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Abstract

Based on exact numerical simulations, taking into account isotropic and conformation-dependent anisotropic
nuclear spin interactions, we systematically analyse the prospects for high-resolution solid-state NMR on large
isotope-labeled membrane proteins macroscopically oriented in phospholipid bilayers. Using the known X-ray
structures of rhodopsin and porin as models for large membrane proteins with typical a-helical and B-barrel
structural motifs, the analysis considers all possible one- to six-dimensional spectra comprised of frequency di-
mensions with evolution under any combination of amide 'H, amide 1PN, and carbonyl 13C chemical shifts as
well as 'H-1>N dipole-dipole couplings. Under consideration of typical nuclear spin interaction and experimental
line-shape parameters, the analysis provides new insight into the resolution capability and orientation-dependent
transfer efficiency of existing experiments as well as guidelines as to improved experimental approaches for the
study of large uniformly N- and ['*C,' N]-labeled membrane proteins. On basis of these results and numerical
optimizations of coherence-transfer efficiencies, we propose several new high-resolution experiments for sequential
protein backbone assignment and structure determination.

Introduction

Membrane proteins are responsible for most of the
dynamic processes across biological membranes in-
cluding ion/molecule transport, communication, and
energy transduction. The biological relevance of mem-
brane proteins is emphasized in recent statistical
analyses of the genomes for several organisms. They
indicate that about 30% of all open reading frames
encode helix-bundle membrane proteins (Wallin and
von Heijne, 1998; Arkin et al., 1998). Indeed mem-
brane proteins also have great commercial interest as
evidenced by the fact that G-protein coupled receptors
(GPCRs) and ion-channels currently comprise more
than 50% of the human drug targets (Russell and
Eggleston, 2000).
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The high throughput by systematic structural ge-
nomics, currently with approximately four hundred
new XRD protein structures and hundred liquid-state
NMR structures released on the PDB server (Bern-
stein et al., 1977) every year, is in striking contrast
to the fact that less than fifty structures are known
for membrane proteins (Preusch et al., 1998; White
and Wimley, 1999). For XRD difficulties in crys-
tallizing membrane proteins in a lipid environment
represent the major obstacle, whereas the success of
liquid-state NMR studies is limited by long correlation
times for most proteins incorporated into phospholipid
vesicles or bilayers. Confronted with these problems,
a major effort has recently been devoted to estab-
lishing solid-state NMR as a tool to obtain atomic-
resolution structure information for proteins immobi-
lized by membrane association (Opella, 1997; Grif-
fin, 1998). This has led to numerous studies which,
through orientation-dependent interactions as well as
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accurate distance and torsion-angle measurements for
specific atoms in selectively isotope-labeled samples,
have provided valuable information about membrane-
associated helix conformation (Opella et al., 1999;
Kovacs et al., 2000; Bak et al., 2001b), multimeriza-
tion (Fu et al., 2000), and ligand-receptor interactions
(Middleton et al., 2000; Appleyard et al., 2000). While
this fragmentary approach has proven useful for the
establishment of new experimental methods and spe-
cific structure information, it is clearly tedious and
expensive for complete structure determination, not
least considering the need for multiple samples with
different isotope labeling pattern. With this aspect
in mind several studies have recently addressed uni-
formly 13C- and N-labeled peptides and small pro-
teins in non-oriented (McDermott et al., 2000; Pauli et
al., 2001; Egorova-Zachernyuk et al., 2001; Detken et
al., 2001) and uniaxially oriented samples (Ketchem
and Cross, 1993; Marassi et al., 1997; Opella et al.,
1999).

Although uniform labeling is attractive from a
practical point-of-view, it clearly introduces new prob-
lems with respect to spectral resolution being par-
ticularly pronounced for large proteins. For high-
resolution magic-angle-spinning (MAS) spectra, this
is mainly ascribed to the relatively narrow isotropic
chemical shift range matching unfavorably with the
presence of many resonances and the relatively large
line widths typically observed in solid-state NMR
spectra. This applies in particular for membrane-
associated proteins for which favorable homogeneous,
microcrystalline sample conditions (Pauli et al., 2001;
Detken et al., 2001) will generally not be achiev-
able (Pauli et al., 2000). With such aspects in mind,
Tycko (1996) used numerical simulations to predict
that it should be possible to make complete backbone
resonance assignments in multiple-dimensional MAS
powder spectra of proteins with up to 50-100 residues.
This statement has recently been corroborated exper-
imentally by McDermott et al. (2000) and Pauli et
al. (2001) who demonstrated partial or full backbone
resonance assignments for microcrystalline samples
of the 58-residue BPTI and the 62-residue a-spectrin
SH3 domain, respectively.

In an alternative experimental approach using
macroscopic orientation of the membrane proteins in
phospholipid bilayers (Opella, 1997), the unfavorable
isotropic shift-range versus line-width mismatch of
MAS methods may partially be alleviated by exploit-
ing resonance dispersion through anisotropic nuclear
spin interactions. Thus, although oriented samples

typically show slightly larger line widths than ro-
tating samples, the frequency dispersion offered by
anisotropic chemical shift and dipole-dipole coupling
interactions may allow for complete backbone assign-
ment of uniformly 'SN-labeled proteins significantly
larger than 50 residues as predicted by Marassi et al.
(1997). Assisted by additional uniform '3C labeling, it
may be possible to resolve resonance from more than
100 residues using 3D correlation experiments (Ishii
and Tycko, 2000). In this context it is relevant to note
that the oriented-sample NMR experiments, in addi-
tion to improved resonance dispersion, offer directly
accessible structure information. Upon assignment the
resonance positions or resonance patterns immediately
provide detailed information about the local molecular
structure as well as the long-range tertiary structure
and the overall conformation of the molecule in the
lipid bilayer.

Considering the acute need for methods which
allow atomic-resolution structure determination of
membrane proteins and the promising features of
macroscopic-oriented sample methods, we will in this
paper analyse the potential of such methods for the
study of large uniformly ">N- and ['3C,' N]-labeled
membrane proteins. This analysis will be conducted
numerically using the SIMPSON (Bak et al., 2000)
simulation package along with the recent SIMMOL
program (Bak et al., 2002) allowing straightforward
association of realistic anisotropic tensor informa-
tion to the three-dimensional structure of proteins.
Equipped with these tools, we systematically inves-
tigate the potential of essentially all possible one- to
six-dimensional NMR experiments for resolution and
excitation of signals required for full assignment of
backbone atoms of typical a-helical and B-barrel type
proteins in the 35-40 kDa regime.

Materials and methods

Atomic coordinates for the structures of rhodopsin
(Palczewski et al., 2000) and porin (Weiss et al.,
1991; Weiss and Schulz, 1992) have been achieved
from the PDB (Bernstein et al., 1977) files 1F88
and 2POR, respectively. Rhodopsin has seven trans-
membrane o-helices spanning residues Trp3s5-Glnes,
Pro71-Hisjgo, Projg7-Valizg, Asnjsi-Vali7z, Asnpgo-
Glnyys, Glupg7-Thray77, and Ilesge-Tyraps (Palczewski
et al., 2000). The trans-membrane part of porin
is a sixteen-stranded B-barrel which spans residues
Glu;-Asnis, Aspig-Thrss, Leuso-Lysas, Glyso-Glyes,



Glyes-Asp74, Valjig-Alajns, Phejog-Serizs, Glnygg-
Phesg, Tyri61-Asp171, Metig1-Pheyga, Thrygs-Leuxos,
Valyo7-Phenso, Throgs-lleass, Asparsg-Leunyy, Alsys-
Aspags, and Valygr-Pheszp; (Weiss et al., 1991; Weiss
and Schulz, 1992). The proteins are assumed to align
in the lipid bilayers with the average C}'-C{, | vectors
(i runs through all the membrane-spanning segments)
parallel to the membrane normal.

All analyses of the protein structures are performed
using our recently developed SIMMOL software (Bak
et al., 2002) on a 500 MHz Pentium/Linux 2.4 laptop.
SIMMOL provides a Tcl-controlled interface which
facilitates establishing the orientation of the NMR ten-
sors for different residues in the proteins. Simulations
of NMR spectra are either performed directly using
SIMMOL or by its companion SIMPSON (Bak et
al., 2000) when effects from multiple spin-systems
and/or finite rf pulses need to be taken into account.
SIMMOL calculation of the resonance positions in
2D spectra for rhodopsin or porin last approximately
5 s, whereas the four-spin SIMPSON simulations of
the selective coherence-transfer efficiencies including,
finite-pulse and off-resonance effects last approxi-
mately 15 s for the full ~300 residue structures. Prior
to simulation of the effective 'H-">N dipolar cou-
plings in rhodopsin, amide-proton coordinates have
been added to the rhodopsin structure employing the
SIMMOL defaults for the H-N bond length (1.07A)
and H-N-C%bond angle (114°).

