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Abstract

The effect of mobility on '°N chemical shift/'’N-'"H dipolar coupling (PISEMA) solid state NMR
experiments applied to macroscopically oriented pB-barrels is assessed using molecular dynamics simulation
data of the NalP autotransporter domain embedded in a DMPC bilayer. In agreement with previous
findings for a-helices, the fast librational motion of the peptide planes is found to have a considerable effect
on the calculated PISEMA spectra. In addition, the dependence of the chemical shift anisotropy (CSA) and
dipolar coupling parameters on the calculated spectra is evaluated specifically for the B-barrel case. It is
found that the precise choice of the value of the CSA parameters 61,65, and o33 has only a minor effect,
whereas the choice of the CSA parameter 6 shifts the position of the peaks by up to 20 ppm and changes the
overall shape of the spectrum significantly. As was found for a-helices, the choice of the NH bond distance
has a large effect on the dipolar coupling constant used for the calculations. Overall, it is found that the
alternating B-strands in the barrel occupy distinct regions of the PISEMA spectra, forming patterns which
may prove useful in peak assignment.

Abbreviations: CS — chemical shift; CSA — chemical shift anisotropy; CS/D — "N chemical shift/'>N—
"H dipolar coupling; D — dipolar coupling; DMPC — dimyristoylphosphatidylcholine; MD — molecular
dynamics; PISA — polarisation index of the slant angle; PISEMA — polarisation inversion spin exchange
at the magic angle; r.m.s — root mean square.

Introduction

In the last decade, a number of solid state NMR
techniques have been developed to obtain struc-
tural information on proteins which do not easily
form crystals or are not amenable to the applica-
tion of solution state NMR methods. Such systems
include membrane proteins (Smith et al., 1996;
Opella, 1997; Griffin, 1998; Davis and Auger,
1999; de Groot, 2000; Baldus, 2002) and other
fibrous proteins, such as amyloids (Tycko, 2001),
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spider silk (van Beek et al., 2002), and cellulose
(Maunu, 2002). For membrane proteins, in par-
ticular, a number of structures of integral a-helical
membrane proteins (Opella et al., 1999; Song
et al., 2000; Park et al., 2003; Gong et al., 2004)
and bacteriophage particles (Zeri et al., 2003;
Thiriot et al., 2004), which consist of repeating
units of a-helices, have recently been elucidated
using oriented solid state NMR. This methodology
relies on the fact that the >N chemical shift and
the '"’N-"H dipolar splitting of the amide in the
protein backbone are orientationally dependent in
a macroscopically aligned sample. Both these
parameters are extracted from a polarization
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inversion spin exchange at the magic angle (PI-
SEMA) spectrum (Ramamoorthy et al., 1999),
which correlates the 'N chemical shift and the
>N-'H dipolar splitting of all residues in a single
experiment in a fully '>N labelled protein. In an
approach first proposed by Marassi and Opella
(2000) and Wang et al. (2000), the assignment and
determination of the orientation of each peptide
plane in the protein is achieved by fitting the
experimentally determined chemical shift/dipolar
pair (CS/D) to calculated parameters (Marassi and
Opella 2003). For a-helices, the calculated spectra
are obtained using a static ideal a-helix (¢ = —65°,
¥ = —40°) and consist of characteristic patterns,
called PISA wheels, that mimic the helical wheel
patterns first proposed by Schiffer and Edmund-
son (1967).

