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Abstract

Transmembrane helices are more uniform in structure than similar helices in water soluble proteins. Solid state NMR of aligned
bilayer samples is being increasingly used to characterize helical membrane protein structures. Traditional spectroscopic methods
have difficulty distinguishing between helices with i to i + 3 (3y¢), i to i + 4 (), and i to i + 5 () hydrogen bonding topology. Here,
we show that resonance patterns in PISEMA spectra simulated for these different helices show unique and striking features. The size
and shape of these Polar Index Slant Angle (PISA) wheels, as well as the resonances per turn and clockwise versus counter-clockwise
sequential connectivity of the resonances demonstrate how these different helical structures, if present as a uniform structure, will be

readily distinguished, and characterized.
© 2004 Elsevier Inc. All rights reserved.

Keywords: PISEMA; PISA wheels; 31y Helices; a-Helices; n-Helices

1. Introduction

The membrane environment promotes uniform heli-
cal structures through enhanced electrostatic interac-
tions. In water soluble proteins approximately 80% of
helices are a-helical and the remaining 20% are 3 he-
lices with m-helices being described infrequently in the
Protein Data Bank [1-3]. To date only a-helices have
been described in the membrane environment, although
n-bulges (an extra amino acid residue in an o-helix) may
not be uncommon [4]. However, very few membrane
protein structures have been characterized at high res-
olution. Experimental methods other than complete
high resolution structural methods have typically found
it difficult to distinguish between helix types [5]. Here,
we look at solid state NMR derived Polar Index Slant
Angle (PISA) wheels as a new methodology for char-
acterizing and distinguishing between such helices in
aligned media.

The backbone intrahelical hydrogen bonding pattern
defines these three helical types: 319 has i to i+ 3 hy-
drogen bonding, o has i to i+4 and ® has i to i + 5
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hydrogen bonding (Fig. 1). There is a significant range
of ¢, Y, and w torsion angles even for regular helices
that satisfy this hydrogen bonding pattern. The 3¢ helix
was first described by Donohue [15]. Today, ¢, ¥ torsion
angles observed in the Protein Data Bank (PDB) for this
helical type show a broad range of values reflecting the
short helical segments that typify 3¢ helical occurrence
in water soluble proteins [6]. Mean experimental torsion
angles assessed in 1988 [1] were —71° and —18°, and in
1996 [6] were —63° and —17°. A recent computational
study [7] has identified an optimal set of values (—68°
and —17°) that is close to these experimental mean val-
ues. Here, this latter set of torsion angles will be used for
the prediction of the NMR spectra for the 3;¢ helix. It
should, however, be mentioned that significantly differ-
ent torsion angles in the vicinity of —54° and —35° have
also been described for 31y helices having non-native
amino acids [8].

The o-helix was first described by Pauling and col-
laborators in the early 1950s [9-11]. While the distri-
bution of ¢, Y angles in high resolution protein
structures is significant, it is much less than for the
310 helices [6]. Mean experimental values calculated in
1988 [1] were —62° and —41° and in 1996 [6] were —65°
and —40°. A recent computational effort [7] resulted in
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Fig. 1. Helical conformations and their hydrogen bond patterns. Lines and arrows denote hydrogen bonds.

optimal values of —67° and —40°. Consistent with our
earlier spectral simulations of the a-helix [12,13] we have
continued to use ¢, Y angles of —65° and —40° here.

The m-helix was first described by Low and Baybutt
[14] followed soon after by two additional studies [15,16]
resulting in a characteristic model with torsion angles of
—57° and —70°. Weaver [2] identified 10 n-helices in the
PDB and Fodje and Al-Karadaghi [3] identified 104 =-
helices in 932 high resolution structures. Hence, these
helices are not as rare as once thought. However, 73% of
these helices have just two i to i+ 5 type hydrogen
bonds and an additional 17% of the structures have just
three of these characteristic hydrogen bonds. The mean
torsion angles are —76° and —41° for these structures,
quite different from the early models. However, these are
not regular helical structures with a single amino acid
being the repeat unit. For instance, the mean torsion
angle values for residues 4 and 5 in the m-helices are
-96°, —26°, and -97°, —51° [3]. Furthermore, there is a
characteristic amino acid distribution among the helical
sites. Since the effort being reported here is on recog-
nizing regular helical structures, such as those that might
occur in the low dielectric environment of the mem-
brane, we have chosen to use the torsion angles from the
helical models (-57°, —70°) of m-helices.

