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Outline
Part 1: What is Circular Dichroism (CD)?
Part 2: CD Applications
- Analysis of protein folding
- Non-folding and misfolding
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Part 1# What is CD?
Objectives #1:
 What kind of light involved? Electromagnetic waves and types
of polarization
 Circular Dichroism (CD) Spectroscopy
 Physics of CD
 Instrumentation
 Sample preparation and measurement

Objectives #2:
 CD of proteins
 Far-UV CD and secondary structure
 Near-UV CD
 Contribution of aromatics in far-UV CD
 CD and conformational changes

3

Light as an electromagnetic wave
Transmission of energy through a vacuum or using no medium is
accomplished by electromagnetic waves, caused by the oscillation of
electric and magnetic fields. They move at a constant speed of 3x108 m/s.
These electromagnetic waves are known as electromagnetic radiation or light.
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Plane-Polarized Waves
If the vector of the
electric field oscillates along a
straight line then the waves are
called plane polarized or linearly
polarized waves. The following
two slides represent animations
showing a wave that is plane
polarized in a vertical plane and in
a horizontal plane.

https://www.youtube.com/watch?v=LZH76ObHq78
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Propagates as a plane wave = linear polarization
Two plane waves, equal amplitude, phase is 90 = circular polarization

Two plane waves of differing amplitude, phase is 90 OR
Two plane waves, equal amplitude, phase ≠ 90 = elliptical polarization

Natural light = unpolarized, propagates in all planes
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Understanding Circular Dichroism
The basics of polarization
Linearly polarized light is light whose oscillations are confined to a single plane.
All polarized light states can be described as a sum of two linearly polarized states at right
angles to each other, usually referenced to the viewer as vertically and horizontally polarized
light. This is shown in the animations below.

Vertically Polarized Light

Horizontally Polarized Light

If for instance we take horizontally and vertically polarized light waves of equal
amplitude that are in phase with each other, the resultant light wave (blue) is linearly
polarized at 45 degrees, as shown in the animation below.

45 Degree Polarised Light

Superposition of Two Plane-Polarized Waves
When two waves plane-polarized in two perpendicular planes meet out
of phase then the wave resulting from the superposition of the two waves will no
longer be plane polarized. The following animations present the superposition of
two waves that have the same amplitude and wavelength and are polarized in
two perpendicular planes but there is a phase difference of 90° and -90°
between them. A phase difference of 90° means that when one wave is at its
peak then the other one is just crossing the zero line. A phase difference of -90°
requires shifting of one wave relative to the other one along their axis so that
there is a 3/4 wavelength difference between them.
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Left Circularly Polarized (LCP) Light

Right Circularly Polarized (RCP) Light

The difference in absorbance of left-hand and right-hand circularly polarized light
is the basis of circular dichroism. A molecule that absorbs LCP and RCP
differently is optically active, or chiral.

Superposition of Circularly Polarized Waves
The superposition of a left circularly polarized wave and a right circularly
polarized wave with equal amplitudes and wavelengths gives a plane polarized wave.
By thinking "backwards“: Any linearly polarized light wave can be
obtained as a superposition of a left circularly polarized and a right
circularly polarized light wave, whose amplitude is identical.
By András Szilágyi

Polarization of light, Linear and Circular
11

https://www.youtube.com/watch?v=w8ch1AKRt80

∆A มีค่ามาก แสดงว่ามีความแตกต่างในการดูดกลืนมาก

จากกฎของ Beer (Beer’s law)
∆A = (εLCPL – εRCPL)Cl
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เมื่อ εLCPL และ εRCPL เป็นสัมประสิทธิ์ของการดูกลืนแสงโพลาไรซ์ลงกลมทางซ้ายและขวา
C เป็นความเข้มข้นตัวอย่าง (molar)
l เป็นความยาวของเส้นทางเดินแสงก่อนที่จะผ่านตัวอย่าง (cm)
∆ε = (εLCPL – εRCPL)
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เนื่องจาก Molar ellipticity [θ] คือค่าที่ใช้วัดความเป็นไครอลของโมเลกุลซึ่งสามารถหาได้จากสมการ
[θ] = 3298.2∆ε

