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Site-Specific Dichroism Analysis Utilizing Transmission FTIR
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ABSTRACT Infrared spectroscopy has long been used to examine the average secondary structure and orientation of
membrane proteins. With the recent utilization of site-specific isotope labeling (e.g., peptidic 1-'3C = '80) it is now possible to
examine localized properties, rather than global averages. The technique of site-specific infrared dichroism (SSID) capitalized
on this fact, and derives site-specific orientational restraints for the labeled amino acids. These restraints can then be used to
solve the backbone structure of simple a-helical bundles, emphasizing the capabilities of this approach. So far SSID has been
carried out in attenuated total internal reflection optical mode, with all of the respective caveats of attenuated total internal
reflection. In this report we extend SSID through the use of transmission infrared spectroscopy filt series. We develop the
corresponding theory and demonstrate that accurate site-specific orientational restraints can be derived from a simple

transmission experiment.

INTRODUCTION

Membrane proteins are responsible, among other things, for
the translocation of material and transfer of information
across the cell surface. It is therefore not surprising, that the
use of membrane proteins as drug targets is widespread. The
increasing use of computational methods for structural-based
drug design, together with the need for better understanding
of the proteins’ mechanisms of action, have created an urgent
need for three-dimensional structure determination of mem-
brane protein. Despite this need, elucidating membrane
protein structure is still one of the biggest challenges facing
the structural biology community.

Infrared spectroscopy is now a widespread method for
exploring the structure of membrane proteins, which cannot
be studied by x-ray crystallography and solution nuclear
magnetic resonance spectroscopy. By measuring the fre-
quencies of the protein’s vibrational modes, mainly the amide
I, one can determine the average secondary structure of the
protein. Among the various techniques, attenuated total
internal reflection-Fourier transform infrared spectroscopy
(ATR-FTIR) is one of the most useful methods for obtaining
spectroscopic data of biological membranes (for review see
Vigano et al., 2000).

Site-directed isotope labeling has dramatically extended
conventional infrared spectroscopy in that it is no longer
confined to yielding average parameters (Tadesse et al.,
1991; Ludlam et al., 1996). Placement of an isotopically
labeled atom (or atoms) in the peptide group of a specific
amino acid allows one to probe the localized protein back-
bone structure by the use of FTIR spectroscopy.

Recently, a new technique has emerged, which is based on
site-directed isotope labeling: site-specific infrared dichro-
ism (SSID) (Arkin et al., 1997). In SSID not only are the
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frequencies of the labeled sites measured, but the dichroism
as well, yielding site-specific orientational restraints. Sub-
sequently, a structural model is derived by combination of
experimental data, obtained from SSID, and implementation
of the resulting restraints as energy refinement terms in a
molecular dynamics simulation (Kukol et al., 1999).

Isotopically labeled probes are most suitable for the use
of exploring the three-dimensional structure of proteins in-
asmuch as they do not change the native properties of the
protein, and yield interpretable structural information. The
probes used so far are '*C=0- and '*C="0-labeled peptidic
bonds (Torres et al., 2000, 2001). Site-specific labeling is
also achieved through the use of the double-deuterated
isotopomer of Glycine, GlyCD,, or the triple C-deuterated
methyl group of Alanine (Torres et al., 2000; Torres and
Arkin, 2002). Examples for the use of site-specific isotope
labeling method with ATR-FTIR are the studies on the
transmembrane domain of Glycophorin A (Arkin et al.,
1997), Influenza A M2 H* Channel (Kukol et al., 1999),
HIV-1 vpu protein (Kukol and Arkin, 1999), Influenza C
virus CM2 protein (Kukol and Arkin, 2000), Phospholam-
ban (Torres et al., 2000), the T-cell receptor CD3-{ (Torres
et al.,, 2002a,b), and the transmembrane domain of the
trimeric major histocompatibility complex class II-associ-
ated invariant chain (Kukol et al., 2002).

As ATR-FTIR, so has transmission FTIR spectroscopy of
oriented membrane samples at nonzero angles of incidence
been used to explore the secondary structure and/or ori-
entation of membrane proteins. According to the seminal
work by Rothschild and Clark (1979), plotting the dichroic
ratio (R) (see Dichroic Ratio and Transmission FTIR,
below) versus sin’y (where i is the angle that the corrected
incident beam makes with the normal to the membrane
normal) should yield a linear plot, from which the overall
order parameter for the a-helical structure can be calculated.

