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Abstract: Determination of the high-resolution quaternary structure of oligomeric membrane proteins requires
knowledge of both the oligomeric number and intermolecular distances. The centerband-only detection of
exchange (CODEX) technique has been shown to enable the extraction of the oligomeric number through
the equilibrium exchange intensity at long mixing times. To obtain quantitative distances, we now provide
an analysis of the mixing-time-dependent CODEX intensities using the 'H-driven spin diffusion theory.
The exchange curve is fit to a rate equation, where the rate constants are proportional to the square of the
dipolar coupling and the spectral overlap integral between the exchanging spins. Using a number of 1*C-
and **F-labeled crystalline model compounds with known intermolecular distances, we empirically determined
the overlap integrals of 3C and °F CODEX for specific spinning speeds and chemical shift anisotropies.
These consensus overlap integral values can be applied to structurally unknown systems to determine
distances. Applying the °F CODEX experiment and analysis, we studied the transmembrane peptide of
the M2 protein (M2TMP) of influenza A virus bound to 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
bilayers. The experiment proved for the first time that M2TMP associates as tetramers in lipid bilayers,
similar to its oligomeric state in detergent micelles. Moreover, the nearest-neighbor interhelical F—F distance
between (4-19F)Phe30 is 7.9—9.5 A. This distance constrains the orientation and the packing of the helices
in the tetrameric bundle and supports the structural model derived from previous solid-state NMR 5N
orientational data. Thus, the CODEX technique presents a general method for determining the oligomeric
number and intermolecular distances in the ~10 A range in membrane proteins and other complex biological
assemblies.

1. Introduction Dipolar-driven spin diffusion NMR is a robust approach for
obtaining semi-quantitative homonuclear distances. Both direct
IH—1H spin diffusion andH-driven X-nucleus (X= 13C, 1°F,

etc.) spin diffusion have been analyzed and employed for
distance determination in small molecutéand in isotopically
labeled proteing.12 Because of the lack 8H decoupling during

the mixing time and the long; relaxation time of many X
nuclei, measuring long-range distances with spin diffusion is
straightforward, simply involving lengthening the mixing time.

One of the remaining challenges in structural biology today
is the determination of the quaternary structure of membrane
proteins. Many membrane proteins such as ion channels
oligomerize with well-defined stoichiometry and structure to
carry out their function. Elucidating the intermolecular packing
of these proteins is essential not only for deciphering the
structure-function relations of specific proteins but also for

understanding the general principles of membrane protein ; : X
folding.12 To determine the oligomeric structures, intermolecular As a new member of this family, the centerband-only detection

distance constraints are essential. Many solid-state NMR ©f €xchange (CODEX) technique, which is basedidrdriven

techniques utilizing dipolar recoupling under magic-angle 2niSOtropic spin diffusion, has been shown to enable spin
spinning (MAS§-6 have been developed to measure distances. counting, i.e., the determination of the oligomeric number of

: . . incl3 H
However, most of these techniques yield only relatively short protems. We now show thaF It can also_be used to (_extract
internuclear distances of5 A. The determination of long-range intermolecular distances and is thus a particularly effective tool
distances still remains a challenge for elucidating the oligomeric structure of membrane proteins.
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(2) DeGrado, W. F.; Gratkowski, H.; Lear, J. Protein Sci.2003 12, 647— 79, 3694-3700.
665. (8) Tekely, P.; Potrzebowski, M. J.; Dusausoy, Y.; LuzChem. Phys. Lett.
(3) Dusold, S.; Sebald, AAnnu. Rep. NMR Spectros200Q 41, 185-264. 1998 291, 471-479.
(4) Antzutkin, O. N. InSolid-state NMR spectroscopy principles and applica- (9) Castellani, F.; vanRossum, B.; Diehl, A.; Schubert, M.; Rehbein, K;
tions Duer, M. J., Ed.; Blackwell Sciences, Inc.: Oxford, 2002; pp-280 Oschkinat, H.Nature 2002 420, 98—102.
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The principle of the CODEX technigife!>for spin counting

the orientation of the peptide has been accurately measured by

is magnetization exchange between orientationally different and 15N NMR.22 Beside these, only a single short distance has been

singly labeled molecules. Two rotor-synchronizegulse trains

reported on this peptid&.Thus, currently the highest-resolution

recouple the orientation-dependent chemical shift anisotropy structural information about the M2 helical bundle concerns the

(CSA) of X spins under MAS. Between the twepulse trains,
1H-driven X spin diffusion occurs between chemically equiva-

lent but orientationally inequivalent spins, causing a change of

monomer and the backbone. Few constraints about the-helix
helix packing and the side-chain conformation are available.
In this study, we first use carbonyl3C’)-labeled and!°F-

the CSA frequency, which prevents the complete refocusing of labeled model compounds with known intermolecular distances

a stimulated echo at the end of the secanpulse train. At
long exchange mixing times, the initial magnetization is equally
distributed among orientations in the cluster, reducing the
CODEX echo intensity to . Thus, the equilibrium value of

to extract consensus overlap integral values for#ieandF
CODEX experiments. We then apply th#% CODEX experi-
ment to determine the oligomeric number of M2TMP directly
in lipid bilayers for the first time. Moreover, we extract the

the exchange intensity gives the oligomeric number of aggregat-interhelical distance between Phe30 residues from e

ing proteins or the number of magnetically inequivalent
molecules in a crystal unit céff.Using1°F CODEX, we showed
that protegrin-1, #-sheet antimicrobial peptide, forms dimers
in POPC bilayerd?

While the CODEX equilibrium intensity permits spin count-

ing, the time-dependent CODEX intensity decay contains

CODEX curves and show that this distance provides a sensitive
restraint to the orientation of the peptide and the interhelical

separation of the bundle. This is the first time that the oligomeric

number and a long intermolecular distance are determined for
this homo-oligomeric helical bundle in lipid bilayers.