Experimental discrimination between helical types
has been difficult to accomplish, because of the diffi-
culties in achieving quantitative experimental measure-
ments and the frequent presence of conformational
distributions in sample preparations [5]. Circular di-
chroism of 3y helices shows a characteristic signature
spectrum [17,18], but the characteristic molar ellipticities

are weak and overlap with the characteristic features for
an o-helix. ESR measurements with doubly spin labeled
samples were some of the first experiments used to
characterize 3y helices, but even here there has been
ambiguity [19]. Solution NMR displays no unique dis-
tances that are absolutely characteristic of 31y helices
and therefore without a very substantial dataset, solu-
tion NMR provides an ambiguous characterization.
However, with detailed datasets or in combination with
hydrogen-exchange data it is possible to characterize 3¢
helices well [6,20]. Magic angle spinning solid state
NMR through chemical exchange experiments has also
been used to characterize 3¢ helices in the presence of a-
helices [5].

Recent results from X-ray crystallography and solid
state NMR suggest that many helices in a membrane
environment may be more regular than what is typically
observed in water soluble proteins [4,13,21]. The scarcity
of water and the low dielectric environment of the bi-
layer intersiticies combine for the explanation of this
result. The lack of water results in fewer opportunities to
destabilize the helical hydrogen bonds. In water soluble
protein helices 36% of the backbone carbonyl sites have
more than one hydrogen bond, the second of which is
typically water [22]. The low dielectric environment in
the membrane results in a strengthening of intrahelical
hydrogen bonds. Indeed, hydrogen bond distances in
both high resolution crystal structures (<2.0 A resolu-
tion) and in solid state NMR derived structures appear
to be approximately 0.1 A shorter in the membrane en-
vironment [21] than average helical hydrogen bonds in
water soluble proteins. This is consistent with helical
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hydrogen bonds that do not share their carbonyl oxygen
with other hydrogen bond donors [22]. Furthermore, the
dispersion of ¢, Y torsion angles is greatly reduced in
these high resolution membrane protein structures
compared to high resolution water soluble helices. As a
result it is possible to observe PISA wheels [12,23] in
solid state NMR PISEMA spectra that correlate an-
isotropic '’N chemical shift with YN-'H dipolar inter-
actions [24].

Solid state NMR spectroscopy of uniformly aligned
samples has been used to characterize membrane pep-
tide and protein structures (PDB #1MAG [25,26]; PDB
#1NYJ [27]; PDB #1CEK [28]; PDB #1PJD [29]; PDB
#1PJE, Opella et al. [28] deposited; PDB #I1MZT,
Marassi and Opella [23] deposited). Orientational re-
straints derived from PISEMA spectra [24] correlate the
anisotropic !N chemical shift and "N-'H dipolar in-
teractions. The observed resonance frequencies reflect
the P,(cos 0) orientation dependence of these spin in-
teractions with respect to the direction of the bulk
magnetic field, By. Since these tensors are fixed with
respect to the molecular frame by well characterized
angles [30-32] the observed frequencies restrain the
orientation of individual amide molecular frames with
respect to By. In 2000 it was recognized [12,23] in PI-
SEMA spectra that a-helices give rise to resonance
patterns that were reminiscent of helical wheels having
3.6 resonances per turn. Here, patterns for 3;y and n-
helices are compared to a-helical spectral simulations.
Previously, examples of these patterns have been pub-
lished [33].