Results and discussion

NMR interactions of the backbone atoms

While dispersion of resonances through anisotropic
interactions may be favorable from a resolution point-
of-view, it is important to keep in mind that this
is achieved at the expense of information about
residue type and secondary-structure predictions from
isotropic nuclear spin interactions (Wishart and Sykes,
1994; Cornilescu et al., 1999; Luca et al., 2001). Con-
sidering the chemical shift interaction, the resonance
position in oriented samples reflects five parameters
describing the magnitude and orientation of the chem-
ical shift tensor relative to the external magnetic field
rather than the isotropic chemical shift alone as ob-
tained under high-resolution MAS conditions. This
intuitive disadvantage may, however, be very useful
considering that the chemical shift tensors for most
peptide backbone atoms largely possess the same mag-
nitude and orientation relative to the peptide plane
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(see Figure la), independently on the residue type
and the secondary structure of the peptide (Opella et
al., 1987; Cross and Quine, 2000). This implies that
the resonance position to a good approximation re-
lates directly to two Euler angles orienting the peptide
plane relative to the external magnetic field. Thereby,
it is possible not only to obtain information about the
structure of the protein but also its conformation and
orientation relative to, e.g., the bilayer normal in sam-
ples macroscopically oriented with this axis parallel
to the external magnetic field. Obviously, a prerequi-
site is that the relevant resonances can be resolved and
assigned unambiguously.

The fact that most peptide-backbone anisotropic
interaction tensors to a good approximation are
uniquely related to the peptide plane opens the pos-
sibility for accurately taking these interactions into
account in numerical simulations of solid-state NMR
spectra for oriented membrane proteins. In the fol-
lowing we will exploit this feature to numerically
predict the resolution capability and sensitivity of
multi-dimensional correlation experiments. For this
purpose, Table 1 summarizes typical parameters for
the magnitude and orientation of relevant interaction
tensors involving the amide Iy (1, a), amide 1SN 2,
b), and carbonyl 13C’(4, 5, ¢) chemical shifts as well as
'H->N dipole-dipole couplings (3), where the paren-
theses contain identification codes used henceforth for
labeling of correlations, pulse sequences, and pulse-
sequence elements. Frequency dimensions reflecting
chemical shift evolution under '3C* and side-chain
13C atoms are not considered since they generally
exhibit strong dependency on the residue type and
the secondary structure, while frequency-encoding by
evolution under '3C-13C and '3C-1>N dipole-dipole
couplings are disregarded because of their relatively
small magnitudes. For clarification Figure 1b shows a
schematic of a peptide chain highlighting the above-
mentioned atoms with their interaction tensors at-
tached to the peptide plane. It is assumed that any
of the interactions in Table 1 may be observed ei-
ther directly or indirectly in a multi-dimensional NMR
experiment with each frequency dimension directly re-
lated to one of the interactions. In this context it is
relevant to point out that the '3C* and side-chain 13C
atoms are assumed not to appear in the carbonyl region
of the 13C spectrum. For '>C? this is plausible since
the powder pattern associated with the typical 13C®
chemical shift parameters djso = 50 ppm, daniso =
—20 ppm, 1 = 0.43 (Naito et al., 1981) will not
overlap with the '3C’ powder pattern corresponding to
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Figure 1. (a) Graphical SIMMOL representation of the IH, 15N, and 13C’chemical shift tensor ellipsoids within the peptide plane. xg, yg,
and z g define the peptide-plane coordinate system E. (b) Visualization of a SIMMOL generated three-residue (i — 1, i, i + 1) alanine peptide

chain with labeling of the interactions listed in Table 1.

the parameters in Table 1. We note that Figure 1b dis-
tinguishes between chemical shifts assumed accessi-
ble by selective/specific coherence transfer (numbers)
and ‘symmetrically’ disposed chemical shifts being
accessible through non-selective/non-specific coher-
ence transfer (letters), e.g., using proton-mediated
spin-diffusion (Szeverenyi et al., 1982).

To provide a reasonable evaluation of the practi-
cally achievable resolution capability, Table 1 contains
conservative estimates on the line widths being re-
alistic to observe in experimental spectra according
to previous studies of single crystals or uniaxially
oriented samples as summarized in Table 2. Obvi-
ously, taken into combination with the typical nuclear
spin interaction parameters these line widths provide
additional important information about the optimum
sample conditions and thereby about which interac-
tions should most conveniently be probed in the direct
detection dimension. Thus, for the convenience of the
reader Table 1 also includes proposed spectral widths
(sw) and numbers of sampling points (N) calculated
as N = sw/Avy,s. The latter number ensures that
truncation of the FID increases the line width by less
than 7%. We note that this additional line broadening
may already be part of the experimental line width
estimates in Table 2 and may depend on whether the
interaction is sampled indirectly or directly. This is-

sue is not included in the following evaluation of the
resolution power.

Model structures

With large membrane-spanning proteins being the
target of our study, we have chosen recent X-ray
structures for rhodopsin (Figure 2a) and porin (Fig-
ure 2b) as representative models for the two known
membrane-spanning structural motifs for membrane
proteins, namely trans-membrane (TM) a-helices and
B-barrels (White and Wimley, 1999). Specifically, we
have for rhodopsin, which is a GPCR containing seven
TM a-helices, chosen the recent X-ray structure of
Palczewski et al. (2000) while the X-ray structure of
Weiss et al. (1991) was chosen for the sixteen-stranded
B-barrel porin. Both proteins contain approximately
300 residues and are thereby significantly larger than
any protein whose structure has been determined by
solid-state NMR so far. Equipped with these large, al-
beit typical, structures, the typical peptide nuclear spin
interaction parameters, and experimentally achievable
line widths in Table 1, it is possible to systematically
investigate the performance of essentially any kind of
solid-state NMR experiment using the recently devel-
oped SIMMOL (Bak et al., 2002) and SIMPSON (Bak
et al., 2000) software packages. SIMMOL allows au-
tomatic establishment of all relevant anisotropic tensor
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Table 2. Typical line widths observed for IH, 15N, and 3¢’ chemical shifts and 'H-15N dipolar couplings in

various samples?

Dimension Avyn

Sample

Reference

IH (1,a) 1.2 fd coat protein (oriented bilayer)
0.8 N-acetylleucine (single crystal)

15N 2,b) 3 fd coat protein (oriented bilayer)
2-3 N-acetylglycine (single crystal)
1-3 N-acetylleucine (single crystal)
3 magainin/Vpu (oriented bilayer)
2.5 Alanylglycylglycine (single crystal)

IH-BN@G) 03 fd coat protein (oriented bilayer)
0.4 N-acetylglycine (single crystal)
0.2 N-acetylleucine (single crystal)
0.25 magainin/Vpu (oriented bilayer)

Marassi et al. (1997)
Ramamoorthy et al. (1999)
Marassi et al. (1997)

Gu and Opella (1999a)
ramamoorthy et al. (1999)
Marassi et al. (2000)

Ishii and Tycko (2000)
Marassi et al. (1997)

Gu and Opella (1999a)
Ramamoorthy et al. (1999)
Marassi et al. (2000)

1BC/@4,5,c)  24-42%  Alanylglycylglycine (single crystal)

Ishii and Tycko (2000)

2-4 N-acetylglycine/N-acetylvaline (single crystal) ~ Gu and Opella (1999a, 1999b)

4The line width (Av  ; full width at half height) is given in ppm for shifts and kHz for dipolar couplings.
2

bThe typical line widths of 2-3.5 ppm reported have been multiplied by 1.2 to account for chemical shift scaling.

information and simulation of ideal solid-state NMR
spectra without consideration of features such as non-
ideal coherence/population transfer, finite rf pulses,
multiple-spin effects etc. SIMPSON allows all these
features to be taken explicitly into account while using
tensor parameters issued by SIMMOL.

Resolution power of multidimensional correlation
experiments

Figure 2 shows 1D "N NMR spectra of uniaxially ori-
ented rhodopsin and porin simulated with SIMMOL
using a typical 3 ppm line width (c,d) and infinitely
sharp lines (e,f). Considering that the spectra contain
about 300 resonances of 3 ppm line width within a 100
ppm chemical shift range, it is not surprising that the
1D spectra do not provide sufficient resolution to give
structural information beyond the expected down-field
dominance for the largely trans-membrane a-helical
rhodopsin and a corresponding up-field dominance for
the trans-membrane B-barrel in porin. To alleviate this
resolution problem and to establish complementary
structure information from 'H-'>N dipolar couplings,
it has become popular to use the so-called polarization
inversion spin exchange at the magic angle (PISEMA)
experiment proposed by Opella and co-workers (Wu
et al.,, 1994). The relevance of this approach in the
studies of large membrane proteins becomes evident
from Figures 2g and 2h showing SIMMOL simu-
lated PISEMA spectra of rhodopsin and porin, with
resolved and unresolved resonances represented by

open and filled ellipses, respectively, with a size re-
flecting the typical line widths in Table 1. These
spectra clearly corroborate the resolution-wise attrac-
tive features of 2D PISEMA spectra even for quite
large proteins, although it is also evident that sub-
stantial overlap remains in the most crowded regions
of the N spectrum. This opens some very interest-
ing questions. How good is the actual resolution in
the PISEMA spectra and would there be better alter-
natives for large uniformly N- or [13C,!>N]-labeled
membrane proteins?