2. Materials and Methods

distance information, since the homonuclear-X dipolar

coupling that drives magnetization exchange scales with distance ngp;le Prepalratlon. |S?;0plca"y |61‘Ee|ed model gompo_unds, in-
(r) as 1f3. Thus, it is desirable to extend the capability of the cluding **C'-Gly, *C'-Leu, **C'-Phe, 5%F-Trp, and 41%F-2-nitroac-
CODEX technique beyond spin counting to include distance etanilide, were purchased from Cambridge Isotope Laboratories (An-
determination. According to tHéi-driven spin diffusion theory, ~ 9°Ver MA) and Sigma (St. Louis, MO). 1,2-Dimyristoghglycero-

h te of tizati h d d the dinol 3-phosphatidylcholine (DMPC) was obtained from Avanti Polar Lipids
€ rate ol magnetizalion exchange depends on the dipo ar(AIabaster, AL). The fluorinated M2 peptide, A30F-M2TMP, where

coupling and the spectral overlap integral, the precise value of o330 was replaced by (#F)Phe, was custom synthesized by SynPep
which is difficult to predict from first principles. Thus, here we Corp. (Dublin, CA) using standard Fmoc chemistry. The amino acid
adopt an empirical approach of calibrating the overlap integral sequence is NHSer22-Ser23-Asp24-Pro25-Leu26-Val27-Val28-Ala29-
using model compounds with known internuclear distances, and (4-1%)Phe30-Ser31-lle32-lle33-Gly34-lle35-Leu36-His37-Leu38-lle39-
we show that consensus overlap integral values can be obtained.eu40-Trp41-lle42-Leu43-Asp44-Arg45-Leud6-COOH. The A30F mu-
for specific chemical functional groups and experimental tation was shown by analytical ultracentrifugation experiments to
conditions. These consensus overlap integral values can therptabilize the tetramer in DPC micell&sThe purified ASOF-M2TMP

be used for distance determination of structurally unknown was repeatedly washed in dilute HCI solution to remove residual

molecular assemblies.
As a first application of thé9F CODEX experiment and

trifluoroacetate (TFA) salt, until no TFA signa{5 ppm) was
observed in thé®F solution NMR spectrum.
Membrane-bound A30F-M2TMP was prepared using a procedure

analysis, we investigate the transmembrane peptide of the M2gimijar to that reported by Cross and co-work&rkarge unilamellar

protein (M2TMP) of influenza A virus. The 97-residue M2

protein forms proton-conducting channels that initiate the
dissociation of the viral RNA/protein complex and the fusion
of the viral membrane with the endosomal wéll? Various

DMPC vesicles were prepared by dissolving DMPC lipids in 5 mM
NaHPQOy/NaH,PO, buffer at 30°C (pH 7), vortexing, freezethawing,

and extruding the solution through polycarbonate filter membranes with
1 um pores at 27°C. Purified AS0F-M2TMP was dissolved in the

studies showed that the active M2 ion channel is a tetramer in DMPC vesicle solution at a P:L molar ratio of 1:15. The membrane

vivol8 and the transmembrane domain also forms a tetramer in

detergent micelle®20 However, the oligomeric state of the
peptide in the lipid bilayer has not been directly determined.
The structure of the M2TMP helical bundle has been investi-
gated by Cys scanning and conductivity measurentérasd

(13) Buffy, J. J.; Waring, A. J.; Hong, Ml. Am. Chem. So@005 127, 4477—
4483.

(14) deAzevedo, E. R.; Bonagamba, T. J.; Hu, W.; Schmidt-Rohig.KdAm.
Chem. Soc1999 121, 8411-8412.

(15) Schmidt-Rohr, K.; deAzevedo, E. R.; Bonagamba, T. Ennyclopedia
of NMR Grant, D. M., Harris, R. K., Eds.; John Wiley & Sons: Chichester,
2002.

(16) Lamb, R. A.; Holsinger, K. J.; Pinto, L. H. I@ellular Receptors of Animal
Viruses Wemmer, E., Ed.; Cold Spring Harbor Laboratory Press: Plain-
view, NY, 1994; pp 303-321.

(17) Duff, K. C.; Ashley, R. HVirology 1992 190 485-489.

(18) Sakaguchi, T.; Tu, Q.; Pinto, L. H.; Lamb, R. Rroc. Natl. Acad. Sci.
U.S.A.1997 94, 5000-5005.

(19) Salom, D.; Hill, B. R.; Lear, J. D.; DeGrado, W. Biochemistry2000
39, 14160-14170.

(20) Howard, K. P.; Lear, J. D.; DeGrado, W.Foc. Natl. Acad. Sci. U.S.A.
2002 99, 8568-8572.

(21) Pinto, L. H.; Dieckmann, G. R.; Gandhi, C. S.; Papworth, C. G.; Braman,
J.; Shaughnessy, M. A.; Lear, J. D.; Lamb, R. A.; DeGrado, \P1eC.
Natl. Acad. Sci. U.S.A1997 94, 11301-11306.

mixture was vortexed, sonicated, and incubated &tGr 2 days to
facilitate peptide reconstitution. The mixture was then centrifuged at
15000@ for 2 h at 28°C, and the pellet was collected. Photometric
assay of the supernat&dhtshowed that 90% of the peptide was
reconstituted into the membrane. The pellet was transfeoraditmm
rotor and incubated at 3 for 2 days before the NMR experiments.
Solid-State NMR Experiments.CODEX experiments were carried
out on a Bruker DSX-400 spectrometer (Karlsruhe, Germany) operating
at a resonance frequency of 400.49 MHz foI; 376.8 MHz forl9F,
and 100.71 MHz for'®C, using MAS probes equipped with 4 mm
spinner modules. The spinning speed was 8 kHz fot¥hexperiments
and 2.5-10 kHz for the'*C experiments. Th&®F CODEX experiments
used a H/F/X probe that allows simultaneous tuning of'th@nd°F
frequencies on a single channel through a combiner/splitter assembly.
Experiments on M2TMP were conducted at 240 K using air cooled
through a Kinetics Thermal Systems XR Air-Jet Cooler (Stone Ridge,

(22) Wang, J.; Kim, S.; Kovacs, F.; Cross, T.Rrotein Sci.2001, 10, 2241—
2250

(23) Nishimura, K.; Kim, S.; Zhang, L.; Cross, T. Biochemistry2002 41,
13170-13177.

