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Abstract: We present the theory of site-directed dichroism and its application to the determination of rotational and
orientational constraints for oriented polypeptides such as transmembrane helices. Infrared spectroscopy dichroism
measurements of single amide I vibrational modes corresponding to13C-labeled sites within the polypeptide contain
information about the helix tilt and rotation angles. This information is readily extracted by analysis of the dichroism
of a set of sites along the peptide sequence. Data for just two consecutive sites in the dimeric transmembrane
domain of glycophorin A yield the tilt of the helix axis with respect the membrane normal and the rotation of the
helix about its axis. By using dichroism data from three consecutive sites, the helix orientation parameters and the
orientation of the amide I transition dipole moment,R, can be obtained; the parameters are in close agreement with
the solution NMR structure of the glycophorin A peptide dimer and literature values forR. The approach provides
orientational information about selectively labeled peptides even under conditions of modest fractional sample order.

1. Introduction

Obtaining high-resolution structures for membrane proteins
has proven to be a difficult task, as both NMR and diffraction
methods encounter numerous experimental obstacles. Consider-
ing the paucity of structural data, any structural insight obtained
from other biophysical methods is therefore particularly useful
for membrane proteins. Molecular dynamics global search
protocols23 can provide likely structures for membrane proteins
that consist of bundles ofR-helices, although the method usually
requires experimental data to obtain a unique model.1 While
mutagenesis data has sufficed to interpret the molecular dynam-
ics search results, any direct structural measurements would
greatly facilitate the predictive power of this method.
Infrared spectroscopy is a particularly useful tool in membrane

protein structural analysis that yields information about both
the secondary structure and orientation of the protein.5 Second-
ary structure is determined by the frequencies of the particular
protein’s vibrational modes, while the orientation of the protein
is related to the observed dichroism. Infrared dichroism is a
well-established method for determining order parameters for
oriented polymers.5 The dichroic ratio,R, yields an order
parameter,S, that is a measure of both the angle of the molecular
director from thez axis and the overall order of the sample.

The order parameter is an average quantity, and as such cannot
distinguish between different regions of the polymer because
of the limited frequency dispersion of the spectra.
Here FTIR spectroscopy is used to obtain molecular con-

straints based on site-specific infrared dichroism measurements.
The orientation of a single vibrational mode in anR-helix,
represented as vector PB in Figure 1, can be expressed as a
function of several parameters: (i) the helix tilt angleâ, (ii)
the anglesR andδ relating the helix axis and the vibrational
mode, and (iii) the rotation angleω of the helix about its axis
(see Figure 1). The absorption ratio between parallel and
perpendicular polarized light, defined as the dichroic ratioR,
for a single vector PB is related to the projections of the vector
PB on thezaxis and on thexyplane together with the integrated
absorption coefficients. The orientation of the helix with respect
to the axes can therefore be readily extracted given perfect
dichroism data, but two practical considerations complicate the
process of calculating molecular orientation parameters from
experimental dichroic ratios. First, the many vibrational modes
in a peptide are located at different rotation anglesω, and
therefore have different dichroisms. The frequency overlap of
the signals from these many sites means that only the average
dichroic ratio of all the differently oriented vibrational modes
can be determined, and the information about the helix rotational
pitch angle is lost. Second, the sample may be less than
perfectly ordered: while a fraction of the helices will be oriented
at the angleâ, others may be disordered. The absorption by
vibrational modes located within disordered peptides will reduce
the observed dichroism and affect the calculated helix tilt angle;
estimates of the helix tilt angle will then depend on the estimated
fractional order of the sample.
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Our method overcomes the first of these problems by isotope-
label shifting the frequency of a specific vibrational mode so
that its dichroism may be directly measured.2,16,20 The second
problem is addressed by using amide I12C (total) and13C (site-
specific) dichroism data for different sites along the peptide

backbone and the direct determination of the fractional order
of each of the samples. This analysis is aided by the fact that
the relative rotational pitch angles of the labeled sites are known:
in R-helices, consecutive sites are related by a 100° rotation.
Comparison of the results with the recently solved solution

NMR structure of the glycophorin A transmembrane domain
(GpATM17) indicates that site-directed dichroism yields quan-
titative information regarding the tilt and the pitch angles of
membrane helices as well as the angle between the transition
dipole moment and the helix axis. Furthermore, the multiple
measurements decouple the orientational parameters from
sample disorder effects (unless complete disorder is present),
in contrast to standard order parameter measurements. Using
site-directed dichroism in the context of a helix in an oriented
polytopic protein could be used to accurately determine the
absolute orientation and rotation about the axis of the labeled
helix, emphasizing the wide applicability of this method. It
should be noted that we have applied this method to a
dehydrated bilayer sample which may not be suitable for all
reconstituted membrane proteins.

