
RamanRaman opticaloptical activityactivity (ROA) (ROA) 
andand conformationalconformational flexibility  flexibility  
ofof (bio)(bio)moleculesmolecules in in solutionsolution

VladimVladimíír Baumrukr Baumruk

Charles University in PragueCharles University in Prague
Faculty of Mathematics and PhysicsFaculty of Mathematics and Physics

Institute of PhysicsInstitute of Physics

seminář

 

Katedry fyzikální

 

a makromolekulární

 

chemie, PřF UK, 14. března 2007



VibrationalVibrational
 

SpectroscopySpectroscopy
infrared spectroscopyinfrared spectroscopy ((IRIR))

RamanRaman spectroscopyspectroscopy (RS)(RS)

VibrationalVibrational Circular Circular DichroismDichroism (VCD)(VCD)

RamanRaman OpticalOptical ActivityActivity (ROA)(ROA)

VibrationalVibrational
 

Optical Activity (VOAOptical Activity (VOA))
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Raman Optical Activity Raman Optical Activity --
 

principlesprinciples

L-alanyl-L-alanine
 

D-alanyl-D-alanine

ROA

Raman

The sensitivity of optical activity to mirror-symmetry properties of chiral
 

molecules
 is the source of its remarkable ability to specify

 
absolute stereochemical

 
properties

 of chiral
 

molecules
 

in solution.



Raman optical activity (ROA)Raman optical activity (ROA)

method of method of vibrationalvibrational optical activity optical activity (VOA)(VOA); complementary to ; complementary to 
vibrationalvibrational circular circular dichroismdichroism (VCD)(VCD) in a similar way like Raman in a similar way like Raman 
spectroscopy isspectroscopy is complementary to IR spectroscopy,complementary to IR spectroscopy,

difference techniquedifference technique –– difference in response of adifference in response of a chiralchiral moleculemolecule
with respect towith respect to right and left circularly polarized light,right and left circularly polarized light,

combines thecombines the stereochemicalstereochemical sensitivitysensitivity of natural optical activity withof natural optical activity with
thethe richrich structural contentstructural content andand conformational sensitivityconformational sensitivity of of 
vibrationalvibrational spectroscopy,spectroscopy,

the time scalethe time scale of the Raman scattering event (~ 10of the Raman scattering event (~ 10--1414 s),s), is much is much 
shorter than that of the fastest conformational fluctuations in shorter than that of the fastest conformational fluctuations in 
biomoleculesbiomolecules ⇒⇒ thethe ROA ROA spectrum is a superposition of spectrum is a superposition of ‘‘snapshotsnapshot’’
spectra from all the distinctspectra from all the distinct chiralchiral conformers present in the sampleconformers present in the sample
⇒⇒

 
enhanced sensitivity to the dynamic aspects ofenhanced sensitivity to the dynamic aspects of

 
biomolecularbiomolecular

 structurestructure..



VibrationalVibrational
 

optical activityoptical activity
The sign and magnitude of VCD are conveniently expressed as the The sign and magnitude of VCD are conveniently expressed as the 
dimensionlessdimensionless

 
anisotropy ratioanisotropy ratio

 
defined as a ratio of the experimental defined as a ratio of the experimental 

VCD band absorbance to the experimental IR band absorbanceVCD band absorbance to the experimental IR band absorbance
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ROA intensity is usually expressed as dimensionless ratio known ROA intensity is usually expressed as dimensionless ratio known as theas the
 circular intensity differencecircular intensity difference
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Anisotropy ratioAnisotropy ratio
 

ΔΔεε//εε
 

and  circular intensity differenceand  circular intensity difference
 

ΔΔ
 

are are 
proportional toproportional to

 
d /d /λλ

 
((dd

 
is a typical is a typical internuclearinternuclear

 
distance in a molecule distance in a molecule 

andand
 

λλ is the wavelength of the light)is the wavelength of the light)

in the nearin the near UVUV regionregion ΔΔεε //εε is typicallyis typically 1010--33 ((ECDECD),),

inin thethe IIRR regionregion ΔΔεε //εε is typicallyis typically 1010--44 ÷÷ 1010--55 ((VCDVCD),),

inin thethe visiblevisible regionregion ΔΔ is typicallyis typically 1010--33 ÷÷ 1010--44 ((ROAROA).).
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Raman optical activity Raman optical activity ––
 

experimental geometryexperimental geometry

Scattering angleScattering angle
 

ξξ
 

can generally have any value betweencan generally have any value between
 

00ºº
 

aandnd
 180180ºº

 
but ROA is usually measured inbut ROA is usually measured in

backscattering geometry  (backscattering geometry  (ξξ ==180180ºº )),,
rightright--angle scattering geometry (angle scattering geometry (ξξ ==9090ºº)),,
forward scatteringforward scattering geometry geometry ((ξξ ==00ºº).).

