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Isotope editing of amide infrared bands not only localises secondary
structural elements within the protein but also yields conformational
information that is not available from the linear dichroism of aligned
samples without isotope editing. The additional information that can be
derived on the orientational distribution of a-helices in membranes by
the combined use of different amide bands and several positions of label-
ling is presented here. Also, the relationship between the azimuthal orien-
tation of the transition moment and the protein structure is treated
explicitly. A comprehensive analysis of the infrared dichroism for b-sheets
and b-barrels is given here, for the first time. The orientation of the indi-
vidual transition moments in a b-sheet that is essential for this analysis is
derived for the different amide bands.
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Introduction

The linear dichroism of amide infrared (IR)
bands from site-specifically isotope-labelled a-heli-
cal transmembrane peptides has proved to be
invaluable for conformational analysis of mem-
brane proteins.1 – 4 In addition to the orientational
information available from non-isotopically edited
dichroism, site-specific labels also yield torsion
angles and are able to discriminate local ordering
from macroscopic disorder.5 The analysis for iso-
topically labelled a-helices has been well
developed,5 although the relationship of transition
moment orientation to the protein structure has
not been fully worked out, particularly for the
torsion angles. The latter is essential if the results
from site-specific dichroism are to be most
effectively combined with molecular modelling.4

Also, the possibility of obtaining detailed
information on the distribution of helical tilts,
especially in polytopic proteins, remains to be
exploited fully.

As for non-isotopically edited dichroism, the
application of site-specific labelling to b-sheet
proteins lags behind that for a-helical proteins.
The possibility of investigating lung surfactant

protein B on lipid monolayers by IR reflection–
absorption spectroscopy, however, seems
extremely promising.6 An analysis of the
dichroism for non-isotope-labelled (or uniformly
labelled) b-sheets has been given previously.7 In
the latter case, the net IR transition moments are
oriented either along or perpendicular to the
b-strand axis. For isolated isotopically edited
amides, however, the orientation of the individual
transition moments and the relation to the
structure of the b-pleated sheet should be con-
sidered. Use of several amide bands is even more
necessary than for the a-helix, because only two
labelling positions give non-degenerate dichroic
ratios in a b-sheet.

Here, we present a comprehensive analysis of
the IR dichroism of site-specifically isotope-
labelled amides for a-helices, b-sheets and
b-barrels. The analysis for a-helices goes beyond
the previous treatment5 in that different amide
bands, and the relation between azimuthal
orientation of the transition moment and the pro-
tein structure (i.e. torsion angles), are considered
explicitly. Isotope edited IR dichroism of b-sheet
or b-barrel structures, has not been treated before,
although a limited amount of experimental data is
available.8 Further, we also consider the possibility
of distributions in tilt and azimuthal orientation of
the secondary structure by using explicit models.
This is likely to be of considerable importance for
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single membrane-spanning helices and small
monomeric b-barrels.

Results and Discussion

Infrared dichroic ratios

We consider specifically aligned membranes,
where the proteins are rotationally disordered
about the membrane normal which is defined as
the z-axis. The dichroic ratio, Rz; of the absorbances
with radiation linearly polarized parallel with and
perpendicular to the plane of incidence is then
given by:7

Rz ¼
E2

x

E2
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þ
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z
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kM2
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ð1Þ

where E ¼ ðEx;Ey;EzÞ is the radiation electric field
vector in the sample, the components of which are
normalized to those at incidence. The components
of E are specific to the particular experimental set-
up, e.g. attenuated total reflection (ATR) or trans-
mission at non-zero angles of incidence.9 The
x-axis is defined as lying in the plane of incidence
and the y-axis is orthogonal to the plane of inci-
dence. Both lie within the plane of the orienting
substrate. The quantity of structural interest in dis-
cussing linear dichroism is the transition moment
vector, M ¼ ðMx;My;MzÞ: Specifically, the quan-
tities in angular brackets in equation (1) represent
summations over the squares of the transition
moment components for all isotopically labelled
amide groups in the sample. Because these appear
as a ratio in equation (1), the angular brackets are
equivalent to taking average values. The problem,
therefore, resolves itself into determining the
dependence of kM2

zl=kM
2
yl on the angular orien-

tation of the isotopically labelled amide. This
differs between various amide bands because of
different orientations of the transition moment
relative to the molecular axes.

Transition moment orientation

It is assumed that the vibrations of the isotopi-
cally labelled amide are decoupled from those of
the other amides in the polypeptide chain. The
orientation of the transition moment then does not
correspond to one of the symmetry directions, as
for instance in coupled vibrations of b-sheets.10

Further, because we are dealing with an isolated
labelled residue, there is no possibility of sum-
mation over residues yielding axial symmetry, as
is the case for long a-helices.11 The orientation of

the individual transition moment, M, relative to
the peptide chain axis, therefore depends on both

the tilt angle, QM, and the azimuthal orientation,
qM, of the transition moment, relative to the
a-helix or b-strand axis.5 The latter is, in turn,
oriented at an angle g to the z-axis (see Figure 1).
The values of the tilt, QM, differ between the
various amide bands,12 as do those of the azi-
muthal orientation, qM. Because the transition
moments lie in the peptide plane for all amide
vibrations considered, the azimuthal orientation
(qM) is related in a predictable way to the tilt
angle QM. It also depends on the position of the
residue in the polypeptide chain, reflecting the
periodicity of the secondary structure. The origin
of qM, however, is a matter of definition. It is
taken in the plane containing the z-axis and the
peptide chain axis, c, in the direction z to c (see
Figure 1).

With these definitions, the required quantity in
equation (1) is given by:7

where ksin2 gl ¼ 1 2 kcos2 gl: Angular brackets are
included in equation (2) to allow for the possibility

Figure 1. Orientation of the peptide chain axis, c, and
the transition moment, M, of the isotopically labelled
amide, relative to the substrate-fixed axes, x, y, z. The
chain axis is tilted at an angle g from the normal, z, to
the orienting substrate and is randomly distributed in
the angle f, in the plane of the sample substrate. The
transition moment is inclined at angle QM to the chain
axis with an azimuthal orientation, qM, relative to the
plane containing the z and c axes. For an a-helix, the
helix axis specifies the c-axis. For a b-sheet, the b-strand
axis (not the sheet orientation) is the c-axis; the orien-
tation of the sheet is indicated by the shaded plane,
which is inclined at an angle as to the z-axis. The strand
is tilted by angle b to the projection of the z-axis on the
sheet.

kM2
zl

kM2
yl

¼ 2
cos2 QMkcos2 gl2 sin 2QMksin g cos glkcos qMlþ sin2 QMksin2 glkcos2 qMl

1 2 cos2 QMkcos2 glþ sin 2QMksin g cos glkcos qMl2 sin2 QMksin2 glkcos2 qMl
ð2Þ
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of a limited distribution in the values of g and qM.
Note that g and qM are independent, and QM is
fixed for a given amide band.