The aim of this work is to implement and extend the
methodology of site-specific dichroism, used so far only with
ATR-FTIR, with transmission FTIR spectroscopy. We have
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derived the theoretical foundation for interpreting site-speci-
fic dichroism in a transmission FTIR tilt series. As an appli-
cation of the method we have determined the geometric
orientation of the CD3-{ chain, using two peptides corre-
sponding to the transmembrane domain, each labeled at dif-
ferent positions with Be=1%0 (see Materials and Methods).
The CD3-{ chain is one of the invariant subunits of the T-cell
receptor, forming a homotetrameric a-helical bundle. The
structure of this a-helical bundle has been studied recently
by SSID (Torres et al., 2002a,b), so all the geometric param-
eters are already known.

THEORY
Dichroic ratio and transmission FTIR

The geometric configuration of the incident beam relative to
the sample plate on which the lipid membrane is deposited
is depicted in Fig. 1. The coordinate system is defined by the
z-axis perpendicular to the sample supporting plate, x-axis
lying in the plane of incidence, and the y-axis orthogonal to
the plane of incidence.

The absorption intensity of a particular vibrating dipole
is proportional to ((e-k)?). Where € is the electric field
amplitude of the incident light and k, k, and k. are the x-, y-,
and z-components of the rotationally averaged, integrated
absorption coefficients. The dichroic ratio (R) of a particular
absorption band is defined as the ratio between the absor-
bance of light parallel to plane of incidence (A)), to the
absorbance of light normal to plane of incidence (A ):
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FIGURE 1 Schematic representation of the sample supporting plate and
the coordinate system. The z-axis lies along the normal to the supporting
plate, the x-axis is parallel to the plane of incidence, and the y-axis is along
the plane of the sample supporting plate. The sample is tilted with respect to
the incident light, by rotation of ¢° around the y-axis.
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Due to the sample’s uniaxial symmetry (about the membrane
normal which is coincident with the z-axis), at normal
incidence no dichroism will be observed, i.e., R = 1. How-
ever, when the sample is tilted by an angle ¢; with respect to
the incident ray, dichroism may be observed. By varying the
angle of incidence, one should take into account any changes
in the electric field of the light as it traverses from one
medium to the other, by using Fresnel’s law. Similarly, the
change of the angle of the incident ray can be calculated by
using Snell’s law. For convenience, the refractive index of
the surrounding, the sample-supporting plate, and the sample
itself will be marked as n;, n,, and n3, respectively.
Accordingly, the angle of the ray at a specific medium will
be marked as i, ¥, and 3 (see Fig. 2).

Taking into account only the effect of Snell’s law, R
becomes

B € cos(1p3)2kX + € sin(¢3)2kz

R , 2
ezky @
whereby
siny, = ™ gin ¥, 3)
n3
and
siniy, = M sin . )
n

The effect of Fresnel reflectance (R) and transmittance (T)
should be considered for every interface between two phases
with different refractive indices. Otherwise, the observed
dichroism may not represent solely the absorbance of light
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FIGURE 2 The refractive indices of the surrounding, the CaF, window
and the membrane marked as n;, n,, and n3, respectively. The calculated
angles of the ray are marked by i, i», and 3.
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by the sample. A correction to the expression of R can be
made by introducing ¢ (Eq. 5) as the ratio between T, and T
(the transmittance of light polarized perpendicular and
parallel to the plain of incidence, respectively). If »; and n,
are the refractive indices of the incidence and transmittance
phases, respectively, then,

_T. _ (cos(d)n + cos(y)n)” )

“TT T (cos(h)m + cos(pn)’

It should be noted that upon measuring both Ay and A, for
every angle s;, consideration of the varying cross-sectional
area of the transmitted beam should not be taken into
account.