Raman scattering and therefore ROA is associated with a twoRaman scattering and therefore ROA is associated with a two--
 photon processphoton process

⇒⇒
 

in comparison to VCD,in comparison to VCD,
 

ROA is inherently more complexROA is inherently more complex, both , both 
theoretically andtheoretically and

 
experimentally. experimentally. 

⇒⇒
 

there are many distinct forms of ROA from which to chose in there are many distinct forms of ROA from which to chose in 
setting up an experimentsetting up an experiment

the scattering geometrythe scattering geometry ((scattering anglescattering angle)),,
modulation schememodulation scheme..



Raman optical activity Raman optical activity ––
 

modulation schemesmodulation schemes

If one seeks the If one seeks the optimum ROA optimum ROA 
intensityintensity

 
for a given investment for a given investment 

in incident laser intensity, the in incident laser intensity, the 
backscattering  ICPbackscattering  ICP

 
andand

 
DCPI  DCPI  

ROAROA
 

have been found to be have been found to be 
superior to other approaches.superior to other approaches.

ChiralRAMANTM

 
– commercial

 
ROA spectrometer from BioTools

 
(SCP)

incident circular polarization (ICP)incident circular polarization (ICP)

scattered circular polarization (SCP)scattered circular polarization (SCP)

inin--phase dual circular polarization phase dual circular polarization 
(DCPI)(DCPI)

outout--ofof--phase dual circular phase dual circular 
polarization (DCPII)polarization (DCPII)



PraguePrague
 

ROA SpectrometerROA Spectrometer
Block diagram of the spectrometerBlock diagram of the spectrometer

Optical diagramOptical diagram

spectrograph HoloSpec
(optical speed f/1.4)

back-illuminated CCD
detector 1340x100 pixels

precise alignment of  
optical elements

ICP modulation scheme
backscattering geometry



Prague ROA spectrometerPrague ROA spectrometer
backback--illuminated CCD detector illuminated CCD detector 
(1340x100 pixels)(1340x100 pixels)

spectrograph spectrograph HoloSpecHoloSpec
 

f/1.4f/1.4

EOMEOM

stable – enables long time 
accumulation times (~100h)

spectra accessible down to 
100 cm-1
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Raman optical activity Raman optical activity ––
 

basic theorybasic theory

GeneralGeneral
 

ROA ROA theory istheory is
 

complicatedcomplicated, , there are two useful approximationsthere are two useful approximations::
far from resonancefar from resonance (FFR)(FFR)
strong resonance with astrong resonance with a ssingleingle eleelectronicctronic statestate (SES)(SES)

Raman scattering and ROARaman scattering and ROA
 

––
 

twotwo--photon phenomenaphoton phenomena
 

⇒⇒
 

tensor quantitiestensor quantities

ROA ROA ––
 

depends on the interaction of molecules with radiationdepends on the interaction of molecules with radiation
 

beyond the electricbeyond the electric--
 dipole approximationdipole approximation. . In the case of ROA it is both magneticIn the case of ROA it is both magnetic--dipole and electricdipole and electric--

 quadrupolequadrupole
 

interaction (whereas for VCD it is only the magneticinteraction (whereas for VCD it is only the magnetic--dipole dipole 
interaction) .interaction) .

Raman and ROA intensities can be expressed as a linear combinatiRaman and ROA intensities can be expressed as a linear combination of invariants on of invariants 
ofof

 
polarizabilitypolarizability

 
tensortensor

 
αααβαβ

 

(Raman) a ROA tensors ((Raman) a ROA tensors (magnetic dipolemagnetic dipole
 

GG´́αβαβ

 

andand
 electric electric quadrupolequadrupole

 
AAαβγαβγ

 

))

Raman scatteringRaman scattering –– in the general case 3 invariants,in the general case 3 invariants, in the FFR only 2in the FFR only 2

ROAROA –– in the general case 10 invariants,in the general case 10 invariants, in the FFR in the FFR the number ofthe number of invariants invariants 
reduces toreduces to 3 3 or to evenor to even 2 2 in case of backscattering geometryin case of backscattering geometry