A number of a-helical membrane embedded
proteins have been found to be dynamic in the
pico- to micro-second timescales (Prosser and
Davis, 1994; North and Cross, 1995; Huster et al.,
2001) or to insert in the membrane with a large
spatial orientational distribution or mosaic spread
(Sizun and Bechinger, 2002; Kamihira et al.,
2005). Consequently, we have recently investigated
the effects of time and spatial averaging on PI-
SEMA spectra (Straus et al., 2003), in order to
determine whether the PISA wheel approach can
easily be extended to more mobile/heterogeneous
o-helical membrane proteins. We used molecular
dynamics (MD) to simulate fast librational motion
and uniform or Gaussian distributions to simulate
rotational and tilt motion of the helix in order to
assess the effect of mobility on the accuracy in
determining configurational parameters, such as
the helix tilt angle. The effect of dynamics, due to
librational motion in particular, was found to be
considerable on the position of calculated chemical
shift/dipolar splitting pairs, as compared to those
obtained using a static ideal helix. As a conse-
quence, we proposed an alternate model to the
static ideal helix model, which can be used to ex-
tract the helix tilt angle of a transmembrane helix
for such systems.

In this contribution, we further investigate how
the PISEMA experiment can be used to extract
structural parameters of mobile B-barrels. For
these systems, there is to date no experimentally
determined structure based on PISEMA data.
Theoretical spectra based on static structures of
individual B-sheets (Marassi, 2001; Fares and

Davis, 2003) and of complete B-barrels (Marassi,
2001; Vosegaard and Nielsen, 2002) have, how-
ever, been calculated. These studies have found
characteristic patterns analogous to PISA wheels
which could be used in assignment and structure
determination. Since recent work has shown that
B-barrels undergo motions in the nano- to micro-
second regime and display a gradual increase in
structural disorder from the center of the barrel to
the loops (Fernandez et al., 2001; Fanucci et al.,
2002; Hwang et al., 2002) we assess here the effects
of librational motion using data obtained from a
molecular dynamics simulation of the NalP auto-
transporter domain, whose structure was recently
solved by X-ray crystallography to 2.6 A resolu-
tion (Oomen et al., 2004), in an explicit DMPC
bilayer. Unlike single transmembrane a-helices
which can insert in a membrane bilayer at different
angles, B-barrels are much larger and insert at
angles only roughly parallel to the membrane
normal. We therefore only consider the effects of
small distributions in the tilt and rotation (in
addition to librational motion) on the position of
the chemical shift/dipolar pairs in the simulated
PISEMA spectra.

Methods

The starting coordinates of the simulations were
taken from an experimentally determined X-ray
structure of the NalP autotransporter region
(Oomen et al., 2004)(PDB entry 1UYN; resolu-
tion = 2.60 A). The autotransporter section of
the NalP protein consists of residues 777-1084,
forming a 12 stranded, antiparallel transmem-
brane B-barrel with an a-helix running through the
barrel centre (Figure 1). Missing atoms in residues
817, 919, 941, 946, 972, 999, 1055 and 1083 were
modelled using Chimera (Pettersen et al., 2004).
Three regions of the NalP autotransporter, resi-
dues 777-785, 943-945 and 1022-1038, were not
observed in the crystal structure. Residues 777-785
were omitted from the simulation. The confor-
mation of the missing residues 941-947 and
1020-1040 were generated using that of the resi-
dues 996-998 and 869-889, respectively, using
Chimera (Pettersen et al., 2004).

The simulation was performed using the
GROMOSY6 (van Gunsteren et al., 1996; Scott
et al., 1999) biomolecular program package using
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Figure 1. A view of the simulated NalP autotransporter domain in DMPC. Some of the lipids as well as the water have been omitted
for clarity. This picture was generated using Chimera (Pettersen et al., 2004).

the 45A3 membrane force field (Chandrasekhar
et al., 2003). The NalP B-barrel was placed in a
previously equilibrated DMPC bilayer with SPC
water (Berendsen et al., 1981). The positioning of
the NalP protein within the bilayer was determined
by inspection with the UCSF Chimera package
(Pettersen et al., 2004) and adjusted to the ex-
pected depth (Oomen et al., 2004). Bilayer mole-
cules containing atoms within 0.2 nm of the NalP
protein were removed and additional water
molecules added. This final system of 23,085 atoms
then consists of a 299 residue protein in a bilayer
of 79 DMPC and 5549 water molecules.
Simulations were performed in the NPT
(300 K, 1 atm) ensemble with rectangular box
periodic boundary conditions using the Berendsen
coupling techniques (Berendsen et al., 1984). All
covalent bonds were constrained with a relative