2. Theory

For simplicity we present the theory as it is applied to oriented
tilted helices but it should be applicable to any dichroism ex-
periment involving rod-like oriented polymers. Figure 1 pre-
sents a schematic model of a helix tilted from the bilayer normal
by an angleâ. A vibrating bond, denoted by the normalized
dimensionless vector PB, is related to the helix director by the
anglesR andδ, and is distributed around the helix axis as de-
fined by the value of the rotational pitch angleω. This angle is
arbitrarily defined as 0° when the transition dipole moment, the
helix director, and thez axis all reside in a single plane (when
the angleδ is 0°). As uniaxial symmetry is present in the
sample, all results are integrated through every possibleφ angle.
The dichroic ratio,R, is defined as the absorption ratio

between parallel and perpendicular polarized light:

The absorption of light is equal to the product of the normalized
dimensionless electric field componentsEx, Ey, andEz and the
corresponding integrated absorption coefficientsKx, Ky, and
Kz. In the case of ATR-FTIR, not taking into account any
sample disorder (see below), this expression becomes:8

The electric field components of the evanescent wave emanating
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Figure 1. (a) A schematic diagram of a helix containing two CdO
bonds (exaggerated in length for illustrative purposes). The relative
orientation of the two bonds, with respect to thez axis, changes upon
tilting the helix by the angleâ, as well as changing the rotational pitch
angle of the helix about its axis by the angleω. (b) The explicit diagram
used in the mathematical derivations of a helix tilted from thez axis
by the angleâ, containing a vibrating bond, PB, related to the helix
director by the anglesR andδ. The bond is positioned with a rotational
pitch angleω around the helix director.

R ≡ ε|

ε⊥
(1)

RATR )
Ez
2Kz + Ex

2Kx

Ey
2Ky

(2)
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from the internal reflection element are given by:8

whereæ is the angle of incidence between the infrared beam
and the internal reflection element (45°), andn21 is the ratio
between the refractive indices of the sample (n2 ) 1.43) and
the internal reflection element (n1 ) 4.0).21 These equations
are based on the reasonable assumption that the thickness of
the deposited film (>20µm) is much larger than the penetration
depth (ca. 1µm) of the evanescent wave.8 The integrated
absorption coefficientsKx, Ky, andKz are related to the square
of the scalar products of the transition dipole moment, PB, with
the appropriate axis iBx, iBy, or iBz (see Figure 1). Integrating each
of the squared scalar products with respect to allφ angles
(uniaxial symmetry) yields (see Appendix):

Integrating though all possible pitch angles yields the dichroism
for an R-helix with vibrational modes rotationally distributed
in a random fashion:

So far, the analysis has not taken into account any disorder in
the sample. Following Fraser,7 the fraction of perfectly ordered
material about a particular helix tilt is denotedf, and thus 1-
f consists of the random fraction. An appropriate correction
for the integrated absorption coefficients yields the desired
function describing the dichroic ratio:

whereby the expressions for the integrated absorption coef-
ficients are given in eqs 6-8. For the case of random rotational
pitch anglesω, one obtains:

The equations obtained for the integrated absorption coefficient
(eqs 9-11) correspond to those obtained in previous work7 by
setting both anglesδ andâ to zero. Settingδ to zero reduces
the orientational relationship between the transition dipole
moment and the helix axis to a single tilt, placing both vectors
in the same plane (see Figure 1). It should be noted that forâ
) 0, the fractional sample order was shown by Fraser to be the
polymer order parameter.7 In the case of a perfectly ordered
sample the polymer director is then coincident with thez axis,
which eliminates the dependency on the rotational pitch angle,
ω, as seen in eqs 6-8. When the sample is completely
disordered (i.e.f ) 0) then the measured dichroic ratio is simply
the ratio between the electric field components,RATR ) (Ez

2 +
Ex
2)/Ey

2 ) 2.0.