In principle, Fresnel’s equations must be used for every
interface. But, when collecting a background measurement
for parallel and perpendicular light at every angle of in-
cidence, there is no need to consider the effect of R and
T at the first interface; i.e., the interface between the sur-
rounding and the sample support window. So, combining
Eqgs. 2 and 5, the expression for the dichroic ratio R becomes

B B € cos(ih,) ky + € sin(, )k,
AT €'k,

(cos(if3)n, + Cos(lrl’z)m)z

(cos(if,)ny + COS(¢’3)”3)2 '

C

X

(6)

So far, the uniformity of the sample has not been considered.
This can be done using the parameter f (Fraser, 1953), the
fraction of perfectly oriented sample. 1 — f, therefore, is the
fraction of randomly distributed sample. The corrected ex-
pression for the dichroic ratio is then given by
cos(y,)’ (% +ﬂcx) +sin(yr)’ <1Tf +ﬂ<z)

Xc,

R =

)

whereby c is given in Eq. 5.

In the experimental configuration used in this study, the
refractive indices of the sample support window (CaF,) and
the lipid membrane are equal; i.e., n, = n3 = 1.43. In this
specific case, ¢y, = i3, so ¢ = 1 and the expression of R is
given below. Clearly, in any other case, Snell’s and Fresnel’s
laws should be applied for each interface.

1-f . 1-f
cost)* (157 e ) sintan)* (157 )
1-f ‘
Tt

R =

®)

While using a single axis goniometer, it is easier to express
‘R as function of ¢, by substituting ¢, = arcsin(sin (¢, ) /n;)
since technically, ¢/, is the angle measured. If n, is the
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refractive index of both the sample and the CaF, window,
and the value of n; is 1, then Eq. 8 becomes

_ m(1—f +3fk) + 3 sin(¥)’ (k, — k)

R (1 —f + 3fk,)

(€))

Absorption coefficients

The dichroic ratio of the helix is calculated by using the
amide I absorption band of the canonically distributed
a-helical C=O0 transition dipole moment centered at ~1657
cm~"'. The spectroscopic marker we used for probing the
localized protein structure is the isotopically labeled car-
bonyl group *C="%0, focusing on the shifted amide I vi-
brational mode (—60 cmfl) (Torres et al., 2001). One of
the advantages in using the '*C="%0 label is the fact that
there are no other significant absorption bands centered at
1597 cm™ !, as can be seen in the FTIR spectra of unlabeled
peptide (Torres et al., 2001). Furthermore, within the spectral
resolution of 4 cm™!, the absorption band of the helix
remains centered at 1657 cm ™' despite the addition of the
labled carbonyl group. Therefore it is possible to measure the
dichroic ratio of the helix, which corresponds to the carbonyl
groups distributed around the helical axis.

The geometry of the vibrating dipole (represented as P)in
relation to the coordinate system is described in Fig. 3. 3 is
the tilt angle of the helix director from the membrane normal.
The angles « and & relate the transition dipole moment and
the helix director and are known to be 39° and zero,

Z
Helix
director
® P
d
o
p
X ¢
Y

FIGURE 3 The vibrating dipole moment P in relation to the coordinate
system. S is the tilt angle between the helix director and the normal of the
membrane. The system has uniaxial symmetry due to the distribution of
the helix director around the z-axis, as defined by ¢. The symbols « and &
are the angles between the helix director and the vibrating bond. P is
rotationally distributed about the helix director as defined by w.
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respectively (Tsuboi, 1962). Values of the a-angle reported
in the literature vary between 24° and 40°. In 1962, Tsuboi
measured the value of 39° which is almost identical to recent
publications (Buffeteau et al., 2001; Marsh et al., 2000), of
38° = 1° and 38°, respectively. The distribution of P around
the helix director is defined by the value of the rotational
pitch angle w, which is arbitrarily defined as zero when the
transition dipole moment, the helix director, and the z-axis all
reside in a single plane.

The absorption coefficient mentioned above (k) is a general
expression for both the randomly distributed C=0O bonds
and the labeled '*C="%0 bond. The Cartesian coordinates of
P are obtained by applying a series of rotation matrices over
a unit vector, lying on the z-axis (Eq. 10). If R,(6), Ry(), and
R,(0) are rotation matrices at 6° around the x-, y- and z-axes,
respectively, then the coordinates of P are given by

0
‘R(—a) R,(=8)- | 0]. (10)
1

To obtain the_’absorption coefficient (ky, ky, and k,), the
projection of P on every axis is squared and integrated as
follows: The absorption coefficients for the labeled site are
integrated through every ¢-angle (due to uniaxial symme-
try). Therefore the dichroism obtained from the absorption of
light by the '*C="%0 transition dipole moment is dependent
on B, w, and f. The absorption coefficients for the absorption
of light by the randomly distributed a-helical C=O transition
dipole moments are integrated through every ¢-angle but
also through every w-angle. Therefore the dichroic ratio
calculated for the a-helix is dependent only on 8 and f.

