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Abstract
In this paper, we systematically presented the orientation determination of protein helical secondary
structures using vibrational spectroscopic methods, particularly the nonlinear Sum Frequency
Generation (SFG) vibrational spectroscopy, along with linear vibrational spectroscopic techniques
such as infrared spectroscopy and Raman scattering. SFG amide I signals can be collected using
different polarization combinations of the input laser beams and output signal beam to measure the
second order nonlinear optical susceptibility components of the helical amide I modes, which are
related to their molecular hyperpolarizability elements through the orientation distribution of these
helices. The molecular hyperpolarizability elements of amide I modes of a helix can be calculated
based on the infrared transition dipole moment and Raman polarizability tensor of the helix; these
quantities are determined by using the bond additivity model to sum over the individual infrared
dipole transition moments and Raman polarizability tensors, respectively, of the peptide units (or the
amino acid residues). The computed overall infrared transition dipole moment and Raman
polarizability tensor of a helix can be validated by experimental data using polarized infrared and
polarized Raman spectroscopy on samples with well-aligned helical structures.

From the deduced SFG hyperpolarizability elements and measured SFG second order nonlinear
susceptibility components, orientation information regarding helical structures can be determined.
Even though such orientation information can also be measured using polarized infrared or polarized
Raman amide I signals, SFG has a much lower detection limit, which can be used to study the
orientation of a helix when its surface coverage is much lower than a monolayer. In addition, the
combination of different vibrational spectroscopic techniques, e.g., SFG and Attenuated Total
Reflectance – Fourier Transform Infrared spectroscopy, provides more measured parameters for
orientation determination, aiding in the deduction of more complicated orientation distributions. In
this paper, we discussed two types of helices: the α-helix and 3–10 helix. However, the orientation
determination method presented here is general, and thus can be applied to study other helices as
well.

The calculations of SFG amide I hyperpolarizability components for α-helical and 3–10 helical
structures with different chain lengths have also been performed. It was found that when the helices
reach a certain length, the number of peptide units in the helix should not alter the data analysis
substantially. It was shown in the calculation, however, that when the helix chain is short, the SFG
hyperpolarizability component ratios can vary substantially when the chain length is changed.
Because 3–10 helical structures can be quite short in proteins, the orientation determination for a
short 3–10 helix needs to take into account the number of peptide units in the helix.
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1. Introduction
Proteins and peptides play a crucial role in many biological functions in living organisms, from
enzymatic reactions to ion transportation. Proteins are also widely used in many applications
such as biosensing, food production, anti-biofouling and therapeutic agents for various
diseases. Because of the importance and prevalence of proteins, their structures have been a
subject of study in both science and engineering fields. The α-helix and β-sheet structures are
the two most common protein secondary structures, which were proposed by Pauling based on
the structural characteristics of amino acids and small peptides in 1951.1 In this paper we will
focus on the study of helical secondary structures.

Helices, especially α-helices, are important structures in membrane-associated peptides and
membrane proteins. Membrane peptides with α-helical structures play important roles in
numerous biological processes. For instance, various natural and synthetic peptides, many of
which adopt α-helical structures in cell membranes, have been proposed and tested as
antibiotics to prevent bacterial drug resistance.2–6 The examination of the structural and
orientation information of these helical peptides in cell membranes will aid in the rational
design of antimicrobial peptides with improved activities. Membrane proteins with α-helical
domains (e.g., potassium ion channels and G proteins) are crucial in cell biological functions
such as ion transport and signal transduction, and elucidating relevant orientation information
of these helices will lead to a more detailed understanding of their functions.7–10

Pauling’s idea of a non-integral α-helical structure was remarkably innovative. He came up
with a model of such accuracy that it could not be surpassed for over 40 years. Surprisingly,
Pauling came up with the model using a sheet of paper and in a couple of hours, while he was
visiting Oxford sick with a cold.11 Three years after his visit to Oxford, Pauling published the
two helical models that he called the α-helix (3.7–residue helix) and gamma-helix (5.1-residue
helix).1,12 Even though the gamma-helical structure has never been discovered in any protein
structures, the α-helical one was found to occur most frequently in nature and Pauling’s
theoretical model was proved to match closely with the x-ray crystallography data of the actual
structure. Even before the x-ray structure was elucidated, Bragg’s colleague, organic chemist
Todd, personally admitted to Bragg that he preferred Pauling’s model over Bragg’s, which had
been published a year earlier. Bragg’s model was simply proposed through the enumerated
possible helical structures with integral numbers of amino acid residues per turn.13 Perutz also
confirmed the α-helix model proposed by Pauling almost immediately after he came across
Pauling’s paper on the model.11

