combine to the binding s and the antibinding s* orbitals. Some p orbitals combine to the binding p and the anti-binding p*
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orbitals. Other p orbitals combine to form non-binding n orbitals. The population
of binding orbitals strengthens a chemical bond, and, vice versa, the population of
anti-binding orbitals weakens a chemical bond.

12.1.3 Lasers
Laser is an acronym for light amplification by stimulated emission of radiation.
A detailed explanation of the theory of lasers is beyond the scope of this textbook.
A simplified description starts with the use of photons of a defined energy to excite an
absorbing material. This results in elevation of an electron to a higher energy level. If,
whilst the electron is in the excited state, another photon of precisely that energy arrives,
then, instead of the electron being promoted to an even higher level, it can return to the
original ground state. However, this transition is accompanied by the emission of two
photons with the same wavelength and exactly in phase (coherent photons). Multiplication of this process will produce coherent light with extremely narrow spectral
bandwidth. In order to produce an ample supply of suitable photons, the absorbing
material is surrounded by a rapidly flashing light of high intensity (pumping).
Lasers are indispensable tools in many areas of science, including biochemistry
and biophysics. Several modern spectroscopic techniques utilise laser light sources,
due to their high intensity and accurately defined spectral properties. One of the
probably most revolutionising applications in the life sciences, the use of lasers in
DNA sequencing with fluorescence labels (see Sections 5.11.5, 5.11.6 and 12.3.3),
enabled the breakthrough in whole-genome sequencing.

12.2 ULTRAVIOLET AND VISIBLE LIGHT SPECTROSCOPY
These regions of the electromagnetic spectrum and their associated techniques are
probably the most widely used for analytical work and research into biological problems.
The electronic transitions in molecules can be classified according to the participating molecular orbitals (See Fig. 12.4). From the four possible transitions (n!p*,
p!p*, n!s*, s!s*), only two can be elicited with light from the UV/Vis spectrum
for some biological molecules: n!p* and p!p*. The n!s* and s!s* transitions are
energetically not within the range of UV/Vis spectroscopy and require higher energies.
Molecular (sub-)structures responsible for interaction with electromagnetic radiation are called chromophores. In proteins, there are three types of chromophores
relevant for UV/Vis spectroscopy:

•
•
•

peptide bonds (amide bond);
certain amino acid side chains (mainly tryptophan and tyrosine); and
certain prosthetic groups and coenzymes (e.g. porphyrine groups such as in haem).
The presence of several conjugated double bonds in organic molecules results in an
extended p-system of electrons which lowers the energy of the p* orbital through
electron delocalisation. In many cases, such systems possess p!p* transitions in the
UV/Vis range of the electromagnetic spectrum. Such molecules are very useful tools in
colorimetric applications (see Table 12.1).
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Table 12.1 Common colorimetric and UV absorption assays
Substance

Reagent

Wavelength (nm)

Amino acids

(a) Ninhydrin

570 (proline : 420)

(b) Cupric salts

620

Cysteine
residues,
thiolates

Ellman reagent (di-sodium-bis-(3-carboxy4-nitrophenyl)-disulphide)

412

Protein

(a) Folin (phosphomolybdate, phosphotungstate,
cupric salt)

660

(b) Biuret (reacts with peptide bonds)

540

(c) BCA reagent (bicinchoninic acid)

562

(d) Coomassie Brilliant Blue

595

(e) Direct

Tyr, Trp: 278,
peptide bond : 190

Coenzymes

Direct

FAD: 438, NADH:
340, NADþ : 260

Carotenoids

Direct

420, 450, 480

Porphyrins

Direct

400 (Soret band)

Carbohydrate

(a) Phenol, H2SO4

Glucose: 490,
xylose: 480

(b) Anthrone (anthrone, H2SO4)

620 or 625

Reducing sugars

Dinitrosalicylate, alkaline tartrate buffer

540

Pentoses

(a) Bial (orcinol, ethanol, FeCl3, HCl)

665

(b) Cysteine, H2SO4

380–415

(a) Carbazole, ethanol, H2SO4

540 or 440

(b) Cysteine, H2SO4

380–415

(c) Arsenomolybdate

500–570

Glucose

Glucose oxidase, peroxidase, o-dianisidine,
phosphate buffer

420

Ketohexose

(a) Resorcinol, thiourea, ethanoic acid, HCl

520

(b) Carbazole, ethanol, cysteine, H2SO4

560

(c) Diphenylamine, ethanol, ethanoic acid, HCl

635

Ehrlich (dimethylaminobenzaldehyde, ethanol,
HCl)

530

Hexoses

Hexosamines
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Table 12.1 (cont.)
Substance

Reagent

Wavelength (nm)

DNA

(a) Diphenylamine

595

(b) Direct

260

RNA

Bial (orcinol, ethanol, FeCl3, HCl)

665

Sterols and
steroids

Liebermann–Burchardt reagent (acetic
anhydride, H2SO4, chloroform)

425, 625

Cholesterol

Cholesterol oxidase, peroxidase, 4-aminoantipyrine, phenol

500

ATPase assay

Coupled enzyme assay with ATPase, pyruvate
kinase, lactate dehydrogenase:
ATP ! ADP (consumes ATP)
phosphoenolpyruvate ! pyruvate (consumes ADP)
pyruvate ! lactate (consumes NADH)

NADH: 340

12.2.1 Chromophores in proteins
The electronic transitions of the peptide bond occur in the far UV. The intense peak at
190 nm, and the weaker one at 210–220 nm is due to the p!p* and n!p* transitions.
A number of amino acids (Asp, Glu, Asn, Gln, Arg and His) have weak electronic
transitions at around 210 nm. Usually, these cannot be observed in proteins because
they are masked by the more intense peptide bond absorption. The most useful range
for proteins is above 230 nm, where there are absorptions from aromatic side chains.
While a very weak absorption maximum of phenylalanine occurs at 257 nm, tyrosine
and tryptophan dominate the typical protein spectrum with their absorption maxima
at 274 nm and 280 nm, respectively (Fig. 12.5). In praxi, the presence of these two
aromatic side chains gives rise to a band at 278 nm. Cystine (Cys2) possesses a weak
absorption maximum of similar strength as phenylalanine at 250 nm. This band can
play a role in rare cases in protein optical activity or protein fluorescence.
Proteins that contain prosthetic groups (e.g. haem, flavin, carotenoid) and some
metal–protein complexes, may have strong absorption bands in the UV/Vis range.
These bands are usually sensitive to local environment and can be used for physical
studies of enzyme action. Carotenoids, for instance, are a large class of red, yellow and
orange plant pigments composed of long carbon chains with many conjugated double
bonds. They contain three maxima in the visible region of the electromagnetic
spectrum (420 nm, 450 nm, 480 nm).
Porphyrins are the prosthetic groups of haemoglobin, myoglobin, catalase and
cytochromes. Electron delocalisation extends throughout the cyclic tetrapyrrole ring
of porphyrins and gives rise to an intense transition at 400 nm called the Soret band.
The spectrum of haemoglobin is very sensitive to changes in the iron-bound ligand.
These changes can be used for structure–function studies of haem proteins.
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Fig. 12.5 The presence of larger aggregates in biological samples gives rise to Rayleigh scatter visible by a
considerable slope in the region from 500 to 350 nm. The dashed line shows the correction to be applied to
spectra with Rayleigh scatter which increases with l4. Practically, linear extrapolation of the region from 500
to 350 nm is performed to correct for the scatter. The corrected absorbance is indicated by the double arrow.

Molecules such as FAD (flavin adenine dinucleotide), NADH and NADþ are important coenzymes of proteins involved in electron transfer reactions (RedOx reactions).
They can be conveniently assayed by using their UV/Vis absorption: 438 nm (FAD),
340 nm (NADH) and 260 nm (NADþ).
Chromophores in genetic material
The absorption of UV light by nucleic acids arises from n!p* and p!p* transitions of
the purine (adenine, guanine) and pyrimidine (cytosine, thymine, uracil) bases that
occur between 260 nm and 275 nm. The absorption spectra of the bases in polymers
are sensitive to pH and greatly influenced by electronic interactions between bases.

12.2.2 Principles
Quantification of light absorption
The chance for a photon to be absorbed by matter is given by an extinction coefficient
which itself is dependent on the wavelength l of the photon. If light with the
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intensity I0 passes through a sample with appropriate transparency and the path length
(thickness) d, the intensity I drops along the pathway in an exponential manner.
The characteristic absorption parameter for the sample is the extinction coefficient a,
yielding the correlation I= I0 ead. The ratio T= I/I0 is called transmission.
Biochemical samples usually comprise aqueous solutions, where the substance of
interest is present at a molar concentration c. Algebraic transformation of the exponential correlation into an expression based on the decadic logarithm yields the law of
Beer–Lambert:
lg

I0
1
¼ lg ¼ e  c  d ¼ A
T
I

ð12:2Þ

where [d] ¼ 1 cm, [c] ¼ 1 mol dm3, and [e] ¼ 1 dm3 mol1 cm1. e is the molar absorption
coefficient (also molar extinction coefficient) (a ¼ 2.303  c  e). A is the absorbance
of the sample, which is displayed on the spectrophotometer.
The Beer–Lambert law is valid for low concentrations only. Higher concentrations
might lead to association of molecules and therefore cause deviations from the ideal
behaviour. Absorbance and extinction coefficients are additive parameters, which
complicates determination of concentrations in samples with more than one
absorbing species. Note that in dispersive samples or suspensions scattering effects
increase the absorbance, since the scattered light is not reaching the detector for readout. The absorbance recorded by the spectrophotometer is thus overestimated and
needs to be corrected (Fig. 12.5).
Deviations from the Beer–Lambert law
According to the Beer–Lambert law, absorbance is linearly proportional to the concentration of chromophores. This might not be the case any more in samples with high
absorbance. Every spectrophotometer has a certain amount of stray light, which is light
received at the detector but not anticipated in the spectral band isolated by the monochromator. In order to obtain reasonable signal-to-noise ratios, the intensity of light at the
chosen wavelength (Il) should be 10 times higher than the intensity of the stray light (Istray).
If the stray light gains in intensity, the effects measured at the detector have nothing or little
to do with chromophore concentration. Secondly, molecular events might lead to deviations from the Beer–Lambert law. For instance, chromophores might dimerise at high
concentrations and, as a result, might possess different spectroscopic parameters.
Absorption or light scattering – optical density
In some applications, for example measurement of turbidity of cell cultures (determination of biomass concentration), it is not the absorption but the scattering of light (see
Section 12.6) that is actually measured with a spectrophotometer. Extremely turbid
samples like bacterial cultures do not absorb the incoming light. Instead, the light is
scattered and thus, the spectrometer will record an apparent absorbance (sometimes
also called attenuance). In this case, the observed parameter is called optical density (OD).
Instruments specifically designed to measure turbid samples are nephelometers or Klett
meters; however, most biochemical laboratories use the general UV/Vis spectrometer
for determination of optical densities of cell cultures.
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Factors affecting UV/Vis absorption
Biochemical samples are usually buffered aqueous solutions, which has two major
advantages. Firstly, proteins and peptides are comfortable in water as a solvent,
which is also the ‘native’ solvent. Secondly, in the wavelength interval of UV/Vis
(700–200 nm) the water spectrum does not show any absorption bands and thus acts
as a silent component of the sample.
The absorption spectrum of a chromophore is only partly determined by its chemical structure. The environment also affects the observed spectrum, which mainly can
be described by three parameters:

•
•
•

protonation/deprotonation (pH, RedOx);
solvent polarity (dielectric constant of the solvent); and
orientation effects.
Vice versa, the immediate environment of chromophores can be probed by assessing
their absorption, which makes chromophores ideal reporter molecules for environmental factors. Four effects, two each for wavelength and absorption changes, have to
be considered:

•
•
•
•

a wavelength shift to higher values is called red shift or bathochromic effect;
similarly, a shift to lower wavelengths is called blue shift or hypsochromic effect;
an increase in absorption is called hyperchromicity (‘more colour’),
while a decrease in absorption is called hypochromicity (‘less colour’).
Protonation/deprotonation arises either from changes in pH or oxidation/reduction
reactions, which makes chromophores pH- and RedOx-sensitive reporters. As a rule of
thumb, lmax and e increase, i.e. the sample displays a batho- and hyperchromic shift,
if a titratable group becomes charged.
Furthermore, solvent polarity affects the difference between the ground and
excited states. Generally, when shifting to a less polar environment one observes a
batho- and hyperchromic effect. Conversely, a solvent with higher polarity elicits a
hypso- and hypochromic effect.
Lastly, orientation effects, such as an increase in order of nucleic acids from singlestranded to double-stranded DNA, lead to different absorption behaviour. A sample of
free nucleotides exhibits a higher absorption than a sample with identical amounts of
nucleotides but assembled into a single-stranded polynucleotide. Accordingly, doublestranded polynucleotides exhibit an even smaller absorption than two single-stranded
polynucleotides. This phenomenon is called the hypochromicity of polynucleotides. The
increased exposure (and thus stronger absorption) of the individual nucleotides in the
less ordered states provides a simplified explanation for this behaviour.

12.2.3 Instrumentation
UV/Vis spectrophotometers are usually dual-beam spectrometers where the first channel contains the sample and the second channel holds the control (buffer) for correction.
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Alternatively, one can record the control spectrum first and use this as internal reference
for the sample spectrum. The latter approach has become very popular as many spectrometers in the laboratories are computer-controlled, and baseline correction can be carried
out using the software by simply subtracting the control from the sample spectrum.
The light source is a tungsten filament bulb for the visible part of the spectrum, and
a deuterium bulb for the UV region. Since the emitted light consists of many different
wavelengths, a monochromator, consisting of either a prism or a rotating metal grid
of high precision called grating, is placed between the light source and the sample.
Wavelength selection can also be achieved by using coloured filters as monochromators
that absorb all but a certain limited range of wavelengths. This limited range is called
the bandwidth of the filter. Filter-based wavelength selection is used in colorimetry,
a method with moderate accuracy, but best suited for specific colorimetric assays
where only certain wavelengths are of interest. If wavelengths are selected by prisms
or gratings, the technique is called spectrophotometry (Fig. 12.6).

Example 1 ESTIMATION OF MOLAR EXTINCTION COEFFICIENTS
In order to determine the concentration of a solution of the peptide MAMVSEFLKQ
AWFIENEEQE YVQTVKSSKG GPGSAVSPYP TFNPSS in water, the molar
absorption coefficient needs to be estimated.
The molar extinction coefficient e is a characteristic parameter of a molecule and
varies with the wavelength of incident light. Because of useful applications of the
law of Beer–Lambert, the value of e needs be known for a lot of molecules being
used in biochemical experiments.
Very frequently in biochemical research, the molar extinction coefficient of
proteins is estimated using incremental ei values for each absorbing protein residue
(chromophore). Summation over all residues yields a reasonable estimation for the
extinction coefficient. The simplest increment system is based on values of Gill and
von Hippel.1 The determination of protein concentration using this formula only
requires an absorption value at l ¼ 280 nm. Increments ei are used to calculate a molar
extinction coefficient at 280 nm for the entire protein or peptide by summation over
all relevant residues in the protein:
Residue

Gill and von Hippel ei (280 nm) in dm3 mol1 cm1

Cys2
Trp
Tyr

120
5690
1280

For the peptide above, one obtains e ¼ (1  5690 þ 2  1280) dm3 mol1 cm1¼
8250 dm3 mol1 cm1
1

Gill, S. C. and von Hippel, P. H. (1989). Calculation of protein extinction coefficients from amino
acid sequence data. Analytical Biochemistry, 182, 319–326. Erratum: Analytical Biochemistry (1990),
189, 283.
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Fig. 12.6 Optical arrangements in a dual-beam spectrophotometer. Either a prism or a grating constitutes
the monochromator of the instrument. Optical paths are shown as green lines.

A prism splits the incoming light into its components by refraction. Refraction occurs
because radiation of different wavelengths travels along different paths in medium of
higher density. In order to maintain the principle of velocity conservation, light of shorter
wavelength (higher speed) must travel a longer distance (i.e. blue sky effect). At a grating,
the splitting of wavelengths is achieved by diffraction. Diffraction is a reflection phenomenon that occurs at a grid surface, in this case a series of engraved fine lines. The distance
between the lines has to be of the same order of magnitude as the wavelength of the
diffracted radiation. By varying the distance between the lines, different wavelengths
are selected. This is achieved by rotating the grating perpendicular to the optical axis.
The resolution achieved by gratings is much higher than the one available by prisms.
Nowadays instruments almost exclusively contain gratings as monochromators as
they can be reproducibly made in high quality by photoreproduction.
The bandwidth of a colorimeter is determined by the filter used as monochromator.
A filter that appears red to the human eye is transmitting red light and absorbs almost
any other (visual) wavelength. This filter would be used to examine blue solutions, as
these would absorb red light. The filter used for a specific colorimetric assay is thus made
of a colour complementary to that of the solution being tested. Theoretically, a single
wavelength is selected by the monochromator in spectrophotometers, and the emergent
light is a parallel beam. Here, the bandwidth is defined as twice the half-intensity
bandwidth. The bandwidth is a function of the optical slit width. The narrower the slit
width the more reproducible are measured absorbance values. In contrast, the sensitivity
becomes less as the slit narrows, because less radiation passes through to the detector.
In a dual-beam instrument, the incoming light beam is split into two parts by a halfmirror. One beam passes through the sample, the other through a control (blank,
reference). This approach obviates any problems of variation in light intensity, as
both reference and sample would be affected equally. The measured absorbance is
the difference between the two transmitted beams of light recorded. Depending on
the instrument, a second detector measures the intensity of the incoming beam,
although some instruments use an arrangement where one detector measures the
incoming and the transmitted intensity alternately. The latter design is better from
an analytical point of view as it eliminates potential variations between the two
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detectors. At about 350 nm most instruments require a change of the light source from
visible to UV light. This is achieved by mechanically moving mirrors that direct the
appropriate beam along the optical axis and divert the other. When scanning the
interval of 500–210 nm, this frequently gives rise to an offset of the spectrum at the
switchover point.
Since borosilicate glass and normal plastics absorb UV light, such cuvettes can only
be used for applications in the visible range of the spectrum (up to 350 nm). For UV
measurements, quartz cuvettes need to be used. However, disposable plastic cuvettes
have been developed that allow for measurements over the entire range of the UV/Vis
spectrum.

12.2.4 Applications
The usual procedure for (colorimetric) assays is to prepare a set of standards and
produce a plot of concentration versus absorbance called calibration curve. This
should be linear as long as the Beer–Lambert law applies. Absorbances of unknowns
are then measured and their concentration interpolated from the linear region of
the plot. It is important that one never extrapolates beyond the region for which an
instrument has been calibrated as this potentially introduces enormous errors.
To obtain good spectra, the maximum absorbance should be approximately 0.5 which
corresponds to concentrations of about 50 mM (assuming e = 10 000 dm3 mol1 cm1).
Qualitative and quantitative analysis
Qualitative analysis may be performed in the UV/Vis regions to identify certain classes
of compounds both in the pure state and in biological mixtures (e.g. protein-bound).
The application of UV/Vis spectroscopy to further analytical purposes is rather limited,
but possible for systems where appropriate features and parameters are known.
Most commonly, this type of spectroscopy is used for quantification of biological
samples either directly or via colorimetric assays. In many cases, proteins can be
quantified directly using their intrinsic chromophores, tyrosine and tryptophan.
Protein spectra are acquired by scanning from 500 to 210 nm. The characteristic
features in a protein spectrum are a band at 278/280 nm and another at 190 nm
(Fig. 12.6). The region from 500 to 300 nm provides valuable information about
the presence of any prosthetic groups or coenzymes. Protein quantification by single
wavelength measurements at 280 and 260 nm only should be avoided, as the presence
of larger aggregates (contaminations or protein aggregates) gives rise to considerable
Rayleigh scatter that needs to be corrected for (Fig. 12.6).
Difference spectra
The main advantage of difference spectroscopy is its capacity to detect small absorbance changes in systems with high background absorbance. A difference spectrum is
obtained by subtracting one absorption spectrum from another. Difference spectra
can be obtained in two ways: either by subtraction of one absolute absorption
spectrum from another, or by placing one sample in the reference cuvette and another
in the test cuvette. The latter method requires usage of a dual-beam instrument,
the former method has become very popular due to most instruments being controlled
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Example 2 DETERMINATION OF CONCENTRATIONS
Question (1) The concentration of an aqueous solution of a protein is to be determined
assuming:
(i) knowledge of the molar extinction coefficient e
(ii) molar extinction coefficent e is not known.
(2) What is the concentration of an aqueous solution of a DNA sample?
Answer (1) (i) The protein concentration of a pure sample can be determined by using the
Beer–Lambert law. The absorbance at 280 nm is determined from a protein
spectrum, and the molar extinction coefficient at this wavelength needs to be
experimentally determined or estimated:
 ¼