3. Materials and Methods

1. Glycophorin A Transmembrane Domain Purification and
Reconstitution. Peptides were made by standard solid-phase F-moc
chemistry. The peptide sequence consisted of amino acids 70-101 of
human glycophorin A22 except for a mutation of I85 to V, shown to be
unimportant for dimerization of the protein.12,13 This amino acid
substitution was performed to dramatically reduce the cost of the
available isotope labeled amino acid. Three consecutive carbonyl13C
amino acids (Cambridge Isotopes Laboratories, Andover MA) were
introduced during synthesis at positions 84, 85, and 86 (numbers
correspond to the numbering of human glycophorin A).
After cleaving the peptides from the resin and lyophilization, the

peptides were dissolved in TFA (ca. 4 mg/mL) and immediately injected
on a C-4 reverse-phase HPLC column (15× 250 mm Vydac, The
Separation Group, Hesperia CA). The column was prequilibrated in
95% water, 2% acetonitrile, and 3% 2-propanol. Elution of the peptides
was achieved through a linear gradient, reaching a final solvent
composition of 40% acetonitrile and 60% 2-propanol. All HPLC
solvents contained 0.1% trifluoroacetic acid. Purified peptides were
then lyophilized and subsequently dissolved in a solution of 10%n-â-

Ex )
2cosæ(sin(æ)2 - n21

2 )1/2

(1- n21
2 )1/2[(1 + n21

2 )sin(æ)2 - n21
2 ]1/2

) 1.389 (3)

Ey ) 2 cosæ
(1- n21

2 )1/2
) 1.516 (4)

Ez ) 2 cosæ sinæ
(1- n21

2 )1/2[(1 + n21
2 )sin(æ)2 - n21

2 ]1/2
) 1.625 (5)

Kx(ω) ) 1
2π∫02π ( iBx‚PB)

2 dφ )

1
2
cos(â)2 cos(δ)2 cos(ω)2 sin(R)2 +

cos(R) cos(â) cos(δ)2 cos(ω) sin(R) sin(â) +
1
2
cos(R)2 cos(δ)2 sin(â)2 + 1

2
cos(ω)2 sin(δ)2 +

cos(δ) cos(ω) sin(R) sin(δ) sin(ω) -

cos(â)2 cos(δ) cos(ω) sin(R) sin(δ) sin(ω) -
cos(R) cos(â) cos(δ) sin(â) sin(δ) sin(ω) +

1
2
cos(δ)2 sin(R)2 sin(ω)2 + 1

2
cos(â)2 sin(δ)2 sin(ω)2 (6)

Ky(ω) ) Kx(ω) (7)
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octylglucoside (Sigma, St. Louis, MO). Peptide reconstitution was
achieved by adding to the peptide/detergent solution (final volume 1
mL of 1 mg/mL of peptide) 200µL of a solution containing 5%n-â-
octylglucoside and 25 mg/mL of dimyristoylphosphocholine (Avanti
Polar Lipids, Alabaster, AL) followed by exhaustive dialysis into 0.1
mM Na2HPO4‚NaH2PO4 at pH 6.8.
2. FTIR Spectra Collection and Data Processing.Infrared spectra

collection and data processing were performed as described previously.3

Briefly, spectra were collected on a Magna 550 FTIR spectrometer
(Nicolet) with an MCT/A detector equipped with a 25 reflections ATR
accessory from Grasbey Specac (Kent, UK) and a wire grid polarizer
(0.25µM, Graseby Specac). Four hundred microliters of sample (ca.
1 mg/mL of protein and 5 mg/mL of lipid) were dried onto a Ge
trapezoidal internal reflection element (50× 2 × 10 mm). One
thousand interferograms were averaged for every sample and processed
with 1 point zero filling and Happ-Genzel apodization. Fourier self-
deconvolution10 was applied to the spectra in the amide I region to
separate the overlapping12C and13C amide I peaks. The enhancement
factor used in FSD was 2.0, lower than that previously reported6 to
reduce Fourier ringing.
Peak integration was performed for Fourier self-deconvoluted spectra

in the regions 1670-1645 and 1600-1620 cm-1 for the helix (12C)
and the site-specific label (13C), respectively. In the case of the isotope-
shifted amide I peaks, a correction was undertaken for the 1%13C
natural abundance arising from nonlabeled helical segments in the
protein. Since the length of the helical segment in the protein is roughly
20-25 amino acids, about 20% of the isotope-shifted amide I peak is
arising from sources other than the isotope label. The correction is
therefore described by the following equation:RATR(ω)corrected )
[5RATR(ω)measured- RATR(〈ω〉)measured]/4, wherebyRATR(ω)measuredis the
measured dichroic ratio andRATR(ω)correctedis the dichroic ratio used
in all subsequent calculations.RATR(ω)measuredandRATR(〈ω〉)measured
are obtained by dividing the integrated peak areas obtained with parallel
and perpendicular polarized light of the site specific label for the13C
amide I band and averaged over the12C amide I bands of the helix,
respectively.
3. Calculations and Error Analysis. All calculations were done

with the program Mathematica 2.0 (Wolfram Research, Champaign,
IL). Solving the four independent equations was done with Newton’s
method as implemented in the “FindRoot” function in Mathematica
(Wolfram Research, Champaign, IL). The ranges for the calculated
tilt and rotational pitch angles were numerically obtained from estimates
of the errors of the site-specific dichroism measurements (related to
accurate integration of the peak). Upper and lower bounds were
obtained by solving the three coupled eqs 6-8, adding(0.1 to each
of the observed site-specific dichroisms. These errors reflected the peak
integration reproducibility as assessed by repeated measurements. This
yielded 27 different bounds, from which the maximum and minimum
values were taken in order to derive the error limits on each of the
parameters.