(24) Pace, C. N.; Vajdos, F.; Fee, L.; Grimsley, G.; GrayPfotein Sci.1995
4, 2411-2423.
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1H Gly34 distances were unchanged in this procedure. The interhelical
CP DD DD TPPM F—F distances at (4%)Phe30 were then measured as a function of
the tilt angle.
180° 90°

An alternative set of M2TMP structural models (courtesy of
X CP H H H H H H H Tm H H H H H H H T, DeGrado, Howard, and co-workers) based on Cys scanning' dai
/—WWW& EPR constraint8 was also examined to obtain the interhelicatf-
i{_' Ntlr/2 I_’i '|<_' Ntlr/2 I_’l| distances. The set of models contains helix tilt angles frofd G5
and was used without modification except for the A30F replacement.
Figure 1. CODEX pulse sequence. Filled and open rectangles indicate

90° and 180 pulses, respectively. CP, cross polarization; DD, dipolar 3. Analysis of CODEX Curves by H-Driven Spin
decoupling; TPPM, two-pulse phase modulatién. Diffusion

NY). Typical radio frequency (rf) field strengths were 50 kHz & In this §ectlon we describe thel-driven ,Sp'n Fhf'fusmn thgory
andC and 60-70 kHz forIH. Recycle delays ranged from 1.5to 3 Used to fit the CODEX curve to determine distances. Since all

s. Cross-polarization (CP) contact times were @8Gor °F and 500 samples used in our experiments are singly labeled with either
us for 1C experimentsiC and!9F chemical shifts were referenced to ~ *C' or 1F, magnetization exchange occurs between spins with
the a-glycine 3C' signal at 176.49 ppm on the TMS scale and the identical isotropic chemical shifts but different shielding tensor
Teflon *°F signal at—122 ppm, respectively. orientations. Magnetization exchange amarsyich chemically
The pulse sequence for tHéF and *3C CODEX experiments is equivalent but magnetically inequivalent sites reduces the
shown in Figure 2# Two rotor-synchronized-pulse trains recouple intensity of the CSA echo to an equilibrium value oh1?
the CSA interaction under MAS. During the mixing timen), spin During the mixing time of a!H-driven spin diffusion
diffusion changes t_he chemical shift frequency anq prevents cgmplete experiment, polarization transfer between spinanti X occurs
refocusing of th_e stlmulatgd echo. _To correct for sgattice relaxation due to %—X; dipolar coupling and is facilitated by the coupling
(T,) effects duringrm, a z-filter (z,) is added after the secomdpulse of X to the abundant protons. The rate constepfor this

train. Two experiments, an exchange experim&iith the desired . .
7w and a shortr, (10 us), and a reference experimerg)( with process under MAS rates slower thaniHe-X dipolar coupling

interchanged:, andr,, were conducted. The normalized intens&g, may E; approximated by an equation derived for the static

was measured as a function of the mixing time until it reached a plateau. case?®

Error bars were propagated from the signal-to-noise ratios ofSthe _ 2

and S spectra. kj = 0.57w;"F;(0) )
Simulation of CODEX Curves. Ther-dependent CODEXcurves  wherew;; is the homonuclear dipolar coupling,

were calculated in MATLAB using eqs—2 (below).n-dimensional

rate matrices were constructed for oligomers of sizashere the rate o 1 (1-3 cog 0".)
constants are calculated according to eq 2. The mixing-time-dependent wj = 4—ﬂy2ﬁ—3 5 3
magnetization tj was calculated using eq 7. For model compounds Fij

ith k i | i ipol li -fi . . .
with known internuclear distances and dipolar couplings, bestfit o yenends on the internuclear distangend the anglé;
simulation of the experimental exchange curve yields the overlap

integral,F(0). The best fit was obtained by minimizing the root-mean- betwegn the internuclc_aar vector and_th_e external magr_1_etic field.

square-deviation (RMSD) between the calculated intetgitand the Fij(0) is the overlap integral describing the probability that

experimental intensitye, with respect toF(0): single-quantum transitions occur at the same frequency for spins
i andj:

N —_ [T _ _
RMSD= 1 | S (1o — Lo N O Fi0) = /-, filo — o) fiw — w) do (4)

wherefi(w — ;) is the normalized single-quantum line shape

whereN is the number of the data points in the exchange curve. The of spini in the absence of proton decoupling ands the center

F(0) values were incremented inds steps fof*C CODEX and 1us of the line shape. The overlap integral is related to the
steps forl%F CODEX. normalized zero-quantum line shape at zero frequéhcy.
Structure Visualization and Modeling. The crystal structures of For spin diffusion among X spins, the time-evolution of

model compounds were obtained from the Cambridge Structure then-dimensional vector of the magnetization, Nt), is given
Databank and visualized in the software Mercury. The crystal structures by

of L-leucine and 5¥F-L-tryptophan were directly measured by X-ray =

crystallography and confirmed to be consistent with the literature. The M = —K I\7I(t) (5)
M2TMP structure was visualized and modeled in Insight Il (Accelrys, dt

San Diego, CA). The NMR-derived tetramer model (PDB accession > e . . -
code 1INYJ3® was used as a starting structure, with Ala30 replaced by whereK is the n-dimensional exchange matrix containing the

Phe. To find tilt-angle-dependent interhelicat-F distances, we rate constantk@j. T, relaxation is pot included in e,q 5. since It
separately changed the tilt angle of each helix in the tetramer while IS 'émoved in the CODEX experiment by normalization of the

fixing the position of Gly34, the middle of the helix. To define the €Xchange intensit$ with the reference intensit§. Detailed
new tilt angle, we first rotated the entire helical bundle together so balance of equilibrium magnetization requires that the sum of
that the helix to be modified was parallel to the screen. This helix was each column of th& matrix be zero and that the rate constants
then rotated around theaxis by either 38 or —38° so that it became  satisfyk; = k; for equal populations of equilibrium magnetiza-
vertical. The 38 angle is the®®N NMR measured tilt angle of the M2
monomer. The vertical helix was then rotated by the desired new angle (25) Duong-Ly, K. C.; Nanda, V.; DeGrado, W. F.; Howard, K.APotein Sci.
around thez-axis. This process was repeated for all the helices in the (26) ﬁ’ggf‘é_sﬁ%i?hagn_ Opt. Resorl994 18, 1-115.