AM
"d

where r* is the mass concentration in mg cm3 and M the molecular mass of
the assayed species in g mol1.
(ii) Alternatively, an empirical formula known as the Warburg–Christian
formula can be used without knowledge of the value of the molar extinction
coefficient:
 ¼ ð1:52  A280  0:75  A260 Þ mg cm3
Other commonly used applications to determine the concentration of
protein in a sample make use of colorimetric assays that are based on
chemicals (folin, biuret, bicinchoninic acid or Coomassie Brilliant Blue)
binding to protein groups. Concentration determination in these cases
requires a calibration curve measured with a protein standard, usually
bovine serum albumin.
(2) As we have seen above, the genetic bases have absorption bands in the UV/Vis
region. Thus, the concentration of a DNA sample can be determined
spectroscopically. Assuming that a pair of nucleotides has a molecular mass of
M = 660 g mol1, the absorbance A of a solution with double-stranded DNA at
260 nm can be converted to mass concentration r* by:
 ¼ 50 mg cm3  A260
The ratio A260/A280 is an indicator for the purity of the DNA solution and should
be in the range 1.8–2.0.

by computers which allows easy processing and handling of data. From a purist’s
point of view, the direct measurement of the difference spectrum in a dual-beam
instrument is the preferred method, since it reduces the introduction of inconsistencies
between samples and thus the error of the measurement. Figure 12.7 shows the two
absolute spectra of ubiquinone and ubiquinol, the oxidised and reduced species of
the same molecular skeleton, as well as the difference spectrum.
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Fig. 12.7 Top: Absolute spectra of ubiquinone (solid curve) and ubiquinol (dotted curve). Bottom: Difference spectrum.

Difference spectra have three distinct features as compared to absolute spectra:

•
•
•

difference spectra may contain negative absorbance values;
absorption maxima and minima may be displaced and the extinction coefficients are
different from those in peaks of absolute spectra;
there are points of zero absorbance, usually accompanied by a change of sign of the
absorbance values. These points are observed at wavelengths where both species of
related molecules exhibit identical absorbances (isosbestic points), and which may be
used for checking for the presence of interfering substances.
Common applications for difference UV spectroscopy include the determination of the
number of aromatic amino acids exposed to solvent, detection of conformational changes
occurring in proteins, detection of aromatic amino acids in active sites of enzymes, and
monitoring of reactions involving ‘catalytic’ chromophores (prosthetic groups, coenzymes).
Derivative spectroscopy
Another way to resolve small changes in absorption spectra that otherwise would
remain invisible is the usage of derivative spectroscopy. Here, the absolute absorption
spectrum of a sample is differentiated and the differential dxA/dlx plotted against the
wavelength. Since the algebraic relationship between A and l is unknown, differentiation is carried out by numerical methods using computer software. The usefulness of
this approach depends on the individual problem. Examples of successful applications
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include the binding of a monoclonal antibody to its antigen with second-order
derivatives and the quantification of tryptophan and tyrosine residues in proteins
using fourth-order derivatives.
Solvent perturbation
As we have mentioned above, aromatic amino acids are the main chromophores of proteins
in the UV region of the electromagnetic spectrum. Furthermore, the UV absorption of
chromophores depends largely on the polarity in its immediate environment. A change in
the polarity of the solvent changes the UV spectrum of a protein by bathochromic or
hypsochromic effects without changing its conformation. This phenomenon is called
solvent perturbation and can be used to probe the surface of a protein molecule. In order
to be accessible to the solvent, the chromophore has to be accessible on the protein surface.
Practically, solvents like dimethyl-sulfoxide, dioxane, glycerol, mannitol, sucrose and
polyethylene glycol are used for solvent perturbation experiments, because they are
miscible with water. The method of solvent perturbation is most commonly used for
determination of the number of aromatic residues that are exposed to solvent.
Spectrophotometric and colorimetric assays
For biochemical assays testing for time- or concentration-dependent responses of
systems, an appropriate read-out is required that is coupled to the progress of the reaction
(reaction coordinate). Therefore, the biophysical parameter being monitored (read-out)
needs to be coupled to the biochemical parameter under investigation. Frequently, the
monitored parameter is the absorbance of a system at a given wavelength which is
monitored throughout the course of the experiment. Preferably, one should try to monitor
the changing species directly (e.g. protein absorption, starting product or generated
product of a reaction), but in many cases this is not possible and a secondary reaction
has to be used to generate an appropriate signal for monitoring. A common application of
the latter approach is the determination of protein concentration by Lowry or Bradford
assays, where a secondary reaction is used to colour the protein. The more intense the
colour, the more protein is present. These assays are called colorimetric assays and a
number of commonly used ones are listed in Table 12.1.

12.3 FLUORESCENCE SPECTROSCOPY
12.3.1 Principles
Fluorescence is an emission phenomenon where an energy transition from a higher to
a lower state is accompanied by radiation. Only molecules in their excited forms are
able to emit fluorescence; thus, they have to be brought into a state of higher energy
prior to the emission phenomenon.
We have already seen in Section 12.1.2 that molecules possess discrete states of
energy. Potential energy levels of molecules have been depicted by different Lennard–
Jones potential curves with overlaid vibrational (and rotational) states (Fig. 12.3). Such
diagrams can be abstracted further to yield Jablonski diagrams (Fig. 12.8).
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Fig. 12.8 Jablonski diagram. Shown are the electronic ground state (S0), two excited singlet states (S1, S2) and a
triplet state (T1). Vibrational levels (v) are only illustrated exemplarily. Solid vertical lines indicate radiative
transitions, dotted lines show non-radiative transitions. The inset shows the relationship between electron
configurations, total spin number S and multiplicity M.

In these diagrams, energy transitions are indicated by vertical lines. Not all transitions
are possible; allowed transitions are defined by the selection rules of quantum
mechanics. A molecule in its electronic and vibrational ground state (S0v0) can absorb
photons matching the energy difference of its various discrete states. The required
photon energy has to be higher than that required to reach the vibrational ground
state of the first electronic excited state (S1v0). The excess energy is absorbed as
vibrational energy (v > 0), and quickly dissipated as heat by collision with solvent
molecules. The molecule thus returns to the vibrational ground state (S1v0). These
relaxation processes are non-radiating transitions from one energetic state to another
with lower energy, and are called internal conversion (IC). From the lowest level of
the first electronic excited state, the molecule returns to the ground state (S0) either
by emitting light (fluorescence) or by a non-radiative transition. Upon radiative
transition, the molecule can end up in any of the vibrational states of the electronic
ground state (as per quantum mechanical rules).
If the vibrational levels of the ground state overlap with those of the electronic
excited state, the molecule will not emit fluorescence, but rather revert to the ground
state by non-radiative internal conversion. This is the most common way for excitation
energy to be dissipated and is why fluorescent molecules are rather rare. Most molecules
are flexible and thus have very high vibrational levels in the ground state. Indeed, most
fluorescent molecules possess fairly rigid aromatic rings or ring systems. The fluorescent group in a molecule is called a fluorophore.
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Since radiative energy is lost in fluorescence as compared to the absorption, the
fluorescent light is always at a longer wavelength than the exciting light (Stokes
shift). The emitted radiation appears as band spectrum, because there are many closely
related wavelength values dependent on the vibrational and rotational energy levels
attained. The fluorescence spectrum of a molecule is independent of the wavelength of
the exciting radiation and has a mirror image relationship with the absorption
spectrum. The probability of the transition from the electronic excited to the ground
state is proportional to the intensity of the emitted light.
An associated phenomenon in this context is phosphorescence which arises from a
transition from a triplet state (T1) to the electronic (singlet) ground state (S0). The molecule
gets into the triplet state from an electronic excited singlet state by a process called
intersystem crossing (ISC). The transition from singlet to triplet is quantum-mechanically not allowed and thus only happens with low probability in certain molecules where
the electronic structure is favourable. Such molecules usually contain heavy atoms. The
rate constants for phosphorescence are much longer and phosphorescence thus happens
with a long delay and persists even when the exciting energy is no longer applied.
The fluorescence properties of a molecule are determined by properties of the
molecule itself (internal factors), as well as the environment of the protein (external
factors). The fluorescence intensity emitted by a molecule is dependent on the lifetime
of the excited state. The transition from the excited to the ground state can be treated
like a decay process of first order, i.e. the number of molecules in the excited state
decreases exponentially with time. In analogy to kinetics, the exponential coefficient
kr is called rate constant and is the reciprocal of the lifetime:  r = kr1. The lifetime is
the time it takes to reduce the number of fluorescence emitting molecules to N0/e,
and is proportional to l3.
The effective lifetime  of excited molecules, however, differs from the fluorescence
lifetime  r since other, non-radiative processes also affect the number of molecules in
the excited state.  is dependent on all processes that cause relaxation: fluorescence
emission, internal conversion, quenching, fluorescence resonance energy transfer,
reactions of the excited state and intersystem crossing.
The ratio of photons emitted and photons absorbed by a fluorophore is called
quantum yield F (equation 12.3). It equals the ratio of the rate constant for fluorescence
emission kr and the sum of the rate constants for all six processes mentioned above.
¼

NðemÞ kr
kr

¼ ¼
¼
NðabsÞ k kr þ kIC þ kISC þ kreaction þ kQ cðQ Þ þ kFRET r

ð12:3Þ

The quantum yield is a dimensionless quantity, and, most importantly, the only
absolute measure of fluorescence of a molecule. Measuring the quantum yield is a
difficult process and requires comparison with a fluorophore of known quantum yield.
In biochemical applications, this measurement is rarely done. Most commonly, the
fluorescence emissions of two or more related samples are compared and their relative
differences analysed.