แทน 1 และ 2 ลงใน 3 จะได้
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[θ] = 3298.2 ∆A

Cxl

ดังนั้น ถ้า ∆A มีค่ามากเนื่องจากความแตกต่างในการดูดกลืนมาก จะทาให้ [θ] มีค่ามาก
แสดงว่าโมเลกุลมีความเป็นไครอลสูง
วีรวัฒน์ อินทรทัต, Helical Winding Characteristic of Lipid lublues Investigated by Circular Dichroism Spectroscopy, 2555

CD Spectrometer Operating Principles

http://www.photophysics.com/tutorials/circular-dichroism-cd-spectroscopy/4-cd-spectrometeroperating-principles
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CD of Proteins and Polypeptides
CD is used for proteins because of the chiral nature of the structural
features of proteins biopolymers are intrinsically asymmetric; L-amino acids
predominate over D-amino acids.
L-alanine
D-alanine

For proteins we will be mainly dealing with the absorption in the UV
region of the spectrum originated from such chromophores as peptide bond,
amino acid side chains (aromatic side chains of Phe, Tyr, and Trp have
absorption bands in the vicinity of 250-320 nm; the disulfide group is an inherently
asymmetric chromophore that can lead to a broad CD absorption around 250
nm), and any prosthetic groups. Images from onlinediscussion of amino acid chirality:
http://opbs.okstate.edu/~Blair/Bioch2344/Chapter7/Chapter7.htm 15

Circular Dichroism (CD) Spectroscopy
-CD is observed when optically active matter absorbs left and right hand circular
polarized light slightly differently.
-The difference in left and right handed absorbance A(l)- A(r) is very small
(usually in the range of 0.0001) corresponding to an ellipticity of a few 1/100th of
a degree.

-The CD is a function of wavelength. CD spectra for distinct types of secondary
structure present in peptides and proteins are different.
- The analysis of CD spectra can therefore yield valuable information about
secondary structure of biological macromolecules.

16

CD of Proteins: Far-UV
n -> π* centered around 220 nm
π -> π* centered around 190 nm
n -> π* involves non-bonding
electrons of O of the carbonyl
π -> π* involves the π-electrons
of the carbonyl
The intensity and energy of
these transitions depends on φ
and ψ (i.e., secondary structure)
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CD standard curve: Far-UV
Far UV-CD of random coil:
positive at 212 nm (π->π*)
negative at 195 nm (n->π*)
Far UV-CD of β-sheet:
negative at 218 nm (π->π*)
positive at 196 nm (n->π*)
Far UV-CD of α-helix:
exciton coupling of the π->π* transitions leads to positive
(π->π*)perpendicular at 192 nm and
negative (π->π*)parallel at 209 nm
negative at 222 nm is red shifted (n->π*)

Brief CD tutorial online: http://www.cryst.bbk.ac.uk/cdweb/html/info_cd.htm
A more detailed tutorial: http://www.newark.rutgers.edu/chemistry/grad/chem585/lecture1.html
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CD of Proteins: Near-UV
 If the aromatic residue is held rigidly in space than its environment is
asymmetric, and it will exhibit circular dichroism.
 Aromatics have allowed π->π* transitions (1La and 1Lb) that are directed in
the plane of the π-bonding system and are orthogonal to each other.
Phe: Absorption maximum at 254, 256, 262 and 267
nm (vibronic bands).

Tyr: Absorption maximum at 276 nm and a shoulder at 283
nm. Hydrogen-bonding to the hydroxyl group leads to a redshift of up to 4 nm.

Trp: Absorption band centered at 282 nm. Hydrogen-bonding
to the NH can shift the 1La band by as much as 12 nm.
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Disulfide (S-S) spectra have a broad band at 250 - 300 nm
with no vibronic structure.