Raman optical activity Raman optical activity ––
 

basic theorybasic theory
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polarizabilitypolarizability
 

tensortensor

electric dipoleelectric dipole--magnetic dipole magnetic dipole 
optical activity tensoroptical activity tensor

electric dipoleelectric dipole--electric electric quadrupolequadrupole
optical activity tensoroptical activity tensor

isotropic invariantsisotropic invariants
 

of the of the polarizabilitypolarizability
 

tensor andtensor and
electric dipoleelectric dipole--magnetic dipole optical activity tensormagnetic dipole optical activity tensor

anisotropic invariantsanisotropic invariants
 

of theof the

polarizabilitypolarizability--magnetic dipole OA tensormagnetic dipole OA tensor

polarizabilitypolarizability--electric electric quadrupolequadrupole OA tensorOA tensor
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In the far from resonance approximation:In the far from resonance approximation:

polarizabilitypolarizability--polarizabilitypolarizability tensortensor
2 1 32G G Gαααβ αβ βββ α α⎛ ⎞⎛ ⎞

⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
= −′ ′ ′

2 1
2A Aαβ αγδ γδββ ωα ε⎛ ⎞

⎜ ⎟
⎝ ⎠

=



RamanRaman
 

opticaloptical
 

aactivityctivity
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In the FFR approximation, backscattering ICP and DCPIn the FFR approximation, backscattering ICP and DCPII

 

modulation schemes modulation schemes 
yield the same expression for ROA intensity, as has been demonstyield the same expression for ROA intensity, as has been demonstrated rated 
experimentally, but the corresponding Raman intensity is greaterexperimentally, but the corresponding Raman intensity is greater

 
for the ICP for the ICP 

experiment (polarized) than for the DCPexperiment (polarized) than for the DCPII

 

one (depolarized).one (depolarized).

ROAROA

RamanRaman

ROAROA

RamanRaman



Raman optical activityRaman optical activity

DCPIDCPIICPICP

Comparison ofComparison of
 

ICP (ICP (leftleft) a) andnd
 

DCPDCPII

 

((rightright) ROA a) ROA andnd
 

RamanRaman
 spespectractra

 
ofof

 
((--))--transtrans pinanpinanee

 
in backscattering geometry.in backscattering geometry.

*
*



Raman optical activity Raman optical activity ––
 

basic applicationsbasic applications

probe of absolute configuration, determination probe of absolute configuration, determination 
ofof stereostereo--conformational features of conformational features of chiralchiral
moleculesmolecules (in solution !!!)(in solution !!!)

diagnostic tool to monitor optical purity (direct diagnostic tool to monitor optical purity (direct 
measurementmeasurement of of enantiomericenantiomeric access)access) or identify or identify 
chiralchiral compounds from a chromatographic columncompounds from a chromatographic column

structure elucidation of biologically significant structure elucidation of biologically significant 
molecules in solution including peptides, proteins, molecules in solution including peptides, proteins, 
nucleic acids, carbohydrates, viruses, natural nucleic acids, carbohydrates, viruses, natural 
products, pharmaceutical molecules products, pharmaceutical molecules ……))



SSimulationsimulations
 

of ROA spectraof ROA spectra

ROA and Raman spectra  of (1S)ROA and Raman spectra  of (1S)--((--))--αα--pinenpinenee: : (a) simple (so called polar model) and (a) simple (so called polar model) and 
(b) conventional model of ROA intensity calculation, (c) experim(b) conventional model of ROA intensity calculation, (c) experimental ROA spectrum, ental ROA spectrum, 
(d) simulated and (e) experimental parent Raman spectrum.(d) simulated and (e) experimental parent Raman spectrum.

(1S)(1S)--((--))--αα--pinenpinenee

Bouř

 

et

 

al., CCCC

 

62

 

(1997) 1384

expexp

expexp



Interpretation of ROA spectraInterpretation of ROA spectra

Several levels of interpretation:

Empirical – identification of characteristic markers



ProteinsProteins

protein backbone vibrations
(Cα

 

-C, Cα

 

-Cβ

 

, Cα

 

-N stretching)

~ 870 – 1150 cm-1

extended amide III region
(N-H bending, Cα

 

-N stretching

+ Cα

 

-H bending)

~ 1230 – 1340 cm-1

amide I (C=O stretching)
~ 1630 – 1700 cm-1

X-Ray PDB:

69,2% α-helix

1,7% 310 -helix

43,5% β-sheet

1,7% α-helix

1.3% 310 -helix

28,7% α-helix

10,9% 310 -helix

6,2% β-sheet

Blanch et al., Vib. Spectrosc. 35 (2004) 87



Interpretation of ROA spectraInterpretation of ROA spectra

Several levels of interpretation:

Empirical – identification of characteristic markers
Statistical methods – e.g. principal component analysis



Proteins –
 

Principal Component Analysis

Blanch et al., Vib. Spectrosc. 35 (2004) 87



Interpretation of ROA spectraInterpretation of ROA spectra

Several levels of interpretation:

Empirical – identification of characteristic markers
Statistical methods – e.g. principal component analysis