In general, for a distribution in the angles g and
qM, several different angular averages are required
to specify the values of kM2

zl=kM
2
yl fully, as pointed

out for the case of polytopic proteins.11 These are
the four independent values: kcos2 gl; ksin g cos gl;
kcos2 qMl and kcos qMl: If g and qM are single-
valued, this number is reduced to two. Then two
independent dichroic ratios are required to deter-
mine the amide orientation, similar to the case
considered previously for b-sheet proteins.7 These
can be provided by measurements on a single
band at two different positions of isotopic label-
ling, where g and QM remain fixed and the values
of qM bear a fixed relation to one another that is
determined by the geometry of the secondary
structure.5 Alternatively, dichroic ratios from
different bands may be combined for a single site
of labelling. In this latter case, g is fixed, the differ-
ent values of QM, e.g. from the amide I and amide
II, or amide A bands, are known,12 and the values
of qM are related to one another in a fixed way via
those of QM (see later). However, resolution of the
isotopically edited amide band may not be
achieved with the same isotope for different
amide vibrational modes. Labelling of the 13CvO
has been shown to be suitable for the amide I
band;1,2,5 but 15N–H labelling will be required for
the amide II and amide A bands. In principle,
there are 18 distinguishable azimuthal orientations
for a given amide transition moment in an a-helix,
but only two in a b-strand. However, it is likely
that maximally seven adjacent amides in an
a-helix have azimuthal angles that are sufficiently
widely spaced to be practically useful.2

In addition to the dichroic ratios for the iso-
topically labelled amides, further independent
measurements are provided by the dichroism of
the non-isotopically labelled amides.5 For a-helices,
dichroic ratios of the latter do not depend on the
azimuthal orientation, qM. For b-sheets, on the
other hand, the orientations of the transition
moments of the coupled modes are different,
being directed either along or perpendicular to the
b-strand axis.7

The treatment differs for a-helices and b-sheets,
because of their different geometries. The former
is the more straightforward and is considered
first. It has been treated by Arkin et al.,5 but is
given here as introduction to the consideration not
only of b-sheets but also of the relations between
the different amide bands of an a-helix, and
further as an introduction to explicit treatments of
distributions in orientation of a-helix assemblies.

a-Helices: single orientations

The situation depicted in Figure 1 is related
straightforwardly to the geometrical arrangement
of single, bitopic transmembrane helices and of
polytopic helix bundles. The angle g is the tilt of

the helix axis to the z-axis, and qM is the azimuthal
or torsion angle of the transition moment of the
isotopically labelled amide about the helix axis.
The direction of the c-axis is that going from the N
to the C terminus of the (right-handed) a-helix.
A right-handed rotation, defined as positive qM,
then takes Ca,i to Ca,iþ1. With this definition, the
transition moment makes an acute angle, QM, with
the c-axis (note that this standard definition is
different from the convention used by Arkin
et al.5). For consecutive positions of labelling in an
ideal a-helix with 3.6-residue pitch, the values of
the azimuthal angle qM are related by incremental
rotations of þ1008 about the helix axis. Equation
(2) is therefore applicable directly to a-helices.
This case has been considered by Arkin et al.,5 for
fixed values of g and qM. Equations (1) and (2) are
in agreement with the previous treatment, except
for an additional angle d that was included but

Figure 2. Dependence of the dichroic ratio, RM, of a
site-specifically labelled a-helix on the azimuthal orien-
tation, qM, of the isotopically labelled amide for different
inclinations, g, of the helix axis to the membrane normal.
Dependences are calculated from equations (1) and (2)
and are given for: A, the amide I band (QI ¼ 388); B, the
amide II band (QII ¼ 738); and C, the amide A band
(QA ¼ 298). The values of g are indicated in the Figure.
The ordinate is scaled and shifted by the ratios of the
components of the radiation electric field intensities,
E2

y=E2
z and E2

x=E2
z ; respectively, to give values of

kM2
zl=kM

2
yl (see equation (2)) that are independent of the

particular experimental set-up. Vertical bars indicate the
range of a 10% error in dichroic ratio. For a given
labelled residue, the values of qM, relative to those of
the amide I band, are displaced by 248 to 268 and þ18
to þ38 for the amide II and amide A bands, respectively.
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put equal to zero by the latter authors. Note that
the sign of the middle term in the denominator
and numerator of equation (2) is determined by that
of kcos qMl: All other terms in equation (2) are
positive (excluding the signs specified explicitly).

The dependence of kM2
zl=kM

2
yl on the azimuthal

orientation, qM, of the isotopically labelled amide
is given in Figure 2 for various values of the tilt, g,
of the helix axis to the membrane director ðzÞ:
Dependences are given for the amide I, amide II
and amide A bands, by using the following values
for the orientation of the transition moment: QI ¼
388; QII ¼ 738 and QA ¼ 298:12 It is clear from
equation (2) that the values of kM2

zl=kM
2
yl have a

3608 periodicity in qM. They are, however, reflected
about the qM ¼ 1808 axis. Values corresponding to
qM and 3608 2 qM are indistinguishable. There is a
1808 periodicity in the tilt angle g, but values of
kM2

zl=kM
2
yl for 1808 2 g and 1808 2 qM are identical

with those for g and qM. Therefore, with suitable
substitutions, Figure 2 covers the full range of qM

and g.
For zero tilt (i.e. g ¼ 08), the dichroic ratios are

independent of the azimuthal angle qM, because
of the rotational disorder in the plane of the mem-
brane. Then kM2

zl=kM
2
yl has the constant value:

2cot2 QM: In general, the dichroic ratio is not
necessarily a monotonic function of qM for a fixed
value of g. However, dichroic ratios above a certain
threshold value in g are unique within the range
qM ¼ 0– 1808: Only for g ¼ 908 (e.g. a surface
helix), is the dependence on azimuthal orientation
symmetric about qM ¼ 908: The largest dichroism
is obtained with qM ¼ 1808; for a fixed helix tilt
angle. Then amongst the different tilt angles, the
largest dichroism is obtained for values in the
region of g , QM: This illustrates one of the advan-
tages of using complementary amide bands.
Comparing Figure 2A and B, it can be seen that
the amide II band gives much better discrimination
between high tilt angles at low values of qM than
does the amide I band. The vertical bars in Figure
2, and subsequent Figures, indicate the range of a
10% error in dichroic ratio (at this level, differences
between thick and thin film approximations for the
evanescent field intensity or between ATR crystals
are relatively unimportant). This gives some indi-
cation of the degree of discrimination that can be
obtained in practice. For g ¼ QM; and qM ¼ 1808;
the dichroic ratio diverges, because (assuming a
unique orientation) the transition moment is
then oriented exactly along the z-axis. In contrast
to the situation for axial summation over the
whole helix, very high dichroism may be
achieved in principle for a single isotopically
labelled amide.

Azimuthal orientation in an a-helix

In Figure 2, the values of the azimuthal angle,
qM, for the different amide bands have, for sim-
plicity, been treated as independent. As already
mentioned, however, they bear a fixed relation to

one another. Whenever dichroic ratios of different
amide bands are combined, the relative values for
qM must be included explicitly. Most importantly,
such considerations are also essential if the
azimuthal orientation of the transition moment
is to be related to the geometry of the molec-
ular structure (i.e. to the peptide carbonyl
orientation).