For example, the calculation of k, for the labeled site is
described in Eq. 11 and for the helix in Eq. 12:

27

U
GB.of) =y | @Pras.  ay

0

1 27 (2 - .

kx(Baf) = 72J J (lx : P)zdw d(;b? (12)
47T 0 0

where 7;( is a unit vector at the x-direction. Similarly, k, can

be obtained by calculating the dot product of P and i, (it

should be noted that k, = k).

MATERIALS AND METHODS
Peptide purification and reconstitution

Synthetic peptides encompassing the predicted transmembrane domain of
CD3-{ (residues 28-54) were synthesized by standard solid-phase n-(9-
fluorenyl) methoxycarbonyl chemistry. The peptides were cleaved from the
resin with trifluoroacetic acid (TFA, Aldrich, Milwaukee, WI) and
lyophilized. Each of the two synthetic peptides contained one I-'*C="%0-
labeled amino acid at positions G/y43 and Val44 of the following sequence:
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The lyophilized peptide was dissolved in TFA (final concentration ~5 mg/
ml), and immediately injected on Jupiter 5u C4 300 A column (Phenomenex,
Cheshire, UK), equilibrated with 95% H,0, 2% (w/v) acetonitrile (J. T.
Baker, Deventer, Holland), and 3% (v/v) 2-propanol (J. T. Baker, Phillips-
burg, NJ). Peptide elution was achieved with linear gradient to a final solvent
composition of 10% H,0, 36% (w/v) acetonitrile, and 54% (v/v) 2-propanol.
All solvent contained 0.1% (v/v) TFA. After lyophilization of pooled
fractions (overnight, in the presence of 10 mM HCI), 1 mg of the dried
peptide was dissolved in a solution of 10 mg dimyristoylphosphocholine
(Avanti, Alabaster, AL) in 700 ul 1,1,1,3,3,3-hexafluoro-2-propanol (Merck,
Darmstadt, Germany). The solvent was evaporated overnight under reduced
pressure by means of a rotary evaporator. 1 ml of H,O was added to the dried
product and the solution was mixed for 20 min at 30°C.

Transmission FTIR measurements

Data was recorded on a Nicolet Magna-560 infrared spectrometer (Nicolet
Instrument, Madison, WI purged with dry air and equipped with an MCTA
detector, cooled with liquid nitrogen. A total of 1000 interferograms were
collected at a resolution of 4 cm™' over the range of 1111-4000 cm™'. One
hundred ul of sample (~1 mg/ml of peptide and 10 mg/ml of lipid) were air-
dried on a CaF, window, which was then mounted on a single axis
goniometer, so it could be tilted by any angle ¢ around a vertical axis that is
perpendicular to the infrared beam. The absorption spectra were recorded at
tilt angle 4, of 0°, 10°, 20°, 30°, 35°, 40°, 45°, and 50°, for both Ajjand A,
using a wire grid polarizer (0.25 wm, Graseby Specac, Smyrna, GA). To
avoid any effects of Fresnel reflectance, a background spectrum was
collected at every angle of incidence, for both A and A,. Usually, four
different measurements were taken for every peptide (total of 32 spectra).

The dichroic ratio of the amide I band was calculated integrating between
1670 and 1645 cm™" for A and between 1672 and 1647 cm™" for A ;. The
area corresponding to the absorption of the labeled *C="80 transition
dipole moment was calculated integrating between 1600 and 1585 cm ™" for
the G43-labeled site and between 1600 and 1583 cm ™" for the V44-labeled
site. All integrations were performed by using a straight baseline that
contains points immediately before and after the band.

Data analysis

Upon measuring the absorbance of a labeled peptide at a given angle of
incidence, two different dichroic ratios were obtained. The first is Ryjejix, the
dichroic ratio that corresponds to the C=O transition dipole moments
distributed around the helical axis. The second measured dichroic ratio is
Resite, Which corresponds to the isotope-shifted amide I mode of the labeled
13C="80 transition dipole moment. Whereas R ;. is dependent on w, 3, and

> Ruelix is dependent only on 8 and f.