bundle. The rotation angle of the helices and the interhelical Gly34  (27) Vanderhart, D. LJ. Magn. Resonl987, 72, 13—47.
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tion.28 Thus, for example, the exchange matrix of a four-spin rection. For 4%F-2-nitroacetanilide, which has a Iomjj” of
system ABCD is 11.5 A, the second moment exceeds the nearest neighfor

X by a factor of 43, making the effective coupling equivalent to
anr;" of 6 A rather than 11.5 A. It should be noted that, since

KagtKactKap  —kga —kea —koa the labeling level is 100% for all the compounds, the dipolar
—kap KeatTkecTkep —kes ~kop second moment is the same for all labeled sites. This is a much
—Kac —Kac keatkestkep —Koc simpler situation than spin diffusion in partially labeled or un-
—Knp —Kgp —kep koatkpgTkoe labeled samples, where the statistical nature of the nearest-neigh-

(6) bor distance creates a distribution of dipolar couplings and ex-
. . . change rate® For membrane peptides, long-range dipolar coup-
The rate matrix approach includes not only direct but also j; ; P o
“app y lings between different aggregates are made negligible by lipid
relayed magnetization transfer effects. For example, the mag-yj tion. Thus, no second moment consideration is necessary,

netization transfer from spin A to spin C is mediated not only  gjmyjifying the extraction of the distances within an aggregate.

by the matrix element-kac, which reflects the direct transfer,
but also by—kag and —kgc, which reflect the relayed transfer
pathway A— B — C.

The formal solution to eq 5 for a given initial magnetization
distribution M(0) is

M(t) = e X' M(0) 7)

The exponential operator can be treated by diagonalization o
the K matrix or calculated directly in a matrix-based software
such as MATLAB. Expressed in terms of the diagonalized
exchange matriD,

f

M()=Re ®'RIM(0) (8)

whereR is the eigenvector matrix & . For ann-dimensional
exchange matrix with zero-sum columns, it can be shown that

4. Results and Discussion

13C' CODEX of Model Compounds. We first analyze the
13C' CODEX spin diffusion data ofC'-labeled amino acids:
o-Gly, y-Gly, L-Leu, andL-Phe. These amino acids have two,
three, or four magnetically inequivalent molecules in the
respective unit cells, and thus should give equilibri®f
values of 0.50, 0.33, and 0.25. Figure 2a showsthéependent
9 values ofa-Gly (Figure 2a) at 5 kHz MAS, reproduced
from an earlier study? A single-exponential decay with a time
constant of 265 ms and an equilibrium value of 0.49 were found.
o-Gly crystallizes in space groug2:/n and has four molecules
in the unit cell divided into two pairs that are related by inversion
symmetry3931 The nearest-neighbor’' €C' distance between
the two inequivalent molecules is 4.22 A. With a dipolar second
moment that converges at a distance of 15 A, the best fit yields

one eigenvalue is always zero with the associated eigenvectoran F(0) value of 50us (Figure 2b,c).

this of (1+/n,1/¥/n,...1~/n), while all other eigenvalues df
are positive. As a result, at large mixing timegYlapproaches
(1/n,1M,...1h), corresponding to complete equilibration of the
initial magnetization.

The distance-dependent dipolar coupling in eq 3 contains an
angular term, (& 3 co$ 6j), that depends on the powder angles
of individual molecules in the magnetic field. To simplify the
analysis, the square of this term, which is relevant in the rate
constant expression of eq 2, can be replaced by its powder-
averaged value of 0.8.For the singly labeled systems studied
here, the overlap integrdt;(0) is approximated as the same
for all spin pairs ), since the factors that influence the overlap
integral— isotropic chemical shifts, chemical shift principal
values, X-H dipolar couplings, andH—!H dipolar coup-
lings?” — are identical for all spins.

For the 100%-3C- or 1°F-labeled crystalline small-molecule
compounds, the dipolar coupling between magnetically in-

y-Gly crystallizes in the hexagonal space gr&® with three
magnetically inequivalent molecules in the unit cell. The two
nearest-neighbor '€C’ distances are 4.17 & The y-Gly
CODEX intensities (Figure 3a) exhibit a single-exponential
decay with a time constant of 121 ms and the expected
equilibrium value of 0.32. Using a dipolar second moment that
converges within a distance of 15%the best-fit spin diffusion
curve yields ar(0) value of 120us (Figure 3b,c).

L-Leu andL-Phe both contain four orientationally unique
molecules in the unit cell.-Leu crystallizes in space group
P2;,3334while L-Phe crystallizes in space gro&2;2;2:.%° Leu
has nearest-neighbor €C' distances of 3.84, 5.59, and 6.01
A, while Phe has much longer nearest-neighbor distances of
5.12, 11.0, and 14.0 A. Consequently, the CODEX curves of
the two compounds exhibit quite different decay rates. Leu gives
rise to a biexponential decay with time constants of 23 ms and
415 ms (Figure 4a), while Phe has slower decays with time

equivalent sites cannot be treated as due to isolated spin pairsconstants of 347 ms and 3.0 s (Table 1). The best-fit CODEX

since multiple spins are present in the crystal lattice within di-
polar-detectable distanc&We account for the multi-spin effect
by replacing thew;? term in eq 2 with its second moment
Zm,rﬂ’izm,jn- The dipolar couplings between all thandj sites in

m x n unit cells are summed until the coupling converges. For

curve of Leu yields arfr(0) value of 5Qus (Figure 4b,c), while
that of Phe gives ak(0) value of 120us. The best-fit curve
for Phe (not shown) does not fully capture the biexponential
nature of the decay, which we attribute to the imperfection of
the current theory for spin networks involving very different

the small-molecule model compounds examined here, the secondlipolar couplings or distances.

moment typically converges within a distance-e15 A (in-
volving about 26-90 unit cells) and exceeds the nearest-neigh-
bor coupling by a factor of 243. The exact ratio Ofm,rﬂ)izm,jn/

wﬁ depends on the nearest neighbor distam,@’,‘b, the longer

ther{;”, generally the more significant the second moment cor-

(28) Bain, A. D.Prog. Nucl. Magn. Reson. Spectro2€03 43, 63—103.