12.3.2 Instrumentation
Fluorescence spectroscopy works most accurately at very low concentrations of
emitting fluorophores. UV/Vis spectroscopy, in contrast, is least accurate at such
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Fig. 12.9 Schematics of a spectrofluorimeter with ‘T’ geometry (90 ). Optical paths are shown as green lines.
Inset: Geometry of front-face illumination.

low concentrations. One major factor adding to the high sensitivity of fluorescence
applications is the spectral selectivity. Due to the Stokes shift, the wavelength of the
emitted light is different from that of the exciting light. Another feature makes use of
the fact that fluorescence is emitted in all directions. By placing the detector perpendicular to the excitation pathway, the background of the incident beam is reduced.
The schematics of a typical spectrofluorimeter are shown in Fig. 12.9. Two monochromators are used, one for tuning the wavelength of the exciting beam and a second
one for analysis of the fluorescence emission. Due to the emitted light always having a
lower energy than the exciting light, the wavelength of the excitation monochromator
is set at a lower wavelength than the emission monochromator. The better fluorescence spectrometers in laboratories have a photon-counting detector yielding very
high sensitivity. Temperature control is required for accurate work as the emission
intensity of a fluorophore is dependent on the temperature of the solution.
Two geometries are possible for the measurement, with the 90 arrangement most
commonly used. Pre- and post-filter effects can arise owing to absorption of light prior
to reaching the fluorophore and the reduction of emitted radiation. These phenomena
are also called inner filter effects and are more evident in solutions with high concentrations. As a rough guide, the absorption of a solution to be used for fluorescence
experiments should be less than 0.05. The use of microcuvettes containing less material
can also be useful. Alternatively, the front-face illumination geometry (Fig. 12.9 inset)
can be used which obviates the inner filter effect. Also, while the 90 geometry requires
cuvettes with two neighbouring faces being clear (usually, fluorescence cuvettes have
four clear faces), the front-face illumination technique requires only one clear face, as
excitation and emission occur at the same face. However, front-face illumination is less
sensitive than the 90 illumination.
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12.3.3 Applications
There are many and highly varied applications for fluorescence despite the fact that
relatively few compounds exhibit the phenomenon. The effects of pH, solvent composition and the polarisation of fluorescence may all contribute to structural elucidation. Measurement of fluorescence lifetimes can be used to assess rotation correlation
coefficients and thus particle sizes. Non-fluorescent compounds are often labelled
with fluorescent probes to enable monitoring of molecular events. This is termed
extrinsic fluorescence as distinct from intrinsic fluorescence where the native compound exhibits the property. Some fluorescent dyes are sensitive to the presence of
metal ions and can thus be used to track changes of these ions in in vitro samples, as
well as whole cells.
Since fluorescence spectrometers have two monochromators, one for tuning the
excitation wavelength and one for analysing the emission wavelength of the fluorophore, one can measure two types of spectra: excitation and emission spectra. For
fluorescence excitation spectrum measurement, one sets the emission monochromator
at a fixed wavelength (lem) and scans a range of excitation wavelengths which are then
recorded as ordinate (x-coordinate) of the excitation spectrum; the fluorescence emission
at lem is plotted as abscissa. Measurement of emission spectra is achieved by setting a
fixed excitation wavelength (lexc) and scanning a wavelength range with the emission
monochromator. To yield a spectrum, the emission wavelength lem is recorded as
ordinate and the emission intensity at lem is plotted as abscissa.
Intrinsic protein fluorescence
Proteins possess three intrinsic fluorophores: tryptophan, tyrosine and phenylalanine,
although the latter has a very low quantum yield and its contribution to protein fluorescence emission is thus negligible. Of the remaining two residues, tyrosine has the lower
quantum yield and its fluorescence emission is almost entirely quenched when it becomes
ionised, or is located near an amino or carboxyl group, or a tryptophan residue. Intrinsic
protein fluorescence is thus usually determined by tryptophan fluorescence which can be
selectively excited at 295–305 nm. Excitation at 280 nm excites tyrosine and tryptophan
fluorescence and the resulting spectra might therefore contain contributions from both
types of residues.
The main application for intrinsic protein fluorescence aims at conformational
monitoring. We have already mentioned that the fluorescence properties of a fluorophore depend significantly on environmental factors, including solvent, pH, possible
quenchers, neighbouring groups, etc.
A number of empirical rules can be applied to interpret protein fluorescence spectra:

•
•
•

As a fluorophore moves into an environment with less polarity, its emission
spectrum exhibits a hypsochromic shift (lmax moves to shorter wavelengths) and
the intensity at lmax increases.
Fluorophores in a polar environment show a decrease in quantum yield with
increasing temperature. In a non-polar environment, there is little change.
Tryptophan fluorescence is quenched by neighbouring protonated acidic groups.
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Fig. 12.10 Comparison of fluorescence excitation and emission spectra can yield insights into internal
quenching. Excitation spectra with emission wavelength 340 nm are shown in dark green. Emission spectra with
excitation wavelength 295 nm are shown in light green; emission spectra with excitation wavelength 280 nm
are grey. (a) PDase homologue (Escherichia coli). (b) CPDase (Arabidopsis thaliana); in this protein, the
fluorophores are located in close proximity to each other which leads to the effect of intrinsic quenching,
as obvious from the lower intensity of the emission spectrum as compared to the excitation spectrum.

When interpreting effects observed in fluorescence experiments, one has to consider
carefully all possible molecular events. For example, a compound added to a protein
solution can cause quenching of tryptophan fluorescence. This could come about by
binding of the compound at a site close to the tryptophan (i.e. the residue is surfaceexposed to a certain degree), or due to a conformational change induced by the compound.
The comparison of protein fluorescence excitation and emission spectra can yield
insights into the location of fluorophores. The close spatial arrangement of fluorophores within a protein can lead to quenching of fluorescence emission; this might be
seen by the lower intensity of the emission spectrum when compared to the excitation
spectrum (Fig. 12.10).
Extrinsic fluorescence
Frequently, molecules of interest for biochemical studies are non-fluorescent. In many
of these cases, an external fluorophore can be introduced into the system by chemical
coupling or non-covalent binding. Some examples of commonly used external fluorophores are shown in Fig. 12.11. Three criteria must be met by fluorophores in this
context. Firstly, it must not affect the mechanistic properties of the system under
investigation. Secondly, its fluorescence emission needs to be sensitive to environmental conditions in order to enable monitoring of the molecular events. And lastly,
the fluorophore must be tightly bound at a unique location.
A common non-conjugating extrinsic chromophore for proteins is 1-anilino-8naphthalene sulphonate (ANS) which emits only weak fluorescence in polar environment, i.e. in aqueous solution. However, in non-polar environment, e.g. when bound to
hydrophobic patches on proteins, its fluorescence emission is significantly increased
and the spectrum shows a hypsochromic shift; lmax shifts from 475 nm to 450 nm. ANS
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Fig. 12.11 Structures of some extrinsic fluorophores. Fura-2 is a fluorescent chelator for divalent and higher
valent metal ions (Ca2þ, Ba2þ, Sr2þ, Pb2þ, La3þ, Mn2þ, Ni2þ, Cd2þ).

is thus a valuable tool for assessment of the degree of non-polarity. It can also be used
in competition assays to monitor binding of ligands and prosthetic groups.
Reagents such as fluorescamine, o-phthalaldehyde or 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate have been very popular conjugating agents used to derivatise amino acids for analysis (see Section 8.4.2). o-Phthalaldehyde, for example, is a
non-fluorescent compound that reacts with primary amines and b-mercaptoethanol to
yield a highly sensitive fluorophore.
Metal-chelating compounds with fluorescent properties are useful tools for a variety
of assays, including monitoring of metal homeostasis in cells. Widely used probes for
calcium are the chelators Fura-2, Indo-1 and Quin-1. Since the chemistry of such
compounds is based on metal chelation, cross-reactivity of the probes with other metal
ions is possible.
The intrinsic fluorescence of nucleic acids is very weak and the required excitation
wavelengths are too far in the UV region to be useful for practical applications. Numerous
extrinsic fluorescent probes spontaneously bind to DNA and display enhanced emission.
While in earlier days ethidium bromide was one of the most widely used dyes for this
application, it has nowadays been replaced by SYBR Green, as the latter probe poses fewer
hazards for health and environment and has no teratogenic properties like ethidium
bromide. These probes bind DNA by intercalation of the planar aromatic ring systems
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between the base pairs of double-helical DNA. Their fluorescence emission in water is
very weak and increases about 30-fold upon binding to DNA.
Quenching
In Section 12.3.1, we have seen that the quantum yield of a fluorophore is dependent on
several internal and external factors. One of the external factors with practical implications is the presence of a quencher. A quencher molecule decreases the quantum yield of
a fluorophore by non-radiating processes. The absorption (excitation) process of the
fluorophore is not altered by the presence of a quencher. However, the energy of the
excited state is transferred onto the quenching molecules. Two kinds of quenching
processes can be distinguished:

•
•

dynamic quenching which occurs by collision between the fluorophore in its excited
state and the quencher; and
static quenching whereby the quencher forms a complex with the fluorophore. The
complex has a different electronic structure compared to the fluorophore alone and
returns from the excited state to the ground state by non-radiating processes.
It follows intuitively that the efficacy of both processes is dependent on the concentration of quencher molecules. The mathematical treatment for each process is different,
because of two different chemical mechanisms. Interestingly, in both cases the degree of
quenching, expressed as I0 I1, is directly proportional to the quencher concentration.
For collisional (dynamic) quenching, the resulting equation has been named the Stern–
Volmer equation (equation 12.4).
I0
 1 ¼ kQ cQ 0
I