Since the rotational pitch difference between the two labeled sites, G43
and V44, is 104° (Torres et al., 2002a), it is assumed that w(V44) = w(G43)
+ 104°. The calculated order parameter f; is unknown and is different for
every series of spectra. Upon measuring the absorbance of the two labeled
peptides at any nonzero angle of incidence, four different equations can be
derived for peptides labeled at site i = G43 and site j = V44:

Ruei, = F(B, 1), (13)

Rsie, = F(B, waas, i), (14)
Rty = F(B.1), (15)
R, = F(B, 0 + 104°, ). (16)

These four equations are sufficient to obtain the four unknowns: w, 8, and

Biophysical Journal 85(4) 2476-2483
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the two values of f. The nonlinear equations were solved with Newton’s
method as implemented in the FindRoot function in Mathematica 4.1
(Wolfram Research, Champaign, IL). Of the four series of spectra taken for
every labeled site, two were used for the data analysis.

All 32 spectra for each label (62 in total) exhibited a typically
helical amide I band with a maximum at 1657 cmfl, with no
significant intensity ~1640-1630 cm ™', indicating the
absence of significant B-structure (Braiman and Rothschild,
1988). The isotope-edited amide I peak was located in all
spectra at ~1592 cm™' indicating that the labeled site is
a-helical in particular (Torres et al., 2001).

The measured dichroic ratios of the respective spectra are

RESULTS

Fig. 4 depicts representative spectra of the amide I region for
each of the labeled peptides at various angles of incidence.
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TABLE 1 The obtained dichroic ratio of the helix and labeled
site, at various tilt angles
V44 G43

Trial Tilt Rtelix Rsite Rtelix Rsite
1 30° 1.16 1.09 1.19 1.14
2 30° 1.12 1.08 1.13 1.10
1 35° 1.21 1.12 1.24 1.17
2 35° 1.15 1.11 1.19 1.16
1 40° 1.28 1.17 1.30 1.22
2 40° 1.19 1.14 1.24 1.22
1 45° 1.34 1.22 1.36 1.28
2 45° 1.22 1.18 1.29 1.26
1 50° 1.35 1.25 1.43 1.32
2 50° 1.25 1.21 1.34 1.28

The data of two series of measurements (for each labeled site) is represented.

listed in Table 1, and plotted in Fig. 5 (a single data set in
solid circles). As can be seen, the dichroic ratios of both the
helix and the site increase gradually from a value of R =1 at
= 0° to maximum values at ¢y = 50°. This is to be expected

1.6
1.5 V44 Helix dichroic ratio

09 T T T T T
0 10 20 30 40 50

Window tilt angle 1111, (degree)

FIGURE 5 Theoretical (O) and experimental (@) values of the dichroic
ratio R, for both the helix and the isotopically labeled site. The theoretical
values were calculated by using & = (180 — 39)°, § = 0°, w(G43) = 120°,
B = 8° and f = 1. The experimental values are taken from one of the data
sets collected (see Table 1).
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since at ¢y = 0° the uniaxial nature of the sample maintains
that no dichroism should be observed. Any change in the
angle of incidence relative to the sample plane would result
in dichroism—the bigger the change, the larger the di-
chroism. Note that for nonoriented samples, no dichroism
should be obtained, regardless of the incidence angle.

The dichroisms measured according to the theory of site-
specific dichroism have yielded the calculated orientational
parameters given in Table 2. As seen, the values obtained for
the rotational pitch angle in all of the sample inclinations are
relatively similar, and result in an average value of wg43 =
118° = 10°. This value is in excellent agreement to that
measured previously by ATR as 124° * 11° (Torres et al.,
2002a). The values obtained for the helix tilt angle are also
consistent in all of the sample combinations and yields an
average value of 8 = 5° = 1°. This value is also in relatively
good agreement with the value obtained previously by ATR,
8° * 1° (Torres et al., 2002a).