(29) Olender, Z.; Reichert, D.; Muller, A.; Zimmermann, H.; Poupko, R.; Luz,
Z.J. Magn. Reson. A996 120, 31—-45.

(30) Jonsson, P.-G.; Kvick, AActa Crystallogr.1972 B28 18271833.

(31) Marsh, R. EActa Crystallogr.1958 11, 654-663.

(32) litaka, Y.Acta Crystallogr.1961, 14, 1-10.

(33) Gorbitz, C. H.; Dalhus, BActa Crystallogr.1996 C52, 1754-1756.

(34) Harding, M. M.; Howieson, R. MActa Crystallogr.1976 B32 633-634.

(35) Al-karahouli, A. R.; Koetzle, T. FActa Crystallogr.1975 B31, 2461—
2465.
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Figure 2. 13C CODEX of 13C'-a-Gly. (a) Experiment data (circles) are  Figure 3. 13C CODEX of 13C'-y-Gly. (a) The experimental data (circles)
best fit to a single-exponential decay with a time constant of 265 ms. (b) are best fit to a single-exponential decay with a time constant of 121 ms.
Experimental data superimposed with the calculated magnetization exchangeb) Experimental data superimposed with the calculated magnetization
curves using the best-fi£(0) of 50us (solid line) and the consensE§0) exchange curves using the bestfi0) of 120 us (solid line) and the
value of 80us (dashed line). (c) RMSD between the simulations and the consensu&(0) of 80us (dashed line). (c¢) RMSD between the simulations
experiment as a function &%(0). Vertical dashed line indicates the RMSD  and the experiment as a functionfe(0). Vertical dashed line indicates the
for the consensuB(0) value of 80us. RMSD for the consensus(0) value of 80us, which is close to that of the
best-fit F(0).

Table 1 summarizes the equilibrium valu&&)eq exchange
time constantssp, and best-fitF(0) values for the fout3C'-
labeled amino acids at 5 kHz MAS. The overlap integrals fall

within a factor of 2.5. Since the spin-diffusion rate constant

depgnds on 17 but only linearly onF(O) (egs 2 and 3), the g5, give longer time constants and smafi@) values. We
choice of an average(0) value of 8Qus introduces only a small investigated the effect of the spinning speeg bn F(0) by
distance uncertainty of less than 8%. The calculaté@ measuring thé3C' CODEX curves at 2.5 and 10 kHz MAS.
CODEX curves for the various amino acids using this consensus g, re 5 shows the CODEX curves at the three spinning speeds.
F(0) value are shown as dashed lines in Figured 2panel b. ging overlap integral values scaled by 509@/om the F(0)

In general, they fit the experlme.ntal data well and give low value at 5 kHz MAS, we calculated the exchange curves for
RMSD values close to the bestfit results. the two additional spinning speeds and found that they agree

The consensu@C’ F(0) yalue of 80us is in approximate with the experimental data well (Figure 5). More exactly, the
agreement with that obtained by Suter and Ernst on doubly best-fit F(0) values at the three MAS rates follow a 3/

carboxylic3C-labeled single-crystal malonic aciéiBy direct dependence, wherg varies between 0.5 and 0.9. This
measurement of the stafiel-coupled zero-quantum spectra, the dependence is qualitatively consistent with the previously

authors obtained zero-quantui relaxation tim?S'TgQ' of observed inverse, dependence of the spin diffusion réfe.
137 and 78.3us for two crystal orientations. Sindg(0) =

T5%m,26 these correspond to overlap integrals of 44 ang®5
which are within a factor of 3 of our consensik§)) value.

The efficiency of!H-driven spin diffusion depends on the
spinning speed: faster MAS attenuates spin diffusion and thus

(37) Reichert, D.; Bonagamba, T. J.; Schmidt-RohrJKMagn. Resor2001,
(36) Suter, D.; Ernst, R. RPhys. Re. B 1985 32, 5608-5627. 151, 129-135.
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Figure 4. 3C CODEX of 13C'-Leu. (a) The experimental data (circles)
are best fit to a biexponential decay with time constants of 23 and 415 ms.
(b) Experimental data superimposed with the calculated magnetization
exchange curves using the bestfi0) of 50 us (solid line) and the
consensud=(0) value of 80us (dashed line). (c) RMSD between the
simulations and the experiment as a functior-¢®).
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Table 1. Experimental Decay Constants and Best-Fit F(0) Values
of 13C' CODEX Data for Different Samples at Various Spinning
Speeds

2.5kHz 5kHz 10 kHz
Tsp F0) Tsp F0) Tsp F0)
compd (SIS (M) (uS) (ms) (ws)  (ms)  (us)
o-Gly 0.47 139 90 265 50 477 35
y-Gly 0.32 74 180 121 120 186 85
Leu 0.24 208 70 26P 50 523 35
Phe 0.28 na na 347,3000 120 na na

a Equilibrium S values were averaged from measurements at various
spinning speed?. Thesersp values were obtained from stretched expo-
nential fits to reflect the average decay constants.

19F CODEX of Model Compounds. Compared to'3C
CODEX, H-driven 1°F spin diffusion has two advantages: a

longer distance reach due to the larger gyromagnetic ratio of

197, and higher angular sensitivity due to the laréfr CSA.
We use two fluorinated compounds %Trp and 4-19F-2-
nitroacetanilide, to measure the overlap integrdP6fCODEX
at 8 kHz MAS. Figure 6ac shows the Trp data: an equilibrium

S/So

0.2

0
0 400 800 1200 1600

Mixing Time (ms)

S/So

0.2 120 us

400 800 1200 1600

Mixing Time (ms)

(c)

0 0 1000 2000 3000 4000 5000 6000 7000

Mixing Time (ms)
Figure 5. 13C' CODEX of (a)a-Gly, (b) y-Gly, and (c)L-Leu at MAS
rates of 10 (circles, solid line), 5 (triangles, dotted line), and 2.5 kHz
(squares, dashed line). The bestH{0) for the 5 kHz data of each sample
is scaled by 5000/ to fit the data at the other two spinning speeds.