To answer these questions, we need a unique defi-
nition of the achievable resolution in the various pos-
sible frequency dimensions of multiple-dimensional
NMR experiments using the interaction/frequency di-
mensions and typical line-shape parameters listed in
Table 1. Within the assumption that all resonances
in a given frequency dimension i have identical line
widths, Avy,2(i), it proves convenient to use normal-
ized frequencies x (i) = v(i)/Avy,2(i) with unit line
widths, where v(i) is the frequency in normal units
(ppm or Hz). In this case an N-dimensional Lorentzian
line for a given resonance a may be expressed as
(Ernst et al., 1987)

N

1
Sl :il:[ll+4(x(i)—xa<i>>2’ v

with x, (i) = v,(i)/Av1,2(i) denoting the normalized
resonance frequency in the i’th spectral dimension.
Using this notation, two resonances may be considered
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Figure 2. Molecular structures of (a) rhodopsin and (b) porin along with SIMMOL simulated NMR spectra of rhodopsin (c,e,g) and porin
(d,f,h) macroscopically oriented with the average a-helix (thodopsin) and B-strand (porin) axes parallel to the external magnetic field. The
simulated 1D 1PN spectra (solid lines in (c,d)) employ 3 ppm line width for all resonances and are overlaid by a simulated powder spectrum
(dashed lines) employing the parameters from Table 1. (e,f) Stick plots of the resonance positions from (c,d). (g,h) Simulated PISEMA spectra
with open and closed ellipses representing resolved and unresolved resonances, respectively. The size of the ellipses correspond to typical line
widths of 0.3 kHz and 3 ppm for the Ig-5N dipole coupling and 15N chemical shift dimensions, respectively.

resolved if there is a ‘valley’ between the two reso-
nances in the summed 4, + 4, spectrum. In a normal
one-dimensional representation this corresponds to the
existence of a zero crossing for 92(8,(x)+38p(x))/0x2
in the interval between x, and xp. This occurs only if
|Xq —xp| > 1/ V3. Although the minimum distance to
achieve resolution of two lines in multi-dimensional

spectra may be slightly smaller depending on the ori-
entation of the vector X, —Xp, we conservatively define

two resonances as being resolved when |x, —x;| > %
implying
N . .
Z V(i) — vp(i) - % ‘ @)

; Av (i)
i=1 2
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Thus, in a spectrum containing multiple lines, a par-
ticular resonance a is considered resolved provided
it fulfills the inequality in Equation 2 for all other
resonances b (b # a). Using this definition, the 1D
spectra in Figures 2c¢ and 2d may readily evaluated
to allow resolution of less than 1% of the resonances
for uniformly '3 N-labeled rhodopsin and porin, while
the corresponding PISEMA spectra in Figures 2g and
2h allow for resolution of 59% of the resonances for
rhodopsin and 48% of the resonances for porin.

Using the same approach, it is straightforward to
systematically analyse the resolution power for any
type of one- to six-dimensional solid-state NMR ex-
periments allowing the interactions listed in Table 1
to be observed in separate spectral dimensions. The
results of such an analysis on the rhodopsin and porin
structures are given in Table 3, where the columns
for the various multiple-dimensional experiments con-
tain the number (fraction) of resolved resonances for
rhodopsin and porin. It should be noted that we, to
avoid unfavorable distribution of the initial coherence
to an excessively large number of spins, restricted
ourselves to experiments with only one non-selective
transfer step (i.e., at maximum one of the frequency di-
mensions labeled a, b, or ¢ in Table 1). Table 3 clearly
supports the trend already established from Figure 2,
namely that 1D experiments do not provide any reso-
lution for large membrane proteins, while the situation
is markedly improved just going to 2D correlation ex-
periments. It is, however, also clear that there is a
substantial variation in the resolution power of 2D ex-
periments ranging from 5% to about 80% depending
on which interactions are correlated and which of the
two compounds is under consideration. Using 3D ex-
periments, it appears possible to resolve essentially all
resonances, which obviously also applies for higher-
dimensional approaches. Considering the quite large
variation in the resolution power, in particular for the
practically most relevant 2D and 3D approaches, it is
evident that the present analysis may provide useful
guidelines for the evaluation and development of ex-
periments for solid-state NMR on uniaxially oriented
proteins.

Before entering a detailed discussion of specific
experiments, it is relevant to point out some gen-
eral features observed from Table 3. First, we note
that the 'H chemical shift dimension generally con-
tributes only little resolution power for the present
model systems as compared to the other interactions.
This is not surprising considering the relatively small
dispersion of the anisotropic amide 'H chemical shifts

(~ 13 ppm) relative to the typical line width (1 ppm).
It should be noted, however, that 'H chemical shifts
have proven useful for resolution of resonances from
in-plane a-helices (Marassi et al., 2000) being the least
favorable case for the PISEMA experiment. Second, it
is evident from Table 3 that correlations between dif-
ferent peptide planes generally provide superior reso-
lution than correlations within the same peptide plane.
An example would be the 3D intra-residue ['H;-19N;
dipole coupling, °N; shift, 13C§ shift] correlation ex-
periment (labeled 2-3-4 in Table 3), which for both
compounds improves the resolution by about 25%
compared to the intra-residue ['H;-15N; dipole cou-
pling, SN; shift, 1*C/_, shift] correlation experiment
(labeled 2-3-5 in Table 3).

Practical implementation of multiple-dimensional
correlation experiments

The resolution power is obviously not the only cri-
terion for selecting a given multi-dimensional cor-
relation experiment. It is necessary to combine this
information with the practical feasibility of the exper-
iment seen in relation to the underlying coherence-
transfer processes, the required isotope-labeling pro-
cedures, and the performance of currently available
pulse-sequence elements. With respect to isotope la-
beling, it is most relevant to discriminate between
uniform N labeling and uniform ['3C,'3N] label-
ing, e.g., considering that NMR experiments for
purely N-labeled proteins may be conducted on stan-
dard double-resonance equipment rather than on more
advanced triple-resonance instrumentation. Accord-
ingly, the vast majority of solid-state NMR studies of
macroscopically oriented peptides have so far relied
on ['H,'°N] double-resonance experiments on I5N-
labeled peptides/proteins. Another important aspect
to address is the orientation dependence of the dipo-
lar couplings which typically are used for practical
realization of the coherence transfers required to cor-
relate the various interactions. In contrast to powder
samples, variations in the effective dipolar couplings
may lead to non-uniform excitation profiles caus-
ing potential loss of signals during the fundamental
coherence-transfer processes.

Double-resonance experiments

Considering 2D ['H,15N] double-resonance experi-
ments, Table 3 reveals that most resolution power is
offered by the 2-3, 2-b, and 3-b experiments cor-
relating the 'H-'N dipole coupling with the direct



Table 3. Calculated number (and percentage) of resolved resonances from multi-dimensional NMR
spectra of rhodopsin and porin using uniform N, B¢, or [13¢,15N] labeling depending on the
involved interactions®

g L
T - T A
= £ £ £ £ & £ F
Number of - - - - - - - - Resolved resonances
Dimensions 1 a 2 3 b 4 5 c Rhodopsin ~ Porin
1 1 - - - - - - - 0 (0%) 0 (0%)
- - 2 - - - - 1 (0%) 3 (1%)
- - - 3 - - - - 0 (0%) 3 (1%)
- - - - - 4 - - 2 (1%) 1 (0%)
2 1 a - - - - - - 16 (5%) 16 (5%)
1 - 2 - - - - - 83 (26%) 95 (32%)
1 - - 3 - - - - 50 (16%) 57 (19%)
1 - - - b - - - 84 (26%) 82 (28%)
1 - - - - 4 - - 117 37%) 131 (44%)
1 - - - - - 5 - 75 (24%) 96 (33%)
1 - - - - - - [ 45 (14%) 48 (16%)
- a 2 - - - - - 86 (26%) 89 (30%)
- a - 3 - - - - 42 (13%) 54 (18%)
- a - - - 4 - - 44 (13%) 69 (23%)
- a - - - - 5 - 80 (24%) 95 (32%)
- - 2 3 - - - - 187 (59%) 141 (48%)
- - 2 - b - - - 194 (58%) 186 (62%)
- - 2 - - 4 - - 247 (73%) 222 (74%)
- - 2 - - - 5 - 181 (54%) 213 (71%)
- - 2 - - - - [ 145 (43%) 156 (52%)
- - - 3 b - - - 178 (56%) 125 (42%)
- - - 3 - 4 - - 219 (69%) 204 (69%)
- - - 3 - - 5 - 169 (53%) 182 (62%)
- - - 3 - - - c 124 39%) 122 (41%)
- - - - b 4 - - 153 (45%) 156 (52%)
- - - - b - 5 - 206 (61%) 168 (56%)
- - - - - 4 5 - 216 (64%) 237 (79%)
- - - - 4 - c 153 (45%) 191 (64%)
3 1 a 2 - - - 220 (69%) 220 (75%)
1 a - 3 - - - - 184 (58%) 203 (69%)
1 a - - - 4 - - 214 (68%) 228 (77%)
1 a - - - 5 - 187 (59%) 233 (79%)
1 - 2 3 - - - - 213 (67%) 174 (59%)
1 - 2 - b - - - 288 (91%) 261 (88%)
1 - 2 - - 4 - - 285 (90%) 277 (94%)
1 - 2 - - - 5 - 200 (63%) 225 (76%)
1 - 2 - - - - c 194 (61%) 211 (72%)
1 - - 3 b - - - 264 (83%) 246 (83%)
1 - - 3 - 4 - - 276 (87%) 268 (91%)
1 - - 3 - - 5 - 179 (56%) 213 (72%)
1 - - 3 - - - c 177 (56%) 195 (66%)
1 - - - b 4 - - 263 (83%) 274 (93%)
1 - - - b - 5 - 263 (83%) 258 (87%)
1 - - - - 4 5 - 272 (86%) 280 (95%)
1 - - - - 4 - [ 255 (80%) 273 (93%)
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Table 3 continued.

