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Raman scattering anisotropy of biological systems

Masamichi Tsuboi
Iwaki-Meisei University
College of Science and Engineering
Iwaki, Fukushima 970-8551, Japan

Abstract. Raman scattering from membranes, cells, and tissues must
all be anisotropic, because the molecular orientations in these bio-
logical systems are anisotropic. How can such observed Raman scat-
tering anisotropy be related with a biologically relevant molecular
arrangement? This question is the subject of this paper. A general
method of addressing this question will be given, with three examples
illustrating the use of the method: (1) carotenoid arrangement in the
eyespot of Chlamydomonas, (2) orientation of the tryptophan side
chain in the coat subunit of a filamentous virus, and (3) polypeptide
orientation in fowl feather barb. © 2002 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1482720]
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Introduction
Many of the molecules involved in a living cell or a tissue
have some regular, fixed arrangements that are relevant
their biological functions. By use of a Raman microscope, we
can now obtain Raman scattering from an area of the subject
system as small as 1mm2. By use of a polarizer, in addition,
we can observe anisotropy of such Raman scattering, and th
must be related to the regular orientation of a certain molecul
in that small area. Such a relation is well known in principle.
In bringing the principle into practice dealing with a biologi-
cal sample, however, we encounter a number of problems t
be solved. In this paper, a general method will be given step
wise as to how to relate observed Raman scattering anisotrop
to the orientation of a molecule in a given biological system.
For each step some examples will be shown. In conclusion,
will be shown that the examination of Raman scattering an
isotropy can lead to unique and significant information on the
local structure of a biological system.

General Method
A series of procedures for determining the orientation of a
molecule in a biological system is described below step by
step.

Step 1. Assign a proper rectangular coordinate axis system
~abc! to the biological system in question. For theChlamy-
domonascell, for example, the axes are defined as shown in
Figure 1. The shape of this cell is a slightly prolate ellipsoid
of about 10mm in diameter. Thec axis, or the cell axis, is
defined as the bisector of the two flagella that project outward
from the cell surface. This happens to coincide with the long
axis of the ellipsoid~Figure 1!. The eyespot ofChlamydomo-
nas is known to be located near the surface on the ‘‘equator,’
i.e., at the farthest point from the meridian or the cell axis~c
axis!.1 Theb axis is defined as perpendicular to thec axis and
to involve this eyespot~Figure 1!, and thea axis is perpen-
dicular to thebc plane.
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Step 2. Choose a Raman band assignable to a known
bration of the molecule. Establish the Raman scattering ten
of the Raman band for the given excitation wavelength.2 The
tensor should have a set of principal axes~xyz! and three
nonzero components,axx , ayy , and azz. It is not usually
easy to establish the absolute values of these three te
components. It is sufficient, however, to fix their relative ma
nitudes:r 15axx /azz and r 25ayy /azz.

Step 3. By use of a Raman microscope, in combinat
with a Raman mapping system, the distribution of the Ram
intensity should be determined within an appropriate range
the ~abc! coordinates. For theChlamydomonascell, for ex-
ample, the 1530 cm21 band of the carotenoid pigment~excited
at 488.0 nm! was found to be very intense in a small elo
gated volume of13132 mm2, which coincided with the lo-
cation of the eyespot~Figure 2!.

Step 4. Our current goal is to determine the orientation
the ~xyz! cordinate system~Raman tensor! with respect to the
~abc! coordinate system~cell or tissue! at a particular spot in
the ~abc! coordinate system. For this, the Raman scatter
intensities,Iaa, Ibb, Icc, Iab, Ibc, andIac are measured for the
Raman band in question at the particular spot. Here,Iab
means, for example, that the electric vector of the excit
beam is placed along thea axis, and the electric vector of th
scattering beam is placed along theb axis.