Contribution of Aromatics
in Far-UV CD Spectra of Proteins

Phe, Tyr, Trp, and S-S bonds
can complicate the far-UV CD region
because of allowed π->π* transitions,
as illustrated by vacuum ultraviolet CD
spectra of the models of aromatic side
chain residues. Glutamyl tyrosine (Y);
lysyl-phenylalanine (F); glutamyltryptophan (W).
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Sample preparation and measurement
 Protein solution: The protein solution should contain only those chemicals
necessary to maintain protein stability, and at the lowest concentrations
possible. Avoid any chemical that is unnecessary for protein stability/solubility.
The protein itself should be as pure as possible, any additional protein or
peptide will contribute to the CD signal.
 Data collection/ Parameter: Initial experiments are useful to establish the
best conditions for the "real" experiment. Cells of 0.5 mm path length offer a
good starting point.
 **** Additives, buffers and stabilizing compounds: Any compound
which absorbs in the region of interest (250 – 190 nm) should be avoided.
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Cutoff Wavelengths For Common Solvents and Buffers
Any compound which absorbs in the region of
interest (250 – 190 nm) should be avoided. A buffer or
detergent or other chemical should not be used unless it
can be shown that the compound in question will not
mask the protein signal. For instance imidazole cannot be
used below 220 nm because it overwhelms the spectrum
from then on. Therefore ensure that only the minimum
concentration of additives are present in the protein
solution.
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Outline
Part 1: What is Circular Dichroism (CD)?
Part 2: CD Applications
- Analysis of protein folding
- Non-folding and misfolding
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Circular dichroism spectropolarimeters
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J-815 Circular Dichroism Spectropolarimeter

J-815 Spectropolarimeter Circular Dichroism:
UV/Visible, Fluorescence, NIR research-grade chirooptical spectrometer

Measure
 Circular Dichroism/ UV/Visible absorbance
 Linear Dichroism/ Oriented molecules
 Fluorescence detected CD and Total Fluorescence
 Magnetic CD - permanent and electromagnets
 Optical Rotation Dispersion
 Fluorescence
 Stopped Flow CD
 Stopped Flow Fluorescence and absorbance
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cuvette for CD

Example CD Applications
 Determine Secondary Structure of Protein

 Protein Conformational Changes
 Protein folding/ non-folding/ misfolding
 Protein- protein Interaction
 Protein-membrane interaction
Primary uses for CD:
• analyze structural changes in a protein upon some perturbation
• compare the structure of a mutant protein to the parent protein
• screen candidate proteins for more detailed structural analysis
(NMR or X-ray crystallography)
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CD Applications
Experiment: Determine Secondary Structure of Protein
Sample Preparation
- Protein
- Buffer
- Cuvette and Cuvette holder
- Eppendorf tubes
- Pipettes

Set Parameters
Sensitivity: standard 100 mdeg
Data pitch: 1 nm
Scanning speed: 100 nm/min
Response time : 1 sec
Band width: 1 nm
Accumulation: 10
Delay time : 0

Protein

Separate 4 condition
1. Peptide without SDS
2. Peptide in 3.5 mM SDS
3. Peptide in 7 mM SDS
4. Peptide in 28 mM SDS

Measured by CD spectropolarimeter
from 190- 260 nm

Analyze data
Typical Initial Conditions:
 Protein concentration: 0.5 mg/ml
 Cell path length: 0.5 mm
 Stabilizers (Metal ions, etc.): minimum
 Buffer concentration : 5 mM or as low as possible while
maintaining protein stability

Kelly and Pric (2000) Current Protein and Peptide Science, 40, 1
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CD Applications
Result: Determine Secondary Structure of Proteins

Far UV CD spectra of a prion protein peptide. Spectra were recorded in the absence of
SDS (A), and in the presence of 3.5 mM (B), 7 mM (C) and 28 mM SDS (D) respectively.

Kelly and Pric (2000) Current Protein and Peptide Science, 40, 1
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CD Applications
 Conformational Changes: Illustrative Examples #1
pH-Induced denaturation of natively folded HuIL-1β
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CD Applications
Conformational Changes: Illustrative Examples #2
TFE-induced folding of natively unfolded α-synuclein
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CD Applications
 Protein folding/ non-folding/ misfolding
Folding induced by cation binding: Experimental evidences
Uversky et al. (2000) BBRC 267, 663
Uversky et al. (2001) JBC 276, 44284
Uversky et al. (2002) JPR 1, 149
Permyakov et al. (2003) Proteins 53, 855
Munishkina et al. (2004) JMB 342, 1305
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CD Applications
 Protein folding/ non-folding/ missfolding
Protein misfolding and conformational disorders
• Widespread phenomenon: more than 450 different disorders, more than 25
different proteins;
• Prior to fibrillation, amyloidogenic proteins have different structures – they may
be rich in β-sheet, α-helix, β-helix, or contain both α-helices and β-sheets
• They may be globular proteins with rigid 3D-structure or be natively unfolded
Protein misfolding problem