F L

I O I |

= =z £ £ £ £ £ °

Number of - - - - - - - - Resolved resonances
Dimensions 1 a 2 3 b 4 5 c Rhodopsin Porin

- a 2 3 - - - - 271 (85%) 248 (84%)
- a 2 - - 4 - - 287 (85%) 274 (91%)
- a 2 - - - 5 - 266 (79%) 281 (94%)
- a - 3 - 4 - - 277 (87%) 260 (88%)
- a - 3 - - 5 - 263 (83%) 270 (92%)
- a - - - 4 5 - 278 (82%) 274 (91%)
- - 2 3 b - - - 305 (96%) 264 (89%)
- - 2 3 - 4 - - 313 (99%) 285 (97%)
- - 2 3 - - 5 - 247 (78%) 240 (81%)
- - 2 3 - - - c 245 (77%) 225 (76%)
- - 2 - b 4 - - 321 (95%) 292 (97%)
- - 2 - b - 5 - 319 (95%) 286 (95%)
- - 2 - - 4 5 - 319 (95%) 294 (98%)
- - 2 - - 4 - c 317 (94%) 292 (97%)
- - - 3 b 4 - - 307 (97%) 286 (97%)
- - - 3 b - 5 - 298 (94%) 281 (95%)
- - - 3 - 4 5 - 305 (96%) 290 (98%)
- - 3 4 - c 304 (96%) 285 (97%)
- - - b 4 5 - 321 (95%) 293 (98%)
4 1 a 2 3 - - - - 282 (89%) 263 (89%)
1 a 2 - - 4 - - 303 (96%) 289 (98%)
1 a 2 - - - 5 - 268 (85%) 280 (95%)
1 a - 3 - 4 - - 302 (95%) 289 (98%)
1 a - 3 - - 5 - 265 (84%) 279 (95%)
1 a - - - 4 5 - 299 (94%) 289 (98%)
1 - 2 3 b - - - 309 (97%) 273 (93%)
1 - 2 3 4 - - 315 (99%) 287 (97%)
1 - 2 3 - 5 - 247 (78%) 240 (81%)
1 - 2 3 - - - c 247 (78%) 230 (78%)
1 - 2 - b 4 - - 313 (99%) 293 (99%)
1 - 2 - b - 5 - 303 (96%) 283 (96%)
1 - 2 - - 4 5 - 309 (97%) 291 (99%)
1 - 2 - - 4 - c 309 (97%) 289 (98%)
1 - - 3 b 4 - - 311 (98%) 293 (99%)
1 - - 3 b - 5 - 298 (94%) 283 (96%)
1 - - 3 - 4 5 - 305 (96%) 291 (99%)
1 - - 3 - 4 - c 305 (96%) 289 (98%)
1 - - - b 4 5 - 311 (98%) 293 (99%)
- a 2 3 - 4 - - 315 (99%) 291 (99%)
- a 2 3 - 5 - 293 (92%) 283 (96%)
- a 2 - - 4 5 - 327 (97%) 296 (99%)
- a - 3 - 4 5 - 311 (98%) 293 (99%)
- - 2 3 b 4 - - 317 (100%) 293 (99%)
- - 2 3 b - 5 - 311 (98%) 283 (96%)
- - 2 3 - 4 5 - 315 (99%) 291 (99%)
- - 2 3 - 4 - c 315 (99%) 289 (98%)
- - 2 - b 4 5 - 335 (99%) 298 (99%)
- - - 3 b 4 5 - 315 (99%) 293 (99%)




Table 3 continued.
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g L
I R I
Z £ £ = £ £ §F 5
Number of - - - - - - - - Resolved resonances
Dimensions 1 a 2 3 b 4 5 c Rhodopsin Porin
5 1 a 2 3 - 4 - - 315 (99%) 293 (99%)
1 a 2 3 - - 5 - 295 (93%) 283 (96%)
1 a 2 - - 4 5 - 311 (98%) 293 (99%)
1 a - 3 - 4 5 - 311 (98%) 293 (99%)
1 - 2 3 b 4 - - 317 (100%) 293 (99%)
1 - 2 3 b - 5 - 311 (98%) 283 (96%)
1 - 2 3 - 4 5 - 315 (99%) 291 (99%)
1 - 2 3 - 4 - c 315 (99%) 289 (98%)
1 - 2 - b 4 5 - 315 (99%) 293 (99%)
1 - - 3 b 4 5 - 315 (99%) 293 (99%)
- a 2 3 - 4 5 - 315 (99%) 293 (99%)
- - 2 3 b 4 5 - 317 (100%) 293 (99%)
6 1 a 2 3 - 4 5 - 315 (99%) 293 (99%)
1 - 2 3 b 4 5 - 317 (100%) 293 (99%)

4The calculations are based on the typical line shape and nuclear spin parameters in Table 1. Note
that only frequency dispersion from anisotropic spin interactions is considered.

(2-3) or remote (3-b) 1N chemical shift, and di-
rect to remote >N chemical shift (2-b). The first of
these experiments, 2-3, may be conducted using the
well-established PISEMA pulse sequence (Wu et al.,
1994) shown in Figure 3a allowing resolution of about
50-60% of the resonances for the two 35-40 kDa
model proteins. The PISEMA pulse sequence is ex-
perimentally attractive in the sense that it through
non-selective excitation of >N coherence using cross-
polarization (CP) (Pines et al., 1973) from the sur-
rounding proton ensemble ensures establishment of
5N chemical shift vs. S'N-'H dipolar coupling cor-
relation for virtually all amide 'N-'H spin-pairs in
the sample independently on the orientation of the var-
ious peptide planes relative to the external magnetic
field. Furthermore, the relatively large one-bond PN-
'H dipolar couplings ensure precise discrimination of
differently oriented '>N-'H vectors within a relatively
short #1-evolution period causing a minimum of signal
loss by T7, relaxation.

The alternative ['°N;, N;+] chemical shift (2-
b) and ['H;-1N; dipolar coupling, I5N;11 chemical
shift] (3-b) correlation experiments, providing simi-
lar resolution, require a time-consuming long-range
I5N; — 15N;4; coherence transfer. Due to the low
gyromagnetic ratio for >N, this transfer should pref-
erentially be conducted via several intermediate (one-

bond) coherence-transfer steps, each being suscepti-
ble to loss of signals due to coherence transfer via
orientation-dependent dipolar couplings, or accom-
plished in a potentially less selective manner using
homonuclear proton-driven >N spin-exchange (Szev-
erenyi et al., 1982). Both experiments may be im-
plemented essentially as described by Marassi et al.
(1999) in the context of oriented peptides, although we
propose the additional use of pure exchange (PUREX)
(deAzevedo et al., 2000) to suppress auto-correlations.
This is fundamental to achieve the high resolution
listed in Table 3. The pulse sequence using t; = 0
and #p = 0 to accomplish the 2-b and 3-b correla-
tions, respectively, is shown in Figure 3b. We note that
PUREX requires acquisition of two experiments with
the second t-delay placed either as shown in Figure 3b
or moved to the position indicated by the curved arrow.

By combining the 2-3 and 2-b 2D experiments
in a 2-3-b type 3D experiment (Marassi et al., 1999)
correlating PN; shift, 'H;-'3N; dipole coupling, and
I5N; 1 shift, it is possible to resolve 96% of the res-
onances in rhodopsin and 89% of the resonances in
porin. This illustrates that this particular experiment
is very attractive from the point of view of the high-
est possible resolution. One drawback of the present
implementation, however, is the long mixing times of
several seconds required to achieve efficient proton-
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Figure 3. Pulse sequences proposed for (a,b) [IH,ISNJ double-resonance and (c—e) [IH,BC,ISN] triple-resonance experiments on macroscop-
ically oriented membrane proteins. The experiments correlate the (a) IH- 5N dipole coupling with ISN chemical shift (i.e., 2-3; implemented
as PISEMA), (b) 1H,-—ISN,- dipole coupling with direct I5N ; and/or remote 1SN,-:H chemical shift (2-3-b, 2-b, or 3-b), (¢) 'H;-1°N; dipolar
coupling with 15Ni- and 13C;_1 chemical shift (2-3-5), (d) 1Hi-ISN,- dipolar coupling with intra-residue 15N,-- and 13C; chemical shifts
established by transfer through the intermediate 13C?‘ (2-3-4), and (e) 13Cl’._1 chemical shift with 1H,-—ISN ; dipole coupling, I5N; chemical

shift, and 13C; chemical shift via 13C;" (2-3-4-5). Non-selective and selective coherence transfers are indicated by triple and single arrows,
respectively. If not indicated otherwise filled and open vertical bars are non-selective rf pulses with flip angles of 7/2 and =, respectively. 6
denotes a flip angle of /2 — tan~! /2. The x/y phase combinations are used for phase-sensitive multiple-dimensional spectra according to
States et al. (1982). Preferably, homonuclear decoupling should be applied during acquisition in (c—e) and also for the #; evolution period
in (e). For the spin-diffusion experiment (b) the proton magnetization may be more efficiently utilized by placing Iy y-phase 1/2 and
OMA = tan~! /2 flip-back pulses at the positions indicated by black triangles and diamond, respectively. Thereby the relaxation delay and the
first t/2 Iy pulse may be omitted for all but the first scan. On the right are sketches of peptide sequences highlighting the relevant nuclei and
transfer steps.

mediated spin-diffusion. This opens for uncontrolled
leak of the magnetization to other spins potentially
with the result of unwanted cross-peaks in the spectra
which may lead to wrong assignments.