Step 5. In this step, a formulation is established to rel
observedIaa, Ibb, Icc, Iab, Ibc, and Iac with tensor compo-
nentsaxx , ayy , and azz. Eulerian angles,u, f, andx, that
describe the orientation of the~xyz! axes in the~abc! coordi-
nate system are chosen~shown in Figure 3!. Here,u andf are
the ordinary polar coordinates of thez axis in the~abc! system
and x is an angle in thexy plane that measures the rotatio
about thez axis.3 Direction cosines of thex, y, andz axes in
the ~abc! axis system are given as functions of Euleri
angles:

l x5cosu cosf cosx2sinf sinx, ~1a!
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Fig. 1 Definitions of the a, b, and c axes for the Chlamydomonas cell.
The small ellipse, along the b axis, indicates the location of the eye-
spot.
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mx5cosu sinf cosx1cosf sinx, ~1b!

nx52sinu cosx, ~1c!

l y52cosu cosf sinx2sinf cosx, ~1d!

my52cosu sinf sinx1cosu cosx, ~1e!

ny5sinu sinx, ~1f!

l z5sinu cosf, ~1g!

mz5sinu sinf, ~1h!

nz5cosu. ~1i!
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The observed Raman scattering intensitiesIaa, Ibb,...,Iac
are the squares of the following Raman scattering tensor c
ponents.

aaa5 l x
2axx1 l y

2ayy1 l z
2azz, ~2a!

abb5mx
2axx1my

2ayy1mz
2azz, ~2b!

acc5nx
2axx1ny

2ayy1nz
2azz, ~2c!

aab5 l xmxaxx11ymyayy1 l zmzazz, ~2d!

abc5mxnxaxx1mynyayy1mznzazz8 , ~2e!

aac5 l xnxaxx1 l ynyayy1 l znzazz. ~2f!

As noted above, only the relative magnitudes of the ten
components~r 15axx /azz and r 25ayy /azz! are usually in-
vestigated, and only the Raman intensity ratios, rather t
the absolute intensities, are measured. Therefore, Eqs.~2a!–
~2f! are in practice replaced by relationships of the form,

Iaa/Ibb5~aaa /abb!
2

5~ l x
2r 11 l y

2r 21 l z
2!2/~mx

2r 11my
2r 21mz

2!2. ~3!

Similar equations hold for other polarized Raman intens
ratios, Ibb/Icc, Ibc/Icc, Iac/Icc, and Iab/Iaa, mutatis
mutandis.

Step 6. In the final step, the determination of the orien
tion angles~u,f,x! is accomplished. This is done essentia
through a trial-and-error procedure. If an arbitrary set
~u,f,x! is assumed, direction cosinesl x , mx , nx , l y , my , ny ,
l z , mz , andnz can be calculated by Eqs.~1a!–~1i!, and then
Iaa/Ibb, Ibb/Icc, Ibc/Icc, Iac/Icc, and Iab/Iaa can be
calculated through Eq.~3! and similar equations for the polar
ized Raman intensity ratios. The calculatedIaa/Ibb can be
compared with the observedIaa/Ibb, and the calculated
Ibb/Icc can be compared with the observedIbb/Icc, if it is
experimentally available. By a proper computer program
number of test sets of~u,f,x! can be examined in a systemat
manner, until a satisfactory agreement is reached between
calculated set of Raman intensity ratios,Iaa/Ibb, Ibb/Icc,
Ibc/Icc, Iac/Icc, andIab/Iaa and the corresponding set o
observed intensity ratios.

Special Case
Quite often, the molecular arrangement in a biological syst
has axial symmetry. This is the case, for example, for so
filamentous bacteriophages and for fowl feather barb. In s
a case, thea axis andb axis are equivalent~step 1!, and only
Ibb, Icc, Ibc, andIab form an independent set of informatio
~step 4!. Step 5 is simplified as follows: The orientation of th
~xyz! axis system in the biological system~abc! is given by
two angles,u andx. Icc/Ibb is now directly expressed byu
andx as
Fig. 2 Distribution of the peak intensity of the 1530 cm−1 Raman band
in the Chlamydomonas cell (Ref. 4). The number in each area indi-
cates the relative peak intensity observed in that area. This was drawn
on the basis of computer output shown in Fig. 6(c) in Ref. 4.
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Fig. 3 Definition of Eulerian angles, u, f, and x, which relate the
coordinates (xyz) with (abc).
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Icc/Ibb54@sin2 u~r 1 cos2 x1r 2 sin2 x!

