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Resonance patterns have been observed in 2D solid-state NMR  range (;;) suggest transmembrane helices, since the N-
spectra of the transmembrane segment of M2 protein from Influ-  ponds ina-helices are nearly parallel to the helix ax& 9).
enza A virus in oriented samples reflecting the helical wheel of this | jkewise resonances at the high field edge of the chemical sh
athelix. The center of this pattern un!quely defines the helical tilt range ¢, that have a half-maximal dipolar splitting sugges
with respect to the bilayer normal without a need for resonance helices that are parallel to the bilayer surface. Here we reco
assignments. The distribution of resonances from amino acid spe- ) . . . : .

nize thata-helices give rise to unique resonance patterns i

cific labels around the “PISA wheel” defines the rotational orien- h d that th f1h . | f
tation of the helix and yields preliminary site-specific assignments,  (N€S€ Spectra and that the center of the pattern uniquely refle

With assignments high-resolution structural detail, such as differ- the Specific tilt angle of the helical axis with respect to the
ences in tilt and rotational orientation along the helical axis lead-  bilayer normal. The rotational orientation about the helical axi

ing to an assessment of helical coiling, can be obtained. © 200 Can also be determined. In a parallel and complementary stu

Academic Press Marassi and Opella have independently observed the sal
Key Words: PISEMA; *N solid-state NMR,; orientational con- phenomena in the PISEMA spectra of membrane polypeptid
straints; membrane proteins; oriented samples. and present their results in the accompanying pap@ (

The unique qualities of such observations are exemplifie

with spectra of the transmembrane peptide of the Influenza
INTRODUCTION viral M2 protein. M2 protein, which forms a Hchannel in the

o viral coat, provides an essential function during the viral life

Macromolecular structure determination by NMR sp_ectro%-yde (11, 12. This protein possesses a single transmembrai

copy has been absolutely dependent on resonance assignmggis; (residues 25-43) and as a tetramer it forms a channel tt

Indeed, inaccurate assignments have frequently led to mcorr@%H gated 13, 14. A peptide (M2-TMP, residues 22—46) has

structures. Achieving the set of accurate resonance assigiy peen shown to conduct protons and to be blocked by t
ments for a structural characterization is a very substantial taghiviral drug, amantadinel§, 1.

in solution NMR and a daunting task in solid-state NMR where

methods are just now being developéd?). Here we demon-

strate that resonance patterns from membrane protein helices RESULTS

are present in solid-state NMR spectra representing helical

wheels and obviating the need for assignments prior to achievin Fig. 1 slices through the dipolar dimension &N

ing an initial structural characterization. PISEMA spectra from several single and multiple site labele
Solid-state  NMR-derived orientational constraints fromamples of M2-TMP are combined. These sites are assigned

samples with one-, two-, or three-dimensional order can b&tue of single site labeled preparations achieved by soli

used to solve high-resolution structure from a lamellar phapbase peptide synthesit% Songet al., unpublished results).

lipid environment 8-5). PISEMA (polarization inversion spin By connecting the resonances within each dipolar transition,

exchange at the magic angle) is a major improvement ovairror image pair of “PISA wheels” (polarity index slant

previous experiments that correlate anisotropic dipolar aadgle) is immediately apparent.

chemical shift interactions6f. The use of a frequency- Simulations of this phenomenon are displayed in Fig. 2B b

switched Lee—Goldburg pulse sequence to perfdsihomo  calculating theN anisotropic chemical shift andN—"H di-

nuclear decoupling has resulted in far better resolution in tpelar interactions for different helical tilts, Since the repeat

dipolar dimension. Two spectra displaying tens to hundreds wfit of an idealk-helical structure¢ = —65°, andys = —40°)

resonances have been record@)l d¢f uniformly *N-labeled is a single peptide plane, these patterns can be calculated

proteins setting the stage for structure determination. Presimply rotating the helix about its axis y while calculating

ously, it has been noted that resonances having near maxithal dipolar and chemical shift observables. The PISA whee

dipolar splitting at the low field edge of the chemical shiftesult from the noncollinearity of the chemical shift and dipola
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FIG. 1. (A) Dipolar splittings observed from PISEMA spectra of multiple and single site labeled preparations of M2-TMP in hydrated lipid bilayers ali
with the bilayer normal parallel to the magnetic field direction. The spectra were obtaineddSalinginpublished results) with a 400-MHz spectrometer using
a Chemagnetics data acquisition system and a 9.4-T wide-bore Oxford Instruments magnet. An RF field strength of 38.5 kHz was used for the Lee—
(LG) condition corresponding to a LG time increment of 26. A delay of 1us was given at the onset of ea¢h.G cycle to compensate for the frequency
synthesizer (PTS) switch time. Theduration was incremented from 0 to 24 LG cycles and the refoctisesignal was typically acquired with 2000 transients
for eacht, increment. Spectral symmetry in the dipolar dimension was achieved by setting the imaginary part of the data to zero before the Fourier trz
againstt,. The experimental error in the chemical shift dimensiort ppm and in the dipolar dimension it is1 kHz. (B) Display of the dipolar splittings
(*) at their observed chemical shift. The resonances are connected in helical wheel fashion. Since the two wheels are mirror images displesling
information, only one will be used in the following figures.