Addressing the alternative pure '*C-labeling ap-
proach, although economically not the most obvious
labeling strategy, it is interesting to note that the 2D
IH-13¢’ chemical shift correlation experiments (1-4,
1-5, 1-c, a-4, and a-5) typically provide lower resolu-



tion than the best 2D 'H-1SN counterparts. Adding the
fact that all of these experiments additionally rely on
time-consuming long-range coherence transfers, we
will not discuss these further. In contrast, the selective
4-5 and non-selective 4-c 2D 13C’-13C’ correlation ex-
periments may prove useful since they simultaneously
provide quite good resolution and useful correlations
for sequential assignment.

Triple-resonance experiments

Realizing that it is difficult to establish sequential
assignments from double-resonance experiments, we
shall now use the results in Table 3 to evaluate which
triple-resonance experiments yield the best resolution.
Due to the above-mentioned problems with proton-
mediated spin-diffusion, we focus on sequences em-
ploying selective (one-bond) transfer steps to ‘walk’
through the protein backbone. That is, the experiments
should be carried out employing selective 13C§_ | <
I5SN;, BN; < 13C?‘, and 13C§?‘ PN 13C; coherence trans-
fers in a fashion similar to that extensively used in
liquid-state NMR (for an overview see Cavanagh et al.
(1996)) and more recently in MAS solid-state NMR of
peptides (Straus et al., 1998; Hong, 1999; Pauli et al.,
2001; Detken et al., 2001).

A liquid-state-inspired approach is to combine in-
formation from two experiments which establish cor-
relation from the initial spin (e.g., ’N;) to destination
spins (e.g., 13C]_, and 3C}) of the same type on the
two sides within the peptide chain. Probably the most
simple pair of experiments that provide sequential cor-
relations is the 2D NCO and N(CA)CO experiments,
which employ SN chemical shift evolution in the in-
direct dimension combined with observation of the
13C’chemical shift for the preceding (NCO) and same
(N(CA)CO) residue as the initial amide nitrogen. In
the latter experiment the magnetization is transferred
to 13C§ via 13C§?‘. By combining these two experiments
the correlation between the '*C’ chemical shifts of
adjacent residues may be achieved. Within our nota-
tion, the NCO and N(CA)CO experiments are labeled
2-5 and 2-4, respectively, which according to Ta-
ble 3 provide resolution of 54—74% of the residues for
rhodopsin and porin. While this may be a sufficient
resolution to perform a complete assignment (Tycko,
1996), it is important to emphasize that the number
of correlations established between two experiments
is determined by the resolution in the dimension(s)
the experiments have in common. For NCO and
N(CA)CO, the common dimension is the "N chem-
ical shift which provides only little resolution. Thus,
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employing the suggested two 2D experiments for our
two model systems would only provide very few re-
solved pairs of sequential correlations although the
resolution in both experiments is better than 50%.

The fact that only a very limited number of triad-
spin sequential correlations (e.g., 13C;_1-15Ni-13C§)
may be established from combination of 2D NMR
experiments strongly suggests the use of three- or
four-dimensional experiments for complete solid-state
NMR assignment of ~300 residue proteins. The most
evident approach is to use NCO and N(CA)CO type
of experiments in 3D versions employing evolution
periods under the 'H;-'>N; dipolar coupling, the °N;
chemical shift and the 13C,_, or 13C} chemical shift.
The two relevant experiments are labeled 2-3-4 and 2-
3-5 in Table 3 and allow resolution of 97-99% and
78-81%, respectively, of the signals in our model
compounds.

The inter-residue 2-3-5 correlation experiment has
already been implemented and experimentally demon-
strated on oriented samples (Gu and Opella, 1999a,
b; Ishii and Tycko, 2000), and relies on a PISEMA
element followed by selective CP transfer from °N;
to 13C;_l], for the experiment with 13C detection
as sketched in Figure 3c. A major challenge in the
13C-detected version of this experiment is to acquire
the '3C signal under homo- and heteronuclear decou-
pling as described by Ishii and Tycko (2000). The
2-3-4 experiment may be realized using the pulse se-
quence proposed in Figure 3d containing a PISEMA
sequence, selective CP from I5N; to 13C?‘, and finally
a homonuclear spin-lock period (see, e.g., Robyret al.,
1995) for transfer of coherence from 13C§?‘ to 13C;.
Apart from the expected gain in sensitivity by observa-
tion of higher-y nuclei (Cavanagh et al., 1996), Table 1
indicates another advantage of 13C detection, or to be
more specific, a disadvantage of indirect 13C detec-
tion. The reason is that the number of increments and
thereby the time required for acquisition in an indi-
rect dimension is inversely proportional to the required
sampling rate. For '3C the spectral window should
accommodate both '3C’and side-chain '3C spins to
avoid folding of the latter into the carbonyl region of
the spectrum. Consequently, the 'C spectral window
should cover a ~250 ppm region provided the side-
chain '3C resonances can not be eliminated by other
means. For N detection the spectral window may
be set to the span of the !N chemical shift tensor as-
suming that the number of N resonances from other
sources than the amide nitrogens are very few. Com-
paring the number of increments for indirect detection



238

of 13C and >N chemical shifts listed in Table 1, we
find that indirect '>N detection typically requires only
half the number of increments as required for indirect
13C detection.

There is a remarkable difference in the number
of resolved resonances for the 2-3-5 and 2-3-4 ex-
periments, in favor of the novel inter-residue 2-3-4
experiment. Thus, it would be relevant to find alterna-
tive experiments to establish correlations to the 13C§_1
(5) spin. However, by consulting the results in Table 3,
we realize that this dimension generally contributes lit-
tle supplementary resolution to the '>N; chemical shift
or 'H;-15N; dipolar coupling (vide supra). The most
promising route to higher resolution in NCO-type
experiments is to establish inter-residue correlations,
i.e., experiments based on the ['3C], 13C]_, chemical
shift correlation pulse sequence element labeled 4-5.
When relying on one-bond transfers, this experiment
may straightforwardly be extended to allow additional
evolution periods under the '3N; chemical shift (the
3D experiment labeled 2-4-5) or the Iy, I5N; dipolar
coupling (the 3D experiment labeled 3-4-5). Both ap-
proaches enable resolution of more than 95% of the
resonances in our two model proteins, while the 4D
2-3-4-5 experiment resolves 99% of the resonances.
Figure 3e proposes an implementation of this experi-
ment starting with #; evolution under the 13C§_ | chem-
ical shift followed by selective coherence transfer to
ISN; for evolution under the 'H;-'>N; dipolar coupling
and 1SN chemical shift. Subsequently, the coherences
are transferred to 13C; via 13C?‘ by heteronuclear CP
and homonuclear spin diffusion as described for the
2-3-4 experiment above. Obviously, a remaining ques-
tion concerns whether it is experimentally realistic to
perform these experiments involving three selective
coherence transfer steps.

Topology-assisted spectral assignment

When discussing experimental techniques for assign-
ment of solid-state NMR spectra for macroscopically
oriented membrane proteins, it is not only relevant
to address methods which establish sequential as-
signments through correlation of chemical shifts for
the backbone (or side-chain) hetero nuclei. Much
attention has recently been devoted to the use of
the so-called polarization index slant angle (PISA)
wheels for topology-based interpretation of PISEMA
type ['H,'N]-double-resonance spectra of oriented
uniformly 'N-labeled peptides (Marassi and Opella,
2000; Wang et al., 2000; Marassi, 2001). By exploit-
ing the characteristic orientation of the >N chemical

shift and "H-'SN dipolar coupling tensors relative to
the peptide plane (cf. Figure 1) in a well-defined
secondary structure, it has proven possible to as-
sign PISEMA spectra for small peptides sequentially
without the need for dipolar- or J-coupling-mediated
coherence transfers between residues. Furthermore,
the location and shape of the PISA wheels (i.e., wheel-
like patterns in the 2D spectra on which the resonances
from a well-defined secondary structure are located)
will under ideal conditions allow direct assessment of
the rotational pitch and tilt angle defining the average
molecular axis relative to the magnetic field.