The transition moments of the amide I, amide II
and amide A modes lie in the peptide plane and
are tilted relative to the carbonyl group in a direc-
tion away from the nitrogen atom.13 The angular
relations of the peptide group and its transition
moment to the helix axis are given in Figure 3.
The peptide plane is inclined at an angle ah to the
helix axis and the peptide carbonyl is tilted by an
angle QC0O to the helix axis. From the refined coor-
dinates of a-poly-L-alanine: ah ¼ 6:18 and QC0O ¼
14:28; and from an energy-refined structure of a
standard right-handed a-helix: ah ¼ 3:38 and
QC0O ¼ 14:88:12 The azimuthal orientation, q0

M; of
the transition moment in the peptide axis system
is defined as the angle that the plane containing
the transition moment and helix axis makes with
that containing the helix axis and its orthogonal
within the peptide plane (see Figure 3). This is

Figure 3. Azimuthal orientations, q0
M and q0

C0O, of the
amide transition moment (M) and peptide carbonyl
bond (CvO), respectively, in the peptide axis system.
The peptide plane is shown shaded and is inclined at
an angle ah to the helix axis. The transition moment and
CvO bond are tilted at angles QM and QC0O, respectively,
to the helix axis. The view is from outside a right-handed
a-helix, where the helix axis is directed from the N
terminus to the C terminus.
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given by:

sin q0
M ¼

tan ah

tan QM
ð3Þ

and a similar equation relates the azimuthal angle,
q0

C0O; of the peptide carbonyl to its orientation
QC0O to the helix axis. The azimuthal orientation
of the transition moment relative to that of the
peptide carbonyl bond is then given simply by
q0

M 2 q0
C0O: This angle is negative (with c directed

from the N to the C terminus) because the transition
moment is tilted to the carbonyl bond in a direction
away from the peptide nitrogen atom (see Figure 3).
From equation (3) and its equivalent for the pep-
tide CvO bond, the values of q0

M 2 q0
C0O for the

amide I, amide II and amide A bands are given in
Table 1. The values of QM given above,12 and those
of the peptide orientation from the a-poly-L-ala-
nine (or standard a-helix) coordinates are used to
obtain these data. Clearly, the choice of helix-struc-
ture coordinates introduces some uncertainty in
the absolute value of the azimuthal orientation.
However, the differences between amide bands,
viz. 268 (238) and þ38 (þ28) for the amide II and
amide A bands, respectively, relative to the amide
I band, are specified with better precision.

Finally, the azimuthal orientation, qM, defined in
Figure 1 is given by: qM ¼ qC0O þ q0

M 2 q0
C0O;

where qC0O is the azimuthal orientation of the pep-
tide carbonyl bond relative to the z–c plane. The
latter is the quantity of direct structural interest
and can be obtained from the infrared dichroism
measurements of qM to within the uncertainty in
the values of q0

M 2 q0
C0O mentioned above.

A quantity of ancillary interest is the tilt orien-
tation, uC0O; of the peptide carbonyl bond to the
z-axis. This has been used in structure refinement
by molecular dynamics simulations that are
restrained with uC0O obtained from infrared dichro-
ism measurements as the target value.1,2 From the
geometry in Figures 1 and 3, and the relations

given above for the azimuthal orientation of the
transition moment:

cos uC0O ¼ cos g cos QC0O 2 sin g sin QC0O

£ cosðqM 2 q0
M þ q0

C0OÞ
ð4Þ

where the argument of the final cosine term is the
azimuthal orientation qC0O of the peptide carbonyl
relative to the z–c plane. Equation (4) expresses
the desired target angle, uC0O; in terms of the
variables g and qM accessible from experiment
and the fixed values QC0O; q

0
C0O and q0

M (cf. equation
(3)). It differs from the target angle (given by Kukol
& Arkin)2 because here the relative orientations of
the transition moment and peptide carbonyl bond
are treated exactly. In unfavourable circumstances,
the difference can be quite appreciable.

Combination of a-helix amide bands

As already mentioned, interpretation of the helix
dichroism requires at least two independent
dichroic ratios, even under the assumption of

Table 1. Tilt, QM, and azimuthal orientation, q0
M, of the

transition moments, M, of the amide bands for a-helices
and anti-parallel b-sheets

Band
a-Helix b-Sheet

QM (8)a q0
M 2 q0

C0O (8)b QM (8)c q0
M (8)d

Amide I 38 217 (28) 73 ^ 3 9 ^ 2
Amide II 73 223 (212) 29 ^ 3 63 ^ 10
Amide A 29 214 (27) ,77–78e ,6–7e

a Experimental values from Marsh et al.12

b Values relative to those of the peptide CvO bond (see
Figure 3) calculated from equation (3). Values are obtained
using the peptide orientation of a-poly-L-alanine and (in par-
entheses) an energy refined right-handed a-helix.12

c Values calculated from equation (22), using data from
Appendices A and B.

d Values likewise calculated from equation (23) and referred
to the a-axis joining equivalent Ca atoms of adjacent strands
(see Figure 7).

e These values are subject to some uncertainty (see
Appendix B).

Figure 4. Relations between the dichroic ratios of:
A. The amide I (RI) and amide II (RII) bands, and B. The
amide A (RA) and amide II (RII) bands, for a single pos-
ition of isotopic labelling in an a-helix. The dichroic
ratios are scaled and shifted by E2

y=E2
z and E2

x=E2
z ; respec-

tively, to give values of kM2
zl=kM

2
yl (see equation (2)) that

are independent of the particular experimental set-up.
Vertical bars indicate the range of a 10% error in dichroic
ratio. The values of qM for the amide II band are dis-
placed by 258 relative to the amide I band in A, and by
278 relative to the amide A band in B, in these
calculations.
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fixed values for the angular orientations g and qM.
This is illustrated in Figure 4, by combination of
the dichroic ratios of the different amide bands for
a single position of isotopic labelling. The dichroic
ratio of the amide I or amide A band is plotted
against that of the amide II band for fixed values
of the helix tilt, g. These relations cover the whole
range of azimuthal orientations of the helix from
qM ¼ 08 to qM ¼ 1808 (cf. Figure 2) and include
the relative offsets in qM between the different
amide bands that are obtained from Table 1. It is
seen that a given combination of dichroic ratios
from two amide bands is determined uniquely.
This, therefore, specifies the required combination
of orientations g and qM. Note that the relation
between two dichroic ratios, in general, has two
limbs for a given value of g (in the region x , 1),
but this does not give rise to ambiguities. As stated
previously, resolution of the various isotopically
labelled amide bands for a single residue may
require the use of more than one isotope.

For low tilt angles, g # 308; the amide A dichro-
ism is greater than that of the amide I band and

therefore could be combined advantageously with
amide II dichroic measurements. As already noted
in connection with Figure 2, for large tilt angles
and low values of qM (g . 608 and qM , 508) the
amide II dichroism is greater than that of the
amide I band. Under the latter circumstances, com-
bination of amide I and amide II bands for a single
position of isotope labelling is likely to perform
better than combination of amide I dichroic ratios
for two adjacent isotopic labelling positions.
Such situations cannot readily be decided a priori,
but it is clear from Figure 4 that combination of
different amide bands potentially adds flexibility
to site-directed dichroism studies.