geometric tolerance of 10™* using the SHAKE
method (Ryckaert et al., 1977). A reaction field
long distance correction to the truncated Cou-
lomb potential was applied (Tironi et al., 1995).
After placement of the protein into the bilayer
and solvation, the system was minimised with
harmonic position restraints (force constant of
4000 kJ mol™" nm™>) on the C, atoms. This final
system was equilibrated for 5.5 ns with position
restraints in place. Data collection simulations
ensued from this equilibrated system without
position restraints for 12 ns, from which 600
equidistant configurations were taken for data
analysis. The r.m.s. deviations of the peptide
plane angles in the [B-sheet, a-helical and loop
regions averaged 12°, 13° and 17°, respectively
(data not shown). The r.m.s. deviation of the
planes angles of the a-helix region is comparable
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to those observed in a previous simulation (Straus
et al., 2003). The positional r.m.s. deviation from
the crystal structure was smaller than 1.6 A,
measured for the 189 [-sheet C, atoms,
throughout the simulation, which is comparable
to similar simulations of B-barrels (Faraldo-Go-
mez et al., 2003).

In the PISEMA experiment, an instantaneous
point v,(1) = ("NCSi(1),'S N — 'HD(r)) is deter-
mined for each non-proline peptide plane i (Fig-
ure 2), for which the chemical shift (CS) and
dipolar coupling (D) are determined from

PNCSi(t) =o1sin’(a;(1) — 0)sin”(B,(1))
+ aaac08” (B (1))

(B(¢
*(ou(1) — 0)sin®(B;(1)) (1)

+ 033C08

SN-VHD,(1) Zb?—H [3cos™ (o (1))sin® (B;(1)) —1].

'NH

(2)

The angles o, (£) and B; (¢) refer to the angle
between the NH; bond and the projection of the
magnetic field vector B, onto the peptide plane
and the angle between By and the peptide plane
normal 7, respectively. oi1,02 and o33 and
the angle 6 are experimentally determined CSA
parameters. bnyg = 12171.5 Hz A® is the NH
dipolar coupling constant. 3y is the cube of the
NH bond length. For this paper a value of

Figure 2. The definition of the plane variables used to calculate
the chemical shift and dipolar splitting for a peptide plane.

rna = 1.066 A averaged from experimental
NMR data (Straus et al., 2003) was used.

In the calculations presented here, the follow-
ing CSA parameters were used for non-glycine
residues: ©7;=061.6 ppm, G,,=83.0 ppm, G33=
223.6 ppm and 6 = 16.7°. Since no 6 values have
been determined for non-glycine residues in a
B-sheet conformation, the same value of 0 as in
(Straus et al., 2003) was used. For glycine residues,
the corresponding parameters are: 6;; =42.3 ppm,
Gy = 67.3 ppm, o33 = 206.5 ppm and 6 = 25°.
These values were obtained from averaging liter-
ature values obtained for B-sheets only (see sup-
plemental material). The CS/D points were
calculated using the C program developed by
Straus et al., (2003). The program was tested for
correctness by comparing calculated spectra of
porin (PDB 2POR) to literature values (data not
shown).

For a B-barrel, an instantaneous '°N chemical
shift/'>’N-'"H dipolar splitting pair (CS/D),
vi(t) = (CSi(t), Di(t)) is dependent on the follow-
ing configurational variables:

— the angle &% (7) between By and 7%l a
vector parallel to the long barrel axis

— the angle of rotation ®®*™ about 77 %! from
a reference angle @b,

— the angle =, (f) between and the ith peptide plane
and ﬁbarrel'

Thus, now considering averaging effects, the
observed NMR spectrum for peptide plane i will
be determined by

Vi = (0, 0 ) m(0) )y ()

where () and { } denote a time average and an
average over all molecules, respectively.