With the focus of this paper being virtually all
kinds of multi-dimensional correlations experiments
involving chemical shift and dipolar coupling interac-
tions of most nuclei associated with the peptide planes,
it is appropriate to demonstrate that PISA wheels are
by no means restricted to correlations between the 'H
chemical shift, !N chemical shift, and the 'H-1°N
dipolar coupling in uniformly '>N-labeled peptides.
Any correlation between peptide-plane-fixed interac-
tions will lead to PISA-wheel like structures (in two or
more dimensions), which may be taken into advantage
for assignment and structure determination. To illus-
trate this feature and the diversity in the ‘geometric’
appearances, Figure 4 contains representative wheels
which may be observed in [15N,-, 15Nii1] (2-b), [15N,-,
B¢]_, (2-5), and ['N;, 13C] (2-4) chemical-shift
correlation experiments for ideal a-helical and p-sheet
structures with different orientation of the molecular
axis relative to the external field. The wheels are ob-
tained by mapping contributions from molecules with
rotational pitches (i.e., rotations around the molecular
axis) between 0 and 2m. From these plots it is quite
evident that different correlation experiments produce
widely different patterns depending on the peptide tilt
angle and secondary structure, which, in addition to
assignment information, may be taken into advantage
as a probe to accurate information about the structure
and membrane-associated topology of the peptide.

For large proteins, PISA-wheel like patterns in
multiple-dimensional correlation experiments may
also be used for assignment and structure determi-
nation purposes, e.g., by computer-assisted spectral
interpretation. It is important to note, however, that
several factors may complicate the direct use of such
procedures. First, it is clear that the resolution is-
sues discussed above also apply for the identification
of wheel structures, implying that the best compro-
mise between resolution power and secondary struc-
ture/topology definition should be found. Second, the
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Figure 4. SIMMOL simulated two-dimensional PISA wheels for
ideal (a—) a-helix (¢ = —65°, ¢ = —40°) and (d-f) B-sheet
(6 = —135°, ¢ = 140°) structures with tilt angles of 0°, 30°,
60°, and 90° relative to the magnetic field direction. The spectra
represent (a,d) the 2-b experiment overlaying [N;, N;_1] and [N;,
N;1] wheels, (b,e) the 2-5 experiment, and (c,f) the 2—4 experiment
with the involved interactions more clearly specified along the axes.

identification of wheels may in practice be compli-
cated by variation of the torsion angles around the
typical secondary-structure values (e.g., induced by
kinked or bent structures) which leads to fluctuations
of the resonances around the predicted wheels (Wang
et al., 2000; Bak et al., 2001a, 2002). Third, less
defined structure elements such as inter-helical extra-
membrane loops may accidentally contribute signals
in spectral regions where they can not easily be dis-
tinguished from PISA-wheel contributing resonances
from well-defined structure elements. Fourth, the res-
onance positions, and thereby the definition of the
wheel, may depend on the experimental procedure
as well as the available/desirable rf field strengths,
rf homogeneity etc., being important for suppression
of complicating effects from undesired nuclear spin
interactions (Bak et al., 2002). Overall these factors
may severely complicate exclusive use of PISA-wheel
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type spectral patterns for assignment and structure
determination for large membrane proteins. How-
ever, it should be emphasized that these patterns may
still prove very valuable in combination with other
techniques providing supplementary assignment and
structure information.

Sensitivity

Considering that for non-rotating solids, the dipole-
dipole coupling interaction will typically be the pre-
ferred coherence-transfer medium, it is important to
realize that the oriented-sample approach most likely
will be associated with considerable variations in sig-
nal intensity depending on the actual orientation of the
internuclear vectors relative to the external magnetic
field. For example, if an internuclear vector forms the
magic angle (tan~! /2) with the external field, the ef-
fective dipolar coupling vanishes implying that there
will be no direct dipolar-coupling-mediated coherence
transfer between these two nuclei. To substantiate this
problem, Figure 5 shows the distribution in sizes of
various relevant effective one-bond dipolar couplings
in an ideal a-helix exhibiting different tilt angles rel-
ative to the external magnetic field (Figures 5a—d)
and for rhodopsin with the average helical axis ori-
ented co-linear with the magnetic field (Figures 5f-h).
In this context, we define the effective dipolar cou-
pling as (bis/27)(3cos? fpr. — 1)/2, where bis =
—Yrysiwofi/ (r1354n) is the dipolar coupling constant (in
angular frequency units) with yy, ys being the gyro-
magnetic ratios of the two nuclei and rs the distance
between these, while Bpr, is the angle between the
internuclear vector and the magnetic field. From the
plots in Figure 5 it is evident that even quite small tilts
of the helical axis away from a pure trans-membrane
orientation will cause a substantial variation in the
effective dipolar couplings needed for selective co-
herence transfer. Furthermore, a largely uniform dis-
tribution of effective dipolar couplings may be very
typical for large membrane proteins considering that
(i) they in addition to membrane spanning regions
typically will contain large extra-membrane parts with
less well-defined structure and (ii) trans-membrane
helices in bundles very often have non-zero tilt an-
gles, often are kinked (e.g., in the presence of proline
residues), and typically will have non-vanishing he-
lix crossing angles (Bowie, 1997; Unger et al., 1997;
Bywater et al., 2001; Teller et al., 2001; Bak et al.,
2001b). Indeed, most of this applies for rhodopsin
as clearly manifested by the effective dipolar cou-
pling distribution bars in Figures 5e and 5f, where the
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Figure 5. Distributions (relative and absolute number of spins) of the (a,e) 1H,-—ISN,', (b,f) 15Ni—13C;_1 , (c,2) 15Ni —13C?‘, and (d,h) 13C?‘—13C;
effective dipolar couplings determined using SIMMOL (see definition in text) in (a-d) an ideal a-helix tilted 0°, 30°, 60°or 90° relative to the
external magnetic field (averaging over all rotational pitches from 0 to 21t), and (e-h) for rhodopsin with the average helix axis oriented parallel
to the static field. The shaded bars in (e-h) designate the distributions of the effective dipole couplings from the seven TM helices in rhodopsin

alone.

shaded parts reflect contributions from the seven trans-
membrane helices alone, for which a much smaller
variation in effective dipolar couplings intuitively may
have been anticipated.

With the ultimate goal being both excitation and
resolution of all resonances, it appears fundamental to
investigate the excitation profiles of the various pulse-
sequence elements constituting the building blocks of
resolution-wise attractive multiple-dimensional pulse
sequences. In this evaluation it is relevant to distin-
guish between selective and non-selective transfers.
According to the effective dipolar coupling distrib-
utions described above, selective transfers will be
susceptible to orientation-dependent signal loss, while
the non-selective pulse sequences typically will ex-
cite all coherences but may cause distribution of
these to undesired nuclei with the consequences of
sensitivity-loss and ambiguous correlations. The latter
disadvantage will obviously only occur if the pulse
sequence element separates evolution periods corre-

sponding to different frequency dimensions of the
multiple-dimensional experiment.

The PISEMA experiment is initialized by a non-
selective 'H to N cross-polarization (CP) coherence
transfer, which in principle allows excitation of res-
onances from all amide !N nuclei independently on
the orientation of the involved peptide plane. To illus-
trate this very attractive feature numerically, we have
calculated the intensities of a PISEMA spectrum for
18 residues in an ideal poly-alanine a-helix exhibit-
ing different helix tilt angles relative to the external
field. The ensemble of protons surrounding the amide
I5N nucleus is represented by the six closest protons,
all with 'H-"SN dipolar couplings larger than 500 Hz,
i.e., the relevant spin system includes 15Nl-, 1Hl-, IH?‘,
"Hit1, 2 x 'HP, and 1 x lH?_l. Employing this
spin system in a SIMPSON simulation of the 'H —
ISN CP coherence-transfer efficiency of the PISEMA
experiment, we find that the sensitivity is largely in-
dependent on the overall orientation of the peptide
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Figure 6. SIMPSON/SIMMOL simulated PISA wheels illustrating
the orientation dependence on the transfer efficiencies for different
one-bond coherence transfer routes in an ideal 18-residue o-helix
(¢ = —65°, v = —40°) oriented with different tilt angles with
respect to the magnetic field. The solid lines represent the theo-
retical PISA wheels corresponding to the indicated tilt angle while
the filled circles designate specific resonance positions for the 18
residues with the circle diameter being proportional to the transfer
efficiency (cf. Table 4). The six spectra demonstrate PISA wheels
correlating (a) intra-residue Iy,-15N; dipolar coupling vs. I5N;
chemical shift (2-3, or the PISEMA experiment (Wu et al., 1994)
in Figure la), (b) intra-residue lHi Vs. 15N,~ chemical shift (1-2)
(Marassi, 2001), (c) inter-residue 15N,- VS. 13Cl'._1 chemical shift
(2-5). (d) intra-residue 'SN; vs. 13C] chemical shift (2-4), (e)
inter-residue 13 Ci_y vs. 13C; chemical shift (4-5), and (f) intra-
and inter-residue 1ON; vs. 13C; and 13C;_1 chemical shift (2-4,5).
All correlations use were established by CP-type mixing sequences
using the optimized parameters in Table 4 (vide infra).

as well as the local orientation of the peptide planes.
This is illustrated in Figure 6a, where the solid lines
represent the PISA wheel shape (Marassi and Opella,
2000; Wang et al., 2000) for the indicated helix tilt an-
gles and the filled circles correspond to the resonances
for the 18 residues in our ideal helix. The diameter
of the filled circles is proportional to the coherence-
transfer amplitude, in this case being largely identical
for all residues.