value of 0.50 and asp of 5.3 ms were found, consistent with
the P2; space group of Trp (with two molecules in the unit
cell) 38 The nearest-neighbé?F—19F distance is 4.62 A, giving

a large dipolar coupling of 1.1 kHz, which explains the short
time constant observed. The best fit is obtained Wiid) = 28

us (Figure 6b,c), which is significantly smaller than tHe'
F(0) values. This is reasonable since the instantanééfs
chemical shift overlap is smaller than th&' chemical shift
overlap due to the largéfF CSA: the anisotropy parameter
(6) of 5-1%-Trp is 48 ppm, or 18 kHz, which is almost twice
that of the carbonyl carbons. For¥#F-2 -nitroacetanilide®® the
observed spin diffusion decay constant is 52 ms, or 10 times
that of Trp. This is qualitatively consistent with the longer
nearest-neighbor intermolecularF distance of 11.5 A. Despite
the large structural difference with Trp, the bestH{D) value,

(38) Takigawa, T.; Ashida, T.; Sasada, Y.; Kakudo, Bull. Chem. Soc. Jpn.
1966 39, 2369-2378.

(39) Qi, J.-Y.; Zhou, Z.-Y.; Liu, D.-S.; Chan, A. S. @cta Crystallogr.2001,
E57, 0675-0676.
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Figure 6. 19F CODEX of 5% -Trp (a—c) and 4-19F-2-nitroacetanilide (e-f), whose chemical structures are shown in panels ¢ and f. (a) The Trp data
(circles) exhibit a single-exponential decay with a time constant of 5.3 ms and an equilibrium value of 0.50. (b) Calculated magnetization arabsange c
using the best-fif(0) value of 28us (solid line) and the averad€0) value of 37us (dashed line); both values agree with the experimental data well. (c)
Trp RMSD between the simulation and the experiment as a functidf(@f (d) °F CODEX data of 4'°F-2-nitroacetanilide (circles), with a decay
constant of 52 ms and an equilibrium value of 0.46. (e) The best-fit curve correspond$(0)af 45us (solid line), while the average(0) value of 37

us (dashed line) still agrees with the data well. (f) RMSD as a functioR(0j for 4-1°F-2-nitroacetanilide.

45 us, is remarkably close to that of'8F Trp. This confirms for the single-component solids is unnecessary for two-
the existence of consens&$0) values under similar experi-  component peptidelipid mixtures, simplifying the analysis.
mental conditions and validates our empirical approach of 11419 copgEX experiments on M2TMP were carried out

extr;cting ther(0) valule. W]%?tlgoé(t)hDeEa)zlerztagg(Ok)Hof 5;\;:; at 240 K, 56 K below the DMPC phase transition temperature
as the consensus value a z : (296 K) to eliminate slow peptide motion. Our previous

Simulations using this consensus value agree well with the . i
) . experiments showed that, at this reduced temperature, slow

experimental data of both compounds (Figure 6b,e). S . . SRS,

19 CODEX of M2TMP in Lipid Bilayers. With the F(0) motion is frozen, leaving dipolar spin diffusion as the only
value known forlSE CODEX at 8 kHz MAS we can now mechanism of exchandéA CSA recoupling timeNt;, of 0.25
determine FF distances in structurally unknown systems such ms was used, giving a:ﬂNrr. of 1?,“ © - 69 ppm). This is
as M2TMP. Since the rate constaqtis proportional to 1 sufficiently large to detect orientational differences as small as
but linear withF(0) (eq 2), small variations in thg(0) value ~7°40 Figure 7a shows the CODEX curve of M2TMP and a
do not affect the distance appreciably. In addition, for peptides réPresentative pair of spectra. Uncertainties in ¥ values
diluted in lipid bilayers at molar concentrations of a few percent, Were propagated from the spectral signal-to-noise ratios and are
the inter-oligomeric distances are several times longer than thesmall because of the high sensitivity of the spectra (Figure 7a
intra-oligomeric distances, making the inter-oligomeric dipolar inset). TheSS value of the longest mixing time is 0.27,
couplings more than 2 orders of magnitude smaller than the consistent with a tetrameric bundle. To fit the data, we first
intra-oligomeric couplings. Thus, the second moment treatment used a constrained biexponential function with a fixed equilib-

7248 J. AM. CHEM. SOC. = VOL. 128, NO. 22, 2006



Quaternary Structure of Oligomeric Membrane Proteins ARTICLES

1.09 ) ) ’ ’ 1.0 1.0
(a) r '
So (b) '\ (c) 08
0.8 N 06
3 : ‘\ N 04
\\ \\ 0.2
& 08 L\ Th.95A %% 60 85 90 95
e ? NN distance (A)
7] FERN
i i 0.4 \\\ \\\i‘
$ $ ST Bkl SEPN
r=7.9A 02 9
% 500 1000 _ 1500 _ 2000 2500 % 400 800 _ 1200 1600 2000 % 400 800 _ 1200 1600 2000
Mixing Time (ms) Mixing Time (ms) Mixing Time (ms)
1.0
0.8 r
© 0.6
<
7]
; o4 P
¢ § ¢ §
0.2 ‘ 0.2
r=82A r=8.4A
0
0 4 Di tg 12A %20 % 400 800 1200 1600 2000 % 400 800 1200 1600 2000
istance (A) Mixing Time (ms) Mixing Time (ms)

Figure 7. (a)°F CODEX data (circles) of M2TMP in DMPC bilayers at 240 K and 8 kHz MAS. BhandSspectra for a mixing time of 1.0 s are shown.