The long axis 77 was determined in the
following way: under the assumption that the C,
positions in the B-barrel form a cylindrical shape, a
circular pattern would be projected on to a plane
whose normal was parallel to 77 %™ This plane
was found by a random search, in which the
deviation from the average projected C, position
distance to the in-plane C, centre of mass was
minimised. Only the C, listed as belonging to
SHEET in the ITUYN PDB entry were considered
in this algorithm, using their positions from the
minimised conformation. Subsequently, all trajec-



tory conformations were fitted to these same C,
carbons when calculating the v,°>. The protein
was not rotated about the barrel axis during this
process, so o™ was taken as the orientation
found in the ITUYN PDB entry.

In order to calculate Equation 3 from com-
puter simulation data, the correct distribution of
the configurational parameters £°27l(7), 0™(7),
and 7;(f) are needed. Given that B-barrels are
large and have not been found to rearrange in the
lipid bilayer rapidly (Fanucci et al.,, 2002), we
assume that motions in %™ and @®*™ are al-
ways slow on the NMR timescale. Thus we treat
these two parameters as spatial distributions only.
Since NalP consists of an a-helical segment as
well as a B-barrel, we can use the librational
motion of the peptide planes in the o-helix as a
monitor of the librational amplitudes. Experi-
mentally, these have been found to lic in the
range of 5-16° (North and Cross, 1995; Huster
et al., 2001). In the current simulations, the
librational amplitudes for the a-helix are 10-12°,
well within what is expected. Consequently, we
consider the librational motion of the peptides
planes observed in the simulation of the B-barrel,
characterised by m,(f), to be fast on the NMR
timescale and treat it as a time average, as in our
previous work (Straus et al., 2003).

To verify that using a time-averaged w;(¢) is a
valid assumption, we also performed a 5 ns
molecular dynamics simulation run (see supple-
mental material for computational details) of fil-
amentous bacteriophage Pfl, calculated v;(&, o,
<m;(t)>) for each residue i, and compared to the
assignments reported in the literature (Thiriot
et al., 2004). The figure in the supplemental
material shows that taking librational motion into
account, by using MD simulation data, yields
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calculated v(t) = (CS;(¢), D;(f)) which agree with
experimental peak positions, within the error of
the calculation (£5 ppm, £200 Hz).

Finally, in order to determine the effect of each
of the configurational parameters £°7°(7), P!
(?) and m;(7), we therefore consider four combina-
tions: (1) the static case; (2) librational motion
alone, which is fast; (3) a combination of slow
£Parel(5) motion with librational motion; and (4) a
combination of slow ®"™(z) motion with libra-
tional motion (Table 1). As in previous work
(Straus et al., 2003), equal intensities are assumed
when spatial distributions are calculated and lines
are drawn between data points to indicate allowed
regions for the chosen distributions. In experi-
mental spectra, the relative intensities of the points
in the spatial distribution would correspond to the
population density of molecules in the individual
conformations.

Results
Case 1: Static B-barrel

The overall shape of the simulated PISEMA
spectra for the static case (2™ = @barrel — (°) is
oval, as emphasised by the solid demarcation line
in Figure 3. Because of the different CSA
parameter sets employed for non-glycine vs. gly-
cine residues, two elliptical patterns are gener-
ated. On the left (greater CS) these two patterns
overlap, while on the right the separation is
clearly visible. When a single 0 value is used for
all amino acids, this shift disappears (not shown),
and the spectra agree qualitatively with other
calculated spectra in the literature (Marassi, 2001;
Vosegaard and Nielsen, 2002). The PISEMA

Table SI. NMR averaging effects studied on the autotransporter region of NalP, where {} and < > denote averaging over slow and

fast degree of freedom respectively

Case number Variable parameters

Description

1 V(ébarrel —0° m(}])zlrrel T )
b b} 10
2 V(E-’burre] _ Oo7 mgarrel7 < TC,'(l‘) >)
3 V({&burrel(t)hmgurrel, < 7[,'([) >)
4 V(ébarrcl — 1007 {wbarrel(l‘)}7 < TE,-(Z‘) >)