1cos2 u#2/@cos2 u~r 1 cos2 x1r 2 sin2 x!

1~r 1 sin2 x1r 2 cos2 x!1sin2 u#2. ~4!

Step 6 is also simplified. By Eq.~4!, Icc/Ibb is calculated for
variousu andx values, and the results are mapped in~u, x!
space. Here, some contour lines for givenIcc/Ibb values can
be created by relatively simple computer programming. By
examining a point of intersection of these contour lines, a
common set of~u, x! values is found that reproduces all the
observed polarized Raman intensity ratios.

Example I. Orientation of Carotenoid Molecules
in the Eyespot of Chlamydomonas
~Step 1!. The ~abc! axes have already been defined above
~Figure 1!. ~Step 2!. Raman spectra of a single cell of
Chlamydomonashave been examined with 488.0 nm excita-
tion at various points within the cell. At every point, two
strong bands, which are assigned to carotenoid, were observ
at 1530 and 1159 cm21. ~Step 3!. By the use of a Raman
mapping system, the intensity distribution of the 1530 cm21

band was examined.4 When theac plane was placed parallel
to the microscope sample stage, a map, shown in Figure 3
was obtained. On the basis of the known structure of this
cell,1,5 an elongated peak observed at its surface is considere
to be the eyespot.~Step 4!. At this spot, polarized Raman
spectra were observed. The results are shown in Figure
which indicates that the polarizability oscillation caused by
the 1530 cm21 vibration takes place mostly along thec axis or
mostly along the direction of elongation. For the 488.0 nm
excitation, the carotenoid 1530 cm21 band must be in reso-
nance with its first electronic absorption band, whose transi
tion moment is along the conjugated double-bond chain~z
axis!. Therefore, the Raman tensor in question is considere
to have only one nonzero component,azz. Thus, it is con-
cluded that the carotenoid molecules in the eyespot are a
ranged with theirz axes~conjugated double-bond chain axes!
parallel to the cell axis.

The intensity of the light, which causes a chemical reaction
at the eyespot ofChlamydomonas, must be greatly dependent
upon the orientation of this analyzer, which is directly deter-
d

,

d

,

-

mined by the orientation of the cell itself, with respect to t
light beam as well as its polarization direction. One m
speculate that the cell is detecting, through the eyespot,
only the direction of the light, but also the location of th
surface of the water medium in which the cell is swimmin
~Figure 5!.

Example II. Orientation of the Tryptophan
Residue in a Filamentous Bacteriophage
~Step 1!. fd is a bacteriophage with the shape of a long~about
880 nm! thin ~about 6 nm! cylinder. In this cylinder, a single
stranded DNA loop of 6410 nucleotides is packaged withi
sheath comprising about 2700 copies of a 50-residuea-helical
subunit~pVIII !. The cylinder has axial symmetry; its axis
chosen as thec axis, and thea andb axes are perpendicular t
it. ~Step 2!. The subunit~pVIII ! has one tryptophan residu
~W26!. In view of the importance of the tryptophan Rama
bands as sources of specific information on the environm
and interaction of tryptophan residues in proteins, Tsu

Fig. 4 Polarized Raman spectra (cc), (aa), (ca), and (ac) of the same
cell as that shown in Fig. 3 at the spot with Raman intensity 10 (Ref.
4). Here (ca) means, for example, that the electric vector of the excit-
ing beam is placed along the c axis, and that the electric vector of the
scattering beam is placed along the a axis. This is essentially a repro-
duction of Fig. 7 in Ref. 4.

