Optical spectroscopies

Rita P.YY. Chen
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Thelonger the wavelength the lower the energy!!!!
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A photon of the right energy can be
absorbed by the molecule causing a

jump from one energy level to another. —
The energy is thereby transferred to “'PL""'
molecule.

Consider a sample with
concentration ¢, and length /.

If we pass a beam of light
with intensity I, and

wavelength A, through the
cell, how much light emerges?

Answering this guestion leads Lo

The Beer-Lambert Lau.-'-.:-;'_i_




Beer-
Lambert

N~cdx

Suppose we have a very thin layer
with length dx. Then, the number
of molecules in that layer is s,
proportional to cdx. gl

How much IgfitsdiEss rﬂ"{;fﬂ iqer: absorh?

The amount is proportional to the
number of molecules in the sample
and to the intensity of light. Thus,
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What is the fotal change in intensity due to the
entire Eﬂr'l'lp|'E'? [ lg= inlfial intensity Iy =finalintensity)
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So what S HespeiiLe

1. The intensity decays exponentially as /

increases or c increases. Absorptionis a
very sensitive measure of concentration.

2. The absorptivity A is defined by
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Transmittance, T=1;/1,

% Transmittance, %T =100 T
Absorbance, A =log,, I,/ I;
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O.D. unlts or ag ance IS expressed in logarithmic
terms so they are additive.

An object of O.D. of 1.0 absorbs 90% of the light.
Only 2 % of the light reaches detector. When
another object of O.D. 1.0 placed in the path, further
90% of this light is absorbed and only ? % of the
original light is transmitted by the second object.

It is possible to express the absorbance of a mixture
of substances at a particular wavelength as the sum
of the absorbances of the components.

The extinction coefficient indicates how efficient the
molecule will absorb photons.




2.1 Types of electranic tramsitions in polyatomic molecules |21
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Fig. 2.1. Energy levels of molecular orbitals in formaldehyde
{HOMO: Highest Occupied Molecular Orbitals; LUMO: Lowest
Unoccupied Molecular Orbitals) and possible electronic
transitions.
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An electron in a bonding s orbital is excited Saturated compounds containing atoms with
to the corresponding antibonding orbital. The lone pairs (non-bonding electrons) are capable
energy required is large. For example, of N — o* transitions. These transitions usually
methane (which has only C-H bonds, and can need less energy than ¢ — o * transitions. They
only undergo ¢ — o* transitions) shows an can be initiated by light whose wavelength is in
absorbance maximum at 125 nm. Absorption the range 150 - 250 nm. The number of organic
maxima due to  — ¢ * transitions are not functional groups with n — o* peaks in the UV
seen in typical UV-Vis. spectra (200 - 700 region is small.
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Chromophore Anax
Chromophore | A ., alcohols, ethers ~ 185
alkanes ~ 150 amines ~ 195

sulfur compounds ~ 195




Chromophore

carbonyls

~ 285

Chromophore max
alkenes ~ 175
alkynes ~ 170
carbonyls ~ 188

Abgorbance

* S and - ©* Transitions

Molar absorbtivities from N — 7t* transitions are relatively low, and
range from 10 to 100 L mol! cm . T — w* transitions normally give
molar absorbtivities between 1000 and 10,000 L mol-! cm™ .
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The table below gives a list of common solvents and the minimum
wavelength from which they may be used ina 1 cm cell.

Solvent Minimum Wavelength (nm)
acetonitrile 190
water 191
cyclohexane 195
hexane 195
methanol 201
ethanol 204
ether 215
methylene chloride 220
chloroform 237
carbon tetrachloride 257