ð12:4Þ

I0
 1 ¼ Ka cQ
I

ð12:5Þ

The Stern–Volmer equation relates the degree of quenching (expressed as I0 I1) to the
molar concentration of the quencher cQ, the lifetime of the fluorophore  0, and the rate
constant of the quenching process kQ. In case of static quenching (equation 12.5), I0 I1
is related to the equilibrium constant Ka that describes the formation of the complex
between the excited fluorophore and the quencher, and the concentration of the
quencher. Importantly, a plot of I0 I1 versus cQ yields for both quenching processes a
linear graph with a y-intercept of 1.
Thus, fluorescence data obtained by intensity measurements alone cannot distinguish
between static or collisional quenching. The measurement of fluorescence lifetimes or
the temperature/viscosity dependence of quenching can be used to determine the kind
of quenching process. It should be added, that both processes can also occur simultaneously in the same system.
The fact that static quenching is due to complex formation between the fluorophore
and the quencher makes this phenomenon an attractive assay for binding of a ligand
to a protein. In the simplest case, the fluorescence emission being monitored is the
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intrinsic fluorescence of the protein. While this is a very convenient titration assay
when validated for an individual protein–ligand system, one has to be careful when
testing unknown pairs, because the same decrease in intensity can occur by collisional
quenching.
Highly effective quenchers for fluorescence emission are oxygen, as well as the
iodide ion. Usage of these quenchers allows surface mapping of biological macromolecules. For instance, iodide can be used to determine whether tryptophan residues
are exposed to solvent.
Fluorescence resonance energy transfer (FRET)
Fluorescence resonance energy transfer (FRET) was first described by Förster in 1948.
The process can be explained in terms of quantum mechanics by a non-radiative energy
transfer from a donor to an acceptor chromophore. The requirements for this process are
a reasonable overlap of emission and excitation spectra of donor and acceptor chromophores, close spatial vicinity of both chromophores (10–100 Å), and an almost parallel
arrangement of their transition dipoles. Of great practical importance is the correlation
FRET /

1
R60

ð12:6Þ

showing that the FRET effect is inversely proportional to the distance between donor
and acceptor chromophores, R0.
The FRET effect is particularly suitable for biological applications, since distances of
10–100 Å are in the order of the dimensions of biological macromolecules. Furthermore,
the relation between FRET and the distance allows for measurement of molecular distances
and makes this application a kind of ‘spectroscopic ruler’. If a process exhibits changes in
molecular distances, FRET can also be used to monitor the molecular mechanisms.
The high specificity of the FRET signal allows for monitoring of molecular interactions
and conformational changes with high spatial (1–10 nm) and temporal resolution (<1 ns).
Especially the possibility of localising and monitoring cellular structures and proteins in
physiological environments makes this method very attractive. The effects can be
observed even at low concentrations (as low as single molecules), in different environments (different solvents, including living cells), and observations may be done in
real time.
In most cases, different chromophores are used as donor and acceptor, presenting two
possibilities to record FRET: either as donor-stimulated fluorescence emission of the
acceptor or as fluorescence quenching of the donor by the acceptor. However, the same
chromophore may be used as donor and acceptor simultaneously; in this case, the
depolarisation of fluorescence is the observed parameter. Since non-FRET stimulated
fluorescence emission by the acceptor can result in undesirable background fluorescence, a common approach is usage of non-fluorescent acceptor chromophores.
FRET-based assays may be used to elucidate the effects of new substrates for
different enzymes or putative agonists in a quick and quantitative manner. Furthermore, FRET detection might be used in high-throughput screenings (see Sections
17.3.2 and 18.2.3), which makes it very attractive for drug development.
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Example 3 FRET APPLICATIONS IN DNA SEQUENCING AND INVESTIGATION
OF MOLECULAR MECHANISMS
BigDyes™ are a widely used application of FRET fluorophores (Fig. 12.12). Since
1997, these fluorophores are generally used as chain termination markers in
automated DNA sequencing. As such, BigDyes™ are in major parts responsible
for the great success of genome projects.
In many instances, FRET allows monitoring of conformational changes, protein
folding, as well as protein–protein, protein–membrane and protein–DNA
interactions. For instance, the three subunits of T4 DNA polymerase holoenzyme
arrange around DNA in torus-like geometry. Using the tryptophan residue in one of
the subunits as FRET donor and a coumarine label conjugated to a cysteine residue
in the adjacent subunit (FRET acceptor), the distance change between both subunits
could be monitored and seven steps involved in opening and closing of the
polymerase could be identified. Other examples of this approach include studies
of the architecture of Escherichia coli RNA polymerase, the calcium-dependent
change of troponin and structural studies of neuropeptide Y dimers.
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Fig. 12.12 Structure of one of the four BigDye™ terminators, ddT-EO-6CFB-dTMR. The moieties from
left to right are: 5-carboxy-dichloro-rhodamine (FRET acceptor), 4-aminomethyl benzoate linker,
6-carboxy-40 -aminomethylfluorescein (FRET donor), propargyl ethoxyamino linker, dUTP.

Bioluminescence Resonance Energy Transfer (BRET)
Bioluminescence resonance energy transfer (BRET) uses the FRET effect with native
fluorescent or luminescent proteins as chromophores. The phenomenon is observed
naturally for example with the sea pansy Renilla reniformis. It contains the enzyme
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luciferase, which oxidises luciferin (coelenterazin) by simultaneously emitting light at
lexc= 480 nm. This light directly excites green fluorescent protein (GFP), which, in
turn, emits fluorescence at lem= 509 nm.
Fluorescence labelling of proteins by other proteins presents a useful approach to
study various processes in vivo. Labelling can be done at the genetic level by generating
fusion proteins. Monitoring of protein expression by GFP is an established technique
and further development of ‘living colours’ will lead to promising new tools.
While nucleic acids have been the main players in the genomic era, the postgenomic/
proteomic era focusses on gene products, the proteins. New proteins are being discovered and characterised, others are already used within biotechnological processes. In
particular for classification and evaluation of enzymes and receptors, reaction systems
can be designed such that the reaction of interest is detectable quantitatively using FRET
donor and acceptor pairs.
For instance, detection methods for protease activity can be developed based on BRET
applications. A protease substrate is fused to a GFP variant on the N-terminal side and
dsRED on the C-terminal side. The latter protein is a red fluorescing FRET acceptor
and the GFP variant acts as a FRET donor. Once the substrate is cleaved by a protease,
the FRET effect is abolished. This is used to directly monitor protease activity. With a
combination of FRET analysis and two-photon excitation spectroscopy it is also possible
to carry out a kinetic analysis.
A similar idea is used to label human insulin receptor (see Section 17.4.4) in order
to quantitatively assess its activity. Insulin receptor is a glycoprotein with two a and
two b subunits, which are linked by dithioether bridges. The binding of insulin
induces a conformational change and causes a close spatial arrangement of both b
subunits. This, in turn, activates tyrosine kinase activity of the receptor.
In pathological conditions such as diabetes, the tyrosine kinase activity is different
than in healthy conditions. Evidently, it is of great interest to find compounds that
stimulate the same activity as insulin. By fusing the b subunit of human insulin receptor
to Renilla reniformis luciferase and yellow fluorescent protein (YFP) a FRET donor–
acceptor pair is obtained, which reports the ligand-induced conformational change and
precedes the signal transduction step. This reporter system is able to detect the effects of
insulin and insulin-mimicking ligands in order to assess dose-dependent behaviour.
Fluorescence recovery after photo bleaching (FRAP)
If a fluorophore is exposed to high intensity radiation it may be irreversibly damaged and
lose its ability to emit fluorescence. Intentional bleaching of a fraction of fluorescently
labelled molecules in a membrane can be used to monitor the motion of labeled molecules
in certain (two-dimensional) compartments. Moreover, the time-dependent monitoring
allows determination of the diffusion coefficient. A well-established application is the
usage of phospholipids labelled with NBD (e.g. NBD-phosphatidylethanolamine, Fig.
12.13b) which are incorporated into a biological or artificial membrane. The specimen
is subjected to a pulse of high-intensity light (photo bleaching), which causes a sharp drop
of fluorescence in the observation area (Fig. 12.13). Re-emergence of fluorescence emission in this area is monitored as unbleached molecules diffused into the observation area.
From the time-dependent increase of fluorescence emission, the rate of diffusion of the
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Fig. 12.13 (a) Schematic of a FRAP experiment. Time-based monitoring of fluorescence emission intensity
enables determination of diffusion coefficients in membranes. (b) A commonly used fluorescence label in membrane
FRAP experiments: chemical structure of phosphatidylethanolamine conjugated to the fluorophore NBD.

phospholipid molecules can be calculated. Similarly, membrane proteins such as receptors
or even proteins in a cell can be conjugated to fluorescence labels and their diffusion
coefficients can be determined.

Fluorescence polarisation
A light source usually consists of a collection of randomly oriented emitters, and the
emitted light is a collection of waves with all possible orientations of the E vectors
(non-polarised light). Linearly polarised light is obtained by passing light through a
polariser that transmits light with only a single plane of polarisation; i.e. it passes
only those components of the E vector that are parallel to the axis of the polariser
(Fig. 12.14). The intensity of transmitted light depends on the orientation of the
polariser. Maximum transmission is achieved when the plane of polarisation is
parallel to the axis of the polariser; the transmission is zero when the orientation is
perpendicular. The polarisation P is defined as
P¼

Il  I$
Il þ I$

ð12:7Þ

Il and I$ are the intensities observed parallel and perpendicular to an arbitrary axis.
The polarisation can vary between 1 and þ1; it is zero when the light is unpolarised.
Light with 0 < |P| < 0.5 is called partially polarised.
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E vectors

Direction of propagation
Polariser

Fig. 12.14 Generation of linearly polarised light.

Fig. 12.15 Absorption dipole moment mA (describing the probability of photon absorption) and transition dipole
moment mE (describing the probability for photon emission) for any chromophore are usually not parallel.
Absorption of linearly polarised light varies with cos2y and is at its maximum parallel to mA. Emission of linearly
polarised light varies with sin2f and is highest at a perpendicular orientation to mE.