Fig. 5 Chlamydomonas eyespot maybe detecting the direction of po-
larization of the incident light beam.
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 437
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Fig. 6 Indole ring orientation (Ref. 7) and polarized Raman spectra
(488.0 nm excitation) (Ref. 6) of an orthorhombic N-acetyl-L-
tryptophan crystal. In each orientation the incident and scattered elec-
tric vectors are parallel to one of the crystallographic axes. On the
left-hand side is a partial reproduction of Fig. 2 in Ref. 6, and on the
right-hand side is a partial reproduction of Fig. 1 in Ref. 6.
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et al.6 investigated their intrinsic Raman tensors. As a mode
for the tryptophan residue in proteins, they employed
N-acetyl-L-tryptophan, for which an x-ray crystal structure is
available.7 Polarized Raman spectra were obtained from an
oriented single crystal ofN-acetyl-L-tryptophan by use of a
Raman microscope and 488.0 nm excitation. The crystal, o
orthorhombic space groupP212121 , provides the relative
Raman intensitiesIaa, Ibb, andIcc that correspond toaa, bb,
and cc components of the crystal Raman tensor6 ~Figure 6!.
The Raman tensors derived from these intensity data ar
shown in Figure 7. Step 3. The virus solution~about 50 mg/
mL! was drawn into an oriented fiber of about 0.5 mm thick-
ness by slowly drawing a spherical drop between the glas
rods of a fiber-pulling device which was maintained in a hy-
grostatic environment~92% relative humidity!. Every virion
particle is considered to be arranged with itsc axis along the
fiber axis.8 Step 4. Raman scattering intensitiesIcc and Ibb
were examined, and the results are shown in Figure 8~a!. Thus
438 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3
Icc/Ibb for the 1560 cm21 ~W3! band was found to be2.8
60.5andIcc/Ibb for the 1364 cm21 ~W7! to be2065. Step
5. By the use of Eq.~4!, with ther 1 andr 2 values determined
in step 2, contour lines for variousIcc/Ibb values were
drawn inu andx space~Figure 9!. Step 6. By projecting the
observed values ofIcc/Ibb onto this contour map, with thei
experimental errors taken into account, a probable set of
ues ofu and x was estimated. The first reasonable estim
with the uncertainty in the~u, x! pair was (90610°,54
63°).9 By taking other factors@~i!–~iv! given below# into
account, however, Tsuboi et al.9 made a slight change in th
pair of ~u, x! values. Thus, ~i! the dihedral angle
x2,1(Ca-Cb-C3-C2) must be around6120°, because the
W3 frequency51560 cm21. 10 ~ii ! The pseudo twofold axis

Fig. 8 (a) Polarized Raman spectra of fd in the 1200–1600 cm−1 re-
gion (Ref. 9). This is a partial reproduction of Fig. 4 in Ref. 9. (b)
Illustration of the indole ring orientation of tryptophan-26 in the fd
subunit (Ref. 9).