interaction tensors and the fact that the near-unique tensor 1 (2=
elements are not aligned parallel to the helical axis. The fol-  Avg(r) = ZJ F(p, 7)dp
lowing equations are developed using an ideal helix, standard 77

bond angles for peptide planes, and standard values for the

0

relative orientation of the dipolar and chemical shift tensors. = (0.950r5,c08'7 + (0.5000,
F(p, 7) = (chemical shiftp, 7), dipolar splittindp, 7)) +0.47672)Sin'r, 0.08ysin's
= (0,4(—0.828 cop sin T + 0.558 sinpsin + L3%cos'r — 0.500). 13
— 0.047 cosr)? + 0,,(0.554 cop sin T This integral has the same effect as averaging the CSA a

dipolar tensors about the helix axis.

In an experimental PISEMA spectrum, the wheel is com
+ 033(—0.088 cop sinT — 0.206 sinpsinT posed of a set of discrete resonances—one of each pept
plane. The center of the PISA wheel is uniquely governed b

+ 0.803 sinpsin T — 0.220 cosr)?

—0.975 cosr)?, ] (3(—0.326 cop sin T helix tilt and, as a function of tilt angle, forms an “X” pattern
2 characteristic of collinear tensord§). Here the tensors be-
— 0.034 sinpsin T — 0.946 cosr)? — 1)) come collinear because of the “tensorial averaging” or rotatic

about the helix axis done just for this calculation. The expel
[1] imental data is not on the X because the unique tensor eleme
are not collinear with the helix axis.
For a tilted helix, the plot of the PISA wheels is generated by |n Fig. 2C, a more extensive collection of data from M2-

graphing the set TMP is represented and overlaid with calculated PISA whee
having tilt angles of 35, 38, and 41°. In this way the tilt angle
S() = {F(p, 7): p €[0, 2m)}. [2] is shown to be 38 3°, consistent with the tilt angle calculated

from a set of assigned chemical shifts and from this set ¢
To examine the behavior df as the helix tilt increases, weassigned PISEMA resultsl{; Song et al., unpublished re-
define thecenterof S() to be the average value Bfover the sults). However, the conclusion here is achieved without ar
interval use or need for resonance assignments.
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FIG. 2. The origins of the “PISA wheels.” For the analysis in this manuscript, n, the bilayer normal, is always aligned pai&}lelAp Definitions

of r andp for an a-helix. 7 = 0° occurs when the helix axi$y, is parallel toB,. p = 0° occurs when the projection &, onto a plane perpendicular
to h; makes an angle of 0° with,, the radial axis of the helix that passes through thec@bon of Ley,. (B) “Circles” drawn for one of the dipolar
transitions using average values of tensor elements< 31.3,1,, = 55.2,03; = 201.8 ppm) and the relative orientations of the dipolar and chemicz
shift tensor, given by = 17°, the angle in the peptide plane betwegnand v, (parallel to the N-H bond). The circles for the other dipolar transitions
are the mirror image about 0 kHz. (C) Characterization of the M2-TMP helix tilt from a more complete set of PISEMA data than that presented |
1. The data are consistent with a helix tilt of 383°. Note that the center of the PISA wheels falls on a line that passes through the isotropic chemn
shift (96 ppm) at 0 kHz on the dipolar scale.