"
Solvent effect in absorption spectrum

The solvent in which the absorbing species is dissolved also has an effect on
the spectrum of the species. Peaks resulting from n — 7* transitions are
shifted to shorter wavelengths (blue shift) with increasing solvent polarity.
This arises from increased solvation of the lone pair, which lowers the energy
of the n orbital. Often (but not always), the reverse (i.e. red shift) is seen for «
— 1* transitions. This is caused by attractive polarisation forces between the
solvent and the absorber, which lower the energy levels of both the excited
and unexcited states. This effect is greater for the excited state, and so the
energy difference between the excited and unexcited states is slightly reduced
- resulting in a small red shift. This effect also influences N — m* transitions
but is overshadowed by the blue shift resulting from solvation of lone pairs.
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Far UV CD 5 .
A
T
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#
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ﬂ—bfﬁ
n -> z* (210-230 nm) centered around 220 nm, Ol
£=~100 mol-* dm3 cm-, / 0
involves non-bonding electrons of O of the carbony

z-> z* centered around 190 nm

£=~7000 moltdm3cm-,

z-> z*dominated by the carbonyl zbond, and also affected
by the involvement of the nitrogen in the zorbitals

The intensity and energy of these transitions depends on ¢
and y (i.e., secondary structure)

exiton coupling of the n->xt* transitions leadsto
positive (n—>n*)per pendicular at 192 nm and

negative (n—>n*)parallel at 209 nm - [
negative at 222 nm isred shifted (n->x*) -
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Random caoil

@ Poly-L-proline (P2)

190 200 210 220 230 240 250

Wavelength, nm

Beer-Lambert law

A= - 1OgIO (Iin/ Iout)
A=exbxc

Ag = €[ -€R differential absorbance of a 1 mol/l solution ina 1 cm cell

Measured 0 ) ellipticity, is the rotation in degrees
of a 1dmol/cm3 solution and a pathlength of 1 cm

o 0 x 100 x Mr )
Molar ellipticity: [0] = ¢: mg/ml

cx | I: cm

degrees cm? dmol!

Mean residue ellipiticity: [0] y;rw = [0] /residue number

degrees cm? dmol! residue !
Ae = [0] /3298

Litre mol™! cm™! or Litre (mol residue)! cm’!
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Usefar-UV CD to determine amounts of secondary
structurein proteins

gener ate basis sets by deter mining spectra of pure a-helix, B-sheet, etc. of synthetic
peptides

or deconvoluting CD spectra of proteinswith know structuresto generate basis sets of
each of secondary structure

poly-L-lysine {(Lys)n} can adopt 3 different confor mations mer ely by varying the pH and
temperature

random coil at pH 7.0
a-helix at pH 10.8
p-form at pH 11.1 after heating to 52°C and recooling

CD spectrum of unknown protein = faSa(l) + fSb(l) + fRCSRC(l), where Sa(l), Sb(l), and
SRC(l) arederived from poly-L -lysine basis spectra.
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The disadvantage of this method isthat although these basis sets are easily
determined by direct measurement, they do not always agree from onelab to
another. In addition, chain length and aggr egation effect the basis set spectra.
However, thismethod is usually accurate to within 10% for a-helix content.

. Secondary carboxypeptid | a-
Technique i
q Structure ase chymotrypsin myoglobin
o 23% 8% 68%
X-ray B 18% 22% 0%
RC + other 59% 70% 32%
o 13% 12% 68%
CD using
(Lys), Basis B 31% 23% 5%
Sets
RC + other 56% 65% 27%

1 1: Optical spectroscopy to cheracterize protein conformation

Tabl
compourd fNo absorbance
abaove:

nNaCl0: 7C em
Naf, KF 170 sm
goric actd 18C nm
NaCh 205 nm
NaHFO. 21C nm
naH-FO. 195 nm
Wa acatate 220y
Glycine 22¢ sm
Diethyiamine 240 omy
NaCH pit 12 230 nm
goric acid, NaCH  piH 8.1 200 rm
Tricine pH85 23Cnm
Tris pH80 220 nm
Hepes pH75 230 om
Pipes pH7O 23Cnom
fdops pH7.0 23Cnm
fdes pH695 23Cnam
Cacodylats pH60 2iCnm

ie 1. Absorbance of various salt and buffer substances in the far-UV region”

Ahsarbance of 2 0.01 M solution
ina 0.1 cm cell at:

Z10nm
[

(== ==}

¢
Q.62
¢.03
G4
=05
]
0.22
G.02
037
0.20
.10
0.07
0.01

200 190nm 180nom
0 & ¢
0 Q 0
0 ] ¢
0.02 >05 0.5
0.05 93 > 6.9
0 0.01 ¢.15
017 > 05 >05
01 > 05 > 0.5

>05 >05 > @5

> 2 > 2 >2
c 0.09 a3
0.44 >05 >Q35
0.13 0.24 > 35
0.5 > 0.5 > 3.5
0.49 0.29 > {15
0.34 .28 >g5
0.29 .29 >Q5
0.20 9.22 >85

= Guffers were titreted with T M NaOH or €5 M H,SO, to the indicated pH values.