The closely related 'H vs. >N chemical shift cor-
relation experiment, although being far less attractive
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from a resolution point-of-view, relies on selective
IH; — 15N, CP coherence transfer and will there-
fore exhibit different sensitivity for differently ori-
ented residues. This feature becomes clearly evident
from Figure 6b showing 'H vs. !N chemical shift
PISA wheels (Marassi, 2001) of an ideal a-helix ex-
hibiting different tilt angles relative to the external
field and with the diameter of the filled resonances
being proportional to the selective 'H; — °N; CP
coherence-transfer amplitude. Although the sensitiv-
ity is generally good, we note that the resonances
from certain residues in helices with tilt angles of 30°
and 60° have almost disappeared from the spectrum
due to unfortunate orientations of the 'H-!>N internu-
clear vectors. Obviously, such losses (which depend
both on the helix tilt and the rotational pitch) may
complicate the use of the spectrum for assignment
or structure determination unless used in combina-
tion with other experiments providing complementary
information for the non-excited nuclei.

The three one-bond coherence transfers that are
of particular interest as building blocks in the triple-
resonance experiments discussed above, namely °N;
— B¢]_ |, ’N; — 1B3¢¥, and 3¢y — 13}, are chal-
lenging to implement for two reasons. First, they are
based on selective coherence transfer through effective
dipolar couplings which according to Figure 5 display
similar fluctuations as the 'H-'>N dipolar couplings.
Thus, these transfers will most likely be associated
with similar orientation-dependent coherence-transfer
efficiencies as observed above for the 'H vs. PN
chemical shift correlation experiment. Second, the
competing, but undesired, two-bond coherence trans-
fers (e.g., the N; — 13C; transfer in the case of the
desired one-bond N; — 13C;_1 transfer) need to be
suppressed as efficiently as possible to reduce sensi-
tivity loss and, in particular, to prevent the presence of
two-bond cross-peaks in the spectra which may lead
to ambiguities in the spectral assignment.

To investigate these aspects and propose optimal
solutions in terms of practically relevant pulse se-
quences, we used SIMPSON to numerically evaluate
the efficiencies of desired and undesired coherence
transfer processes for traditional Hartman—Hahn type
CP experiments on representative four-spin systems
within an ideal a-helix oriented with different tilt an-
gles and for rhodopsin uniaxially oriented with the
average helix axis along the external magnetic field.
Specifically, the calculations employed the (13C§_1,
5Ny, 3¢, 13¢)) spin-system for the N; — 13C;_,
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Table 4. Numerically optimized pulse-sequence parameters® for heteronuclear I5SN —» B¢
cross-polarization and homonuclear 13co_, 13C coherence transfer by rf driven spin diffusion for
ideal 18-residue a-helices (¢ = —65°, ¢ = —40°) with different tilt angles and for rhodopsin
oriented with the average helical axis along the external magnetic field

System T \)g \)g Icimi er Ccam o Efficiency Loss®

(us) (kHz) (kHz) (ppm) (ppm) Desired  Undesired?

(%) (%) (%)

5N; — 13C/_ transfer (2-5):
Helix, 0° 1037  37.0 37.0 186 188 93 2 0
Helix, 30° 862 37.0 37.0 109 160 61 2 11
Helix, 60° 605 37.1 36.9 201 163 44 2 22
Helix, 90° 590 373 36.9 145 168 54 1 22
Rhodopsin 825  40.1 39.9 130 160 58 3 11
I5N; > 13C;" transfer:
Helix, 0° 4000 9.3 9.3 161 22 65 1 0
Helix, 30° 937 8.9 8.9 205 31 62 3 11
Helix, 60° 1009 8.9 8.9 218 29 62 2 11
Helix, 90° 1226 8.2 8.2 225 26 60 8 22
Rhodopsin 1014 16.8 16.9 152 32 50 4 16
13 ct — 13 C; transfer:
Helix, 0° 2264  29.0 — — 79 53 1 0
Helix, 30° 697  50.0 — - 111 37 1 22
Helix, 60° 593 50.0 — — 121 33 2 22
Helix, 90° 999  45.0 — — 124 22 4 11
Rhodopsin 773 50.0 — — 105 33 2 23
I5N; (= 13C;.") — 13C; transfer (2—4):
Helix, 0° — — — — — 35 1 0
Helix, 30° - — — - — 19 1 22
Helix, 60°  — — — — — 21 1 28
Helix, 90°  — — — — — 12 3 33
Rhodopsin ~ — — — — — 14 3 32
I5N; — 13C; direct transfer (2—4):
Helix, 0° 4000  20.0 20.0 178 91 43 4 0
Helix, 30° 2589 47.0 47.0 93 102 16 24 0
Helix, 60° 3618 41.0 41.0 56 140 15 19 6
Helix, 90° 3725 424 423 34 126 13 18 11
Rhodopsin 2641 49.9 49.6 154 101 11 25 15
13C;_1 (= BN; > 13C?‘) — 13C; transfer (2-5):
Helix, 0° — — — — — 33 — 0
Helix, 30° - — — - - 9 — 28
Helix, 60° - — — - — 9 - 22
Helix, 90°  — — — — — 8 — 33
Rhodopsin  — — — — — 8 — 41

4The parameters include the Hartman—Hahn contact time (spin-lock period) tp, the 13C and N of
and WN All

C N : : cae C
field strengths vz and v ¢, and the two corresponding rf carrier frequencies v carrier-

carrier
simulations correspond to a 'H Larmor frequency of 400 MHz.

YThe undesired spin is the spin of same type as the desired target spin, but separated from the initial
spin by two bonds.

CPercentage of signals which are less intense than 20% of the average peak intensity.



transfer, (13C?‘_1, 13C;_1, I5N;, 13C§?‘) for the 1ON;
— 13CY transfer, and (13C;_,, 3¢, B3P, 13¢)) for
the 13C;." — 13C§ transfer. Using this setup, relevant
SIMMOL-established tensor orientations, and SIMP-
SON in a new combination with the iterative mini-
mization tools of MINUIT (James and Ross, 1975),
we conducted a numerical iterative search for exper-
imental conditions at 9.4 T giving the best average
coherence transfer to the desired spins while suppress-
ing transfers to the various undesired spins. This was
accomplished using appropriate combinations of grid
scan, Monte Carlo, Simplex, and steepest-descend
procedures to systematically search for the maximum
absolute value of the intensity function ) I(X) —
I(X')—I(Y), where X denotes the desired target spin,
X and Y the undesired destination spins, and where
the summation includes all residues. The rf carrier
frequencies, the rf field strengths, and the CP con-
tact time are the free variables in the optimization. To
restrict the investigations to the experimentally most
realistic conditions, the CP contact time and rf field
strengths were not allowed to exceed 4 ms and 50 kHz,
respectively.

Table 4 summarizes the results of these pulse-
sequence building-block optimizations by showing the
optimum pulse-sequence parameters and the overall
transfer efficiency to the desired (and undesired) target
spins. For all of the selected one-step, one- or two-
bond, transfers we observe that the average transfer
efficiencies are significantly lower than 100%. This
is not surprising considering that it is difficult to es-
tablish optimum selective CP transfer conditions for
samples with a large distribution of effective dipolar
couplings as reflected in Figure 5. Another trend is
that in all cases it has been possible to suppress the
average of the competing, and highly undesired, two-
bond transfers to less than 8% of the average intensity
on the desired spin. Furthermore, Table 4 provides
information about the potential loss of signals (as al-
ready addressed by the intensity distributions for the
PISA wheels in Figure 6) expressed as the fraction of
the signals that is excited with less than 20% of the
average intensity transferred to the desired spin. We
note that in practice, the signal-to-noise ratio will often
be sufficient to clearly observe resonances with sub-
stantially lower intensity than this quite conservative
threshold. Lowering the threshold value will obviously
reduce the number of lost correlations.

Intuitively we expect that not all parameters have
the same impact on the coherence transfer amplitudes.
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Figure 7. Average coherence transfer efficiencies for (a,b) the 5N
— B¢, (¢) BN - 13¢®, and (d) 13C*— 13C’coherence transfer
as function of the 15 N (a) and 3¢ (b—d) rf carrier frequencies.