Amyloidosis starts from proteins with
different structures, but ends with very
uniform deposits.
Why and how it happens?
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CD Applications
 Protein folding/ non-folding/ misfolding

Framework model of protein folding

Unfolded
state

First folding
intermediate
(Pre-molten
globule)

Second
Native state
folding
intermediate
(Molten globule)

O.B. Ptitsyn DAN SSSR 210 (1973) 1213-1215
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CD Applications
 Protein folding/ non-folding/ misfolding

Protein non-folding problem
Protein stays substantially unfolded

Protein partially folds to a pre-molten
globule-like state

Protein partially folds to a molten
globule-like state
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CD Applications
 Protein folding/ non-folding/ misfolding

Effect of temperature to protein folding

Circular Dichroism of Protein, PC3267, Updated in Jan. 2007
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CD Applications
 Protein folding/ non-folding/ misfolding
Conformational prerequisites for amyloidosis #1

Representative farUV CD spectra of
proteins in their native
(A), molten globule
(B), pre-molten
globule (C) and
spectra of proteins in
their amylodogenic
conformation (D).
Note: close similarity
of C and D.
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Uversky & Fink (2004) BBA 1698, 131

CD Applications
 Protein- protein Interaction: Conformational Analysis

Gain of signal for the Act-EF34-Zr7 complex recorded by far-UV CD spectroscopy. The
concentration of each component was 40 µM, and the path length was 2 mm. The spectra
of the isolated components, Zr7 (•••), Act-EF34 (■), and the complex (●), are shown. The
sum of the spectra of the two isolated components is also reported for comparison (X).
Joseph, C et al (2001). Biochemistry. 40, 4957-4965.
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CD Applications
Experiment: Protein-membrane interaction
Peptide with SUVs (DMPG/PC)

Jasco J-715 spectropolarimeter
at 25°C from 190 to 240 nm

CD Measurement Parameter :Quartz cuvette : Total max volume 300
Data Picth: 1 mm
Scanning speed: 50 nm/min
Response time 2 sec
Band width: 5.0 nm
Accumulation: 2
Temperature measurement 20-25 °C
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CD Applications
Result: protein-membrane interaction

CD spectra of the CLD and DLD peptides in 1 mg/ml DMPG/PC (SUVs) at 25 °C. The spectra were recorded with
a Jasco J-715 spectropolarimeter with an optical path length of 0.01 cm for the far-UV region (190-260 nm).
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Secondary structure content from CD spectra
Analyzing protein CD Spectra by CONTIN-LL program from CD Pro in wavelength range
190-260 nm, CLD and DLD peptides was under SUVs condition, 5 mM Sodium phosphate
buffer pH 7 at 25 °C.
Condition

% α-Helix

% β- Sheet

% Turn

% Unordered

CLD in SUVs

49

7.5

16.5

27.1

DLD in SUVs

8.2

40

22.5

32
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CD workshop organizing team
1.
2.
3.

4.

คุณประมาณ แก้วกาแพง ผู้จัดการฝ่ายขาย ALS Co.,Ltd.
คุณสุภาพร พิมพ์วาปี (วิทยากรฝ่ายปฏิบตั ิการ ท่านที่ 1)
คุณสาวิณี นาสมภักดิ์ (วิทยากรฝ่ายปฏิบตั ิการ ท่านที่ 2)
คุณสุภลักษณ์ ประสาร (วิทยากรบรรยาย)

ขอบคุณ
ศูนย์เครื่องมือกลาง คณะวิทยาศาสตร์ มหาวิทยาลัยขอนแก่น
ศูนย์เครื่องมือวิจัย มหาวิทยาลัยขอนแก่น
บริษัทแอนาไลติคอล แลป ซายน์ จากัด
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