Moreover, the rotational orientation of the heljx,can be values are plotted against the predicgedalues assuming an
determined from amino acid specific labeling. By choosing adeal helix of 3.60 residues per turn. The linear extrapolatio
amino acid with an asymmetric distribution about the helicadith a slope of 1.0 characterizes thentercept,p,(27—-43)=
wheel, the asymmetric distribution will be reflected in the-5 = 10°. Once again such an analysis is not dependent ¢
PISA wheel. A PISEMA spectrum ofN lles, s 355421abeled  resonance assignments, but can be achieved using a bes
M2-TMP shows (Fig. 3A) the high resolution of this experiapproach of the experimental and predigtedlues. However,
ment. Here four of the resonances are within a 100° arc on tihés also possible to view this process as a preliminary assig
helical wheel, as shown on the horizontal scale of Fig. 3@ent method. The determination pf is consistent with pre
while the fifth isoleucine resonance is separated from the othgrsus determinationsl(/, 19.
by 100°. The PISEMA data are analyzed by using the previ- Figure 4A displays the experimental data along with the be
ously determined PISA wheel (Fig. 2C) with a helical tilt ofit defined from the analysis in Fig. 3. The best fit leads to
38°. The pattern is dissected into angular domains for assessingplete predicted helical wheel (Fig. 4B). Such a wheel ce
an experimentap value for each resonance (Fig. 3B). Thesbe compared to the independently assigned data displayed
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FIG. 3. (A) The N lles, 3530 4labeled M2-TMP PISEMA spectrum obtained as in Fig. 1. Most of the resonances have been assigned based on sin
isotopic labels, but here the analysis has no dependence on such assignments. (B) Based on Eq. [1], the “PISA wheels” can be dissected inpoatigiesins
for cataloging an experimental value pffor each resonance. (C) The experimenialalues are compared to predicted values based on residue number
100°/residue for an ideal helix. Predicted and experimental values are paired by solving for a best fit. The result is an extrapolation anch miénstbetio
experimental axis ab, = —5 = 10°.
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FIG. 4. (A) Best fit (O) to the 5-site lle-labeled M2-TMP PISEMA resonances (*) based on the analysis in Fig. 3. (B) From this analysis and the res
assignment of resonances, the helical wheel for this hydrophobic transmembrane peptide can be predicted. (C) The predicted resonancenbsitietisdito
wheel are compared to the experimental data.

Fig. 4C. For many reasons the experimental data do not deliiedependent. Once again, it is clear that the experimental dé
an ideal helical wheel. Variation inandp along the length of are consistent with little variation ia.
the helix could generate scatter in the experimental data; how-

ever, based on the data set in Fig. 4C there appears to be little DISCUSSION
evidence for nonuniform values efandp along the length of
the helix. The observation of helical wheels in the PISEMA spectr:

While changes ip andr along the length of the helix are aprovides a mechanism to obtain detailed structural informatic
potential source of imperfections for these PISA wheels, theréthout resonance assignments. Prior to this observation, re
are others. Differences in the chemical shift tensor (Table dpance assignments have been a prerequisite for signific:
result in perturbations, as shown in Fig. 5A, that may accousiructural conclusions. Not only are the global tilt and rota
for much of the scatter in the experimental data. The relatitienal orientation determinable from PISEMA data, but the
orientation of the®N chemical shift and®N—"N dipolar inter clear observation of a PISA wheel places very substanti
action tensors also influences the PISA wheel (Fig. 5B). limits on the variation of helix tilt from one end of the helix to
particular, the shape of the pattern is extended in a directithe other and on local distortions within the helix. These PIS;
that is nearly perpendicular to the line formed by the patternigheels can be observed, not only in the PISEMA spectra
center as a function of helix tilt. The best fit value of 17M2-TMP, but also in the M2 peptide from acetylcholine
corresponds to 8, angle of 105°. This value @8, represents receptor §, 10, in the colicin E1 channel domai2§), and in
a typical chemical shift tensor orientation for nonglycin¢he fd coat proteinZ7) as well. These spectra have all beer
amides 20-24. From this figure it is clear that the experi-obtained from samples solubilized in lamellar phase phosph
mental data are consistent with little variatiorpinThis may be lipid bilayers, and even the presence of PISA wheels sugge:
the result of more uniform secondary structure in a membrati@t transmembrane-helices have few distortions, such as
environment than in an aqueous environment where a gredtieiks and bends, and that they have near ideal and unifor
variation in 6 for a-helices has recently been suggest2®).( local structure.

Another potential source for scatter in the experimental dataMany membrane proteins have numerous transmembra
is local distortion of the helix. Compensated changes in torsibelices, which will compromise the observation of discret
angles can tilt the peptide planes without significantly alterirglSA wheels in uniformly®N-labeled samples. However, fre
the number of residues per turn or the pitch of the helix. Sucfuently membrane proteins can be cleaved at the loops
distortions are typically induced by proline and glycine, butveen helices with little loss of functional activity. This may
other circumstances may cause variation in the tilt of thgrovide an opportunity to label individual helices or pairs o
peptide planes relative to the helix axi&, In Fig. 5C such helices while the remainder is unlabeled. The recent demo
variations are illustrated and demonstrate that the influencestfation of segmental labeling using inteins also provides
& on the PISA wheels is essentially parallel to the line formeabtential mechanism for simplifying PISEMA spectra of uni-
by the centers of the patterns as a function of helix tilformly labeled proteins25).