Vibrational spectroscopic techniques have been widely used in the studies of proteins,
including the orientation determination of helical structures. Widely used vibrational
spectroscopic techniques include polarized Attenuated Total Reflectance-Fourier Transform
Infrared Spectroscopy (ATR-FTIR),14–28 polarized Raman spectroscopy,19,20,29–38 and,
recently, Sum Frequency Generation (SFG) vibrational spectroscopy.39–55 The orientation
analyses of helical structures using these techniques require knowledge of the detailed structure
of the helices at the atomic level. For example, for polarized ATR-FTIR studies, in order to
measure the order parameter, S, of the amide I vibrational mode of a helix, which is necessary
to determine its overall orientation, it is essential to know the detailed structure of the helix,
as well as the relative angular position between the transition dipole moment and the helical
axis.15,21,23,28 For Raman studies, atomic structural details of helices are also required to
correlate the polarized Raman results to the orientation of the helix by projecting the Raman
tensor onto the molecular frame of the helix. For SFG, which can be regarded as a combination
of infrared (IR) absorption and Raman scattering, to determine the orientation of a helix using
polarized SFG spectra, knowledge of the detailed structure of the helix is required. Due to the
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accuracy of Pauling’s proposed α-helical structure, it has been used extensively in the
orientation determination of α-helices using vibrational spectroscopic techniques.

ATR-FTIR and polarized Raman have been applied to investigate the orientation of protein
and peptide structures, including numerous helical structures.14,15,23,28,31,33,38 More details
about such research will be discussed in this article later in sections 2.3 and 2.6. SFG has several
advantages over ATR-FTIR and polarized Raman in studying the orientation of proteins and
peptides at interfaces and in cell membrane environments. Details regarding these advantages
have been discussed in a recent review paper56 and will not be repeated here. The combination
of different vibrational spectroscopic techniques in the study provides more measured
parameters for the orientation determination of peptides and proteins, aiding in the deduction
of more complicated orientation distributions, which will also be discussed in detail later in
section 2.6.

SFG amide I signal of an interfacial α-helical structure was successfully observed in 2005,57
and subsequently, SFG methodologies were developed to determine the orientation of α-helical
structures. First, group theory and the projection operator method were applied to calculate
qualitatively the SFG hyperpolarizability tensor and its relation to the SFG measured
susceptibility tensor.58 The orientation of fibrinogen at a polymer/protein solution interface
(based on its α-helical coiled coils),59 α-helical melittin in a lipid bilayer,60 and Gβγ associated
with a lipid bilayer (based on its α-helical domains), were then experimentally measured.61

We found that fibrinogen molecules adopt a broad orientation distribution on the polymer
surface; melittin molecules exhibit two well-defined orientations: one parallel to the bilayer
surface and another one perpendicular to it; and that the Gβγ orientation is influenced by the
lipid composition in the bilayer. In this paper, we systematically present the detailed
methodology to determine the orientation of α-helical structures using SFG. The majority of
these details have not been reported previously. We also validate various parameters needed
to develop and refine the methodology. This paper further extends the method to determine
the orientation of 3–10 helices and discusses whether the number of peptide units in a helix
can alter the methodology to determine the helix orientation.

2. Orientation Determination of an α-Helix
2.1. Introduction of Pauling’s α-helix

The first and most important assumption that Pauling and his coworkers made in their model
of the α-helix was that each peptide bond is planar due to the resonance structure between the
carbonyl C=O bond and the amide C–N bond.1 Based on this assumption, two helical models
were constructed and proposed: a gamma-helix and an α-helix, with 5.1 residues per turn and
3.7 residues (later refined to 3.6 residues according to X-ray diffraction results) per turn,
respectively.

In a Pauling α-helix, the structure repeats itself every 5.4 Å along the helical axis. Alpha-helices
have 3.6 amino acid residues per turn. Each residue is related to the next one by a translation
of 1.5 Å along the helical axis and a rotation of 100° (Figure 1). One important aspect of this
structure is the intra-molecular hydrogen bonding scheme that renders the structure very stable.
Every backbone carbonyl C=O and N-H group on a peptide unit is hydrogen-bonded to another
N-H and C=O, respectively, on another unit four residues away. Additionally, the backbone
C=O groups point in the same direction, while the N-H groups point in the opposite direction.

Extensive research has been done to analyze the three amide I vibrational modes of α-
helices19,33–35,37,62–68: A, E1 and E2. The two modes A and E1 are IR active, while all three
modes are Raman active. Because an SFG active mode needs to be both IR and Raman active,
only the A and E1 modes are SFG active. The A and E1 modes are parallel and perpendicular

Nguyen et al. Page 3

J Phys Chem B. Author manuscript; available in PMC 2010 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to the helical axis, respectively. The SFG hyperpolarizability tensor can be expressed as a tensor
product of the IR transition dipole moment and the Raman polarizability tensor:

(1)

where (l,m,n) are the molecular coordinate indices, and the superscript “*” denotes the complex

conjugate, and are the IR dipole moment and the Raman polarizability derivatives with
respect to the normal coordinate of the qth vibrational mode, respectively (in this paper, we
refer to these derivatives as components of the IR transition dipole moment and components
of Raman polarizability tensor, respectively). As Eq. (1) indicates, if both the IR transition
dipole moment and Raman polarizability tensor are known, the SFG hyperpolarizability tensor
of that vibrational mode can be deduced. In this paper, the IR transition dipole moment and
Raman polarizability tensor for a helix are calculated from the IR transition dipole moment
and the Raman polarizability tensor of a peptide unit using the bond additivity model according
to the α-helix symmetry and structure (Sections 2.2 and 2.3). These calculated quantities are
compared to and validated by the experimentally measured quantities acquired by polarized
IR and Raman spectroscopic techniques in the literature. The SFG amide I hyperpolarizability
tensor for an α-helix is then deduced by incorporating these values into Eq. (1).