Distribution of helix orientations

In general, the orientation of the transmembrane
helix, or helix assembly, may not be single-valued,
but rather may have a limited angular distribution.
The case of a distribution in the helix tilt, g, is
considered first. Two situations may be distin-
guished: that of a single bitopic transmembrane

Figure 5. Left, orientation of the a-helices in a polytopic protein. The tilt, go, and azimuthal orientation, fo, of an
individual helix in the axis system of the a-helical bundle are indicated. In general, the symmetry axis A of the helix
bundle is inclined at an angle a, with axial symmetry, relative to the membrane normal, z. The tilt, Q, and azimuthal
orientation, q, of the transition moment, relative to the helix axis, are also indicated. The origin for q is defined by
the plane containing A and the helix axis. Right, orientation of a single bitopic protein, relative to the membrane
normal, z. The helix axis has a distribution, ^Dg, of tilt angles about the mean value, go.
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helix, and that of a polytopic transmembrane helix
bundle.

For a transmembrane helix bundle, the constitu-
ent a-helices will individually have a fixed tilt, go;
and a fixed azimuthal orientation, fo; relative to
the symmetry axis, A; of the helix assembly (see
Figure 5, left panel). The latter is taken to be
oriented at an angle a to the membrane normal, z.
The angle, g, that the helix axis makes with the
z-axis is then given by:

cos g ¼ cos go cos aþ sin go sin a cosðfo 2 faÞ ð5Þ

where fo and fa are the azimuthal orientations of
the helix axis and of the z-axis, respectively, about
the axis of the helix assembly. Because the latter is
axially distributed about the z-axis, the azimuthal
angle fa must be integrated over the full range
from 0 to 2p. For cos2 g this gives (independent of
fo):

kcos2 gl ¼ cos2 go 2
1

3

� �
kP2ðcos aÞlþ

1

3
ð6Þ

where kP2ðcos aÞl is the order parameter of the
helix bundle and angular brackets indicate inte-
gration over a. Equation (6) is consistent with the
addition theorem for Legendre polynomials,
where kP2ðcos aÞl ¼ 1

2 ð3kcos2 al2 1Þ: The simplest
model is to assume that a has a single fixed value.
The next simplest model is one in which the
symmetry axis is randomly distributed within a
cone of amplitude ao and has an order parameter
given by:

kP2ðcos aÞl ¼
1

2
cos aoð1 þ cos aoÞ ð7Þ

Both models, therefore, depend on only a single
parameter, either the fixed tilt a, or the angular
amplitude ao:

The other angular average over g that is required
for equation (2) is that of sin g cos g which is given
by:

ksin g cos gl ¼

ða0

0

ð2p

0

cos g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 2 cos2 g

p
sin a dfa da

2pð1 2 cos aoÞ

ð8Þ

where cos g is given by equation (5). This integral
is independent of fo and is most conveniently
evaluated numerically. The dependence on the
amplitude ao of the cone in which the symmetry
axis is randomly distributed is given in Figure 6A,
for different values of go: For the simpler model in
which a is fixed, the integral over sin a da in
equation (8) can be omitted. The resulting depen-
dence of ksin g cos gl on the fixed value of a is
given in Figure 6B.

A single bitopic transmembrane helix also may
have a non-zero tilt relative to the membrane
normal. This can arise because the hydrophobic
span of the protein may be greater than the hydro-
phobic thickness of the lipid membrane. Addition-

ally, the anchoring residues at the ends of the
helix may not be situated at the same level across
the diameter of the helix, which again would
favour a tilted structure. In this case, it is more
likely that the spread in g will be centred about
the local mean tilt go; rather than about the mem-
brane normal (see Figure 5, right panel). A possible
way to model this is to consider a random distri-
bution within cones of angles go ^ Dg; where Dgp
go: The angular averages in equation (2) then take
the form:

kcos2 gl ¼

ðgoþDg

go2Dg

cos2 g sin g dg

ðgoþDg

go2Dg

sin g dg

ð9Þ

Figure 6. Dependence of the average value of
ksin g cos gl on: A, the maximum angular amplitude ao

of the limited random distribution in orientation of the
helix bundle axis; or on B, the fixed tilt a of the helix
bundle axis, according to equations (5) and (8). Numeri-
cal integrations are given for different values of the indi-
vidual helix tilt, go, as indicated. Continuous lines are for
go # 408 and broken lines for go . 408. For go ¼ 908, the
value is zero independent of ao, or a.
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for example. On performing the integrations, the
following results are obtained:

kcos2 gl ¼ cos2 go cos2 Dgþ
1

3
sin2 go sin2 Dg ð10Þ

ksin g cos gl ¼ ðsin2 go cos2 Dgþ
1

3
cos2 go sin2 DgÞ=tan go

ð11Þ

In both cases, for either bitopic or polytopic
a-helical proteins, two parameters (go; and ao or
Dg) are required to specify the required averages
over the tilt angle in equation (2). Even for these
relatively simple models, the averages kcos2 gl and
ksin g cos gl are not uniquely related by a single
parameter. In consequence, at least three indepen-
dent dichroic ratios (either from different amide
bands or different sites of labelling) are needed in
the case of a distribution in tilt angles.

The situation is slightly simpler for a single
bitopic transmembrane helix that matches the
hydrophobic span of the lipid membrane.
A reasonable model in this case is that the helix
axis is randomly distributed about the g ¼ 0 orien-
tation, within a cone of semi-angle Dg. The angular
averages over the tilt g are then given by:

kcos2 gl ¼
1

3
ðcos2 Dgþ cos Dgþ 1Þ ð12Þ

and:

ksin g cos gl ¼
1

3
sin Dgðcos Dgþ 1Þ ð13Þ

These depend upon a single parameter Dg, viz. the
amplitude of the distribution.

For a polytopic a-helical membrane protein, the
azimuthal orientations of the constituent helices
are fixed by the tertiary structure of the helix
bundle. In this case, the azimuthal orientation, qM,
is single-valued. For a single, bitopic transmem-
brane helix, some limited distribution in azimuthal
orientation may be allowed within the membrane.
The simplest model is a random distribution
within the range qM ¼ qo ^ Dq: The angular
averages then take the form, e.g.:

kcos2 qMl ¼

ðqoþDq

qo2Dq

cos2 q dq

ðqoþDq

qo2Dq

dq

ð14Þ

and the values required in equation (2) are:

kcos2 qMl ¼
1

2
1 þ

cos 2qo sin Dq cos Dq

Dq

� �
ð15Þ

and:

kcos qMl ¼
cos qo sin Dq

Dq
ð16Þ

Again, two parameters, qo and Dq, are required.
The total number of independent dichroic ratios
needed to specify the system fully, then reaches its

maximum value of four (for a perfectly ordered
sample).