Static B-barrel

Fast planar motion only

Slow £*™! with fast planar motion

Fixed £°*™! with slow ©®* ™ and fast planar motion

gbarrel® denotes the angle between the barrel axis and the membrane normal; ©®™¥ denotes a rotation around the barrel axis and

n(f) denotes the angle between peptide plane i and the barrel axis.
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Figure 3. Calculated CS/D spectra of the autotransporter

domain of NalP in the static case (case 1 in Table 1) for

gharrel — barrel — (o The protein consists of a transmembrane

B-barrel (solid demarcation line) with a central o-helix (dashed
circle region). The points to the right of the solid demarcation line
are glycines (see text).

points of the helix are clustered around the top
left corner as expected (Straus et al.,, 2003)
because the helix is oriented along the barrel axis.
The PISEMA points of the B-barrel are mostly
found on the edges of the ellipses, while the loop
region points are scattered throughout the
spectrum.

Variation of 0

As can be seen in Equation 1, 0 influences the
contributions of the o, and o33 terms to the total
CSA. As these two parameters typically differ by
an order of magnitude, the choice of 0 is critical.
Unfortunately, 0 is particularly badly defined due
to lack of experimental data. The 6 values are
averaged from less than 10 sources for both the
non-glycine and glycine residues and have a stan-
dard deviation of 3.5° from 16.7° average (non-
glycines) and 2.7° from 21.6° (glycines) (Straus
et al., 2003). Of all of these 0 values, only a single
glycine value was measured on a B-sheet.

In order to assess the sensitivity of the calcu-
lated CSA on variation of 0, we calculated the
PISEMA spectra (static case) of the non-glycine
residues for two values (Op, = 16.7° +3.5° and
Osmann = 16.7° — 3.5°) of 0 (Figure 4). The smaller 0
value noticeably reduces the spread of the points,
resulting in a more narrow oval shape. The CS
calculated with these separate 0 values differ by up
to 20 ppm.
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Theta: Average plus 1 Standard Deviation = 20.2 degrees %
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Figure 4. Effect of variation of 6 on NalP PISEMA spectra
(non-glycine residues only) in the static case and EP*™ =
©°®™ = 0°. The two values for 6 are 13.2° and 20.2°. The
smaller 0 value results in a noticeably more narrow oval shape.

Case 2: Librational motion only

The effects of fast librational motion on the
simulated PISEMA spectra are shown in Fig-
ure 5, where the demarcations serve as a guide
to compare to the static case (see caption). Here,
the points have less range in both the CS and D
directions. This averaging effect of librational
motion is similar to what has been predicted and
simulated in previous studies (Fares and Davis,
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Figure 5. Simulated PISEMA for the autotransporter region
of NalP with librational motion from a molecular dynamics
simulation (case 2 in Table 1). The same region highlights as
Figure 3 (dashed circle for a-helix, solid demarcation line for
the B-barrel) are reproduced for comparison. Compared to the
static case, the points have a smaller spread.



2003; Straus et al., 2003). The more mobile loop
sections have the greatest differences between
static and dynamic data. For the [-sheet sec-
tions, the average difference in CS from the
static case is 14 ppm with a standard deviation
of 13 ppm (data not shown). The D values of
the pB-sheet sections differ by an average of
1.6 kHz, with a standard deviation 1.1 kHz (data
not shown). The librational influence on calcu-
lated CS and D values vary greatly with both
the mobility and average orientation of the
peptide planes.

Sequential spectral pattern

Knowing the approximate expected location of a
peak can be useful in peak assignment. Typically,
based on assumed regularity in structural motifs, it
is possible to predict roughly where the peak of
plane n+ 1 would lie given the location of the peak
of plane n. For PISEMA spectra of helices, a cir-
cular pattern is assumed (Marassi, 2001), while for
B-sheets more of a zig-zag pattern is predicted
(Marassi, 2001; Fares and Davis, 2003), due to the
alternating variation of peptide plane angles along
the sheet.