Experimentally, this can be achieved in a fluorescence spectrometer by placing a
polariser in the excitation path in order to excite the sample with polarised light.
A second polariser is placed between the sample and the detector with its axis either
parallel or perpendicular to the axis of the excitation polariser. The emitted light is
either partially polarised or entirely unpolarised. This loss of polarisation is called
fluorescence depolarisation.
Absorption of polarised light by a chromophore is highest when the plane of polarisation is parallel to the absorption dipole moment mA (Fig. 12.15). More generally, the
probability of absorption of exciting polarised light by a chromophore is proportional to
cos2 y, with y being the angle between the direction of polarisation and the absorption
dipole moment. Fluorescence emission, in contrast, does not depend on the absorption
dipole moment, but on the transition dipole moment mE. Usually, mA and mE are tilted
against each other by about 10 to 40 . The probability of emission of polarised light at
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an angle f with respect to the transition dipole moment is proportional to sin2 f, and
thus at its maximum in a perpendicular orientation.
As a result if the chromophores are randomly oriented in solution, the polarisation P is
less than 0.5. It is thus evident that any process that leads to a deviation from random
orientation will give rise to a change of polarisation. This is certainly the case when a
chromophore becomes more static. Furthermore, one needs to consider Brownian motion.
If the chromophore is a small molecule in solution, it will be rotating very rapidly. Any
change in this motion due to temperature changes, changes in viscosity of the solvent, or
binding to a larger molecule, will therefore result in a change of polarisation.
Fluorescence cross-correlation spectroscopy
With fluorescence cross-correlation spectroscopy the temporal fluorescence fluctuations between two differently labelled molecules can be measured as they diffuse
through a small sample volume. Cross-correlation analysis of the fluorescence signals
from separate detection channels extracts information of the dynamics of the duallabelled molecules. Fluorescence cross-correlation spectroscopy has thus become an
essential tool for the characterisation of diffusion coefficients, binding constants,
kinetic rates of binding and determining molecular interactions in solutions and cells
(see also Section 17.3.2).
Fluorescence microscopy, high-throughput assays
Fluorescence emission as a means of monitoring is a valuable tool for many biological
and biochemical applications. We have already seen the usage of fluorescence monitoring in DNA sequencing; the technique is inseparably tied in with the success of
projects such as genome deciphering.
Fluorescence techniques are also indispensable methods for cell biological applications with fluorescence microscopy (see Sections 4.6 and 17.3.2). Proteins (or biological
macromolecules) of interest can be tagged with a fluorescent label such as e.g. the green
fluorescent protein (GFP) from the jelly fish Aequorea victoria or the red fluorescent
protein from Discosoma striata, if spatial and temporal tracking of the tagged protein is
desired. Alternatively, the use of GFP spectral variants such as cyan fluorescent protein
(CFP) as a fluorescence donor and yellow fluorescent protein (YFP) as an acceptor allows
investigation of mechanistic questions by using the FRET phenomenon. Specimens with
cells expressing the labelled proteins are illuminated with light of the excitation wavelength, and then observed through a filter that excludes the exciting light and only
transmits the fluorescence emission. The recorded fluorescence emission can be overlaid
with a visual image computationally, and the composite image then allows for localisation of the labelled species. If different fluorescence labels with distinct emission wavelengths are used simultaneously, even co-localisation studies can be performed.
Time-resolved fluorescence spectroscopy
The emission of a single photon from a fluorophore follows a probability distribution.
With time-correlated single photon counting, the number of emitted photons can be
recorded in a time-dependent manner following a pulsed excitation of the sample.

Comp. by: PG0963
Stage : Revises1
ChapterID: 9780521516358c12
Date:7/12/09
Time:19:24:53
Filepath:H:/01_CUP/3B2/Wilson_Walker-9780521516358/Applications/3B2/
Proof/9780521516358c12.3d

507

12.4 Luminometry

By sampling the photon emission for a large number of excitations, the probability
distribution can be constructed. The time-dependent decay of an individual fluorophore
species follows an exponential distribution, and the time constant is thus termed the
lifetime of this fluorophore. Curve fitting of fluorescence decays enables the identification of the number of species of fluorophores (within certain limits), and the calculation
of the lifetimes for these species. In this context, different species can be different
fluorophores or distinct conformations of the same fluorophore.

12.4 LUMINOMETRY
In the preceding section, we mentioned the method of bioluminescence resonance
energy transfer (BRET) and its main workhorse, luciferase. Generally, fluorescence
phenomena depend on the input of energy in the form of electromagnetic radiation.
However, emission of electromagnetic radiation from a system can also be achieved
by prior excitation in the course of a chemical or enzymatic reaction. Such processes
are summarised as luminescence. Luminometry is not strictly speaking a spectrophotometric technique, but is included here due to its importance in the life sciences.

12.4.1 Principles
Luminometry is the technique used to measure luminescence, which is the emission
of electromagnetic radiation in the energy range of visible light as a result of a
reaction. Chemiluminescence arises from the relaxation of excited electrons transitioning back to the ground state. The prior excitation occurs through a chemical
reaction that yields a fluorescent product. For instance, the reaction of luminol with
oxygen produces 3-aminophthalate which possesses a fluorescence spectrum that is
then observed as a chemiluminescence. In other words, the chemiluminescence spectrum is the same as the fluorescence spectrum of the product of the chemical reaction.
Bioluminescence describes the same phenomenon, only the reaction leading to a
fluorescent product is an enzymatic reaction. The most commonly used enzyme in this
context is certainly luciferase (see Section 15.3.2). The light is emitted by an intermediate complex of luciferase with the substrate (‘photoprotein’). The colour of the light
emitted depends on the source of the enzyme and varies between 560 nm (greenish
yellow) and 620 nm (red) wavelengths. Bioluminescence is a highly sensitive method,
due to the high quantum yield of the underlying reaction. Some luciferase systems work
with almost 100% efficiency. For comparison, the incandescent light bulb loses about
90% of the input energy to heat.
Because luminescence does not depend on any optical excitation, problems with
autofluorescence in assays are eliminated.

12.4.2 Instrumentation
Since no electromagnetic radiation is required as a source of energy for excitation, no
light source and monochromator are required. Luminometry can be performed with a
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rather simple set-up, where a reaction is started in a cuvette or mixing chamber, and the
resulting light is detected by a photometer. In most cases, a photomultiplier tube is
needed to amplify the output signal prior to recording. Also, it is fairly important to
maintain a strict temperature control, as all chemical, and especially enzymatic, reactions are sensitive to temperature.

12.4.3 Applications
Chemiluminescence
Luminol and its derivatives can undergo chemiluminescent reactions with high efficiency. For instance, enzymatically generated H2O2 may be detected by the emission
of light at 430 nm wavelength in the presence of luminol and microperoxidase (see
Section 15.3.2).
Competitive binding assays (see Section 15.2) may be used to determine low concentrations of hormones, drugs and metabolites in biological fluids. These assays depend on
the ability of proteins such as antibodies and cell receptors to bind specific ligands with
high affinity. Competition between labelled and unlabelled ligand for appropriate sites
on the protein occurs. If the concentration of the protein, i.e. the number of available
binding sites, is known, and a limited but known concentration of labelled ligand is
introduced, the concentration of unlabelled ligand can be determined under saturation
conditions when all sites are occupied. Exclusive use of labelled ligand allows the
determination of the concentration of the protein and thus the number of available
binding sites.
During the process of phagocytosis by leukocytes, molecular oxygen is produced in
its singlet state (see Section 12.1.2) which exhibits chemiluminescence. The effects of
pharmacological and toxicological agents on leukocytes and other phagocytic cells
can be studied by monitoring this luminescence.
Bioluminescence
Firefly luciferase is mainly used to measure ATP concentrations. The bioluminescence
assay is rapidly carried out with accuracies comparable to spectrophotometric and
fluorimetric assays. However, with a detection limit of 1015 M, and a linear range
of 1012 to 106 M ATP, the luciferase assay is vastly superior in terms of sensitivity.
Generally, all enzymes and metabolites involved in ATP interconversion reactions may
be assayed in this method, including ADP, AMP, cyclic AMP and the enzymes pyruvate
kinase, adenylate kinase, phosphodiesterase, creatine kinase, hexokinase and ATP
sulphurase (see Section 15.3.2). Other substrates include creatine phosphate, glucose,
GTP, phosphoenolpyruvate and 1,3-diphosphoglycerate.
The main application of bacterial luciferase is the determination of electron transfer
co-factors, such as nicotine adenine dinucleotides (and phosphates) and flavin mononucleotides in their reduced states, for example NADH, NADPH and FMNH2. Similar to
the firefly luciferase assays, this method can be applied to a whole range of coupled
RedOx enzyme reaction systems. The enzymatic assays are again much more sensitive
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Example 4 ENZYMATIC CALCIUM MONITORING
Question Calcium signalling is a common mechanism, since the ion, once it enters the
cytoplasm, exerts allosteric regulatory affects on many enzymes and proteins. How
can intracellular calcium be monitored?
Answer The EF-hand protein aequorin from Aequorea species (jellyfish) has been used for
determination of intracellular calcium concentrations. Despite the availability of
calcium-specific electrodes, this bioluminescence assay presents advantages due to
its high sensitivity to and specificity for calcium. Since the protein is non-toxic, has
a low leakage rate from cells and is not intracellularly compartmentalised, it is
ideally suited for usage in living cells. Its disadvantages are the scarcity, large
molecular size, consumption during the reaction and the non-linearity of the light
emission relative to calcium concentration. The reaction is further sensitive to the
chemical environment and the limited speed in which it can respond to rapid
changes in calcium concentration, for example influx and efflux in certain cell
types. The protein possesses a reflective yellow colour and is non-fluorescent in its
apo- (non-calcium-bound) state. In the calcium-bound form, the prosthetic group
coelenterazine, a molecule belonging to the luciferin family, is oxidised to
coelenteramide and CO2. Upon relaxation to the ground state, blue light of 469 nm
wavelength is emitted.

than the corresponding spectrophotometric and fluorimetric assays, and a concentration range of 109 to 1012 M can be achieved. The NADPH assay is by a factor of
20 less sensitive than the NADH assay.