4. Results and Discussion
1. Simulation of Dichroic Ratios. a. Random Rotational

Pitch Angles, RATR(〈ω〉). Figure 2 depicts the relationship
between the tilt angle,â, sample disorder,f, and the measured
dichroic ratio for a helix. In this particular case all possible
rotational pitch angles are equally probable as described in eq
13. The highest value of the dichroism is obtained at the
instance of coincidence with thezaxis and no sample disorder.
In such a case the dichroic ratio is equal toRATR ) 4.4. The
lowest value for the dichroic ratio is obtained at the other limit
of the helix tilt where the helix director is in thexy plane. In
this case the value for the dichroic ratio isRATR ) 1.4. A
sample containing a helix tilted from thez axis by 45° and in
which half of the sample is disordered would yield a dichroic
ratio of RATR ) 2.18. As stated above, when the sample is
completely disordered the dichroic ratio is equal to the ratio
between the electric field components and equal toRATR )
2.0.
In all but the most extreme cases,RATR provides a rather

broad range of constraints on the helix tilt angle,â. For

instance, the value ofRATR ) 2.5 might correspond to a sample
in which 100% of the sample is tilted at 53° from the bilayer
normal. Alternatively, only 19% of the sample may be properly
reconstituted, and the tilt angle of those helices is 0°.
b. Unique Rotational Pitch Angles,RATR(ω). The purpose

of multiple site-directed dichroism is to extract rotational and
orientational information of the relative rotational pitch angles,
∆ω, if the vibrating modes in a helix are known. As the
measured dichroic ratio is a function of three parameters,ω, â,
andf (see eq 12), one would need three different measurements
using three independent labels to solve for every variable. The
two angles relating the transition dipole moment to the helix
axis,R andδ, are assumed to be known. However, they too
can be extracted with additional labels as shown below.
The influence of the parametersf andâ upon the dichroic

ratio was simulated with eq 12, leaving each of the two
parameters in turn constant (Figures 3 and 4). Inspection of
the plots shows that the range of the dichroic ratio obtained
from a single vibrational mode with a fixed rotational pitch
angle,ω, is much larger than that obtained for a helix in which
the rotational pitch angleω is averaged (Figure 3). When the
sum of the tilt angle of the helix and the angle between the
transition dipole moment and the helix directorâ + R ) n180°,
n ) 1, 2, ...,n, and the rotational pitch angleω ) 0°, the
transition dipole moment PB is coincident with thez axis (δ )
0°). In this case the dichroism is infinite (Kx ) Ky ) 0). The
lowest value for the dichroic ratio is obtained forf ) 1, when
bothâ andω are equal to 90°. In this case the dichroic ratio
is equal to 0.85 (Kz ) 0 andKx ) Ky). The fact that the site-
specific dichroisms can attain values much larger than the helix
dichroism is due to the attenuation in the helix dichroism due
to multiple averaged rotational pitch angles,ω.
2. Experimental Results. a. 13C Isotope-Shifted Dichro-

ism. Figure 5 shows the raw and Fourier self-deconvoluted
ATR-FTIR spectra in the amide I region of three different
GpATM transmembrane peptides in oriented lipid bilayers. Each
peptide contains a13C labeled carbonyl in positions 84, 85, or
86, as noted. The dichroic ratios of both the12C, RATR(〈ω〉),
and the isotope-shifted13C, RATR(ω), amide I peaks are listed
in Table 1. Figure 6 depict spectra obtained in a identical
manner for a peptide containing no13C labels (note the lack of
isotope shifted peak at 1614 cm-1).