Protein structure IRL press




i Far-UV CD

Near-UV CD

|
Near UV CD
Wavelength Range Chromophore Contributions
250-270nm side chain Phe
270-290nm side chain Tyr
280-300nm side chain Trp

250-350nm disulphide bond




Thermal denaturation monitored by CD
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Fluorescence

Photon emission as an electron returns
from an excited state to ground state

"
The electronic states of most organic molecules can
be divided into singlet states and triplet states;

Singlet state: All electrons in the molecule are spin-paired
Triplet state: One set of electron spins is unpaired

l T

L1 T

ground excited axaited
ginmglet state singled siate triglet state




Possible physical process following absor ption of
a photon by a molecule

Luwest axcited
singlet state Lowest excited
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I 1. Ahsorption
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4 Mibrational relaxation
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— Frocesses involving phatans
" Hadiationless transitions

= FTlorescence

m Fluorescing molecules (fluorophores)
are usually aromatic

m Resolution of fluorescence is usually
much better than absorption because
you are measuring at right angles to the
direction of exciting light (better signal to
noise) so can work with much lower
concentrations

m The wavelength of absorption is related
to the size of the chromophores

m Smaller chromophores, higher energy
(shorter wavelength)




= Flhorescence

Stokes Shift:

The difference in wavelength between absorbed and emitted quanta.
The emitted wavelength is always longer (if single photons are
absorbed) or equal to the incident wavelength, due to energy
conservation; the difference is absorbed as heat in the atomic
lattice of the material.

%‘ Eluor escain Stokes Shift is25 nm

5 molectle 495 nm 520 nm
€

Q

@

i
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LL

Wavelength
Stokes shift increases with solvent polarity.
" JEE

Fluorescence intensity is proportional
to the product of € and Q;
m Quantum Yield
photons emitted K,
f™  photons absorbed K, + K.,




" TIOT excance Lifetime (7)

- 1s the time delay between the absorbance and
the emission 1

Tk kg

Many of these measurements are made possible by the
fluorescence lifetime, the average time that a molecule spends
in the excited state before emitting a photon and returning to the
ground state. It is an important and unique feature of an excited

state.

Fluorescence lifetimes are very short. Most fluorescence

lifetimes fall within the range of hundreds of picoseconds to
hundreds of nanoseconds. The fluorescence lifetime can
function as a molecular stopwatch to observe a variety of
interesting molecular events. An antibody may rotate slightly
within its molecular environment. A protein can change
orientation. A critical binding reaction may occur. Because the

time-scale of these events is similar to the fluorescence lifetime,
the measurement of the fluorescence lifetime allows the
researcher to peer into the molecule and observe these

phenomena

JEmEEseeence lifetime
measurement

# Fluorescence lifetime can be measured by measuring the decay of the total
fluorescence intensity following pulsed excitation which reflects the average time
that a molecule remains in the singlet excited state. The fluorescence decay
spectra were collected using time-correlated single-photon counting.

»Many dynamic events can deactivate
the excited state and hence influence the
lifetime, including solvent relaxation,
fluctuation in macromolecular

e

SHaPP Chn
R

conformation, rotations of side-chains, £ o1
. . . . . . = -1
interactions with neighboring residues, g
and quenching by exogeneous agents. g

! gy = g H Equation: y = AT expfxit) + yo LN T’

r Weighiing: T iy
N o . E Y Mowmies f i”‘\ ‘\‘."“U\‘l
»Fluorescence lifetime of a fluorophor@ oot cwomw - oo e
. . . . . . R%2 = O84ATM
in a protein or nucleic acid is highly ’ L
. N o 0OTI86 7 012

dependent upon its local environment e e Lo
and can vary from a few picoseconds to
tens of nanoseconds. ° 1000 2000 3000 4000 500D 6000
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A
. Effects of molecular structure on fluorescence