12.5 CIRCULAR DICHROISM SPECTROSCOPY
12.5.1 Principles
In Section 12.3.3 we have already seen that electromagnetic radiation oscillates in all
possible directions and that it is possible to preferentially select waves oscillating in a
single plane, as applied for fluorescence polarisation. The phenomenon first known as
mutarotation (described by Lowry in 1898) became manifest in due course as a special
property of optically active isomers allowing the rotation of plane-polarised light.
Optically active isomers are compounds of identical chemical composition and topology,
but whose mirror images cannot be superimposed; such compounds are called chiral.
Linearly and circularly polarised light
Light is electromagnetic radiation where the electric vector (E) and the magnetic vector
(M) are perpendicular to each other. Each vector undergoes an oscillation as the light
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Fig. 12.16 Linearly (plane) and circularly polarised light.

travels along the direction of propagation, resulting in a sine-like waveform of each, the
E and the M vectors. A light source usually consists of a collection of randomly oriented
emitters. Therefore, the emitted light is a collection of waves with all possible orientations of the E vectors. This light is non-polarised. Linearly or plane-polarised light is
obtained by passing light through a polariser that transmits light with only a single plane
of polarisation, i.e. it passes only those components of the E vector that are parallel to the
axis of the polariser (Fig. 12.14). If the E vectors of two electromagnetic waves are ¼
wavelength out of phase and perpendicular to each other, the vector that is the sum of
the E vectors of the two components rotates around the direction of propagation so that
its tip follows a helical path. Such light is called circularly polarised (Fig. 12.16).
While the E vector of circularly polarised light always has the same magnitude but a
varying direction, the direction of the E vector of linearly polarised light is constant; it
is its magnitude that varies. With the help of vector algebra, one can now reversely
think of linearly polarised light as a composite of two circularly polarised beams with
opposite handedness (Fig. 12.17a).

Polarimetry and optical rotation dispersion
Polarimetry essentially measures the angle through which the plane of polarisation is
changed after linearly polarised light is passed through a solution containing a chiral
substance. Optical rotation dispersion (ORD) spectroscopy is a technique that measures
this ability of a chiral substance to change the plane-polarisation as a function of the
wavelength. The angle al between the plane of the resulting linearly polarised light
against that of the incident light is dependent on the refractive index for left (nleft) and
right (nright) circularly polarised light. The refractive index can be calculated as the ratio
of the speed of light in vacuo and the speed of light in matter. After normalisation
against the amount of substance present in the sample (thickness of sample/cuvette
length d, and mass concentration r*), a substance-specific constant [a]l is obtained that
can be used to characterise chiral compounds.
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(a)

(b)
Q

Fig. 12.17 (a) Linearly polarised light can be thought of consisting of two circularly polarised components with
opposite ‘handedness’. The vector sum of the left- and right-handed circularly polarised light yields linearly
polarised light. (b) If the amplitudes of left- and right-handed polarised components differ, the resulting light is
elliptically polarised. The composite vector will trace the ellipse shown in grey. The ellipse is characterised by a
major and a minor axis. The ratio of minor and major axis yields tan Y. Y is the ellipticity.

Circular dichroism
In addition to changing the plane of polarisation, an optically active sample also
shows unusual absorption behaviour. Left- and right-handed polarised components of
the incident light are absorbed differently by the sample, which yields a difference in
the absorption coefficients De = eleft  eright. This latter difference is called circular
dichroism (CD). The difference in absorption coefficients De (i.e. CD) is measured in
units of cm2 g1, and is the observed quantity in CD experiments. Historically, results
from CD experiments are reported as ellipticity Yl. Normalisation of Yl similar to the
ORD yields the molar ellipticity:
l ¼

M  Yl
ln 10 180

¼
 e
10
10    d
2

ð12:8Þ

It is common practice to display graphs of CD spectra with the molar ellipticity in units
of 1 cm2 dmol1 = 10 cm2 mol1 on the ordinate axis (Fig. 12.18).
Three important conclusions can be drawn:

•
•
•

ORD and CD are the manifestation of the same underlying phenomenon;
if an optically active molecule has a positive CD, then its enantiomer will have a
negative CD of exactly the same magnitude; and
the phenomenon of CD can only be observed at wavelengths where the optically
active molecule has an absorption band.

Comp. by: PG0963
Stage : Revises1
ChapterID: 9780521516358c12
Date:7/12/09
Time:19:24:55
Filepath:H:/01_CUP/3B2/Wilson_Walker-9780521516358/Applications/3B2/
Proof/9780521516358c12.3d

512

Spectroscopic techniques: I Photometric techniques

Mean residue ellipticity (10 cm2 dmol–1)

100 x 103

80 x 103

60 x 103

40 x 103

20 x 103

0

–20 x 103

–40 x 103

–60 x 103
190

200

210

220

230

240

250

(nm)

Fig. 12.18 Circular dichroism spectra for three standard secondary structures according to Fasman. An a-helical
peptide is shown in darkgreen, a peptide adopting b-strand structure in grey, and a random coil peptide in light green.

The chromophores of protein secondary structure
In Section 12.2, we saw that the peptide bond in proteins possesses UV absorption
bands in the area of 220–190 nm. The carbon atom vicinal to the peptide bond (the Ca
atom) is asymmetric and a chiral centre in all amino acids except glycine. This
chirality induces asymmetry into the peptide bond chromophore. Because of the serial
arrangement of the peptide bonds making up the backbone of a protein, the individual
chromophores couple with each other. The (secondary) structure of a polypeptide thus
induces an ‘overall chirality’ which gives rise to the CD phenomenon of a protein in
the wavelength interval 260–190 nm.
With protein circular dichroism, the molar ellipticity y also appears as mean
residue ellipticity yres, owing to the fact that the chromophores responsible for the
chiral absorption phenomenon are the peptide bonds. Therefore, the number of
chromophores of a polypeptide in this context is equal to the number of residues.
Because of the law of Beer–Lambert (Equation 12.2), the number of chromophores is
proportional to the magnitude of absorption, i.e. in order to normalise the spectrum of
an individual polypeptide for reasons of comparison, the CD has to be scaled by the
number of peptide bonds.

12.5.2 Instrumentation
The basic layout of a CD spectrometer follows that of a single-beam UV absorption
spectrometer. Owing to the nature of the measured effects, an electro-optic modulator,
as well as a more sophisticated detector are needed, though.
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12.5 Circular dichroism spectroscopy

Generally, left and right circularly polarised light passes through the sample in
an alternating fashion. This is achieved by an electro-optic modulator which is a
crystal that transmits either the left- or right-handed polarised component of linearly
polarised light, depending on the polarity of the electric field that is applied by
alternating currents. The photomultiplier detector produces a voltage proportional
to the ellipticity of the resultant beam emerging from the sample. The light source of
the spectrometer is continuously flushed with nitrogen to avoid the formation of
ozone and help to maintain the lamp.
CD spectrometry involves measuring a very small difference between two absorption values which are large signals. The technique is thus very susceptible to noise and
measurements must be carried out carefully. Some practical considerations involve
having a clean quartz cuvette, and using buffers with low concentrations of additives.
While this is sometimes tricky with protein samples, reducing the salt concentrations
to values as low as 5 mM helps to obtain good spectra. Also, filtered solutions should
be used to avoid any turbidity of the sample that could produce scatter. Saturation
of the detector must be avoided, this becoming more critical with lower wavelengths.
Therefore, good spectra are obtained in a certain range of protein concentrations only
where enough sample is present to produce a good signal and does not saturate the
detector. Typical protein concentrations are 0.03–0.3 mg cm3.
In order to calculate specific ellipticities (mean residue ellipticities) and be able to
compare the CD spectra of different samples with each other, the concentration of
the sample must be known. Provided the protein possesses sufficient amounts of
UV/Vis-absorbing chromophores, it is thus advisable to subject the CD sample to a
protein concentration determination by UV/Vis as described in Section 12.2.3.

12.5.3 Applications
The main application for protein CD spectroscopy is the verification of the adopted
secondary structure. The application of CD to determine the tertiary structure is
limited, owing to the inadequate theoretical understanding of the effects of different
parts of the molecules at this level of structure.
Rather than analysing the secondary structure of a ‘static sample’, different conditions can be tested. For instance, some peptides adopt different secondary structures
when in solution or membrane-bound. The comparison of CD spectra of such peptides
in the absence and presence of small unilamellar phospholipid vesicles shows a clear
difference in the type of secondary structure. Measurements with lipid vesicles are
tricky, because due to their physical extensions they give rise to scatter. Other options
in this context include CD experiments at lipid monolayers which can be realised at
synchrotron beam lines, or by usage of optically clear vesicles (reverse micelles).
CD spectroscopy can also be used to monitor changes of secondary structure within
a sample over time. Frequently, CD instruments are equipped with temperature control
units and the sample can be heated in a controlled fashion. As the protein undergoes
its transition from the folded to the unfolded state, the CD at a certain wavelength
(usually 222 nm) is monitored and plotted against the temperature, thus yielding a
thermal denaturation curve which can be used for stability analysis.
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Example 5 DETERMINATION OF THE SECONDARY STRUCTURE CONTENT
OF A PROTEIN SAMPLE
Question You have purified a recombinant protein and wonder whether it adopts a folded
structure. How might you address this problem?
Answer CD spectra of poly-L-amino acids as well as proteins with known three-dimensional
structure have been obtained and are used as standards for deducing the secondary
structure composition of unknown proteins. The simplest approach is a visual
comparison of the shape of the CD spectrum with the three ‘Fasman standard spectra’
(Fig. 12.18), allowing conclusions as to a helix, b strand and random coil structure.
CD deconvolution is a curve-fitting process where the experimental CD spectrum
is fitted with a given set of basis spectra using a weighting scheme. The estimated
weighting coefficients determined in the fitting process reveal the percentage of each
form of secondary structure in proteins. Different algorithms for deconvolution have
been generated, ranging from a simple linear combination of three or five basis sets,
to fitting procedures using 10–30 basis spectra and different mathematical
algorithms (CONTIN fit, neural networks, etc.).

Further applications include the use of circular dichroism for an observable for
kinetic measurements using the stopped flow technique (see Section 15.3).

12.6 LIGHT SCATTERING
The scattering of light can yield a number of valuable insights into the properties of
macromolecules, including the molecular mass, dimensions and diffusion coefficients,
as well as association/dissociation properties and internal dynamics. The incident
light hitting a macromolecule is scattered into all directions with the intensity of
the scatter being only about 105 of the original intensity. The scattered light is
measured at angles higher than 0 and less than 180 . Most of the scattered light
possesses the same wavelength as the incident light; this phenomenon is called elastic
light scattering. When the scattered light has a wavelength higher or lower than the
incident light, the phenomenon is called inelastic light scattering. The special properties of lasers (see Section 12.1.3) with high monochromaticity, narrow focus and
strong intensity, make them ideally suited for light scattering applications.