2.2. IR transition dipole moment of an α-helix amide I mode
Higgs successfully applied group theory to characterize and derive the selection rules of the
amide I modes of an α-helix in 1953.19 According to Higgs, the components of the dipole
moments (M+, M−, Mo) of the nth peptide unit are:

(2)

(3)

(4)

where ψ indicates the angular distance around the helical axis between two adjacent peptide
units; M+(n), M−(n) and Mo(n) are the dipole moment components of the nth peptide unit that
are involved in the absorption of right circularly polarized, left circularly polarized, and linearly
parallel polarized IR radiation, respectively; and the terms einψ and e−inψ perform the
translations from the first peptide unit to the nth peptide unit. The two types of linearly polarized
light, parallel and perpendicular, are referenced to the principal axis of the helix.

The IR absorption intensities of each dipole moment component, for the entire α-helix, can be
determined by summing over all the peptide units. For the IR absorption using the right/left
circularly polarized or linearly perpendicular polarized light,

(5)
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where ϕk is the angle between the transition dipole moment Mk and the helical axis, and fk is
a proportional factor.

For the linearly parallel polarized absorption,

(6)

Therefore, the absorption intensity ratio between the perpendicular and the parallel modes is:

(7)

The angle ϕk can be deduced by measuring the dichroic ratio of amide I modes of perfectly
aligned α-helical structures. After ϕk is deduced, polarized IR measurements can be used to
determine the orientation of α-helical structures.

There have been numerous efforts to deduce the angle ϕk using IR dichroism from polarized
FTIR experiments. In the early 1960’s, a series of findings reported ϕk values ranging from 30
to 40 degrees. Among these studies, both Miyazawa and Blout (ϕk= 29–34°)24 and Tsuboi
(ϕk= 39°)27 reported their measurements on the α-helix of poly-γ-benzyl-L-glutamate.
Bradbury et al. studied the structure of the ω-form of poly-β-benzyl-L-aspartate (ϕk=40°).17

This type of work has also been done more recently. In 1995, ϕk was determined by Axelsen
from his studies on the peptide L24 (ϕk<34°),14 and in 2000 by Marsh from studies on poly(γ-
methyl-L-glutamate)x-co-(γ-n-octadecyl-L-glutamate)y (ϕk= 38°).23 As discussed by Bradbury
et al., Miyazawa and Blout assumed a planar (instead of uniaxial) orientation in the model,
which caused his result to be slightly different from others. If a uniaxial model had been applied
in Miyazawa and Blout’s analysis, a range of 33°–37.5° would be deduced from their data,
which would correlate better with other studies.17

Since the α-helices used in the research mentioned above may not be ideal and can vary from
one sample to another, the amide I signals may not be simple and/or straightforward for
analysis. The amide I signal can be affected by the hydrogen bonding scheme and the dipole-
dipole coupling among the neighboring groups within a particular α-helical structure. This
could explain the discrepancies among the reported ϕk values of α-helical structures with a
varying number of peptide units, but such discrepancies are not substantial.

Here, a methodology is implemented, similar to that proposed by Suzuki, to calculate the ratio
between the dipole moment projections perpendicular and parallel to the principal axis of an
α-helix.26 Wang’s corrected ϕk angle of 42° is used in these calculations.59 It is interesting to
note that Marsh also found through transmission FTIR that ϕk should be 42°.23 The results
from the calculations are then cross-checked with the calculations from Choi69 and the
experimental data obtained from α-Poly(L-alanine)37 and PG30

23, which possess well-defined
right-handed α-helical structures (see below for more details).

The parallel and perpendicular components (relative to the principal axis) of the amide I IR
transition dipole moment of an α-helix are calculated using the bond additivity model. In this
model, the dipole moment of each peptide unit in the helix is projected onto the parallel and
perpendicular directions in the helix’s molecular frame. The projections of these dipole
moments onto the parallel and perpendicular axes in the molecular frame are then integrated
to obtain the perpendicular and parallel dipole moment components of the helix. The calculated
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IR transition dipole moments (in the unit of the IR transition dipole moment of each peptide
unit) for the two IR allowed amide I modes of an α-helix are:

For the A mode (the parallel mode):

(8)

For the E1 mode (the perpendicular mode):

(9)

The angles in the parentheses on the left hand side of Eqs. (8) and (9) are the vibrational phase
differences of the adjacent peptide units. From these results, the ratio of M(y+x)/Mz can be
deduced to be 0.64. This calculated ratio matches closely with the value of 0.62 obtained from
polarized IR measurements using well-aligned α-helical α-Poly(L-alanine) by Lee et al.20 This
value also falls within the experimental range of 0.5 to 1.0 determined by polarized IR spectra
of α-helical PG30 by Marsh et al.23 Moreover, it is in good agreement with the calculated result
from Choi that suggests a M(y+x)/Mz ratio of 0.62.69 The bond additivity method used to
calculate the IR transition dipole moment of an α-helix appears to yield a reasonably accurate
M(y+x)/Mz ratio of 0.64.