Fig. 9 Contour map of Icc/Ibb in (u, x) space for the tryptophan
Raman bands at 1560 cm−1 (W3, solid lines) and at 1364 cm−1 (W7,
broken lines) (Ref. 9). This is essentially a partial reproduction of Fig.
5(A) in Ref. 9. Details of how to construct these contour lines are
given in Ref. 9.
Fig. 7 Principal axes (x, y, and z) and Raman tensor values (r1 and r2)
for the normal modes W7 (1357 cm−1) and W3 (1557 cm−1) of the
indole ring of a N-acetyl-L-tryptophan single crystal (Ref. 6). This is a
partial reproduction of Fig. 4 in Ref. 9.
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Raman Scattering Anistropy . . .
of the indole ring must be at an angle~c! of 38°66° from the
virion axis on the basis of a difference in Raman linear inten-
sity of flow-oriented fd.11 ~iii ! The set of dihedral angles
x1(N-Ca-Cb-C3) and x2,1(Ca-Cb-C3-C2) must be con-
sistent with the tryptophan side-chain rotamer library of Pon-
der and Richards.12 ~iv! The final model must be plausible on
the basis of an energy-minimized calculation. As detailed in a
previous paper,9 the final set of orientation angles of
tryptophan-26 reached isu574° and x561°, which gives
x152100°, x2,15111°, andc532°, which is still in agree-
ment with the observedIcc/Ibb values,2.860.5for the 1560
cm21 band and2065 for the 1364 cm21 band, within experi-
mental error. The subunit structure offd and subunit arrange-
ment in fd have been investigated by Marvin and
co-workers13,14 by the x-ray fiber diffraction method, and the
results are given in the Protein Data Bank~identification No.
1IFJ!. From the Raman anisotropy study, the atomic coordi-
nates of the indole ring of tryptophan-26 were proposed to
have changed as shown in Table 1.

A similar study was made on another filamentous bacte
riophageP f3.15 It consisted of a covalently closed single-
stranded DNA genome of about 6300 nucleotides encased in
sheath comprising about 2630 copies of a 44-residuea-helical
subunit. This subunit has one tryptophan~W38! in its
C-terminal region. On the basis of the observed scatterin
anisotropy of the 1369 and 1548 cm21 bands, the orientation
of the indole ring of W38 with respect to the virion axis~c
axis! was determined. The Eulerian angles were found to be
(u,x)5(7364°,4463°). This orientation was found to be
different from what was given in the model by Welsh et al.16

~Protein Data Bank ID No. 1IFP!, but it was found to be
reached by changing the dihedral angle of the Ca-Cb-C3-C2
system in the W38 side chain from2142° to 293° in their
model. The dihedral angle,293°, proposed here is consistent
with the fact that the tryptophan W3 band was found at 1548
cm21 for P f3 instead of at 1560 cm21 found for fd above.
The proposed orientation of Trp-38 was found to also allow
cation-p interaction with Arg-37, which was suggested by

Table 1 Revised atomic coordinates of the indole ring moiety of
W26 in fd.a

Atom (N) x y z

C (186) 6.555 −20.427 33.860

Cd1 (187) 7.279 −20.351 35.085

Cd2 (188) 7.240 −19.602 32.968

Ne1 (189) 8.483 −19.581 34.890

Ce2 (190) 8.436 −19.111 33.577

Ce3 (191) 7.017 −19.310 31.602

Cz2 (192) 9.467 −18.421 32.905

Cz3 (193) 8.006 −18.561 30.935

Ch2 (194) 9.166 −18.102 31.586
aObtained from the atomic coordinates of atoms 186–194 of entry 1IFJ of the
Protein Data Bank by rotating 15° about the Ca–Cb bond at 179° about the
Cb–Cg bond.
a

Wen and Thomas,17 if a proper set of changes were applied o
the dihedral angles of the Arg-37 side chain from those giv
in the Welsh et al. model.16 The details of this will be pub-
lished shortly.

Example III. Arrangement of the Polypeptide
Sheet in Fowl Feather Barb
Spectroscopic studies of feather keratin have so far been m
mostly with samples prepared from the calamus or rachis s
tion of avian feathers.18,19Their barbs, in which the crystallite
alignment looks better under a polarizing microscope, are
thin for conventional Raman spectroscopic measurement.
to recent developments in Raman microscopy, however, e
such a thin barb~10 mm in diameter, for example! can now be
subjected to vibrational spectroscopic examinations.20