> Extent of p-electron system : An increase in the extent of the n-electron
system (i.e. degree of conjugation) leads to a shift of the absorption and
fluorescence spectra to longer wavelengths and to an increase in the
fluorescence quantum yield.

naphthalene anthracence naphthacene

QD Qo0 A0

J00




Substituted aromatic hydrocarbons:

Internal heavy atom effect: the presence of heavy atom are substitutents of

aromatic molecules (e.g. Br, I) results in fluorescence quenching because of

the increased probability of intersystem crossing

2. Electron-donating substituents ( -OH, -OR, -NH2, -NHR, -NR2) induce an
increase in the molar absorption coefficient and a shift in both absorption
and fluorescence spectra. They become broad and structureless. “

3. Sulfonate: The solubility of many fluorophores is achieved by grafting

sulfonate groups. It causes small red-shift in fluorescence spectrum and a

slight decrease in fluorescence quantum yield.
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HEArs 11 mn I i i

Bernard Valeur, Molecular Fluorescence , Wiley-VCH

“*Fluorescenceisvery dependent on the environment.
*Small molecules and other compounds can absorb
energy and quench (lower) fluoresence.

*Temperature has a big effect.
*Dielectric constant e.g. aqueous vs hydrophobic/polar

Effect of temperature

m Generally, an increase in temperature results in a
decrease in the fluorescence quantum yield and the
life time because the non-radiative processes related
to thermal agitation (collisions with solvent molecules,
intramolecular vibrations and rotations...) are more
efficient at higher temperature.




Effect of local environment

& Aromatic residues (especially Tryptophan) are
naturally occurring fluorophoreswhich are good probes

of folding.

A tryptophan side-chain in a hydrophobic core has a high
fluorescence intensity (not always)and a blue-shifted
(shorter wavelength) emission maximum.

Exposed tryptophans (or tryptophans from unfolded
proteins) have low fluorescence intensity (not always)and
a red-shifted longer wavelength) emission maximum.
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MRS

A: extremely nonpolar
environment inside the protein
globule

S: relatively nonpolar
environment inside the protein
globule, interacting with
neighboring polar group

I: polar but rigid environment
inside the protein globule,
interacting with neighboring polar
group

II: at protein surface, in contact
with bound water or other polar
group

III: at protein surface, in contact
with free water, typical for
unfolded protein
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" -EEEESPESEence Resonance Energy

Transfer (FRET)
m Resonance energy transfer can occur when

the donor and acceptor molecules are less
than 100 A of one another

m Energy transfer is non-radiative which means
the donor is not emitting a photon which is
absorbed by the acceptor
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Energy Transfer Efficency
v E iRy
M.w f:_:f,i B p190% transfer efficiency distance
Zrem~Tam
IHFSOR ACTCEFTOR
I y . r “Spectroscopic Ruler™
10} {
) R=50 4| h
E™ ' ] [ . '.
M T . . 1
“ -0 MN_
(1]

A

R (A @ o Ju
WhenR>2 R, E~0
When R <1/2R(, E ~ 1 Choose 0.5 R, <r<1.5R,

u Forster Radius
The distance at which energy transfer is 50% efficient (i.e., 50% of excited
donors are deactivated by FRET) is defined by the Forster radius (R).
The magnitude of R is dependent on the spectral properties of the donor and
tor dyes: . .
acceptor dyes = I s 107 o et e Y, = BRHS A

= glijiiks comemtation T (miigs O k4. W= 2

el i s
Donor Ak} -I-mlr fiar rundven by orivnied donors and ssceplion)
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Wavwlangih | whore €, = ealing liod coedlicicn of poeplod
Iy = luorescencs emissson indoms|iy of donor
&% 4 Trection of the wnl imegried inlensicy
Donor Acceptor R,(A)
Fluorescein | Tetramethylrhodamine | 55
TAEDANS Fluorescein 46
EDANS Dabcyl 33
Fluorescein | Fluorescein 44
BODIPY FL | BODIPY FL 57
Fluorescein | QSY 7 and QSY 9 dyes | 61




L
r, Condormational Connfinats

RS =R, (E'-1)
Where ID A 1s the fluorescence intensity of the donor in the presence of acceptor
ID is the fluorescence intensity of the donor only

LD 4 is the fluorescence lifetime of the donor in the presence of acceptor
LD is the fluorescence lifetime of the donor
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The critical Forster radius is 40 A for BFP-GFP and
50 A for CFP-YFP.