2.3. Raman polarizability tensor of an α-helix amide I mode
The Raman tensors of vibrational modes of various functional groups, such as the ester C=O
stretch, the amide I and III modes, and the C-Cphenyl stretch, have been successfully described
by Tsuboi by investigating Raman spectra of a uniaxial tetragonal aspartame crystal.30 The
Raman tensor for the amide I mode (Figure 2) takes the following form:

(10)

For a regular helical structure with infinite length, according to its symmetry, the three tensors
of the vibrational modes A, E1 and E2 can be written as:34

(11)

(12)
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(13)

In the above equations, α11, α12, α13 etc. are the components of the Raman polarizability tensor
when the axes are chosen such that the z-axis corresponds to the coordinate index 3; the y-axis
corresponds to the coordinate index 2; and the x-axis corresponds to the coordinate index 1.
Because the E2 mode is not IR allowed, it is not necessary to consider this mode while
calculating the SFG hyperpolarizability, and will thus be ignored in the remainder of this
discussion.

In the case of the α-helical structure, the Stokes Raman polarizability tensors of the vibrational
modes A and E1 can be written as the following:

For the A mode:

(14)

where .

For the E1 mode:

(15)

(16)

where ,ΘEo and ΘAo are only generic phase terms.
While all amide I groups in different peptide units vibrate in phase in the A mode, there is a
phase difference of 100° in the E1 mode between two adjacent peptide units.

Based on the symmetry and structure of an α-helix, the Raman polarizability tensors can be
obtained, as shown above. The Raman tensor components can now be quantitatively deduced
from Tsuboi’s Raman tensor of aspartame,30 which can be used to represent a peptide unit in
an α-helix. In order to apply Tsuboi’s Raman tensor to the α-helical structure, a transformation
needs to be applied to bring Tsuboi’s Raman tensor to the first peptide unit of the α-helix in
the molecular frame. Pauling proposed an accurate α-helical structure but his model was that
of a left-handed helix, while most (if not all) of the α-helical structures in nature are right-
handed. The left-handed and the right-handed α-helices are mirror images of each other and
therefore the absolute value of the overall calculated Raman tensor is not affected. However,
the right-handed version of Pauling’s helix will be used in subsequent discussions due to its
relevance in nature. The Euler angles transforming Tsuboi’s Raman tensor to the first peptide
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unit in the right-handed version of the Pauling helix are: ϕ = 0°, θ = 133.3° and ψ = 270° using
the x-convention rotation. The Euler transformation in the x-convention yields the following
rotation matrix:

(17)

With the set of Euler angles listed above, this rotation ξ matrix becomes:

(18)

The rotation is applied on the coordinate system (a,b,c) which describes the tensor as:

(19)

Therefore,

(20)

Due to the uniaxial property of the α-helix, all the peptide units are assumed to be approximately
identical and can thus be transformed geometrically onto each other. This makes the process
of obtaining the helical total Raman tensor much simpler. The Raman polarizability tensor for
each peptide unit in the α-helix can be obtained by successively performing 100 degree
rotations around the helical axis to move from one peptide unit to the next. The Raman tensor
of the entire α-helix can be calculated by multiplying the Raman tensor of each peptide unit
with the phase factor in the vibrational mode and then summing over all of them. The A mode
vibrations of all the peptide units are all in phase. Therefore, the Raman tensor for the A mode
of an ideal α-helix can be calculated as:

(21)

The Raman polarizability tensors of the E1 modes can be calculated similarly after
incorporating the phase difference between the adjacent peptide units. The deduced Raman
polarizability tensors of the A and E1 modes are: For the A mode:

(22)

For the E1 mode:
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(23)

These results agree very well with experimental results found in the literature. For example,
αbb/αcc and αcb/αcc can be calculated to be 0.59 and 0.35, respectively. The calculated αbb/
αcc value (0.59) is similar to the widely used value reported by Tsuboi et al. of 0.54.70 In
general, the above calculated A and E1 mode Raman polarizability tensors of an α-helix closely
match the experimentally measured values reported in the literature, which were determined
with polarized Raman experiments on well-aligned α-helical samples. For the A mode, an
experimental ratio of αbb/αcc within a range of 0.53 to 0.64 was reported, which is in good
agreement with our value of 0.59. Many of these values are obtained using the assumption that
all the α-helical structures are perfectly aligned along the z-axis (or the fiber axis when fiber
samples are used) in the Raman experiments. For example, Wilser et al. measured this ratio to
be 0.55 according to their polarized Raman studies on the α-helical polypeptide poly-γ-benzyl-
L-glutamate.29 Using a wool fiber, Rintoul et al. measured this value to be 0.62.71 Ackermann
et al. obtained a ratio of 0.62 by experiments on α-helices in intact human hair.72 Overman et
al. deduced this value to be 0.58 by performing measurements on α-helical pVIII subunits in
the filamentous virus Ff (fd, f1, M13).31 Tsuboi et al. studied the α-helical coat protein in
filamentous bacteriophage PH75 and found the value to be 0.64.38 In the last two experiments
the authors did not use the experimentally measured values as αbb/αcc, and instead, used these
values and the calculated value of 0.54 to determine the orientation of the helices. Perhaps in
these samples, the α-helices were actually more or less aligned along the z-axis.