Contributions from membrane disorder

A further contribution to the distribution in tilt
angle, g, and in azimuthal orientation, qM, comes
from the possible presence of disordered regions
in the sample. For parts of the sample that are
completely disordered, the membrane normal
(and correspondingly the tilt of the helix axes) is
randomly distributed relative to the z-axis, i.e. to
the normal to the orienting substrate. Similarly,
the origin of the azimuthal orientation, qM, which
is defined by the plane containing the z- and
c-axes, will be randomly distributed relative to the
orienting substrate. Thus, for such non-oriented
regions kcos2 gl ¼ 1=3; ksin g cos glkcos qMl ¼ 0
and ksin2 glkcos2 qMl ¼ 1=3 from equations (6), (8),
(15) and (16), and Figure 6. If the fraction of sample
that is (completely) disordered is (1 2 f), the angu-
lar averages in equation (2) for the total sample
become:

kcos2 gl ¼ f kcos2 glo þ ð1 2 f Þ=3 ð17Þ

ksin g cos glkcos qMl ¼ f ksin g cos glokcos qMlo ð18Þ

and:

ksin2 glkcos2 qMl

¼ f ksin2 glokcos2 qMlo þ ð1 2 f Þ=3 ð19Þ

where the subscript o refers to the oriented part of
the sample.

It follows from equations (17) and (19) that the
fractions, f, of oriented sample act as an “order
parameter” that would simply scale those of the
helix axis in the case of axial symmetry.11 For com-
pletely axial symmetry, sample disorder cannot,
therefore, be separated from the orientation of the
helix axis (see equation (2)). This is not the case,
however, for isotopically edited amides. Combi-
nation of equations (6), (8) and equations (15), (16)
with equations (17)–(19) shows that, in principle,
sample disorder can readily be distinguished from
an intrinsic limited distribution in the orientational
angles. However, because maximally four inde-
pendent angular averages can be obtained from
dichroic ratio measurements (see equation (2)),
this would require that one of the two angular
parameters g or qM must be fixed. From the
discussion above, it seems most appropriate to
assume that qM is single-valued. The case of a
partially unoriented sample, in the absence of
angular distributions in both g and qM, has been
considered.5

Practical examples

Dichroic measurements of the amide I band have
been made on 13C-isotopically labelled amides in
the transmembrane segment of glycophorin A.5
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A sufficient number of isotopic labels (G84, V85
and G86) was used such that, together with the
non-isotopically labelled species, there was redun-
dance in determination of the helix orientation,
even allowing for sample disorder. A similar
analysis of these data, but allowing for the possi-
bility of a distribution in helix angles according to
equations (1), (2) and (17)–(19), yields values for
kcos2 gl and ksin g cos gl; respectively, of 0.62 and
0.31, using QI ¼ 388 (see Table 1). The correspond-
ing single values obtained for the azimuthal
orientation, qM, and degree of alignment, f, are
similar to those reported in the original
publication. The values of the two order par-
ameters kcos2 gl and ksin g cos gl are not entirely
consistent with a single unique value for the helix
tilt, g. The dichroic ratios are fit somewhat better
by a model of random distribution within a cone
of semi-angle Dg < 448 (from equations (12) and
(13), together with equations (1), (2) and
(17)–(19)), than by a fixed optimum tilt of 298. For
isotopically labelled residues I41, G43 and V44 in
the regular part of the transmembrane helix of
CD3-z from the T-cell receptor,3 the helical tilt is
small and consequently no improvement in fitting
the dichroic ratios is obtained by considering a dis-
tribution of tilt angles. From a practical point of
view, a redundancy in positions of labelling, and
use of more than one amide band, will improve
the experimental statistics in deciding between
fixed orientations and orientational distributions.

b-Sheets and b-barrels

b-Sheet orientation

The situation is less straightforward for trans-

membrane b-sheets than for a-helices, because the
angular variables given in equation (2) do not
correspond so directly with the b-sheet geometry.
As pointed out in previous work, the tilt angle g
of the b-strand axis (i.e. the c-axis) is given by:7

cos g ¼ cos as cos b ð20Þ

where as is the angle by which the plane of the
b-sheet is inclined to the z-axis and b is the tilt
angle of the b-strand within the sheet (see Figure
1). The origin for b is given by the projection of
the z-axis on the plane of the sheet.

The azimuthal orientation, q, of the plane of the
sheet, relative to the z–c plane is as given
previously:7

cos q ¼
cos as sin bffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 2 cos2 as cos2 b
p ð21Þ

where use has been made of equation (20). This is
the azimuthal orientation of an axis lying in the
plane of the sheet that is orthogonal to the b-strand
axis (i.e. to the c-axis). In the local sheet coordinate
system, this is defined as the a-axis (see Figure 7).

Transition moment orientation in a b-sheet

The transition moment, M, of an individual iso-
topically labelled amide lies in the plane of the
peptide group. The latter does not coincide,
however, with the plane of the b-sheet, because of
its pleated structure (see Figure 7). The peptide
plane is inclined at an angle w with respect to the
strand axis, c. The individual transition moment is
tilted at an angle cM to the perpendicular axis, a,
that lies within the plane of the sheet. The incli-
nation of the transition moment, M, to the strand

Figure 7. Orientation of the transition moments of individual amide groups, i, in a b-pleated sheet. The transition
moment, M, lies in the peptide plane, which is inclined at an angle w to the b-strand axis, c. The orthogonal a-axis
lies in the plane of the sheet and is defined by the intersection of the peptide planes. The transition moment makes
an angle cM with the a-axis. Consecutive residues, i and i þ 1, have azimuthal orientations, q0

M, of opposite sense
relative to the a-axis.
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axis, c, is therefore given by (see Figure 7):

cos QM ¼ cos w sin cM ð22Þ

The pleating angle of the b-sheet is w ¼ 258– 288;
deduced from refined X-ray coordinates of b-poly-
L-alanine and b-keratin (see Appendix A). For anti-
parallel b-sheets, the orientations of the transition
moments of the amide I, amide II and amide A
bands are in the region of cI ¼ 198^ 38;cII ¼ 778^
58 and cA , 148; respectively (see Appendix B).
This then yields the values of QM for the orien-
tation of the individual amide I, amide II and
amide A transition moments in an antiparallel
b-sheet that are listed in Table 1. The value for the
amide A band is subject to some uncertainty (see
Appendix B), although it must lie reasonably close
to that for the amide I band.

The azimuthal orientation qM is determined by
that of the transition moment relative to the a-axis,
i.e. q0

M (see Figure 7) and that of the a-axis, i.e.
of the peptide plane, relative to the z-axis, i.e. q
(see Figure 1). Within the b-sheet, the azimuthal
orientation of the transition moment, relative to
the a-axis is given by (see Figure 7):

cos q0
M ¼

cos cM

sin QM
¼

cos cMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 2 cos2 w sin2 cM

p ð23Þ

where use has been made of equation (22). With
the values of w and cM quoted above, this yields
the values of q0

M for the amide I, amide II and
amide A bands that are listed in Table 1. Again,
the values for the amide A band are subject to
some uncertainty.

b-Sheet dichroism

The azimuthal orientation of the transition
moment, relative to the z–c plane, required in
equation (2) is related to that of the b-sheet (i.e. q)
by qM ¼ q^ q0

M: The alternation in sign comes
from the two-residue periodicity in azimuthal
orientation about the strand c-axis (see Figure 7)
and corresponds to the 1808 relative orientations
of consecutive residues in a b-strand. From
equation (21), the net azimuthal orientation of the
transition moment is therefore given by:

cos qM ¼
cos as sin b cos q0

M 7 sin as sin q0
Mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 2 cos2 as cos2 b
p ð24Þ

where q0
M is obtained from equation (23). Substi-

tution from equations (20) and (22)–(24) into
equation (2) then gives the dependence of the
dichroic ratio on the inclination as of the b-sheet,
relative to the membrane normal, and on the tilt
angle b of the b-strands within the b-sheet.