" --JENSIgsEence Polarization (FP)

Fluor escence polarization measurements provide information on molecular orientation
and mobility and processes that modulate them, including receptor—igand interactions,
proteolysis, protein—-DNA interactions, membrane fluidity and muscle contraction
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Figure 1. Physical basis of fluorescence polarization assays. Dye molecules with
their absorption transition vectors (arrows) aligned parallel to the electric vector of
linearly polarized light (along the vertical page axis) are selectively excited. For
dyes attached to small, rapidly rotating molecules, the initially photoselected
orientational distribution becomes randomized prior to emission, resulting in low
fluorescence polarization. Conversely, binding of the low molecular weight tracer
to a large, slowly rotating molecule results in high fluorescence polarization.
Fluorescence polarization therefore provides a direct readout of the extent of
tracer binding to proteins, nucleic acids and other biopolymers.

http://www.probes.com/handbook/boxes/1572.html
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Fluorescence anisotropy

measurement
F={F Fi) o (F-Fy)
(F| +F.) (Fi + 2F.)

whera F|= fMucrescence intersity parallel to
the axcitation plang
Fi= Miomescsncs inkensity
perpendicular & the excitation plane

r=>Iw-G - Ivi) /(Iw+ 2G - IvH)

where /vvis the fluorescence intensity recorded with excitation and
emission polarization in vertical position, and /v# is the fluorescence
intensity recorded with the emission polarization aligned in horizontal
position. The G factor is the ratio of sensitivities of detection system
for vertically and horizontally polarized light G = /HV/IHH.

"
Fluorescence polarization increases as molecular weight increases.

Fluorescence polarization increases as solvent viscosity increases.
Fluorescence polarization decreases as the excited state lifetime of the dye increases.
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Figure 2. Simulation of the relationship between molecular weight (MW) and fluorescence polarization (P).
Simulations are shown for dyes with various fluorescence lifetimes ( ): 1 ns (cyanine dyes) in purple, 4 ns
(fluorescein and Alexa Fluor 488 dyes) in red, 6 ns (some BODIPY dyes) in green and 20 ns (dansyl dyes) in blue.
At MW = 1000, P =0.167 for =1ns, P=0.056 for =4 ns,P=0.039 for =6nsandP=0.012 for =20ns.
Simulations assume Po (the fundamental polarization) = 0.5 and rigid attachment of dyes to spherical carriers.




How doesthe FluoroTect™ System Work?

The FluoroTect™ Green, in vitro Translation Labeling System uses a charged lysine
tRNA molecule labeled with the fluorophore BODIPY®-FL at the € -amino acid
position of lysine (Figure 1). The BODIPY®-FL fluorophore, with an absorbance at
502nm and an emission at 510nm, was developed to be compatible with widely used
excitation sources and common optical filter sets. The labeled FluoroTect™ tRNA is
added directly to the translation reaction, and the labeled lysine is incorporated into
the svnthesized protein. Recently, a method using

s PO | BODIPY®-FL-labeled methionine
) was shown to be able to detect
o-e2 b SO nanogram levels of protein using
i Tk o laser-based fluorescent gel
. " : scanning. For the FluoroTect™
oo System, lysine was chosen as the
o0 labeled amino acid because it is
o0 olg
£, DDEEEE@ g p i one of the more frequently used
S ﬁfi Q @od ,ﬁ'::rf“*e i, amino acids, comprising, on
[« =] oo [s] 54 E }2 0, B .
&2 U I average, 6.6% of protein's amino
cggn HHA g A acids. This compares to 1.7% for
OLIUUD methionine.
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FTIR signal

m Transitions in Vibrational levels.

m Signals arise from transition that are localized.