The αcb/αcc value has also been measured experimentally using polarized Raman experiments.
Rintoul et al. measured this value to be 0.39 by studying a wool fiber. Lee et al. investigated
well-aligned poly-alanine samples and obtained a value of 0.35.37 Wilser et al. reported this
ratio to be between 0.34 and 0.40 in their studies on α-helical poly-γ-benzyl-L-glutamate.29

These experimental values are all comparable to our calculated value of 0.35. Therefore we
believe that this calculated value is also correct. Using these two tensors combined with the
transition dipole moment calculated earlier, we can calculate the needed hyperpolarizability
components for our later SFG data analysis.

2.4. SFG data analysis for α-helices based on the calculated IR transition dipole moment and
Raman polarizability

The SFG hyperpolarizability tensor is a third-rank tensor with 27 elements. It is a tensor product
of the Raman polarizability tensor and the IR transition dipole moment (Eq. (1)). The theoretical
background of SFG has been discussed in great details in many publications39–61,73–76 and
will not be repeated in this paper. The discussion will now be steered toward the application
of SFG in the orientation analysis of α-helical structures. An α-helical peptide’s orientation
can be measured by analyzing SFG amide I spectra collected under the polarization
combinations ssp (s-polarized SFG signal beam, s-polarized visible input beam, and p-
polarized IR input beam) and ppp. The SFG susceptibility tensor element χijk (i, j, k=x,y,z) is
related to the SFG molecular hyperpolarizability tensor element βlmn (l, m, n = a, b, c) by a
Euler angle projection:59,75,77,78

(24)
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where Ns is the surface density of α-helical repeating units, and the notation “< >” indicates
the average value.

For vibrational modes of different symmetries, these relations can be quite different, and have
been discussed in detail in the literature.75,78 According to the symmetry of the α-helix, the
following relationships can be expressed:58–60 For the A mode:

(25)

(26)

(27)

where  For the E1 mode:

(28)

(29)

(30)

where the notation “< >” indicates the average value, and θ is the angle between the principal
helical axis and the surface normal. When assuming that θ has a delta-distribution, <cosθ>=
cosθ. The orientation distribution can be more complicated than a delta-distribution, which
will be discussed in more detail later.

Experimentally, the SFG signals from the A and E1 modes cannot be resolved due to the
resolution of our SFG system. The amide I signal can therefore be considered as arising from
a contribution of both modes:

(31)

(32)

(33)
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From the above expressions, if βaac/βccc and βaca/βccc are known and the combined χzzz/χyyz
or χzzz/χyzy are measured, the orientation angle θ should be able to be deduced. Since the SFG
hyperpolarizability is a product of the Raman polarizability and the IR transition dipole
moment, Eqs. (1), (8), (9) and (18) can be combined to give:

(34)

(35)

Here, the complex conjugate of the Raman polarizability tensor is used since the Raman process
involved in SFG is an anti-Stokes Raman process.

Assuming the orientation angle θ to be a delta-distribution, meaning that all of the α-helices
adopt an identical orientation, the relationships between each of the ratios, χzzz/χyyz and χzzz/
χyzy, and θ can be described by the curves shown in Figures 3a and 3b. However, it can be the
case that not all of the helices adopt the exact same orientation, and that instead a distribution
of orientations is present. In this scenario, the orientation can be assumed as a Gaussian
(normal) distribution with a standard deviation σ:

(36)

(37)

(38)

The above mean values 〈cos (θ)〉 and 〈cos3(θ)〉 can now be used in the Eqs. (25) to (30) to
describe the relationship between θ and the SFG susceptibility component χijk. The variation
of the relationship between the ratios, χzzz/χyyz and χzzz/χyzy, and θ in terms of different
Gaussian distribution widths σ is displayed in Figures 3a and 3b.

2.5. The effect of varying the number of peptide units in an α-helical structure on the SFG
data analysis

The theoretical framework discussed so far has been for ideal α-helical structures, either a unit
cell with eighteen peptide units (for five turns) or an infinitely long α-helix. One may pose the
question of whether the above SFG data analysis method is still valid if the α-helical species
under study does not possess a perfect α-helical structure that has a multiple of repeated helical
units, e.g., 18, 36, or 54 amino acids. In nature, many α-helical structures do not have a multiple
of repeated helical units; this concern will be addressed in this section.
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If we assume that each peptide unit in an ideal α-helical unit (defined as 18 residues) is a
“normal” peptide unit, while any peptide units beyond a multiple number of repeated helical
units are “extra” units, when the α-helix is very long, the number of “extra” units is much less
than that of “normal” units. In that case, it seems that these “extra” units should not make the
SFG data analysis deviate too much from that for an ideal α-helix. If every 3.6 units (one turn)
is considered as a repeating unit for an α-helix, then for any α-helix longer than 18 peptide
units, the “extra” units are much less than the normal units. For example, for an α-helix with
23 peptide units, 21.6 are normal units, and only 1.4 are extra units. In this case, the deviation
from the α-helical symmetry should be minimal, and the SFG data analysis for a perfect α-
helix can be approximately applied. If the method discussed above to calculate the
hyperpolarizability component ratios αbb/αcc and αcb/αcc was used for α-helices longer than 18
peptide units, their values should be reasonably similar. Hence, the SFG measured
susceptibility and orientation angle relation should also be similar.