Any such spectral pattern would be useful
when faced with the daunting task of assigning the
residues of a complete B-barrel. Here, we assess
whether any general pattern can be discerned in
the spectra, which might be useful in differentiat-
ing between individual sheets. Figure 6, in which
the angles between the peptide planes and the
barrel axis are plotted, shows that such a pattern
indeed exists. The angles of the planes in adjacent
B-strands are quite different from each other,
forming an alternating pattern of positive and
negative angles. In order to assess whether this is a
general trait of B-barrels, a corresponding graph of
porin (PDB entry 2POR) was calculated (see
supplemental material). A similar pattern
emerged.

Figure 7a and b (static, case 1 in Table 1) and
7c and d (librational motion only, case 2 in
Table 1) shows a PISEMA spectra divided up
according to even (starting on the extracellular
side of the membrane) and odd (starting on the
periplasmic side of the membrane) p-strands.
Consecutive plane numbers are connected by lines.
It can be seen that these lines run in opposing
diagonal directions. When librational motion is
considered, this pattern becomes clearer.
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Figure 6. Average peptide plane angles relative to the barrel
axis considering librational motion only (case 2 in Table 1). The
plane numbering scheme starts at 0, corresponding to the
peptide plane between residues 786 and 787 of NalP. The rest of
the planes follow sequentially, except when proline residues (at
positions 155, 207 and 250) are involved, in which case no plane
angle is calculated. Plane numbers 0-25 are in the helix region.
Plane numbers 236-252 are in the region of 1022-1038 in the
sequence which was not present in the crystal structure. Overall,
the alternating pattern of angles in the B-strands interspersed
with the loop regions are easily discerned.

Case 3: Slow E*"! motion with librational motion

Although transmembrane [B-barrels are generally
expected to be oriented with the barrel axis per-
pendicular to the bilayer, it is possible that small
fluctuations in the axis tilt may occur. As we as-
sume that the motions of such a large protein
would be slow on an NMR timescale, an NMR
experiment would detect the protein in a range of
orientations. Figure 8 shows the PISEMA spectra
for a single B-strand for £°*™! of 0°, 5° and 10°.
The points of an individual plane are connected by
lines to show their movements with the change in
gbarrel The effects are shown on a single B-strand
for clarity. There is a very clear movement in most
of the calculated PISEMA points.

Case 4: Fixed 2! with slow "™ motion
and librational motion

Rotation of the p-barrel about o™ has no effect
on m;(r) when £°™! = (0°. However, for increas-
ing values of £°™! the effect of ®®*™ becomes
more pronounced on the calculated CS/D posi-
tions.
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Figure 7. Simulated PISEMA of NalP (case | in Table 1 for a and b; case 2 in Table 1 for ¢ and d). Sequentially ordered planes are
connected by lines. The B-strands 1, 3, 5, 7, 9 and 11 starting on the periplasmic side of the membrane are plotted in a and c. The
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In order to demonstrate this effect in what we
consider an extreme case for transmembrane
B-barrels, we set £P*™ = 10° and plot an "™
distribution of 0°, 60°, 120°, 180°, 240° and 300°.
The resulting CS/D points, shown in Figure 9, are
very sensitive to "™, tracing out elliptical or
semi-elliptical patterns.

