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Integral membrane proteins are estimated to account for nearly

one-quarter of all coding sequences in higher organisms, and more - & :-, - 112
than half of all commercial drugs target this class of proteins. s S* —
Despite the strong interest in such systems, study of their 3D 114
structure remains limited by the inherent difficulty in growing 3D & s20 n
crystals suitable for X-ray diffraction and by their poor solubility N8 o 116
for solution NMR studies. Solid-state NMR studies can be carried f”' Vig |
out on proteins anchored in phospholipid bilaydrat frequently K4: e L10 Yo e 118
lack the degree of resolution observed in the liquid state. Alterna- W13 Te ."'- E16 5
tively, a variety of detergentss commonly used to study peptides ® W s e =c =W N
and proteins that are known to interact with membranes or L3 e L17 .: Bis -120
membrane proteins. The most popular NMR detergent is sodium Yiz2 = B
dodecyl sulfate (SDS), although it is harsh and can have a Lo —122
denaturing effect. Short-chain phosphatidylcholines (PCs) such as Azt -
dihexanoyl PC (DHPC) are gaining popularity as milder, zwitter- - 124
ionic detergents that also form small micelles with a mass of less n

than 20 kD34 However, it has been argued that the strong curvature T T 71— T 1T T T 1 T 1T 1 T T 1
' m
at the surface of such micelles provides a nonnatural environment. 88 86 B4 82 4 HB.O 7.8 7.6 74 PP

Smal_l blcelles_, which are self-a}ssembllng mlxgd mlcelles_ t_hat Figure 1. N—1H HSQC spectra (800 MHz) of 1 mM gp41[26204] in
consist of a mixture of short-chain and long-chain phospholipids, 350 v DHPC (red), irg = 0.1 bicelles (350 mMM DHPC) (blue) and in=

usually DHPC and dimyristoyl PC (DMPC), are presumed to be (.25 bicelles (180 mM DHPC) (black). The gp41[28204] peptide was
superior in this respeétHowever, no structural comparison of a  expressed ifEscherichia colias a C-terminal extension to the SIV-gp41 ecto-

peptide bound to micelles and bicelles is available to date. The ?ﬁmai” (295“3_“9? %;7247)’ af,‘g Ulniform'y ‘?t”fég\hedPWit)H"' 13(3&_3”‘1;5“- ”

: icleo . : € construct Includead an acid Cleavage site (ASp-Fro) preceaing tne peptae,
zm?zgcslg(?llﬁz Eirleaycjelrsek dsgiiieg’n(\;wg]HggF():Sv?rﬁ]kg;ni?s #IF;M I:)h; flat and the residue numbering used here starts from the N-terminal Pro.
previous NMR studies using these small bicelles involved peptides
that are somewhat water-soluble and which therefore are in a
dynamic equilibrium between bicelle-bound and free in solution.

Here, we compare the structure of a peptide fragment of the
HIV-1 envelope protein gp41 (residues 28204) when bound to

indicating that the change in structure is relatively subtle. The
conventional NMR approach to structure determination, based on
NOEs and] couplings, is generally not suitable for unambiguously

identifying small structural changes. Instead, we therefore resort

micelles and bicelles. The peptide is completely insoluble in water, to dipolar couplings, which are exquisitely sensitive to bond vector

and previous fluorescence and infrared experiments suggest it adopt .rlentatlon. Alignment of bicelles and detergent micelles in dilute

anao-helical structure that tightly associates with the lipid bilayer. _'S_llf'd cfry;tallme n;_ed'&_'sh r:jot possible bec?au_sel of the |ncompat.-
Mutagenesis implicates its importance in viral infectivity, presum- 'Pility Of these media with detergent. In principle, a paramagnetic