The above reasoning may not apply, however, for relatively short α-helical structures (e.g.,
less than 10 residues long). In this case, the data analysis for any α-helical peptides that have
their number of peptide units not close to 3.6 or 7.2 (e.g., containing 2, 5, or 6 peptide units)
may be influenced by a breaking of the symmetry. However, the occurrence of these short α-
helical structures in nature is rare and does not necessitate a discussion here. The focus, instead,
will be placed on α-helical structures that have more than ten but less than eighteen peptide
units. For these α-helices, the magnitude of the effect of breaking the symmetry of a perfect
α-helix on the hyperpolarizability ratios will be discussed. The hyperpolarizability ratios βaac/
βccc and βaca/βccc of α-helical structures that have 10, 12, 13, 15, 16 and 17 peptide units were
calculated. The dependence of the α-helix’s orientation curve on the helix length is deduced
below in order to understand how the SFG data analysis method is affected by changing the
peptide unit number in an α-helix away from eighteen. For comparison, the calculations were
also done for α-helical structures with a number of peptide units ranging from 28 to 35. The
comparison between these two sets of orientation curves should provide an idea of how the
length of the structures affects the deviation from the symmetry of an α-helix unit. This
comparison can be found in Figure 4a, 4b, Figure 5a and 5b. It is clear from the two sets of
curves in both the χzzz/χyyz and χzzz/χyzy plots that as the number of amino acid residues of the
structure becomes larger, the result is less dependent on the number of amino acid residues,
leading to less deviations in the relationship between the ratio, χzzz/χyyz or χzzz/χyzy, and θ from
the ideal case. Our findings show that for shorter α-helices, it is important to calculate the
molecular hyperpolarizability ratios βaac/βccc and βaca/βccc using the bond additivity model
with the number of amino acid residues in the particular α-helix under study. Then the
relationship between χzzz/χyyz or χzzz/ χyzy and θ can be deduced for SFG data analysis. By
taking into account the effect of the peptide chain lengths to establish a specific orientation
curve for each α-helical structure, it should provide a more accurate result than using the curve
for an ideal helix. For longer α-helices, it is a valid approximation to use the SFG data analysis
method developed for an α-helix unit.

2.6. Combination of measurements using different vibrational spectroscopic techniques
In section 2.4 the possibility that all α-helices in a sample may not adopt the exact same
orientation was discussed, as well as the prospect of using a Gaussian distribution to describe
the orientation distribution. To do this, the average orientation and orientation distribution
width need to be simultaneously deduced. Also in the same section it was shown that SFG can
measure two orientational parameters: <cosθ> and <cos3θ>. The two macroscopic
hyperpolarizability ratios χzzz/ χyyz and χzzz/ χyzy have been extensively discussed in the
orientation analysis above. These two measurements are not independent and thus can only be
used to cross-check the accuracy of the data analysis method and the reliability of the
experimental measurements. To measure <cosθ> or <cos3θ> independently, the absolute
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intensity of SFG signal needs to be obtained, as discussed in detail in our previous publications.
60,79 With two independent measurements, the Gaussian distribution can be deduced. However,
the orientation distribution may sometimes be more complicated than a Gaussian distribution.

The same α-helices may adopt two different orientations with separate orientation angles θ1
and θ2. If N is the fraction of α-helical molecules tilting at θ1 from the surface normal, and (1-
N) is the fraction of molecules tilting at θ2 from the surface normal:

(39)

(40)

There are now three unknowns: θ1, θ2 and N. As discussed previously, SFG can only measure
two parameters for the orientation angle (for α-helices). Solely using SFG to deduce all the
three unknowns is therefore impossible. As demonstrated in earlier work, it is possible to
combine SFG and ATR-FTIR measurements to deduce the three unknowns.60 ATR-FTIR has
been extensively used in the studies of proteins/peptides at interfaces.14,15,23,28,33 These
studies involve the investigations of the adsorption amount, secondary structures, as well as
the orientations of proteins and peptides at interfaces. Excellent reviews on this technique in
such studies are available;15,28 here, a brief review of some of the most relevant aspects of this
technique, and its complementarity to SFG in the studies of the orientation of helical structures
at interfaces, will be discussed.