Based on the model of the protein obtained previously
(Torres et al., 2002a) yielding both the tilt and rotational
pitch angles (8 and w, respectively), it is possible to calculate
the expected dichroic ratio according to Eq. 9, setting the
sample disorder parameter f = 1. The results of a comparison
between theoretical dichroisms and those obtained experi-
mentally are shown in Fig. 5. As expected, the dichroism
values calculated theoretically are higher than those obtained
experimentally due to the presence of disorder in the sample.

DISCUSSION

Our results demonstrate that transmission FTIR spectroscopy
at nonzero angles of incidence combined with the method of
site-directed dichroism enables the determination of trans-
membrane helix tilt and rotational pitch angle. Up until now
such information was only available from ATR-FTIR studies,
and as such it is important to compare the two methodologies.

TABLE 2 Orientational parameters » and B, determined for
the various window tilt angles

Window tilt angle

Data sets 30° 35° 40° 45° 50°

®

G43,-V44, 115.89 118.24 118.33 115.18 126.04

G43,-V44, 120.74 126.92 127.74 124.52 138.01

G43,-V44, 117.17 102.39 101.01 105.34 118.02

G43,-V44, 122.10 108.04 106.67 112.58 130.00
B

G43,-V44, 6.60 6.88 6.46 542 5.05

G43,-V44, 5.74 5.55 5.13 4.16 4.05

G43,-V44, 6.72 5.77 5.34 4.85 4.40

G43,-V44, 5.87 4.20 3.75 3.46 3.27

The above values were calculated according to four series of spectra, two
for every labeled peptide. Four data sets represents the four available
combinations of dichroic ratios (see Table 1).

Biophysical Journal 85(4) 2476-2483
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Comparison with ATR-FTIR

General considerations

In general it is easier to undertake transmission measurements
versus ATR studies. This is accompanied by the nontrivial
theoretical considerations that one has to undertake when
performing ATR measurements. As an example, one can note
the debate that exists over the use of thin-film versus thick-
film approximations (Silvestro and Axelsen, 1998).

Sample disorder

In ATR-FTIR measurements the incoming light beam is
completely reflected when it impinges on the surface of the
internal reflection element. Within the internal reflection
element a standing wave is established, normal to the totally
reflecting surface, generating an electromagnetic disturbance
that exists in the rarer medium beyond the reflecting inter-
face. This so-called evanescent wave is characterized by its
amplitude which falls off exponentially with the distance
from the interface (Harrick, 1967). As a consequence, the
infrared light, which penetrates only a short distance into the
sample, effectively probes the most highly ordered mem-
branes near the substrate-sample interface (sample order
diminishes as the bilayer is further removed from the optical
window). In contrast, transmission measurements probe the
entire membrane thickness. Thus, one can expect that ATR
may be less influenced by sample disorder than transmission
experiments.

Signal-to-noise

Due to the fact that in ATR the evanescent wave decays
rapidly, the amount of material that it samples is smaller.
Hence the signal intensities in ATR are normally smaller
than those obtained in transmission measurements.

Accuracy

The overall range of dichroisms measured in ATR is higher
than that in transmission tilt series. The reason is that in

4.0 ~
3.5 ~
3.0 N

25 N

Dichroic ratio

20 RN

20 40 60 - =80
Helix tilt angle B (degree)

FIGURE 6 Theoretical values of the dichroic ratio R, for a perfectly
ordered helix (f = 1) obtained by ATR (dashed line), and transmission at
Y, = 30° or ¢, = 50° solid and dotted line, respectively. The calculation
was done by using a = (180 — 39)°,6 =0°, 8 =0°% and f = 1.
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ATR, due to the optical configuration, the angle between the
incidence beam relative to the sample plane is 90°, as op-
posed to transmission measurements in which the range of
angles is usually 0°-50°. Since the dichroisms that can be
measured increase with the angle of inclination it is clear that
in ATR it is possible to measure much higher dichroisms as
opposed to a transmission tilt series. As an example, in an
ATR experimental setup with a Ge internal reflection
element the maximal dichroic ratio obtainable is 4.3. This is
in contrast to a value of ~1.6 for a transmission experiments
in which the angle between the incident beam and the sample
supporting plate is 50°. This is shown graphically in Fig. 6.

Thus, in gauging the overall accuracy of transmission site-
specific dichroism one has to take into account both the
increased signal-to-noise of transmission and its lower dy-
namic range.
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