Figure 2. Calculated values forRATR as a function of fractional sample
order (f) and helix tilt angle (â). The rotational pitch angle,ω, was
assumed to be randomly distributed and the calculations were made
with eq 13. The tilt angle between the transition dipole moment of the
amide I vibrational mode and the helix axis,R, is equal to 39°, but
according to definition in Figure 1 is set to 180-39°.24 The angleδ
was set to 0°.24 The maximal value in each contour is depicted. The
total plotted range of the dichroic ratio,RATR, is 1-5 in contour levels
of 0.5. The dotted line represents a contour line atRATR ) 2.3, the
value obtained for the helix dichroic ratio of GpATM.
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b. Data Analysis. The factors that influence the measured
dichroic ratios, following eqs 6-8 (Figure 1) are the follow-
ing: (1) R and δ are angles relating the orientation of the
transition dipole moment with respect to the helix director; (2)
â is the tilt angle of the helix director; (3)f is the overall sample
ordered fraction; and (4)ω is the rotational pitch angle of the
sample, which influences only the site-specific dichroism. It
is assumed thatR, δ, andâ are identical in the three different
GpATM mutants. Furthermore, it is also assumed that due to
symmetry each of the polypeptide chains is identical and
therefore has the sameR, δ, andâ orientational angles. The
anglesR andδ have been measured for oriented fibers of poly-
(γ -benzyl L-glutamate) and shown to be 141° and 0°,
respectively.24 It is also assumed that the rotational pitch angle

of the helix is constant and the difference inω between the
three labeled sites is simply theR-helix increment of 100°. Since
the observed helix dichroic ratios of the three peptides are within
experimental error, one can safely conclude that the fraction of
perfectly ordered sample at a defined tilt angle,f, is the same
in all three peptides (see eq 13).
The data obtained consist of four measurements for the

GpATM peptides: the average helix dichroic ratio and the site-
specific dichroic ratios for the three labels. Each of these
measurements yields an independent constraint that can be used
to solve for the three unknowns:â, f, andω. Equation 13 is
used for the helix dichroic ratio, while eq 12 is used for the
site-specific dichroism. Since the rotational pitch difference
between the two different site-specific labels is 100° (assuming
no gross distortions in the helix), one can set the angles of G84,
V85, and G86 to beω, ω + 100°, andω + 200°, respectively.
Because the data yield four independent equations (one for the
helix and three for each of the different13C labels), it is possible
to solve for the tilt angle between the transition dipole moment
and the helix axis,R. It is therefore possible to measureR in
an independent manner within the specific sample as opposed
to using values drived from a model compound.
The resulting tilt angle of the helix,â, is 26° (+7°, -6°),

while the fraction of perfectly ordered sample,f, is 0.26 (+0.04,
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7726.
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Sci. U.S.A. 1975, 72 (8), 2964-2968.

(23) Treutlein, H. R.; Lemmon, M. A.; Engelman, D. M.; Brunger, A.
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(51), 12726-12732.
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Figure 3. Calculated values forRATR as a function of helix tilt angle
(â) and rotational pitch angle (ω). Equation 12 was used to calculate
values ofRATR for three values of the fractional sample disorder,f.
The values for the angles relating the transition dipole moment and
the helix axis,R andδ, are set to 141° and 0°.24 The maximal value in
each contour is depicted. The total plotted range of the dichroic ratio,
RATR, is 1-5 in contour levels of 0.5.

Figure 4. Calculated values forRATR as a function of fractional sample
disorder (f) and helix rotational pitch angle (ω). Equation 12 was used
to calculate values ofRATR for three values of the helix tilt angle,â.
The values for the angles relating the transition dipole moment and
the helix axis,R andδ, are set to 141° and 0°.24 The maximal value in
each contour is depicted. The total plotted range of the dichroic ratio,
RATR, is 1-5 in contour levels of 0.5.
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-0.03). The rotational pitch angle for residue G84,ω, is 323°
(+10°, -12°) (see Table 2). The rotational pitch angle,ω, for
residues V85 and G86 is simply 323° + 100° ) 63° (+10°,
-12°) and 323° + 200° ) 163° (+10°, -12°), respectively,
due to the helix increment.
In this particular case it was possible to measure the helix

dichroic ratio since the isolated GpATM peptide, although
dimeric, contains only a single helix species. In the more

general case of a transmembrane helix in a polytopic protein,
this kind of measurement would not be possible. Thus, one
would only obtain three independent equations representing each
of the site-specific dichroism measurements. In this case it
should be possible to solve for the helix tilt,â, pitch angle,ω,
as well as the fractional sample order,f, assuming a fixed helix.
This was demonstrated in the glycophorin peptide when the
angle between the transition dipole moment and the helix axis,
R, was set to 41°. The results obtained were identical with those
described above. These results demonstrate that for a large
polytopic membrane protein, it should be possible to determine
the orientation of a particular helix. Taking these measurements
for several helices within the protein should therefore greatly
restrict the number of possible low-resolution models for the
particular protein.
It is instructive to compare the results obtained from the

analysis developed in this method to those obtained from
conventional dichroism analysis. As stated in the Theory section
such analysis is performed on the dichroic ratio obtained from
the helix and yields an order parameterS. This order parameter
is equivalent to the fractional sample orderf when the tilt angle
of the helixâ is equal to zero.
As seen in Figure 2, the conventional analysis of the helix

dichroism data yields a relationship between the helix tilt angle
and the fractional sample order as a function of the dichroic
ratio. The data restrict the maximal tilt angle of the helix from