In ATR-FTIR studies, the tilt angle of an α-helix can be calculated from the order parameter
(Sθ), which is defined as:

(41)

with θ being the tilt angle between the helix’s principal axis and the surface normal. The bracket
denotes the time and ensemble average. Theoretically, <cos2θ> can be determined from the
measured intensity ratio in ATR-FTIR using p- and s-polarized IR light.28 If θ is assumed to
have the simplest delta-distribution, the orientation of the helix can be determined from this
measured intensity ratio. The advantages and disadvantages of ATR-FTIR have been
mentioned in our previous discussions28,56,74 and will not be reiterated in this paper. Here, the
use of <cos2θ> as a third measured parameter obtained by ATR-FTIR, in addition to the two
measured SFG parameters, will be shown in solving the two delta-distributions case discussed
above. For ATR-FTIR:

(42)

By combining SFG and ATR-FTIR measurements, it is possible to measure θ1, θ2 and N
simultaneously. The orientation of α-helices may be even more complicated, thus requiring
additional measured parameters to deduce these complex orientations. In these cases, other
vibrational spectroscopic techniques, such as Raman and four-wave mixing (FWM), can be
utilized.80 Also, a maximum entropy distribution function can be used as a trial function for
determining the orientation distribution.59,79 Mathematically, this function has the minimum
bias with a certain number of measured parameters available. If the orientation distribution is
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still difficult to deduce after using combined vibrational spectroscopic studies, isotope labeled
proteins can be used, similar to those in NMR studies.

2.7 Discussion on the measurement of χzzz with the near total reflection geometry
The SFG susceptibility components, χzzz/χyyz and χzzz/χyzy, can be experimentally probed using
SFG spectra collected with different polarization combinations of the input laser beams and
output signal beam:

(43)

(44)

(45)

where Lii(ω) is a Fresnel coefficient and local field correction factor and β, β1 and β2 are angles
of the signal, visible and IR beams with respect to the surface normal, respectively. For an α-
helix on an isotropic surface, χxzx = χzxx. Also, in a near total reflection SFG experimental
geometry,81

(46)

Thus these two terms cancel each other out in Eq. (43), leading to:

(47)

If the input or output beam angle is close to the critical angle of the total internal reflection,
Lxx (ω) is close to zero. Therefore, for the near total reflection geometry,81

(48)

This analysis indicates that the ppp signal is the result of destructive interference between the
χxxz and χzzz components. When a near total reflection geometry is adopted in the SFG
experiment, the ppp signal probes χzzz.

3. Orientation determination of a 3–10 helix
Although not the most common helical structure in nature, the 3–10 helical structure was
proposed almost ten years earlier than the abundant α-helical structure.82 There have been
studies on whether the 3–10 helical structure is actually more common as it may be involved
as an intermediate step in the protein folding process.83,84,84–89 A 3–10 helix is characterized
by the hydrogen bonds formed between the ith C=O group to the (i+3)th H-N group. The
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hydrogen bonds in 3–10 helices are stronger than those in α-helices, causing a shorter distance
between the oxygen and the hydrogen atoms in the hydrogen bond.33,90 In this helix, the
angular distance between two adjacent amino acid residues is 120° with an axial translation of
1.95 Å. The pitch is then 5.94 Å, and there are three residues per turn. For 3–10 helices, only
A and E1 modes are both IR and Raman active, which makes them observable by SFG.33,90

Below, a similar methodology as that applied for α-helical structures will be applied to the
orientation analysis of stable 3–10 helical structures at interfaces. The bond additivity model
is applied to calculate the SFG molecular hyperpolarizability ratios βaac/βccc and βaca/βccc
which will be used to construct the relationship between the macroscopic SFG susceptibility
component ratio, χzzz/χyyz or χzzz/χyzy, and the tilt angle θ of the helix.

3.1 IR transition dipole moment of a 3–10 helix amide I mode
For A mode (the parallel mode):

(49)

For E1 mode (the perpendicular mode):

(50)

According to Eqs. (49) and (50), the ratio M(y+x)/Mx is calculated to be 0.71. In this calculation,
the angle between the dipole moment and the helical axis is assumed to be 45°, which was
back-calculated from Choi’s calculated values of the perpendicular and parallel modes of the
transition dipole moment.69 A value of 45.6° would make our calculation match with Choi’s
value perfectly. However, upon studies of poly(α-aminoisobutyric acid) using electron
diffraction, Malcolm and Walkinshaw approximately set an upper limit of this angle to be about
45°.90 The value of 45° is therefore believed to be reasonable to use in the calculation.

3.2 Raman polarizability tensor of a 3–10 helix amide I mode
To start the process of analyzing the total polarizability of a 3–10 helix, its crystal structure is
first required. Malcolm and Walkinshaw have successfully proposed the crystal structure of
poly(α-aminoisobutyric acid) using the average values from the crystal structure
determinations of 17 independent residues.91 The coordinates of this crystal structure are
shown in Table 1. According to this crystal structure, the peptide unit is approximately planar
with the C=O bond almost parallel to the y-axis. The Euler angles that transform Tsuboi’s
Raman tensor to the first link of the 3–10 helix were calculated to be ϕ=0°, θ=301.7° and ψ=
270° using the x-convention rotation. The rotation matrix takes the following form:

(51)

Therefore,
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(52)