C=0 stretch, C-H, N-H stretch, bending modes,
etc.

m Signals result from asymmetric stretch<
O=C=0 - not active in FTIR

m Lower energy than electronic

m Less used: less intense (e often 10-x less).
m Higher concentrations needed.

m Interference from H,O.
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FTIR as a tool to study protein structure

m |In Vibrational transitions, bond type determines
vibrational frequency of transition, (cm-1).

m Diagnostic absorption bands:

Amide | absorption; also has contributions from C=0
stretch. (1630 — 1660 cm) (1660 cm = 6024 nm)

Amide | Depends on strength of H-bonds involving C=0
and N-H

Also N-H stretch (3300), N-H bend (1520-1550)
m Differences in H-bond geometry, and pattern of 2°
structures gives characteristic amide | (& Il)
absorptions

"
Sensitivity of FTIR to 2° structure

m Stronger H-bonds yield changes in
vibrational frequencies.

m H-bond makes it easier to stretch along
axis of C=0 or N-H, but harder to bend,
vs. Non-H-bond

m Lowest frequency is for long aggregates

B-sheets over long stretches of extended
structure.




Characteristic FTIR bands

Antiparallel B-sheet and aggregates 1675-95 cm-1

3;0-helix 1660-70
a-helix 1648-60
unordered 1640-48
B-sheet 1625-40
Aggregates 1610-28

m These ranges are only guidelines, general rules.

m Other factors like solvent effects, distortion of 2°
elements, prosthetic groups can alter frequencies
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Advantages of using FTIR

Identify presence of protein 2° structures
Detect changes in protein 2° structures
Fast kinetic events (stopped flow)

Good for rapidly interconverting samples (can resolve
both components instead of averages).

No size limit (compared to NMR).

Good for membranes (even vesicles, bilayers, solids,
films. 2D crystals, gels.

Light scattering isn’t a big problem.

Samples can be suspensions or inhomogeneous
dispersions.

Excellent tool for studying protein aggregation, prions,
amyloids, etc. (kinetics, progression).

Organic solvents are good
TFE, etc. for hydrophobic peptides
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FT-IR of PrP(108-144) and S135-a-GalNAc

PrP(108-144) S135-a-GalNAC
Day O Day O
1627 cm?
PrP(108-144)  p-sheet S135 -a-GalNAc
Day 14 Day 14
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Limitations of FTIR

m Width and separation of peaks gives overlap: mixtures
of 2° elements can be hard to distinguish.

m Deconvolution is needed. Changes in spectra can be
due to shift of one type of 2° structure to another, or to
an increase of one type.

Hard to distinguish.
Deconvolution methods are not always clean.
Can be difficult to quantify.

Better for B-sheet than a-helix, so good
complement to CD. Py

m Water interference. So FTIR works best | '
with solids, or films. \
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Water effects on FTIR spectra

m Water is BIG problem:
O-H bending mode at 1644 cm!
Obscures amide | band
m Can subtract water signal (blank), if a small amount of
water is in sample (e.g. bound to protein).
m But if water is solvent, O-H absorbs so strongly that you
can’t subtract it and still retain sample signal.
m Solutions - use D,0O instead
O-D stretch is lower than O-H by 400 cm?

Slow and fast kinetics:
UV-VIS, CD, FTIR,Fluorescence
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Stopped Flow: how does it work?

Under pneumatic drive activation, the
Excitation two small volumes of solutions are
driven from high performance syringes
through a high efficiency mixer.

The resultant mixture passes through a
measurement flow cell and into a
stopping syringe.

Just prior to stopping, a steady state
flow is achieved.

As the solution fills the stopping syringe,
vE the plunger hits a block, causing the
flow to be stopped instantaneously.

Using appropriate techniques, the
kinetics of the reaction can be
measured in the cell.

Stopping
Syringe

DI

Standard stopped flow schematic
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A(t) =ZA, exp(-kit) + A,

where A(t) is the amplitude of the change at time t, A_ is
the amplitude at infinite time, A, is the amplitude at zero
time of phase 1, and k; is the rate of phase 1.




Figure 4.1 Costinuous-low appariios.
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