A biexponential fit with a fixed equilibrium value of 0.25 (solid line) shows excellent agreement with the datd&gawitl®.9990. Free fitting (dashed line)

yields comparable decay constants and an equilibrium value of9.205 R? = 0.9995). (b) Best-fit exchange curve usii) = 37 us gives a nearest-

neighbor F-F distance of 7.9 A for a symmetric tetramer model, which is shown in the inset. (c) A Gaussian distance distribution centered at 8.5 A (inset)
for the same tetramer model gives a more balanced fit (solid line) to both the short and long time points. (d) RMSD between simulated and experimental
CODEX curves as a function of distance@ndF(0). Contour levels vary from 0.10 to 0.55 in increments of 0.05. The minimum RMSB(@r= 37 us

is obtained at = 7.9 A (circle). (e) Best-fit CODEX exchange curve using a symmetric pentamer model deviates from the experimental eqSiiprium

value. (f) Best-fit CODEX exchange curve using a symmetric hexamer model also deviates from the measured eqfifibrialue.

rium value of 0.25. The best-fit curvelS = 0.25+ 0.44 37 line) reproduces the long-time exchange intensities and is the
+ 0.31 7882 (solid line), shows excellent agreement with the upper bound that is still consistent with the experimental data.
experimental dataRg = 0.999), indicating that M2TMP forms  Thus, a conservative estimate of the interhelicaFrdistance
tetrameric bundles in lipid bilayers, similar to when it binds to at A30F is 7.9-9.5 A. Alternatively, simulation using a
detergent micelle¥?20 Gaussian distance distribution centered at 8.5 A also gives a

Previous'®N 2D dipolar-shift correlation spectra indicate that more balanced agreement with both the short and long time
the M2TMP helical bundle is highly symmetric in lipid bilayers, points of the experimental data (solid line, Figure 7c). Although
since each®N label gives rise to a singlé®N peak?? This a double Gaussian distribution centered at two different distances
symmetry dictates that the fodiiF spins of Phe30 are located can better capture the biexponentiality of the curve, there is no
at the corners of a square, whose gide the nearest-neighbor  good physical justification for a bimodal distance distribution,
interhelical FF distance between adjacent helices (Figure 7b and the'®F spectral line shape does not give any indication of
inset). Using this symmetric tetramer model and the consensustwo distinct conformations of the peptide. Another possible
F(0) value of 37us, we simulated the experimental CODEX reason for the imperfection of the fit is the phenomenological
curve and found the best-fit at a¥F distance of 7.9 A (Figure  nature of the'H-driven spin diffusion theory used to simulate
7b). Figure 7d shows the 2D RMSD contour plot between the the MAS data.

simulations and the experiment as a functior(d) andr. The While the constrained biexponential fit of Figure 7a agrees
contour lines are nearly parallel to tt0) axis, confirming  with the data well, free fitting, on the other hand, gave an
that the fitting is much more sensitive to the distant¢kan to equilibrium value of 0.2@: 0.05 (dashed line, Figure 7a). This
F(0). The distance uncertainty, allowing for a conservative jmpjies that pentamers, with an expected equilibrium value of
estimate of ar(0) uncertainty of a factor of 2 on each side of 20 and even hexamers, with an equilibrium value of 0.16,
the consensus value (i.e. 485 us), amounts to only 0.8 A.  cannot be completely ruled out on the basis of the equilibrium
The best-fit spin diffusion curve with= 7.9 A falls below 9% value. Fortunately, the ambiguity can be resolved by
the experimental intensities at 500 msldns (Figure 7b). This calculating the CODEX curves for a symmetric pentamer
discrepancy reflects the biexponential nature of the experimental(lzigure 7e) and a symmetric hexamer (Figure 7f). We find that
curve. Experiments at a lower temperature of 227 K gave the gyen the best-fit exchange curve in each model (obtained by
sameS/S, values at short time points, thus verifying that N0 yaryingr) deviates substantially from the experimental data at
residual slow motion is present at 240 K to cause the fast initial |ong times: the calculated equilibrium intensities fall below the
decay. One possible reason for the biexponentiality of the curve jeasured values by more than the experimental uncertainty.

is structural heterogeneity of the M2 helical bundle. Figure 7c Thus, a combination of the equilibrium value and the exchange
shows that the calculated CODEX curve for 9.5 A (upper dashed tjme course is important for determining the oligomeric size of

(40) deAzevedo, E. R.; Bonagamba, T. J.; Hu, W.; Schmidt-Rohd, Chem. 'Qrg_e aggregates' whosenlvalues becom_e more difficult to
Phys.200Q 112, 8988-9001. distinguish from 146 + 1) or 1/(0 — 1) asn increases.
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Figure 8. (a) 'F—1% distance between #F)Phe30 of adjacent helices

as a function of Phg; angle in the NMR-derived model of M2TMP tetramer
(PDB code 1NYJ). A distance of 7-®.5 A is satisfied neay; angles of
+60° and +180°. However, they; = +60° rotamer causes severe steric
conflicts between the side chain and the backbone and is thus ruled out.
(b) Top view of the NMR-based M2TMP tetramer model with a nearest-
neighborl®F—1% distance of 8.8 A at Phe30 between adjacent helices. The
Phe ring of helixi + 1 protrudes from its backbone and lies close to the
neighboring helix.

What is the structural implication of the interhelical Phe30
Phe30 distance of 7-9.5 A? The intermolecular distance
depends on a number of factors: the channel diameter, the heli
orientation, and the Phg torsion angle. We first assess the
effect of they; angle on the distance. In the NMR-derived
tetramer model (PDB accession code 1NYJ), the measuréd F
distance can only be satisfied fgpr = +60° and 180 (Figure
8a). However, out of the three Pherotamersy; = +60° is
energetically forbidden im-helices due to steric conflicts
between the aromatic ring and the backb®¥&. Thus, only
the y1 = 180C° rotamer agrees with the data. This is also the
most favorable rotamer for Phe dahelices**2With y; = 18C,
the F—F distance between adjacent helices in the NMR-derived
tetramer model is 8.8 A, which agrees with tHE CODEX
result within experimental uncertainty. Figure 8b shows a cross
section of this tetramer model with the-F distances high-
lighted. The Phe30 ring of helix+ 1 protrudes from its
backbone in a roughly perpendicular direction and lies close to
the neighboring helix (without causing steric conflicts). The

(41) Lovell, S. C.; Word, J. M.; Richardson, J. S.; Richardson, DPf@teins:
Struct., Funct., GeneR00Q 40, 389-408.
(42) Janin, J.; Wodak, S.. Mol. Biol. 1978 125, 375-386.
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Figure 9. Phe30'F—1% distances between adjacent helices in the M2TMP
tetramer as a function of the helix tilt angle for two different structural
models: circlest®N NMR derived model; triangles, functional model based
on Cys mutagenesis and EPR data. ¥hes 180° andy; = —60° rotamers
are shown as filled and open symbols, respectively. ThE Histance range
determined from this study is delimited by the dashed lines.

distance between the opposing helices is 12.4 A, which gives a
measure of the diameter of the channel at this residue.