A single barb prepared from fowl feather was found to
a long cylinder with a diameter of 10mm and with small
lumps arranged at intervals of 75mm along its direction of
elongation ~Figure 10!. Under a polarizing microscope i
showed marked positive birefringence. The retardation loo
rather homogeneous all over the cylinder. Step 1. The b
had cylindrical symmetry, and the axis was defined as thc
axis. Step 2. Its polarized infrared spectra indicated a 1
cm21 band as well as a 1633 cm21 band. Therefore, it was
considered to involve an antiparallel chain pleated sh
structure.21 Thus, determining a Raman tensor assignable
this structure was the next problem to be solved. On the b
of the Raman spectroscopic measurement on a single cr
of a dipeptide~aspartame!, whose molecule involves only on
peptide group, Tsuboi et al.22 derived the shape and orienta
tion of the amide I Raman tensor excited at 488.0 nm.
placing this tensor at every peptide group, the Raman ten
of an antiparallel chain pleated sheet was calculated. Here
atomic coordinates given by Pauling and Corey23 were
adopted. The result of the calculation is shown in Figure
Step 3. The sample barb was found to be fluorescent,
irradiation with a relatively weak laser beam for 1 or 2
rendered it less fluorescent to the extent that a Raman s
troscopic measurement became possible. Steps 3 and 4
signal-to-noise ratio, however, did not yet become sufficien
high to observe the two components,cc and ca, separately
with a polarizer. Thus, only the Raman scattering intens
Icc1Ica, was obtained. Likewise, only the Raman scatteri
intensity Iaa1Iac was examined, instead of observingIaa
and Iac separately. The results of these observations

Fig. 10 (Left) Fowl feather barb. This is a reproduction of Fig. 1 in Ref.
20. (Right) Average orientation of an antiparallel chain pleated sheet
in the barb (Ref. 20).
Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 439
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Fig. 11 Principal axes (x, y, and z) and relative magnitudes of the
tensor components (r15axx /azz and r25ayy /azz) for the amide I
Raman band (1667 cm−1) of an antiparallel chain pleated sheet (Ref.
20).
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shown in Figure 12. As seen, a sharp Raman peak is found
rise at 1667 cm21 in the broad background Raman scattering
covering the 1690–1640 cm21 range. This 1667 cm21 Raman
band is assigned to the amide I vibration of the antiparalle
chain pleated sheet, in which all the peptide groups vibrate in
phase. The broad background Raman scattering is probab
caused by a disordered polypeptide portion. Step 6. As can b
seen in Figure 12, the sharp 1667 cm21 band is much stronger
for the Iaa1Iac spectrum than for theIcc1Ica spectrum.
This suggests that theb-sheet plane is arranged somewhat
perpendicular to the barb axis~c axis!. By use of Eq.~4! and
a similar one forIac/Iaa, coutour lines for several values of
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(Icc1Ica)/(Iaa1Iac) were constructed in~u, x! space
~Figure 13!. The observed(Icc1Ica)/(Iaa1Iac) value is
estimated to be2.560.5 ~Figure 12!. Therefore,u, the angle
of inclination of the normal of theb-sheet plane from thec
axis, must be in the range of 23°–44°. The polarized infra
spectra of seagull feather rachis observed by Fraser et24

showed the transition moment of the 1634 cm21 band~along
the y axis in Figure 11! is nearly perpendicular to thec axis,
whereas the transition moment of the 1691 cm21 band~along
the x axis in Figure 11! is substantially inclined away fromc
axis. If this is also the case for the fowl feather barb, t
orientation angles are estimated as(u,x)5(4065°,0
610°). This orientation is illustrated in Figure 10. Fras
et al.24 showed that the antiparallel chain pleated sheets m
be distorted in the feather keratin, so as to conform to
ruled surface of a helix with pitch of 95 A. The average o
entation derived from Raman spectroscopic work must n
be accommodated to the framework of Fraser a
co-workers.24

Concluding Remarks
In the days ahead, this method will quite often be a comp
mentary one to the x-ray crystallographic and nuclear m
netic resonance methods used in structural biology. So
parts of the lists of atomic coordinates in the Protein D
Bank would possibly be revised through this method. In a
dition, this method may be useful forin situ examinations of
biological systems that are not accessible to x-ray or nuc
magnetic resonance methods.
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