Figure 5. ATR-FTIR spectra of GpATM peptides in lipid bilayers.
Spectra obtained with parallel and perpendicular polarized light are
depicted with solid and dotted lines, respectively. Top, middle and
bottom two panels present spectra of GpATM with carbonyl13C at
positions 84, 85, and 86, respectively. “FSD” indicates Fourier self-
deconvoluted spectra using a band width at half height of 13 cm-1 and
a resolution enhancement factor of 2.0.6 The two dotted lines as 1657
and 1613 cm-1 represent the12C and13C amide I bands, respectively.
The peaks at 1633 and 1675 may correspond toâ-sheet components
in the extramembranous segment of the peptide.6

Table 1. Helix and Site-Specific Dichroism Data for Glycophorin
A Transmembrane Peptides with13C Labeled Carbonyls at the
Sequence Positions Indicateda

peptide helix dichroism site-specific dichroismb

carbonyl13C G84 RATR(〈ω〉) ) 2.25( 0.1 RATR(ω) ) 2.9( 0.1
carbonyl13C V85 RATR(〈ω〉) ) 2.3( 0.1 RATR(ω) ) 2.6( 0.1
carbonyl13C G86 RATR(〈ω〉) ) 2.25( 0.1 RATR(ω) ) 1.8( 0.1

aHelix dichroism is calculated for absorption between 1645 and 1665
cm-1, corresponding to the “natural abundance,12C” amide I mode.
Site-specific dichroism is calculated for absorption between 1605 and
1625 cm-1, corresponding to the isotope-shifted,13C amide I mode.20
b The site-specific dichroism is corrected for natural abundance of the
13C of the amide I mode arising from the “unlabeled” segment of the
protein, as described in Materials and Methods.

Figure 6. Same as Figure 5 but for a GpATM containing no13C labels.

Table 2. Comparison between Independent Data and the Results
Obtained by Site-Directed Dichroism, for GpATM, Carbonyl13C at
G84a

parameter independent data site-directed dichroism

helix tilt â)20° â ) 26° (+7°, -6°)
rotational pitch ω ) 341° ω ) 323° (+10°, -12°)
transition dipole tilt R ) 39° R ) 41° (+5°, -2°)
a Bothâ andω were independently obtained from the solution NMR

structure. The rotational pitch angle,ω, is with respect to amino acid
G84. The transition dipole momentR cannot be determined by the NMR
structure but is compared to values in the literature.4,24 The errors
associated with the calculated results are computed as described in the
text.
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the bilayer normal to 47°. In the case where the tilt angle,â,
is 47°, the fractional sample order,f, is equal to 1. However,
a tilt angleâ equal to zero would also be consistent with these
data when setting the value for the fractional sample order equal
to the order parameter,f ) S ) 0.197. Without an experimental
measure of the sample fractional orderf, this analysis cannot
accurately define the helix orientation.
c. Comparison with Independent Data. The comparison

between the results obtained by site-directed dichroism is in
close agreement to data obtained by independent studies (see
Table 2). As is qualitatively seen in Figure 7, the extent of
parallel orientation of the three different13CdO bonds at
positions G84, V85, and G86 corresponds to their site-specific
dichroism. The most parallel bond (G84) exhibits a higher
dichroic ratio as expected, while the least dichroic bond at G86
exhibits the highest degree of tilt. Quantitatively, the helix tilt
calculated in this study to be 26° agrees very well with the value
measured for the solution NMR structure of 20°.
The rotational pitch angle of the two residues measured in

this study is 323°, 63°, and 163° for G84, V85, and G86,
respectively. Note that an angle of 0° would correspond to a
residue positioned at the bottom face of the helix in the direction
of the tilt, as is the case for G84. G86 on the other hand is
seen on the top of the tilted helix and therefore the calculated
pitch angle of 163° agrees well with the model as shown in
Figure 7.
The value obtained for the angle between the transition dipole

moment and the helix axis is again in close agreement with
measured values. The value obtained,R ) 41°, is similar to
values reported in the literature: 39-40°.4,24