2. Results and discussion

The 3¢ helix has 3.2, the a-helix 3.6 and the m-helix
4.3 residues per turn, as shown in Fig. 2 at the bottom.
This corresponds to 112°, 100°, and 84° rotation per
residue about the helical wheel, respectively. All of the
helices are right-handed, as shown by the helical wheels,
and for each case the helical repeat is a single amino acid
residue. However, they are each characterized by a dif-
ferent tilt angle of the peptide plane with respect to the
helical axis. It is possible to show this by correlating the
features of local helical structure with torsion angles
(Fig. 3). Here, the peptide plane tilt angle () is displayed
as contour lines in this Ramachandran diagram. Note
that through the center of this plot is a line for 6 = 0°,
indicating that for this set of ¢, i/ torsion angles the
peptide plane is parallel to the helical axis. Above this
line the positive values of J indicate peptide planes
where the carbonyl oxygens are tilted away from the
helical axis and below this line the negative values in-
dicate that the carbonyl oxygens are tilted in toward the
helix axis. Therefore, both in Fig. 2 at the top and in
Fig. 3 it can be seen that the 3¢ helix is typically char-

acterized by peptide plane tilt values greater than that of
an o-helix and the n-helix has a slightly negative J value.

In Fig. 2 PISEMA spectra are predicted for each helix
tilted with respect to By by 30°. For these simulations
that generate PISA wheels, just one of the dipolar
transitions is displayed. Here, the transition that gen-
erates a right-handed or clock-wise pattern for the o-
helix is chosen. The same dipolar transition has been
used in the other spectral simulations. The 3;y helix,
which also has a positive ¢ value displays a clock-wise
pattern of resonances. However, the m-helix has a
slightly negative 6 value and this leads to a counter
clock-wise pattern or resonances. The number of reso-
nances per turn in the PISA wheels is different for these
three helices, 3.2, 3.6, and 4.3, reflecting the number of
o-carbons per turn in the helical wheels.

In Fig. 4 PISA wheels for each of the helical types are
generated for tilt angles of the helix axis with respect to
By of 8°, 18°, 38°, 58°, 78°, and 90° (7). While the ‘center
of mass’ position of the PISA wheel in the spectrum is
the same for all helical types at a given t, shapes of the
PISA wheels are very different for the three helical types.
The resonances for a given PISA wheel are spread out in
spectral space because these two spin interactions are
not colinear. If, the spin interaction tensors were col-
linear the variations in chemical shift-dipolar interac-
tions would be restricted to a line segment superimposed
on the line connecting the PISA wheel’s ‘center of mass’
for different 7 (dashed line in Fig. 4). The angle between
the N—H vector (the dipolar interaction axis) and the 33
tensor element of the chemical shift tensor is 17° [12,32].
The asymmetry of the chemical shift tensor further
complicates the PISA wheels at high helix tilt angles
(t > 50°).

The size of the PISA wheels is largely dependent on
the tilt angle of the peptide plane with respect to the
helical axis (9). For ¢, y angles of —68° and —17° the ¢
value is 18.9° and the PISA wheels are very large. For a
helix tilt () of just 18° the ’'N—'H dipolar interaction
will range from 2.3 to 10kHz and the chemical shift
from 200 to 145ppm. For the m-helix having torsion
angles of —57° and —70° and a ¢ value of —2.2° the di-
polar interaction ranges from 8.0 to 9.7 kHz, just 22% of
the range for the 3¢ helix. Indeed, this pattern collapses
at 6 = 0° as it inverts from a clock-wise to counter
clock-wise pattern. This correlation of the PISA wheel
size with 0 is qualitative and, while it holds up for these
three samples of ¢, y space for the dipolar interaction,
the chemical shift interaction shows a larger range for
the n-helix (45 ppm) than for the a-helix (23 ppm), which
has a ¢ value of 11.8°.

The fact that a-helical structures are more uniform in
a membrane environment suggests that other regular
helical structures will be more uniform in a membrane
environment than they are in water soluble proteins
and consequently it can be anticipated that wheel-like
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Fig. 2. The relationship between structure, helical wheel projections, and PISA wheel patterns for 39, o, and n-helices. The size and shape of the
PISA wheels are influenced by the magnitude of the ¢ angle. The sign of ¢ angle changes the rotational direction about the PISA wheel for i to i + 1
resonance patterns. Note that the same scale of bond lengths is used for the helical wheel projections so that their relative size is illustrated. Helical tilt

(t) of 30° is used for the simulation of PISEMA spectra.