A compact form that gives the dependence of
kM2

zl=kM
2
yl on the orientational parameters, as and

b, of the b-sheet explicitly is:

Even if as and b are single-valued, two dichroic
ratios are required to specify the orientation and
conformation of the b-sheet. This is already the
case for non-isotopically edited b-sheets7 except
that, as already noted, here different isotopes will
be required when isotopically edited data for the
amide I and amide II bands are combined. A pos-
sibly better alternative, therefore, is to combine
data from the same isotopic label on two consecu-
tive residues. If there are non-singular distributions
in the angles as and b, the dichroic ratios of isoto-
pically edited b-sheets depend on four parameters:
kcos2 asl; kcos2 bl; kcos asl and kcos bl: This is not
true in the non-isotopically edited case, where the
dichroic ratios depend only on kcos2 asl and
kcos2 bl: The distributions in as and b can be con-
sidered as being independent, however, because
the tilt of the sheets will not be correlated with the
tilt of the strands within the sheets.

It should be pointed out that this treatment for
b-sheets applies equally well to isotopically edited
amides in b-barrels. Just as for a-helices considered
above, there is no axial symmetry imposed by the
b-barrel when considering only a single iso-
topically labelled amide. In equations (20), (21),
(24) and (25), the angle b is then the tilt of the
b-strands relative to the barrel axis, and the angle
as is the inclination of the barrel axis to the
membrane normal.

b-Sheets: single orientations

For the amide I, amide II and amide A bands, the
dependence of kM2

zl=kM
2
yl on the strand tilt b

within the sheet is given in Figure 8, for various
values of the inclination as of the b-sheet to the
membrane normal. Correspondingly, the func-
tional dependence of the dichroic ratio on the tilt,
as; of the b-sheets is given in Figure 9 for fixed
values of the strand tilt, b. The values of QM and
q0

M given for b-sheets in Table 1 are used in these
calculations. For as ¼ 908; the dichroic ratios are
independent of the strand tilt b, and kM2

zl=kM
2
yl

has the constant value: 2 sin2 QM sin2 q0
M=

ð1 2 sin2 QM sin2 q0
MÞ ¼ 0:046 ^ 0:022; 0.46 ^ 0.21

and ,0.02 2 0.03 for the amide I, amide II and
amide A bands, respectively. Otherwise, it is clear
from Figures 8 and 9 that the dependence of the
dichroic ratio on the strand tilt b is very different
from that on tilt as of the b-sheet. For each combi-
nation of as and b there are two possible values of
dichroic ratio, corresponding to the azimuthal
orientations qM and qM þ 1808 of successive resi-
dues. Therefore, single isotopic labelling of more
than two adjacent residues is redundant for a
perfect b-sheet. Practically, single isotope labels at
several positions are useful for mapping out the
extent of the b-strand regions and for improving
statistics. In addition, multiple labelling at all-odd

2
kM2

yl
kM2

zl
¼

1

k½ðcos w sin cM cos b2 cos cM sin bÞcos as ^ sin w sin cM sin as�
2l

2 1 ð25Þ
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or all-even residue positions would increase signal-
to-noise in the isotope-edited region, provided that
the labels are sufficiently well spaced in the
sequence that there is no coupling between their
modes. Results with a-helices double-labelled at
positions seven residues apart suggest little coup-
ling between modes.2 In the latter case, the resi-
dues are not so rigorously equivalent as they
would be in the b-sheet situation. For hydrophobic
b-sheet peptides, some coupling has been detected
with more closely spaced isotope labelling
positions.14

A striking feature of Figure 8 is the very low
sensitivity of the amide I (or amide A) dichroic
ratio to the lower range of strand tilts, b , 408: In
this range, measurements of amide II dichroism
are practically obligatory. Also, it appears from

Figure 9 that the amide II dichroism has superior
sensitivity at high values of the sheet tilt, as . 708:
In the complementary regions of strand and sheet
tilt, the double entries for the amide I dichroic
ratios in Figures 8A and 9A indicate that good
sensitivity can be obtained by isotopic labelling at
two adjacent residue positions.

Distribution of b-sheet and b-strand
orientations, and membrane disorder

Just as for a-helices, the orientation of the
b-sheets or b-barrels, specified by the tilt, as; may
have a distribution of values. A limited variation
in the tilt, b, of the b-strands within the sheet or
barrel may also be possible. Expansion of equation
(25) shows that a maximum of six order para-
meters is required to allow for a general

Figure 8. Dependence of: A, the amide I dichroic ratio,
RI ; B, the amide II dichroic ratio, RII ; and C, the amide A
dichroic ratio, RA, of an isotopically edited residue on the
tilt b of the b-strands in a b-sheet for various incli-
nations, as, of the b-sheets to the membrane normal.
The dependences are obtained from equations (1), (2),
(20) and (24) with: A, QI ¼ 738, q0

I ¼ 98; B, QII ¼ 298,
q0

II ¼ 638; and C, QA ¼ 778, q0
A ¼ 68: The values of as are

indicated in the Figure. Each pair of lines with the
same pattern corresponds to a given value of as. In A
and C, the lower line of each pair corresponds to q0

M

and the upper to 2q0
M and vice versa in B (cf. equation

(24)). The single continuous line is for as ¼ 08. The
ordinate is scaled and shifted by the ratios of the
radiation electric field intensities, E2

y=E2
z and E2

x=E2
z ,

respectively, to give values of kM2
zl=kM

2
yl (see equation

(2)) that are independent of the particular experimental
set-up. Vertical bars indicate the range of a 10% error in
dichroic ratio.

Figure 9. Dependence of: A, the amide I dichroic ratio,
RI; B, the amide II dichroic ratio, RII; and C, the amide A
dichroic ratio, RA, of an isotopically edited residue on
the tilt as of the b-sheet for various values of the strand
tilt, b. The dependences are obtained from equations (1),
(2), (20) and (24) with: A, QI ¼ 738, q0

I ¼ 98; B, QII ¼ 298,
q0

II ¼ 638; and C, QA ¼ 778, q0
A ¼ 68: The values of b are

indicated on the Figure. Each pair of lines with the
same pattern corresponds to a given value of b. In A
and C, the lower line of each pair corresponds to q0

M

and the upper to 2q0
M, and vice versa in B (cf. equation

(24)). The continuous lines are for b ¼ 908 and also for
b ¼ 08: The ordinate is scaled and shifted by the ratios
of the radiation electric field intensities, E2

y=E2
z and

E2
x=E2

z , respectively, to give values of kM2
zl=kM

2
yl (see

equation (2)) that are independent of the particular
experimental set-up. Vertical bars indicate the range of a
10% error in dichroic ratio.
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distribution in both as and b. These are the distri-
butional averages kcos2 asl; ksin as cos asl; kcos2 bl;
ksin b cos bl; kcos bl and ksin bl: Only two inde-
pendent dichroic ratios can be determined by
isotopic labelling from a single amide band, in a
b-sheet. One further independent dichroic ratio
can be determined from the same band for the
coupled mode of the non-isotopically labelled
amides.7 Therefore, in the general case, it would
be necessary to combine measurements from mini-
mally two modes, e.g. amide I, and amide II, both
from non-isotopically labelled amides and from
two (odd and even) positions of isotopic labelling.
If the strand tilt, b, is assumed approximately to
have a single value, then only three parameters,
kcos2 asl; ksin as cos asl and b are required to
describe the orientational distribution fully. In this
case, one amide band with two positions of iso-
topic labelling, together with the same band from
the non-isotopically labelled amide, would be the
minimum requirement. Alternatively, one position
of isotopic labelling, e.g. with 13C for the amide I
band, could be combined with dichroic ratios
from the amide I and amide II bands of the non-
isotopic labelled sample.