5. Conclusions

The new method presented here, site-directed dichroism,
enables the determination of the helix tilt angle,â, and pitch
angle,ω, from two selectively labeled oriented samples. Our
results for glycophorin A agree with the solution NMR structure
of the peptide dimer despite the fact that the dichroism
experiments were carried out on samples having only a small
fraction (25%) of well-ordered peptide. Our results demonstrate

that this method provides significant advantages over conven-
tional FTIR dichroism experiments, and opens the possibility
of determining helix tilt and pitch angles in helices of polytopic
membrane proteins. These orientational constraints could have
great value in distinguishing between models for protein
structures based on modeling, mutagenesis, or sequence align-
ment methods.
Rotational and orientational constraints for membrane proteins

can also be obtained by solid-state NMR spectroscopy of
labeled, oriented samples: the orientation of a dipolar or
quadrupolar chemical shift tensor is measured, and the molecular
coordinates inferred. The fact that lipid membranes readily form
oriented multilayers has enabled the application of this method
to many systems, especially gramicidin A, whose structure in
oriented bilayers has been determined from orientational
constraints alone.9 Compared with site-directed dichroism, this
method has the disadvantage of requiring large samples (several
milligrams of labeled peptide), limiting it to synthetic peptides
and resulting in very high protein-to-lipid ratios. Solid-state
NMR methods do have the advantage of potentially resolving
the contributions of multiple labels in a single sample. Useful
labeling schemes for NMR will not always coincide with useful
labels for site-directed dichroism, but the similarity of the type
of information obtained from the two methods suggests that
they might be combined productively.
The choice of site-specific labels is clearly limited. Use of

13C requires either synthetic peptides or a cell-free expression
system.14,15,19 In a protein larger than 100 amino acids, however,
the13C signal would be dominated by the natural abundance of
13C. An alternative isotopic label would be deuterium substi-
tuted at theR position of a given amino acid. This results in a
large vibrational shift and virtually no natural abundance.15N,
while an excellent nucleus for oriented solid-state NMR
experiments, would be technically difficult to exploit in site-
directed dichroism as the vibrational mode that is shifted the
farthest (N-H) is obscured by the H2O absorption.
An additional target should be the S-H group of cysteine

residues, which exhibit a weak but resolved vibrational mode
at 2500-2600 cm-1.18 In a helix, these side chains would most

Figure 7. Ribbon diagram of the transmembrane segment of human GpATM based on the structure determined for the protein by multi-dimensional
NMR in detergent micelles.17 In the right-hand structure the dyad/symmetry axis of the system is pointed toward the reader and is coincident with
the z axis depicted in the lower left-hand corner of the figure. The CdO bonds of the protein at positions G84, V85, and G86 are indicated to
facilitate visualization of the extent of orientation with the indicatedz axis. The figure was generated with Molscript.11
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likely form hydrogen bonds to the (i - 4) carbonyl oxygen
(detected by the shift of the S-H vibration), providing a
transition dipole of known orientation that could be exploited
in these studies. Utilizing sulfhydryl vibrational modes would
expand the applicability of this method to nearly any membrane
protein that can be manipulated genetically but that are otherwise
not tractable in solid-state NMR methods. A series of cysteine
substitutions followed by measurements of dichroism at con-
secutive positions would produce the absolute tilt and pitch
angles for each helix.
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Appendix

Here we derive the equations for the integrated absoption
coefficients,Kx, Ky, andKz (eqs 6-8). These coefficients are
calculated by deriving the Cartesian coordinates of the vibra-
tional transition dipole moment, PB, by a set of rotation matrices.
The coordinates are then squared and subsequently averaged
over all values of the angleφ to satisfy uniaxial symmetry. The
definitions for the three axial rotation matrices are

The Cartesian coordinates of the vibrational transition dipole
moment, PB, are then given by the following matrices:

and explicitly

We now square the coordinates to obtain the absorption
intensities:

Integrating through all possibleφ angles due to uniaxial
symmetry by using the following relationships

yields the desired equations for the integrated absorption
coefficients (eqs 6-8).