patterns can be expected for 31y and m-helices, just as
they are observed for a-helices. The remarkable sensi-
tivity of the PISA wheel’s shape to ¢, y angles provides
a potential mechanism for identifying, and characteriz-
ing these different helical types if they are present in the
membrane environment. At the same time, this re-
markable sensitivity could blur the PISA wheel pattern
if there is non-uniformity among the set of ¢, y angles.
As previously shown, low resolution crystal structures
(>2.0A resolution) cannot be used for PISA wheel
predictions, whereas higher resolution (<2.0 A resolu-
tion) structures show clear PISA wheels due to the im-

provement in the atomic coordinates [21,34]. The high
resolution membrane protein structures show remark-
able homogeneity in the a-helical torsion angles except
at the site of a kink, n-bulge, etc. Here, we have also
assumed uniform torsion angles for 3;p and m-helices,
since the same set of forces that have regularized o-he-
lices, will be present to regularize 3,y and n-helices. This
is, however, not to say that ideal PISA wheels are to be
expected. There will be deviations from ideality due, not
only from small variations in ¢, i angles, but also due to
variations in chemical shift tensor element magnitudes,
and tensor orientations. These tensor effects have pre-
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viously been described and are independent of the type
of helix [12].

While there is no doubt from the present membrane
protein database that a-helices are the dominant helical
structure in the membrane environment, there may be
reasons to expect other helical conformations. For in-
stance, the 3¢ helix, which typically has a larger ¢ value
than the o-helix, may present better opportunities for
involving the protein backbone in functional chemistry
than would the o-helical geometry. While 36% of
backbone carbonyls in water soluble protein helices are
involved in bifurcated hydrogen bonds [22] it is unlikely
that this is the case in a transmembrane environment.
The percentage of hydrophilic sidechains is greatly re-
duced [35] and water is scarce. As a result, the average 0
values may be less for transmembrane o-helices and
most carbonyl oxygens will be largely secluded from
participating in any chemistry other than intrahelical
hydrogen bonds. The recent high resolution structure of
the transmembrane peptide, M2-TMP in a tetrameric
bundle [27] supports this notion with average ¢,  tor-
sion angles of —61° and —46° corresponding to a J value
of 8° instead of the PDB mean values of —65° and —40°
[6] corresponding to 6 = 12°. A 3y helix is not able to
seclude its carbonyl oxygens to the same extent with
0 = 19° and potentially there may be a chemical and
functional need for more than the occasional backbone
carbonyl oxygen, such as that produced by a n-bulge. A
310 helix would probably not be exposed to the lipid
environment, but might be present in the membrane
protein interior, e.g., surrounded by an a-helical bundle.

PISA wheels, their size and shape as well as the
number of resonances per turn and the handedness of
the resonance pattern all contribute to a unique sensi-
tivity for the type of helix and their specific structural
details. The “center of mass” of the resonance pattern
defines the tilt of helical axis with respect to By and the
bilayer normal independent of the helix type and
therefore does not complicate the interpretation of helix
type. If structurally uniform 3y or m-helices are present
in membrane proteins, PISEMA experiments should
be able to easily recognize the helix type and, as with
o-helices, unambiguously characterize the molecule
structure.

3. Methods
3.1. PISEMA spectra simulations

PISEMA spectra are simulated from the coordinates
of helices built as uniform 3y (¢p = —68, Yy = —17)
o—(¢p=—-65y=-40), and n — (¢ = —57,¢ = —70)
helices with the InsightII Biopolymer package (Accelys).
The theoretical detail of the simulation was described
previously [12,13]. Briefly, uniform chemical shift ten-
sors (oy; = 31.3, 02y =55.2, 633 =201.8ppm) and a
dipolar magnitude of 10.735kHz were used for the
simulations. The values take into account modest local
dynamics of the peptide planes. A typical relative ori-
entation (0) between the o33 chemical shift tensor cle-
ment and v of the dipolar tensor equal to 17° was used
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[12], consistent with previous experimental character-
izations [31,32]. All "N chemical shifts are relative to
the resonance for a saturated solution of "'NH,NOj; at
0 ppm.
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