Consequently, the influence ofis essentially orthogonal to Alternative and laborious methods have been described f
that of 6, making the characterizations éfand 6 essentially achieving less structural information for a variety of systems
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TABLE 1 parallel to the bilayer surface will be sensitive to these factor
Chemical Shift Tensor Element Magnitudes Clearly, the PISEMA experiment opens new and excitin
for the Observed Sites in M2-TMP* avenues for research into the structure of membrane proteil
Site o O O3
Val27 33 55 198
val28 29 53 202 101
lle32 35 59 208
lle33 31 54 202 N5t
lle35 32 56 210 @
lle39 30 54 195 g ol
Leu40 32 55 203 g
Trp4l 32 56 205 S
lled2 30 54 198 S
Leud3 29 56 200
-10 |
@ The chemical shift anisotropy has been determined from single site labeled

samples of M2-TMP. Spectra were obtained of samples dried from trifluoro- 250 260 150 160 50 0
ethanol where the peptide is observed takeelical; it is likely, therefore, that

; ) o A . ) chemical shift (ppm
the peptides for this characterization are in the conformation of interest. (ppm)

10}
The use of single site labels previously led to a determination =
of global + and p, in M2-TMP (17) and indirectly for the 5“’ 5t
assignment of a uniformly labeled helix, M2f the acetyl- ot
choline receptor for the characterization of(5). Infrared 2 0
spectroscopy of oriented, single-site isotopically labeled M2- S
TMP has also been used to determinand p, (19). Electron i
spin resonance methods have also used single site labels ar-
ranged on helices through single-site cysteine mutagenesis to -or
determine helix tilts and rotational orientatior28(29. For 250 200 120 150 50 0
the solid-state NMR approach, the incorporation of bulky and chemical shift (ppm)
potentially perturbing spin labels is not necessary. Now spectra . , : .
of uniformly labeled proteins, even in the absence of assign- 10| C |
ments, can give rise to substantial structural conclusions. This
is possible through the unique pattern of resonances in § 5l
PISEMA spectra that directly reflect the protein structure. =

While several aspects and implications of the PISA wheels Lg ol |
have been described here the potential for future development & 5
is great. For instance, changespialong the length of a helix 5l |
will reflect coiling of the helix in a helical bundle. Addition- J90°—6
ally, the aqueous exposure of the M2 four-helix bundle along 1ot
the bundle axis should result in rapid exchange of amide ‘ , , ,
protons for deuterons along this channel axis eliminating res- 250 200 150 100 50 0
onances from just a segment of the PISA wheel, immediately chemical shift (ppm)

identifying the portion of the he_Iix exposed to the _Channel. NOtF|G. 5. The chemical shift anisotropy (CSA), relative orientation of chem-
only can transmembrane helices be characterized, but ateoshift and dipolar tensors), and local variation in helical structure through
those on the surface of the bilayer will give rise to PISA wheefgmpensated peptide plane til&) @re potential sources of distortion for the
as well. However, for these wheels a mirror plane exishSA wheel. (A) The chemical shift anisotropy has been determined fror

llel to the ol f the bil lting i full t fth single site labeled samples of M2-TMP. The calculation of a “PISA wheel
parallel {o the piane ot the bilayer, resulting 1n a tuff turn o Esing each of these CSA tensors (Table 1) is displayed showing significa

PISA wheel in just 180° of the helical wheel. H/D exchange fQfariation in both the pattern and the calculation of its center. (B) The influenc
these helices will not yield as simple an image as for the ¢ on the PISA wheel is dramatic, but shows little effect on the pattern’
transmembrane helices. Such surface associated helices &fiter. The range dfvalues displayed is 5 to 23° in 2° increments, where
also be sensitive to variations i, the angle of the N-C Bo = 122°, the HNG bond angle. The valué = 17° corresponding @, =

bond iecti in th / | to th is Th 105° has been used in all other figures. (C) The influence of peptide plane
ond projection In heoz,/oy, plane 1o theoy, axis. € onthe shape of the PISA wheel is also dramatic, but there is little effect on t

transmembrane PISA wheels are not sensitive to this parametfer of the pattern. Thevalues displayed are 0, 5, 8.7, and 12°. The idea
and to the relative magnitude of;; and o,, but the helices helix has peptide plane tilts @f = 8.7°, the value used in all other figures.
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