Distributions in the sheet or barrel tilts, as, are
analogous to those for the orientation of a-helical
assemblies and can be described by similar models,
i.e. the equivalents of equations (6)–(8) or (10) and
(11). As for a-helices, however, this does not reduce
the number of independent parameters required.
The situation for the strand tilt, b, is analogous to
that discussed already for the azimuthal orien-
tation, qM, of an a-helix. A similar model may be
applied. The tilt of the strand within the sheet is
restricted to a mean angle bo, with distribution
width Db. Expressions equivalent to equations
(15) and (16) then hold for kcos2 bl and kcos bl;
respectively. The remaining order parameters,
according to this model are then given by:

ksin b cos bl ¼
sin 2bo sin 2 Db

4Db
ð26Þ

and:

ksin bl ¼
sin bo sin Db

Db
ð27Þ

This model reduces the number of parameters
required to describe the distribution in b-strand
tilt from four to two.

If the aligned sample contains disordered
regions, then the measured dichroic ratios
depend on the additional parameter, f, the frac-
tion of sample that is aligned. The situation is
exactly equivalent to that considered for a-helices.
Combining equations (2), and (17)–(19), leads
to the following version of equation (25) for
b-sheets:

Measurement of a further independent dichroic
ratio is then required, relative to the situations
considered above for ideally aligned samples, in
order to eliminate f.

Conclusion

The principal results obtained from this study
may be summarised as follows.

(1) If dichroic ratios are measured for more
than one position of isotopic labelling in an
a-helix, together with the non-isotopic labelled
amide, information can be obtained on the distri-
bution of helix tilts, ah, as well as the azimuthal
orientation, qM, of the transition moment. In the
case of sample disorder (characterised by f),
more than two positions of isotopic labelling are
required.

(2) The azimuthal orientation, qC0O, of the pep-
tide carbonyl bonds in an a-helix is obtained
from the dichroism measurements of qM accord-
ing to: qC0O ¼ qM 2 ðq0

M 2 q0
C0OÞ: The required

values of ðq0
M 2 q0

C0OÞ are given in Table 1. If
dichroic ratios from different amide bands
(using different isotopes) are combined, the
value of qM must be incremented by the differ-
ence in values of ðq0

M 2 q0
C0OÞ between the differ-

ent bands. These increments in qM are 258 and
þ38 for the amide II and amide A bands, respect-
ively, relative to the amide I band.

(3) The tilt, uC0O; of the peptide carbonyl, rela-
tive to the helix axis, is given by equation (4).
This may be a suitable target function for
restrained molecular dynamics simulations that
incorporate IR dichroic data.

(4) The dichroism of isotopically labelled
b-sheets or b-barrels is given by equations (1),
(2) and (17)–(19) (or equivalently equations (1)
and (28)). To interpret the dichroic ratios in
terms of molecular orientations, values are
required for the orientation of the amide tran-
sition moment in the b-sheet peptide. These
values of QM and q0

M are given in Table 1
(and see Appendix B). The molecular
orientation is specified by the tilt, as, of the
sheet (or barrel) and the tilt, b, of the strand in
the sheet. The angles as and b are related to
those determined directly from the dichroic
ratios (viz. g and qM in equation (2)) by
equations (20) and (24).

(5) For isotopically labelled amides in b-sheets,
the molecular orientation is characterised by
maximally six order parameters that determine
the dichroism: two for as and four for b. Only
two (odd and even) positions of isotopic label-
ling generate independent dichroic ratios, for a

2kM2
yl

kM2
zl

¼
1

f k½ðcos w sin cm cos b2 cos cm sin bÞcos as ^ sin w sin cm sin as�
2lþ ð1 2 f Þ=3

2 1 ð28Þ
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given amide band, in a b-sheet. These, together
with the non-isotopically labelled amide, would
be sufficient to determine fixed values of as and
b, and the degree of sample alignment, f.

(6) Additionally, combination of dichroic ratios
from different amide bands for b-sheets yields
information on the orientational distribution of
the sheets, and possibly of the strands within
the sheets. The different orientations, QM and
q0

M, of the transition moment that are needed for
this are given for the various amide bands in
Table 1.
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Appendix A: Orientation of the Peptide
Plane in an Anti-parallel b-Sheet

The refined coordinates of the peptide unit in
b-poly-L-alanine that were determined by Arnott
et al.A1 are given in Table A1. Similarly refined
coordinates for b-keratin are given by Fraser et al.A2

The orientation of the peptide plane is specified by
the Y and Z-coordinates of successive a-carbon
atoms in a strand:

tan w ¼
2lYCa l

c=2
ðA1Þ

see Figure 7. From Table A1, the resulting value for
the pleating angle is w ¼ 24:68: The coordinates for
antiparallel b-keratin, which has a shorter repeat
along the strand axis, yield w ¼ 27:68: For compari-
son, the corresponding values for antiparallel and
parallel b-sheets in the standard geometry are: w ¼
238 and w ¼ 318; respectively. The latter values are
deduced from the coordinates (given by Fraser &
MacRae).A3 A value of w ¼ 228 is obtained from
the antiparallel pseudo-structures originally pro-
posed for Bombyx mori and Tussah silk fibroins.A4,A5

The angle, bC0O, that the peptide carbonyl bond
makes with the a-axis is given by:

cos bC0O ¼ ðXC0 2 XOÞ=RC0O ðA2Þ

where RC0O ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXC0 2 XOÞ

2 þ ðYC0 2 YOÞ
2 þ ðZC0 2 ZOÞ

2
p

is the length of the CvO bond. This gives
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inclinations of bC0O ¼ 128 and bC0O ¼ 68 for
b-poly-L-alanine and b-keratin, respectively. Note,
however, that it is directly the angle cM that the
transition moment makes with the a-axis (and not
with the CvO bond) that is determined from the
relative intensities of the n’(p,0) and nk(0,p) amide
modes in antiparallel b-sheets (see Appendix B).
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Appendix B: Orientation of the
Transition Moments in Antiparallel
b-Sheets

Information on the orientation of the individual
transition moments in b-sheets is rather sparse,
especially for the amide II band. At least in part,
this is because, for non-isotopically edited b-sheets,
the resultant transition moments are oriented
either parallel or perpendicular to the strand axis
and the orientations of the individual transition
moments are consequently not of direct interest.B1

For isotopically edited b-sheets, however, they are
crucial.