Discussion and conclusions

When calculating CS from Equation 1, Gy, 02
and o33 and the angle O are assumed to be con-
stants, which is not strictly correct. In reality, these
parameters are influenced by the electronic envi-
ronment of the atoms in the residue. This in turn
depends on the type and conformation of the
residue in question and of those of neighbouring
residues. Currently, only Ala, Val, Trp, Tyr and
Gly have experimentally determined 0 values
(Straus et al., 2003). Another source of error is the
use of an average, static N—H bond length when
calculating D (Equation (2)). D has been shown to
be very sensitive to the value of the N—H bond
length (Straus et al., 2003). The use of a time-
averaged bond length, instead of a time-dependent
rnu(f) term, makes the incorrect assumption
that(ﬁ)3 =13y for varying values of ryu(?).
Since the motion of molecular bonds is poorly
understood, the error introduced by this assump-
tion is difficult to quantify. However, because
bond stretching is very fast compared to other
molecular motions, we suggest that this parameter
can safely be assumed to be independent of the
other variables and be modelled as a constant. In
these simulations using bond constraints with
SHAKE, this approximation is entirely appropri-
ate, as the above assumption does hold for
FNH = constant.

When considering PISEMA spectra of trans-
membrane B-barrels compared to those of
o-helices, a number of differences emerge. First,
the overall motions, such as rotations or changes
in tilt angle of the entire B-barrel, will be slower
than single transmembrane helices in general
because of the difference in size. This has an
effect on the averaging properties of the spectra.
Secondly, the range of tilt with respect to the
membrane will likely be smaller for barrels. In
general, membrane-bound barrels forming a
channel are expected to have essentially £°*™! =
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0°, at which a rotation around ®"™' has no
effect on the PISEMA spectra. This should
facilitate the interpretation of spectra of B-barrels
in practice. Thirdly, on the other hand, trans-
membrane B-barrels tend to be larger than single
transmembrane o-helices, making the spectra
more cluttered.

In general, the majority of the residues in the
B-barrel fall on the ‘twisted PISA wheel pattern’
predicted for B-sheets tilted by 30-60° (Marassi,
2001) for £P*™! = 0° and scatter throughout the
allowed region when E°™ > (. The exceptions to
this rule of thumb mostly involve residues in the
highly mobile loop regions which are scattered
throughout the allowed region for all 2™ val-
ues. If the intensity of the observed CS/D for
these regions is high, this would cloud the overall
PISEMA pattern. We expect, however, that the
mobile loop regions will not contribute signifi-
cantly to the signal intensity, in which case they
will not impede the observation of B-sheet re-
gions.

Overall, the effects of librational motion on
CS/D calculations are similar to those previously
observed in o-helices (Straus et al.,, 2003).
However, because the CS/D points for B-sheets
generally lie in the 30-60° range, rather than at
either close to 0° or 90° as in the case of a-helices,
librational averaging effects can in contrast be seen
to be beneficial in the B-barrel case. This is because
averaging introduces only a small systematic error
in the CS/D points in the 30-60° range.

Previously reported theoretical PISEMA pat-
terns of antiparallel B-sheets had assumed that
alternating B-strands lie in the same plane (Mar-
assi, 2001; Fares and Davis, 2003). While this is
likely appropriate for B-strands which do not form
barrels, for the systems studied here (NalP and
porin), we find that the average peptide plane an-
gles of alternating B-strands are at an angle of
approximately 40° to each other. Further investi-
gation is required to determine whether this is a
general feature of B-barrels. If confirmed, the
resulting distinctive patterns in the PISEMA
spectra would show some promise for structure
determination.

In conclusion, the motional regimes investi-
gated here are the most likely to have an effect on
the position of chemical shift/dipolar splitting
pairs in PISEMA spectra of mobile or heteroge-
neous macroscopically aligned B-barrel membrane
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proteins, as seen from recent experimental data
(Fernandez et al., 2001; Fanucci et al., 2002;
Hwang et al., 2002). Of all types of motion studied
here, fast librational motion of the peptide planes
has a significant effect on the calculated PISEMA
spectra and thus has to be taken into account
when extracting structural parameters from such
data. The observed difference in the angles of
alternating B-strands may prove to be a useful tool
in peak assignment in PISEMA spectra. Time will
tell whether, once more experimental parameters
appropriate for the [-sheet conformation are
available, the PISEMA method is suitable for the
study of membrane-bound B-barrels.
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