JA964253X

iBz‚PB ) cos(R) cos(â) cos(δ) -
cos(δ) cos(ω) sin(R) sin(â) + sin(â) sin(δ) sin(ω) (A.5)

( iBx‚PB)
2 ) cos(â)2 cos(δ)2 cos(ω)2 cos(φ)2 sin(R)2 +

2 cos(R) cos(â) cos(δ)2 cos(ω) cos(φ)2 sin(R) sin(â) +
cos(R)2 cos(δ)2 cos(φ)2 sin(â)2 -

2 cos(â)2 cos(δ) cos(ω) cos(φ)2 sin(R) sin(δ) sin(ω) -
2 cos(R) cos(â) cos(δ) cos(φ)2 sin(â) sin(δ) sin(ω) +

cos(â)2 cos(φ)2 sin(δ)2 sin(ω)2 -
2 cos(â) cos(δ) cos(ω)2 cos(φ) sin(R) sin(δ) sin(φ) -
2 cos(R) cos(δ) cos(ω) cos(φ) sin(â) sin(δ) sin(φ) -
2 cos(â) cos(δ)2 cos(ω) cos(φ) sin(R)2 sin(ω) sin(φ) -
2 cos(R) cos(δ)2 cos(φ) sin(R) sin(â) sin(ω) sin(φ) +

2 cos(â) cos(ω) cos(φ) sin(δ)2 sin(ω) sin(φ) +
2 cos(â) cos(δ) cos(φ) sin(R) sin(δ) sin(ω)2 sin(φ) +

cos(ω)2 sin(δ)2 sin(φ)2 + cos(δ)2 sin(R)2 sin(ω)2 sin(φ)2 +
2 cos(δ) cos(ω) sin(R) sin(δ) sin(ω) sin(φ)2 (A.6)

( iBy‚PB)
2 ) cos(ω)2 cos(φ)2 sin(δ)2 +

2 cos(δ) cos(ω) cos(φ)2 sin(R) sin(δ) sin(ω) +
cos(δ)2 cos(φ)2 sin(R)2 sin(ω)2 +

2 cos(â) cos(δ) cos(ω)2 cos(φ) sin(R) sin(δ) sin(φ) +
2 cos(R) cos(δ) cos(ω) cos(φ) sin(â) sin(δ) sin(φ) +
2 cos(â) cos(δ)2 cos(ω) cos(φ) sin(R)2 sin(ω) sin(φ) +
2 cos(R) cos(δ)2 cos(φ) sin(R) sin(â) sin(ω) sin(φ) -

2 cos(â) cos(ω) cos(φ) sin(δ)2 sin(ω) sin(φ) -
2 cos(â) cos(δ) cos(φ) sin(R) sin(δ) sin(ω)2 sin(φ) +

cos(â)2 cos(δ)2 cos(ω)2 sin(R)2 sin(φ)2 +
2 cos(R) cos(â) cos(δ)2 cos(ω) sin(R) sin(â) sin(φ)2 +

cos(R)2 cos(δ)2 sin(â)2 sin(φ)2 -
2 cos(â)2 cos(δ) cos(ω) sin(R) sin(δ) sin(ω) sin(φ)2 -
2 cos(R) cos(â) cos(δ) sin(â) sin(δ) sin(ω) sin(φ)2 +

cos(â)2 sin(δ)2 sin(ω)2 sin(φ)2 (A.7)

( iBz‚PB)
2 ) cos(R)2 cos(â)2 cos(δ)2 -

2 cos(R) cos(â) cos(δ)2 cos(ω) sin(R) sin(â) +
cos(δ)2 cos(ω)2 sin(R)2 sin(â)2 +

2 cos(R) cos(â) cos(δ) sin(â) sin(δ) sin(ω) -
2 cos(δ) cos(ω) sin(R) sin(â)2 sin(δ) sin(ω) +

sin(â)2 sin(δ)2 sin(ω)2 (A.8)

〈cos(φ)2〉 ) 〈cos(φ)2〉 ) 1/2

〈cos(φ) sin(φ)〉 ) 〈cos(φ)〉 ) 〈sin(φ)〉 ) 0 (A.9)

Rx(θ) )(1 0 0

0 cosθ - sinθ
0 sinθ cosθ

)
Ry(θ) )(cosθ 0 sinθ

0 1 0

- sinθ 0 cosθ
)

Rz(θ) )(cosθ - sinθ 0

sinθ cosθ 0

0 0 1
) (A.1)

Rz(φ)‚Rx(-â)‚Rz(ω)‚Rx(-R)‚Ry(δ)‚(00
1

) (A.2)

iBx‚PB ) -[cos(â) cos(δ) cos(ω) cos(φ) sin(R)] -
cos(R) cos(δ) cos(φ) sin(â) +

cos(â) cos(φ) sin(δ) sin(ω) cos(ω) sin(δ) sin(φ) +
cos(δ) sin(R) sin(ω) sin(φ) (A.3)

iBy‚PB ) cos(ω) cos(φ) sin(δ) +
cos(δ) cos(φ) sin(R) sin(ω) +

cos(â) cos(δ) cos(ω) sin(R) sin(φ) +
cos(R) cos(δ) sin(â) sin(φ) -

cos(â) sin(δ) sin(ω) sin(φ) (A.4)
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