12.6.1 Elastic (static) light scattering
Elastic light scattering is also known as Rayleigh scattering and involves measuring
the intensity of light scattered by a solution at an angle relative to the incident laser
beam. The scattering intensity of macromolecules is proportional to the squared
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12.6 Light scattering

molecular mass, and thus ideal for determination of M, since the contribution of small
solvent molecules can be neglected. In an ideal solution, the macromolecules are
entirely independent from each other, and the light scattering can be described as:
I
 R ¼ P  K  c  M
I0

ð12:9Þ

where Iy is the intensity of the scattered light at angle y, I0 is the intensity of the
incident light, K is a constant proportional to the squared refractive index increment, c
is the concentration and Ry the Rayleigh ratio. Py describes the angular dependence of
the scattered light.
For non-ideal solutions, interactions between molecules need to be considered. The
scattering intensity of real solutions has been calculated by Debye and takes into
account concentration fluctuations. This results in an additional correction term
comprising the second virial coefficient B which is a measure for the strength of
interactions between molecules:


Kc 1 1
þ 2Bc
ð12:10Þ
¼
R P M
Determination of molecular mass with multi-angle light scattering
In solution, there are only three methods for absolute determination of molecular mass:
membrane osmometry, sedimentation equilibrium centrifugation and light scattering.
These methods are absolute, because they do not require any reference to molecular mass
standards. In order to determine the molecular mass from light scattering, three parameters must be measured: the intensity of scattered light at different angles, the concentration of the macromolecule and the specific refractive index increment of the solvent.
As minimum instrumentation, this requires a light source, a multi-angle light scattering
(MALS) detector, as well as a refractive index detector. These instruments can be used
in batch mode, but can also be connected to an HPLC to enable online determination
of the molecular mass of eluting macromolecules. The chromatography of choice is
size-exclusion chromatography (SEC), also called gel filtration (see Section 11.7), and
the combination of these methods is known as SEC–MALS. Unlike conventional sizeexclusion chromatography, the molecular mass determination from MALS is independent of the elution volume of the macromolecule. This is a valuable advantage, since the
retention time of a macromolecule on the size-exclusion column can depend on its shape
and conformation.

12.6.2 Quasi-elastic (dynamic) light scattering – photon
correlation spectroscopy
While intensity and angular distribution of scattered light yields information about
molecular mass and dimension of macromolecules, the wavelength analysis of scattered light allows conclusions as to the transport properties of macromolecules. Due to
rotation and translation, macromolecules move into and out of a very small region in
the solution. This Brownian motion happens at a timescale of microseconds to
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milliseconds, and the translation component of this motion is a direct result of diffusion, which leads to a broader wavelength distribution of the scattered light compared
to the incident light. This analysis is the subject of dynamic light scattering, and yields
the distribution of diffusion coefficients of macromolecules in solution.
The diffusion coefficient is related to the particle size by an equation known as the
Stokes–Einstein relation. The parameter derived is the hydrodynamic radius, or
Stokes radius, which is the size of a spherical particle that would have the same
diffusion coefficient in a solution with the same viscosity. Most commonly, data from
dynamic light scattering are presented as a distribution of hydrodynamic radius rather
than wavelength of scattered light.
Notably, the hydrodynamic radius describes an idealised particle and can differ
significantly from the true physical size of a macromolecule. This is certainly true for
most proteins which are not strictly spherical and their hydrodynamic radius thus
depends on their shape and conformation.
In contrast to size exclusion chromatography, dynamic light scattering measures
the hydrodynamic radius directly and accurately, as the former method relies on
comparison with standard molecules and several assumptions.
Applications of dynamic light scattering include determination of diffusion coefficients and assessment of protein aggregation, and can aid many areas in praxi. For
instance, the development of ‘stealth’ drugs that can hide from the immune system or
certain receptors relies on the PEGylation of molecules. Since conjugation with PEG
(polyethylene glycol) increases the hydrodynamic size of the drug molecules dramatically, dynamic light scattering can be used for product control and as a measure of
efficiency of the drug.

12.6.3 Inelastic light scattering – Raman spectroscopy
When the incident light beam hits a molecule in its ground state, there is a low
probability that the molecule is excited and occupies the next higher vibrational state
(Figs. 12.3, 12.8). The energy needed for the excitation is a defined increment which
will be missing from the energy of the scattered light. The wavelength of the scattered
light is thus increased by an amount associated with the difference between two
vibrational states of the molecule (Stokes shift). Similarly, if the molecule is hit by
the incident light in its excited state and transitions to the next lower vibrational state,
the scattered light has higher energy than the incident light which results in a shift to
lower wavelengths (anti-Stokes shift). These lines constitute the Raman spectrum. If
the wavelength of the incident light is chosen such that it coincides with an absorption band of an electronic transition in the molecule, there is a significant increase in
the intensity of bands in the Raman spectrum. This technique is called resonance
Raman spectroscopy (see Section 13.2).

12.7 ATOMIC SPECTROSCOPY
So far, all methods have dealt with probing molecular properties. In Section 12.1.2, we
discussed the general theory of electronic transitions and said that molecules give rise
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12.7 Atomic spectroscopy

to band spectra, but atoms yield clearly defined line spectra. In atomic emission spectroscopy (AES), these lines can be observed as light of a particular wavelength (colour).
Conversely, black lines can be observed against a bright background in atomic absorption spectroscopy (AAS). The wavelengths emitted from excited atoms may be identified
using a spectroscope with the human eye as the ‘detector’ or a spectrophotometer.

12.7.1 Principles
In a spectrum of an element, the absorption or emission wavelengths are associated
with transitions that require a minimum of energy change. In order for energy
changes to be minimal, transitions tend to occur between orbitals close together in
energy terms. For example, excitation of a sodium atom and its subsequent relaxation
gives rise to emission of orange light (‘D-line’) due to the transition of an electron
from the 3s to the 3p orbital and return (Fig. 12.19).
Electron transitions in an atom are limited by the availability of empty orbitals.
Filling orbitals with electrons is subject to two major rules:

•
•

one orbital can be occupied with a maximum of two electrons; and
the spins of electrons in one orbital need to be paired in an antiparallel fashion (Pauli
principle).
Together, these limitations mean that emission and absorption lines are characteristic for an individual element.

12.7.2 Instrumentation
In general, atomic spectroscopy is not carried out in solution. In order for atoms to emit
or absorb monochromatic radiation, they need to be volatilised by exposing them to
high thermal energy. Usually, nebulisers are used to spray the sample solution into a
flame or an oven. Alternatively, the gaseous form can be generated by using inductively
coupled plasma (ICP). The variations in temperature and composition of a flame make
standard conditions difficult to achieve. Most modern instruments thus use an ICP.
Atomic emission spectroscopy (AES) and atomic absorption spectroscopy (AAS) are
generally used to identify specific elements present in the sample and to determine
their concentrations. The energy absorbed or emitted is proportional to the number of
atoms in the optical path. Strictly speaking, in the case of emission, it is the number of
excited atoms that is proportional to the emitted energy. Concentration determination
with AES or AAS is carried out by comparison with calibration standards.
Sodium gives high backgrounds and is usually measured first. Then, a similar
amount of sodium is added to all other standards. Excess hydrochloric acid is
commonly added, because chloride compounds are often the most volatile salts.
Calcium and magnesium emission can be enhanced by the addition of alkali metals
and suppressed by addition of phosphate, silicate and aluminate, as these form nondissociable salts. The suppression effect can be relieved by the addition of lanthanum
and strontium salts. Lithium is frequently used as an internal standard. For storage of
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Fig. 12.19 Energy levels of atomic orbitals in the sodium atom. Each atomic orbital can be occupied by electrons
following the rules of quantum chemistry until the total number of electrons for that element is reached
(in case of sodium: 11 electrons). The energy gap between the 3s and the 3p orbitals in the sodium atom is
such that it can be overcome by absorption of orange light.

samples and standards, polyethylene bottles are used, since glass can absorb and
release metal ions, and thus impact the accuracy of this sensitive technique.
Cyclic analysis may be performed that involves the estimation of each interfering
substance in a mixture. Subsequently, the standards for each component in the
mixture are doped with each interfering substance. This process is repeated two or
three times with refined estimates of interfering substance, until self-consistent values
are obtained for each component.
Flame instability requires experimental protocols where determination of an unknown
sample is bracketed by measurements of the appropriate standard, in order to achieve the
highest possible accuracy.
Biological samples are usually converted to ash prior to determination of metals.
Wet ashing in solution is often used, employing an oxidative digestion similar to the
Kjeldahl method (see Section 8.3.2).

12.7.3 Applications
Atomic emission and atomic absorption spectrophotometry
Sodium and potassium are assayed at concentrations of a few p.p.m. using simple filter
photometers. The modern emission spectrophotometers allow determination of about
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20 elements in biological samples, the most common being calcium, magnesium and
manganese. Absorption spectrophotometers are usually more sensitive than emission
instruments and can detect less than 1 p.p.m. of each of the common elements with
the exception of alkali metals. The relative precision is about 1% in a working range of
20–200 times the detection limit of an element.
AES and AAS have been widely used in analytical chemistry, such as environmental and clinical laboratories. Nowadays, the technique has been superseded largely
by the use of ion-selective electrodes (see Section 16.2.2).
Atomic fluorescence spectrophotometry
Despite being limited to only a few metals, the main importance of atomic fluorescence spectrophotometry (AFS) lies in the extreme sensitivity. For example, zinc and
cadmium can be detected at levels as low as 1–2 parts per 1010.
AFS uses the same basic setup as AES and AAS. The atoms are required to be vaporised
by one of three methods (flame, electric, ICP). The atoms are excited using electromagnetic
radiation by directing a light beam into the vaporised sample. This beam must be intense,
but not spectrally pure, since only the resonant wavelengths will be absorbed, leading to
fluorescence (see Section 12.3.1).
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