In the case of the 3–10 helix, the uniaxial property is not strictly satisfied, which is different
from the α-helix case. However, the C=O bonds only orient slightly (a few degrees) away from
the helical axis. Therefore, the uniaxial property can still be considered so that all the peptide
units are assumed to be approximately identical and can be transformed geometrically into
each other. The Raman tensor of a 3–10 helix can then be calculated by successively performing
the rotation of the Raman tensor of the peptide unit around the helical axis 120° from one unit
to the next and summing over them. For an ideal 3–10 helix, the Raman tensor can be calculated
as:

(53)

The calculated polarizability of the A and E1 amide I modes are: For the A mode:

(54)

For the E1 mode:

(55)

3.3 SFG data analysis for 3–10 helices
Combining the calculated transition dipole moment and the Raman polarizability above, with
the assumption that the 3–10 helical structure adopts a delta-distribution, we can calculate the
two ratios βaac/ βccc and βaca/ βccc, which are used in the orientation analysis:

(56)

(57)

The relationship between each of the ratios, χzzz/χyyz or χzzz/χyzy, and the orientation angle θ
for 3–10 helices can be deduced using the same methodology as what was adopted to treat the
α-helical structures discussed in the previous sections. These relationships are plotted in
Figures 6a and 6b. Figure 6b indicates that it is difficult to experimentally determine the
orientation angle θ using the relationship between χzzz/χyzy and θ because very weak sps signal
is expected.
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Similar to α-helices, for 3–10 helices, the above relationships between the SFG susceptibility
component ratio and the helix orientation angle can also be determined when the orientation
distribution is assumed to be a Gaussian distribution instead of a delta-distribution. Also, the
dependency of the relationship between χzzz/χyyz and θ on the number of peptide units in the
3–10 helical structure can be investigated, as was done for α-helices above. This dependency
(illustrated in Figure 7) suggests that the relationship between χzzz/χyyz and θ is varied when
θ is larger than sixty degrees (meaning that the helix orients nearly parallel the surface). When
θ is not large, such a variation is not substantial.

4. Conclusion
In this paper, a methodology to measure the orientation of helical structures, including α-helices
and 3–10 helices, using polarized SFG measurements, was systematically presented. By
adopting the bond additivity model, certain SFG hyperpolarizability component ratios of a
helix were computed by calculating the IR transition dipole moment and Raman polarizability
tensor of the helix. The calculated values for the transition dipole moment and the Raman
polarizability tensor matched experimental IR and Raman measurements reported in the
literature quite well. How the number of peptide units in a helix influences the SFG orientation
determination was examined, and a methodology to determine the orientation of any helix that
is not ideal or perfect regarding the number of peptide units was developed. This method has
been recently applied to determine the membrane orientations of a variety of α-helical peptides
such as magainin 2, MSI-78 and pardaxin, the orientation of α-helical cecropin chemically
immobilized on polymer surfaces, and the membrane orientation of the 3–10 helical
alamethicin. These studies further validate the method presented in this article and will be
reported in forthcoming articles. This method is likely general and can probably be applied to
investigate all other helical structures (e.g., π-helices and DNA helical structures) in the future.
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Figure 1.
Correlation between the direction of the amide I transition dipole moment in one peptide unit
and the molecular axis of an α-helix. The first peptide unit in Pauling’s α-helix is also illustrated.
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Figure 2.
A. Principal axes of a single peptide group for the amide I Raman tensor.30
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Figure 3.
Relationships between the (a) χzzz/χyyz or (b) χzzz/χyzy ratio and θ for an α-helix in terms of
different Gaussian distribution widths σ. Black: σ = 0, blue: σ = 5°, red: σ = 10°, green: σ
=20°, and pink: σ = 30°. When σ is zero, the distribution is a delta-distribution.
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Figure 4.
Relationship between the χzzz/ χyyz ratio and θ for α-helices with different chain lengths: (a)
blue: 10, green: 12, red: 13, cyan: 15, purple: 16, yellow: 17, black: 18 residues; (b) blue: 28,
green: 30, red: 31, cyan: 33, purple: 33, and yellow: 35 residues.
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Figure 5.
Relationship between the χzzz/ χyzy ratio and θ for α-helices with different chain lengths: (a)
blue: 10, green: 12, red: 13, cyan: 15, purple: 16, yellow: 17, and black: 18 residues; (b) blue:
28, green: 30, red: 31, cyan: 33, purple: 33, and yellow: 35 residues.

Nguyen et al. Page 27

J Phys Chem B. Author manuscript; available in PMC 2010 September 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Relationship between the (a) χzzz/ χyyz or (b) χzzz/ χyzy ratio and θ for a 3–10 helix with a delta-
distribution.
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Figure 7.
Relationship between the χzzz/ χyyz ratio and θ for 3–10 helices with different chain lengths:
blue: 3, green: 4, red: 5, cyan: 7, and purple: 8 residues.
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Table 1

Cartesian coordinates of the first peptide link in a 3–10 helix.

x (Å) y (Å) z (Å)

C' 1.12 0.54 1.189

O 1.64 0.51 2.304

N −0.07 1.12 0.957

H −0.45 1.21 0.018
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