With the Phey; conformation known, the measured-F
distance provides a valuable constraint to the orientation of the
helices and the diameter of the helical bundle. We first examine
the tilt angle dependence. Starting from the original NMR-
derived tetramer model reported by Cross and co-workess,
which has a helix tilt angle of 38we varied the tilt angle while
holding the channel diameter and the helix rotation angle
constant. The rotation angle around the helix axis defines which
residues face the channel interior versus the lipids. This
information is well known qualitatively from functional studies
of the M2 proteid! and quantitatively from 2B°N NMR spectra
of oriented membranéd The interhelical Phe30-F distances
are plotted in Figure 9 for the NMR model (filled circles). It
can be seen that tilt angles less thaf give distances outside
the measured range of 7%9.5 A and thus can be ruled out.
An alternative M2TMP tetramer model (designated as the
functional model below) was proposed by DeGrado and co-
workers on the basis of Cys scanning défahe transmembrane
segment of the intact protein was successively mutated to Cys,
and the effects of the mutation on the reversal potential, ion
currents, and amantadine resistance of the channel were
measured. Fourier analysis of the data showed a periodicity that
is consistent with a tetrameric helical bundle. This functional
model was further refined by a recent EPR study of M2TMP
in phosphatidylcholine membranes of different thicknegses.
By observing the dipolar line broadening of the spin label at
the N-terminus of the helix, the authors found qualitative
evidence that the distance between the N-termini of the helices
decreases with increasing membrane thickness, suggesting that
the M2TMP helices become less tilted in thicker membranes.
Figure 9 plots the FF distances for the different tilt angles of
this functional model (triangles). The distance increases with
increasing tilt angles as expected. At a small tilt angle such as
15°, a distance of 1.7 A is found for = 18C° (filled triangles),
which is clearly unphysical. At this helix tilt, g angle of—60°
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gives a F-F distance of 10 A, which is more reasonable but 5. Conclusion

still inconsistent with thé®F CODEX result. Thus, small tilt

angles can also be ruled out in this functional model. At the ~We have shown thatH-driven spin diffusion between
largest tilt angle of 35 the trans rotamer gives afF distance spins with identical isotropic shifts but different anisotropic
of 7.0 A, which still falls short of the measured value by.0 shifts, CODEX, not only allows spin counting but also provides
A. While larger tilt angles would better agree with the long-range distance constraints in oligomeric membrane pep-
experimental data, they would create unfavorable hydrophobic tides. Using a rate matrix analysis, in which the spin diffu-
mismatch between the peptide and the lipid bilayer. An sjon rate constant is proportional to the overlap integral and
examination of the backbone structure of this functional model the square of the dipolar coupling, we determined consensus
indicates that the channel diameter, as defined by the backbone overlap integral values from the CODEX curves of structurally

backbone distances, is comparable to or even slightly larger than,,own model compounds. F&#C'-labeled amino acids at 5
the channel diameter in the NMR-derived structural model. kHz MAS, a consensuB(0) value of 80us was found. For

Thus, _the char_mel d|ametgr does not explain the short I:)hegoaromaticlgF-IabeIed compounds at 8 kHz MAS, a consensus
F—F distance in the functional model. However, the rotation

angle around the helical axis is slightly different between the F(O)hva]!ye o.f 37”; Waﬁ ols)/lt;med. Usmjgl;F CODEX.,dwe [fJ.ro;l/ed
NMR model and this functional model. This small difference 'OF th€ firsttime thatthe transmembrane peptide of influenza

causes the Phe side chain in the functional model to extend™ virus forms tetramers in lipid bilayers. Moreover, the nearest-
more into the center of the channel and is sufficient to give rise N€ighbor interhelical FF distance between Phe30 residues is

to the 1.8 A shorter distance compared to the NMR model (8.8 7.9-9.5 A. This supports the M2TMP tetramer model obtained
A) at a helix tilt of ~35°. from NMR orientational constraints and indicates that the helix

Clearly, to uniquely determine both the interhelical separation filt angle must be greater than 20n DMPC bilayers. In
and the peptide orientation, one needs to measure multipleaddition, the experimental + distance points out a subtle
interhelical distances at multiple residues. The Phe3@=F  difference in the helix rotation angle between the functional
distance measurement shown here is only the first demonstrationmodel and the NMR-based model of M2TMP. This difference
of the rich information content of such long-range intermolecular propagates to a detectably shorter side-chaifF Fdistance
distance restraints. By determining distances in the 10 A range, predicted by the functional model than the experimental result.
this anisotropic magnetization exchange technique complementsThus, the long-range CODEX intermolecular distances are useful
other NMR distance methods such as rotational resonance thafor reﬁning the high-reso|ution 0|igomeric structure of mem-
have been used to determine peptide interfacial struétiiree brane peptides.
present!H-driven 1% spin diffusion experiment can also be

compared with &% radio-frequency-driven recoupling (RFDR) both b bound . q )
experiment, which yielded-FF distances of 512 A on model oth membrane-bound proteins and protein aggregates out-

compounds with an accuracy of-2 A4 However, the RFDR side the membrarie to determine oligomeric numbers and
experiment does not allow spin counting and measures distancedNtermolecular distances in the 10 A range. These intermolecu-
between chemically distinct fluorinated groups, and thus it is lar distances complement local structural parameters such as
less applicable to amino acids. Distance extraction from RFDR torsion angles and intramolecular distances in elucidating the
exchange curves also requires an adjustable simulation paramfull three-dimensional structure of complex biological as-
eter, the zero-quantum relaxation tin Q which is analo- semblies.

gous to the spectral overlap function considered Rere.
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