The integrated infrared intensities resolved
along the sheet axes have been determined recently
for the antiparallel b-sheet conformation of a pep-
tide with sequence Lys-(Leu-Lys)7, designated
K(LK)7.

B2 These values are given in Table B1 for
the amide I and amide II bands, and may be used
to derive the orientations of the individual tran-
sition moments. Earlier intensity measurements
for the amide I band of b-sheet fibrous proteinsB3,B4

are included in Table B1 for comparison. For the
latter, the intensities of bands with perpendicular
polarization have been multiplied by a factor of 2
because the original data refer to samples with
uniaxial orientation.

From the analysis given by Miyazawa,B5 the
n’(p,0), n’(p,p) and nk(0,p) infrared-active modes
are oriented along the a, b and c-axes, respectively,
as defined in Figure 7 of the main text. This
information has been used to give the assignments
of the modes for K(LK)7 in Table B1. From the
geometry in Figure 7, the transition moments of
the n’(p,0), n’(p,p) and nk(0,p) modes are
therefore given by lMlcos cM; lMlsin cM sin w and
lMlsin cMcos w; respectively, where lMl is the
absolute value of the transition moment for a
single amide. The infrared intensity is proportional
to the square of the transition moment. The intensi-
ties of the two perpendicular polarized modes,
relative to the parallel polarized mode, are there-
fore given by:

I½n’ðp;pÞ�=I½nkð0;pÞ� ¼ tan2 w ðB1Þ

and:

I½nkð0;pÞ�=I½n’ðp; 0Þ� ¼ tan2 cmcos2 w ðB2Þ

Equation (B2) may be used to determine the
orientation, cM, of the transition moment if the
inclination, w, of the peptide plane is known from
X-ray diffraction (see Appendix A). Otherwise,
equation (B1) can be used first to determine w,
provided that the n’(p,p) mode is resolved.

Applying equation (B1) to the data for the amide
II mode of K(LK)7 yields a value of w ¼ 30(^6)8.
This is in reasonable agreement with the data
from X-ray diffraction for other antiparallel
b-sheets (see Appendix A). Using this value of w,
together with equation (B2), then gives a value of
cI ¼ 20(^3)8 for the orientation of the amide I tran-
sition moment of K(LK)7. This is in agreement with
data already established for fibrous proteins;B3,B4

see also below. Similarly a value of cII ¼ 77ð^5Þ8

Table B1. Integrated intensities of the modes (n) of the amide bands for antiparallel b-sheet peptides and proteins

Peptide/protein Band I[n’(p,0)] (cm21) I[n’(p,p)] (cm21) I[nk(0,p)] (cm21) References

K(LK)7 Amide I 36.5 ^ 2.2 – 3.7 ^ 0.5 B2
Amide II 1.0 ^ 0.6 5.0 ^ 1.9 14.9 ^ 1.4

Silk fibroin Amide I 33.93 – 3.50 B3
b-Keratin Amide I 16.812 0.952 0.998 B4

Table A1. Atomic coordinates for a peptide group in
b-poly-L-alanineA4

Atom X (nm) Y (nm) Z (nm)

C0 20.049 20.013 0.356
O 20.170 0.013 0.353
N 0.033 0.013 0.256
Ca 20.014 0.079 0.134

The X, Y, Z coordinates are referred to the a, b, c axes, respect-
ively, in Figure 7 of the main text. The unit cell dimensions are
a ¼ 0:473 nm; b ¼ 1:053 nm and c ¼ 0:689 nm: The coordinates
of the next peptide group in the strand are 2X, 2Y, Z þ c/2.
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is obtained for the orientation of the amide II tran-
sition moment of antiparallel K(LK)7. The latter
value is reasonably precise, in spite of the relatively
low precision of the n’(p,0) intensity for the amide
II band (see Table B1). This is important because of
the paucity of data on the amide II transition
moment orientation for b-sheets.

Combining the intensities of the amide I com-
ponents for Bombyx mori silk fibroin with the
value of w ¼ 228 obtained from the original X-ray
pseudo-structure (see Appendix A), equation (B2)
yields a value of cI ¼ 198:B3 Using the value of w ¼
24:68 from refined coordinates for the closely simi-
lar structure of b-poly-L-alanine (see Appendix A),
increases cI only marginally to 19.58. Applying
equation (B1) to the amide I data for b-keratin
yields a value of w ¼ 448: This is considerably
larger than the value of w ¼ 27:68 obtained from
the refined coordinates of b-keratin (see Appendix
A). This is possibly because the n’(p,p) mode of
the amide I band required for the calculation of w
is of low intensity and not well resolved. Neverthe-
less, taking w ¼ 448 together with equation (B2)
yields a value of cI ¼ 198; which agrees with that
originally reported.B4 If the value of w ¼ 27:68 from
the refined structure of b-keratin is used, a lower
value of cI ¼ 158 is obtained for the orientation of
the amide I transition moment.

Further information relevant to the orientation of
the amide transition moments can be obtained
from comparison with model compounds.12 The
amide frequencies of N,N0-diacetyl hexamethylene
diamineB6 are closest to those of b-sheet structures.
For this model compound, the orientation, dM, of
the transition moment relative to the peptide
carbonyl is dI ¼ 178; dII ¼ 688; 778 and dA ¼ 88 for
the amide I, amide II and amide A bands, respec-
tively. Because these transition moments lie in the
peptide plane directed away from the nitrogen
atom, the orientation of the transition moment to
the a-axis is given by cM ¼ bC0O þ dM: Here, bC0O

is the inclination of the peptide carbonyl bond to
the a-axis, as given in Appendix A. It is seen
immediately that taking the smaller value of
bC0O ¼ 68 for b-keratin, rather than that for b-poly-
L-alanine, gives a better agreement with measured
values of cM that are given above. The orientations
of the transition moment predicted in this way are
then: cI ¼ 238; cII ¼ 748; 838 and cA ¼ 148 for the
amide I, amide II and amide A bands, respectively.
Corresponding predictions taking N-methyl
acetamide,B7 which also has amide frequencies
close to those for b-sheets, as model compound
are: cI ¼ 21– 318; cII ¼ 798 and cA ¼ 148: On the
whole, these predictions are reasonably close to

the direct determinations for the amide I and
amide II bands that are given above. This is of
some importance, because predictions from the
model compounds provide the only information
available on the orientation of the amide A tran-
sition moment in b-sheets.

Unlike the situation with a-helices, 13CvO iso-
topic labelling of hydrophobic b-sheet peptides
produces amide I bands at lower frequency that
have anomalously high intensity, relative to that
expected for an isolated oscillator.B8 Nevertheless,
a semi-empirical model that explains the anoma-
lous intensity predicts relative intensities of those
isotope-shifted bands which correspond to the
nk(0,p) and n’(p,0) modes of a homogeneous
b-sheet that are similar to the relative intensities
for the peptide without isotopic labels.B9 Using
equation B2, the maximum change in effective
value of transition moment orientation, cI, pre-
dicted for a peptide with alternating labels, is 58.
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