For example, the '3C carrier frequency may play a
fundamental role in distinguishing between N —
B and PN — 13C%ransfer. Indeed, Table 4 reveals
that the 13C transmitter should be placed in the car-
bonyl chemical-shift range about 160—180 ppm for op-
timum N — 13C’transfer while it should be placed in
the aliphatic region about 20-30 ppm for optimum N
— 13C%ransfer. Likewise, the carrier should be placed
in-between the '3C’and !'3C%resonance frequencies
for efficient transfer between these spin species. In
contrast, we observe large fluctuations in the 15N
transmitter carrier frequency for heteronuclear trans-
fers depending on the actual molecular orientation. To
investigate the significance of these parameters, Fig-
ure 7 shows the average coherence transfer amplitudes
for rthodopsin for the different CP coherence transfers
as function of the N and 13C rf carrier frequencies.
It is immediately evident that the transfer efficiency
is only marginally influenced by the >N carrier fre-
quency within the frequency range of the amide "N
chemical shift anisotropy (Figure 7a) as also reflected
by the large and apparently random scattering of this
parameter in Table 4. In contrast, both homo- and het-
eronuclear transfers are significantly influenced by the
13C carrier frequency as illustrated in Figures 7b—d.
This emphasizes the need for careful adjustment of
this parameter, but also demonstrates its control capac-
ity for accomplishing the desired selective coherence
transfers.
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The heteronuclear PN P = 13C;_1 coherence
transfer, involved in 2-5 type experiments, provides
a quite favorable sensitivity in the sense that an av-
erage of 58% of the initial coherence for rhodopsin
is transferred to the desired target spin, while keep-
ing the fraction of resonances excited with less than
20% of the average signal intensity as low as 11%.
This is qualitatively in good agreement with the im-
pression already obtained from simulation of [ON;,
13C]_, 1 PISA wheels for differently oriented o-helices
in Figure 6¢c. A less favorable example is the 13C%
— 13C; transfer, being the second step in the one-
bond transfer-based two-bond '°N; — 13C! (i.e., 2-4)
coherence transfer. In this case the optimum aver-
age transfer efficiency is not higher than 33% for
rhodopsin, while the potential for loss of signals in-
creases to 23%. The relatively low transfer efficiency
may be ascribed to the fact that a significant frac-
tion of the initial coherences is lost by simultaneous
one-bond transfer to 13C?. For rhodopsin the aver-
age intensity lost on the >C? spins amounts to 15%
of the total intensity. While the appearance of '3CP
signals will not disturb in the carbonyl region of the
13C spectrum, the low transfer amplitudes are not too
promising for the two-step °N; (— 13C%) — 13C;
(2-4) coherence transfer. Indeed, Table 4 reveals that
the overall amplitude for this independently optimized
two-step transfer averages to 14% for rhodopsin using
the optimum pulse sequence parameters listed for the
individual one-bond transfers.

Considering that about 85% of the coherences are
lost by combining two highly orientation-dependent
and leaking one-bond coherence transfers, it is tempt-
ing to consider whether the less selective direct two-
bond °N; — 13C§ (2-4) coherence transfer as pro-
posed by Ishii and Tycko (2000) would be a reasonable
alternative upon appropriate optimization of the in-
volved rf field strengths, rf carrier frequencies, and
CP contact time. In this regard, Table 4 demonstrates
that the direct transfer is largely associated with the
same transfer efficiency as the combined two-step ap-
proach. It is important, however, to realize that the
direct two-bond experiment may suffer from addi-
tional serious drawbacks. First, considering that the
effective two-bond °N; -13C; dipolar couplings on the
average are five times weaker than the corresponding
one-bond PN ,--13C;_1 dipolar couplings, it is difficult
to optimize the experiment to avoid significant sig-
nal contributions from the competing ’N; — 13C;_1
transfer as evidenced in Table 4 by typical transfer ef-

ficiencies on the order of 15% to both 13C§ and 13C;_1
even when using pulse sequence parameters optimized
for the two-bond transfer. This drawback also becomes
evident from the PISA wheels in Figure 6f which apart
from different transfer efficiencies (as represented by
the diameter of the filled resonance circles) combines
the two 2-5 and 2—4 wheels from Figures 6¢ and 6d,
respectively. Second, the fact that the spectrum rep-
resent a super position of 2—4 and 2-5 wheels which
complicates unambiguous assignment and reduces the
overall resolution of the experiment significantly rel-
ative to the desired 2—4 experiment. Explicitly, the
2-(4,5) experiment resolves only 44% and 54% of the
resonances for rhodopsin and porin, respectively, as
compared to the 73% and 74% offered by the more se-
lective 2-4 experiment. A similar trend is observed for
the 3-(4,5) and 2-3-(4,5) experiments allowing resolu-
tion of 38%/46% and 77%/79% of the resonances for
rhodopsin/porin. Third, due to the relatively small ef-
fective dipolar couplings the time required for efficient
two-bond transfer is generally somewhat higher than
the time required for the relevant two one-bond trans-
fers, implying that the former experiment generally
will display additional sensitivity losses due to relax-
ation. Overall, this suggests the use of the two-step
experiment using a pulse sequence of the type shown
in Figure 3d rather than the less specific two-bond
experiment.

Facing the quite large distributions of effective
dipolar couplings generally present for oriented sam-
ples (cf. Figure 5), any pulse sequence relying on
selective dipolar-coupling-mediated coherence trans-
fer will typically display a relatively large variation
in the signal intensities as evident from Table 4 and
Figure 6. An important exception, however, is ex-
periments using initial transfer from an ensemble of
spins, as exemplified by the PISEMA spectrum (cf.
Figure 6a). For the more typical selective transfers,
where low sensitivity and in particular loss of signals
may be problematic, we suggest either the combi-
nation of complementary experiments with different
orientation dependency or the design of techniques
with reduced orientational dependency. The latter may
include broadband pulse sequences based on com-
posite dipolar coupling evolution periods as recently
described for heteronuclear couplings in the context
of weakly aligned molecules in solution (Schulte-
Herbriiggen et al., 2001) or pulse sequences based on
coherence transfer mediated by isotropic J-coupling
as discussed extensively in the context of rotating
powder samples (Baldus and Meier, 1996; Detken et



al., 2001). Furthermore, for the homonuclear Bea_,
3¢’ rf-mediated transfer we have observed, from op-
timizations allowing the rf field strength to exceed 50
kHz, that higher field strengths provide better transfer.
Overall this may suggest the use of isotropic-mixing
sequences (Shaka et al., 1983; Robyr et al., 1995) with
better compensation for chemical-shift differences be-
tween the initial and target spins at experimentally
convenient rf-field strengths.

Conclusions

In conclusion, we have applied state-of-the-art soft-
ware for numerical simulation of solid-state NMR
spectra for uniaxially oriented and uniformly N or
[13C,15N]-isotope labeled membrane proteins in the
3040 kDa regime. Using appropriate combinations
of SIMMOL and SIMPSON calculations with typical
isotropic and anisotropic nuclear spin interactions, we
have systematically analysed all one- to six dimen-
sional experiments correlating 'H amide, 19N amide,
13C’ chemical shifts and 'H-'>N dipolar couplings
in model peptides as well as rhodopsin and porin
representing typical a-helical and f-barrel membrane
protein structures.

At least three aspects prove very important in
the search for optimum experimental procedures: (i)
the overall resolution power of the experiment, (ii)
the ability to produce sequential assignments, and
(iii) the orientation-dependent excitation profiles for
the correlation experiments. In practice these qual-
ities, obviously, need to be considered along with
the available isotope-labeling patterns and the avail-
able instrumentation (e.g., double- or triple-resonance
equipment).

Focusing on ['H,'N] double-resonance experi-
ments, the already well-established PISEMA experi-
ment offers resolution of about 50-60% of the reso-
nances for rhodopsin and porin with largely uniform
excitation of all resonances. Since this experiment
exclusively establishes intra-residue assignments and
information about the orientation of the individual
peptide planes relative to the external magnetic field,
sequential assignments need to be established as in-
formation from so-called PISA wheel patterns being
difficult for large uniformly '3N labeled proteins. Al-
ternatively, and more rigorously, sequential assign-
ments may be obtained using an intra-residue ['ON;,
15N, 1] correlation experiment providing similar res-
olution power as PISEMA. Combination of these two
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2D experiments into a 3D experiment ideally improves
the resolution to about 90-95% of the resonances, al-
though it appears relevant to note that it practically
may be difficult to establish the long-range YN-°N
coherence transfers without leak to undesired spins
reducing the sensitivity, resolution, and complicating
assignments.

Allowing for additional '3C labeling, a variety
of two- and three-dimensional experiments, among
which the 3D combinations of PISEMA with fre-
quency labeling by the 13C§ or 13C§_ | chemical shifts
are particularly attractive. The former (intra-residue)
experiment proposed in this work resolves 97-99% of
the resonances for rhodopsin and porin, while the ear-
lier proposed inter-residue experiment (Gu and Opella,
1999a) resolves about 80% of the resonances. The
4D experiment combining these two 3D experiment
resolves 99% of the resonances while the 3D [ION;,
13¢], 13C;_1] chemical shift correlation experiment
resolves 95% of the resonances. In general these ex-
periments are based on selective coherence transfers,
which according to the SIMMOL analysis presented
in this paper, cause structure/orientation dependent
signal intensities in the correlation experiments. To
cope optimally with this situation we have used SIM-
MOL in combination with SIMPSON to numerically
optimize pulse sequence parameters for optimum per-
formance in the most typical a-helical type of large
membrane proteins.

With these and several other examples presented in
this paper, it should be demonstrated that the macro-
scopically oriented sample approach for solid-state
NMR studies of membrane proteins by appropriate
choice of experimental methods should be capable of
providing full backbone assignment and structure de-
termination for proteins significantly larger than than
those studied so far. Furthermore, it should be evident
that SIMMOL in combination with SIMPSON pro-
vides an efficient tool for numerical simulation, eval-
uation, and optimization of experimental solid-state
NMR methods for macroscopically oriented mem-
brane proteins. The analyses are sufficiently simple
that they may readily be repeated for any kind of
protein for which atomic coordinates are available.
With the two most typical membrane-protein struc-
tural motifs covered, we demonstrated the utility of
this approach and envisage that many useful guide-
lines as to the design and application of experimental
methods should be directly available from the present
analysis.
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