Ab initio methods (HF, DFT)

Large biomolecules

Small model systems

GAPGAP



AbAb initioinitio calculationscalculations

Major limitations:

size of studied systems

interaction with solvent (zwittterionic molecules)

system flexibility (real system x model)



Ab initio calculations calculations ––
 

OverviewOverview

• in internal coordinates (standard procedure)
• in normal modes1 (useful for flexible molecules or clusters with 

water; normal modes with energies lower than a treshold can 
be constrained) 

•
 

methods involving electron correlation (DFT, MP2)

Frequencies

Intensities

Geometry Optimisation

Conformer selection

Comparison with Experiment

• same level as above (COSMO/B3LYP/6-31++G**)

• derivatives of polarizability and optical activity tensors) 
computationally very demanding (vacuum/HF/6-31G)

1Bouř

 

et

 

al., J. Chem. Phys. 117 (2002) 4126



Solvent simulationsSolvent simulations

COSMO cavity around proline
 

molecule; colors correspond 
to charge induced on the surface by the molecule

Onsager dipole model (the simplest)

COSMO (COnductor like Screening MOdel) 
more flexible and more realistic

solvation with explicit molecules of water

4 conformations of proline
 

calculated 
with explicit water molecules

spherical cavity in dielectrics

Implicit solvent models

Explicit solvent models



LL--AlanineAlanine

the simplest amino acid

ideal benchmark system for studying:

conformational behavior 

interaction with solvent



LL--AlanineAlanine
 

––
 

potential energy surfacepotential energy surface
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Kapitán

 

et

 

al., J. Phys. Chem.

 

110

 

(2006) 4689

Dependencies of molecular energy (E, left) Dependencies of molecular energy (E, left) 
and dihedral angles (right) on the angles and dihedral angles (right) on the angles ϕϕ, , ψψ, , 
and and χχ. The remaining coordinates in the one. The remaining coordinates in the one--

 dimensional scans were allowed to fully relax.dimensional scans were allowed to fully relax.
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LL--AlanineAlanine
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Raman and ROA spectra can be reliably interpreted if 
the movement of flexible molecular parts is considered

Kapitán

 

et

 

al., J. Phys. Chem.

 

110

 

(2006) 4689



LL--ProlineProline
proline exhibits two major conformations with very similar energies 
(ΔE < 0.3 kcal/mol)

conformational space of proline was investigated in detail by rotating the 
COO- group and ring puckering

checked influence of water molecules

Conformation A
 

Conformation B



LL--ProlineProline
 

––
 

ring puckeringring puckering

Dependent rotation of 
COO-

 

group:

ring ring puckeringpuckering
 

phasephase11

ring ring puckeringpuckering
 

amplitudeamplitude11

1Altona

 

et

 

al., JACS

 

94

 

(1972) 8205



LL--ProlineProline
 

––
 

rotation of COOrotation of COO--
 groupgroup
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LL--ProlineProline
 

––
 

differentdifferent
 

approachesapproaches

Experiment

Ring puckering

Rot. COO-

Water clusters
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Model Model dipeptidesdipeptides

There is a significant difference between

Ala-Pro x Pro-Ala

Gly-Pro x Pro-Gly

ROA (Raman) can directly reflect flexibility of the molecule



Model Model dipeptidesdipeptides
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Hinge peptide and its analogHinge peptide and its analogss

hinge peptide
(double thread)

single thread 
Met analog

Model of an entire human IgG1 molecule.1

S-S bridged 
tetrapeptide
(H-Gly-Cys-OH)2

1Padlan E.A, Mol. Immunol. 31

 

(1994) 169.

HINGE peptide is a fragment 225-232/225’-232’ from the core of human immunoglobulin IgG1. It acts in this parent 
molecule as a swivel point crosslinking two rather heavy peptide chains. Being a parallel dimer of the octapeptide 
H-Thr-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH (C2 symmetry). The sequence is rich in proline residues and is 
expected to be quite rigid also due to a presence of two disulphide bridges. The peptide offers several advantages 
for use as a universal carrier of various active sequences (immunologically neutral, possesses six independent 
terminal groups:  -NH and -OH on Thr residues and C-terminal carboxyl).
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SummarySummary

successful reconstruction of ROA spectrometer

spectra of selected biomolecular systems were successfully measured 
and interpreted

new approaches to simulation of Raman and ROA spectra were 
developed

it is essential to take into account dynamic factors for 
successful simulation

conformational flexibility of molecules affect significantly 
Raman and ROA spectra and can offer good estimate of system 
rigidity or flexibility

previously neglected low energy vibrations (below 600 cm-1) 
are very sensitive to conformational changes and can give new 
insight into molecular flexibility. 
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