ably by impacting an interaction between gp41 and the matrix tag could be use_d to align_the micelle/bicéﬂ@ut_instead we utilize
protein® Comparison of théH—15N HSQC correlation spectra at grecently described modlflce_ltléi‘mf the straln-lpduced gllgnment
DMPC:DHPC molar ratiosy, of 0, 0.1, and 0.25 shows substantial N & gel (SAG) method? In this method, the micelles/bicelles are
changes in the NMR spectrum (Figure 1). dt= 0.5, no further soaked into a cylindrically shaped 6% polyacrylamide gel (acryl-
changes take place relative o= 0.25, but resonances broaden amide/bisacrylamide molar ratio of 80), initially 6 mm 9 mm,
due to the slower tumbling of the larger bicelle (data not shown). Which is subsequently radially compressed to fit within an NMR
Although not visible at the contour levels shown in Figure 1, the tube (i.d. 4.2 mm), thereby increasing its length to 18 mm.
g = 0 spectrum contains a large number of weak peaks in the Three different types of dipolar couplings are measuré}i,
vicinity of the main peaks, indicative of structural heterogeneity. 'Dcac, and'Den. Values are listed as Supporting Information. In
In the g = 0.25 bicelles, such minor components have vanishing DHPC micelles, alignment is found to be stronger than in tpw-
intensity. bicelles, indicating that the peptigienicelle deviates considerably
Although the HSQC spectra show chemical shift changes for from spherical symmetry. However, considering that phospholipid
different q ratios, the chemical shift patterns remain preserved, micelles and bicelles are soft and easily deformable particles, the
 Laboratory of Chemical Physics. correlation between their shape and alignment is expected to be
* Protein Expression Laboratory. less straightforward than for steric alignment of globular prot&ins.
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Figure 2. Structures of gp41[282304] in (A) q = 0.25 bicelles and (B)
DHPC micelles, determined from dipolar couplings. Side chaiangles

are derived from3Jyc, and 3Jcc, couplings (Supporting Information).
Hydrophobic and hydrophilic side chains are shown in yellow and aqua,
respectively. The figure is made with the program MOLM&L.

Only at higherg values &0.5) does the bicelle alignment rapidly
increase (data not shown).

Using the program TALOS? 13C, 13C8, and!3C’ chemical shifts
(Supporting Information) indicate aa-helical conformation in
residues K4-K18. Similarly, a molecular fragment seatethrough
the PDB database only findshelical fragments. Structure calcula-
tions were carried out using only dipolar restrainitsto i+4
hydrogen bond restraints for K& 18, and®Jxc,- and®Jcc,-derived
x1 torsion angles, starting from an initial structure with TALOS-
derived backbone angles. Force constants in the XPLOR protocol
were adjusted such that the dipolar couplings in the final structure
agreed to within the estimated measurement error (but not tighter)
with the experimental data.

Figure 2 compares the structures of the peptide in DHPC micelles
and ing = 0.25 bicelles. A clear curvature is observed for the
detergent micelle sample, with the hydrophobic residues on the
inside. In contrast, a nearly straight helix, with a very slight
curvature in the opposite direction, is seen for the bicelle sample.
The helices are highly stable, with virtually no solvent exchange
for the backbone amides over the entire helical region, but rapid
solvent exchange near the N- and C-termini. Th&elix has a
pronounced amphiphilic character, with Leu and Trp residues
defining the hydrophobic surface. NOEs from the W6 and W13
indole H' to the DMPC alkyl methylene groupg €& 0.25) and to
the DHPC alkyl CH (q = 0) confirm that the Trp side chains are
anchored deep into the hydrophobic lipid layer (Supporting
Information). Ser and Tyr residues mark the “sides” of the helix,
whereas the “outside” exposes Lys, Asn, GIn, and GIn residues to
the aqueous solvent.

Evaluation of the backbone torsion angles indicates that in both
micelles and bicelles th¢/y angles cluster around ideathelical

values. The tightness of the range of backbone angles observed in

the bicelle phase for residues 48 (p = —59+ 6° 1 = —39+ 7°)
testifies to the regularity of this helix, whereas slightly more

variation is found in the micelle-attached cage= —55 + 11°;
Y = —43 £+ 12°), presumably required for the helical bending.
Comparison of the two helices in Figure 2 strongly suggests that
the curvature observed in the DHPC-bound form is induced by
binding to the micelle, which in the absence of peptide would adopt
a spherical shape with a radiusicere = 18 A6 The radius of
curvature observed for the peptide is considerably larger{35
A), indicative of an inherent degree of stiffness in thaéelix.
Presumablyg.-helices much longer than the one studied here would
require more curvature, or stronger distortion of the DHPC micelle.
Curvature of the bicelle-attached peptide< 70+ 10 A) is much
weaker and in the opposite direction (Figure 2A), and probably
results from the attractive interaction between the hydrophobic
peptide residues and the phospholipid bilayer, whereas the charged
N- and C-termini are attracted to the aqueous phase. Interestingly,
decreased®N transverse relaxation rates indicate that the N- and
C-terminal residues are subject to substantial internal motions, which
are of roughly comparable magnitudes. Similarly, dipolar couplings
near the ends of the peptide have considerably reduced but nonzero
values, indicating that residual structure remains. However, the
limited number of accessible dipolar couplings is insufficient to
probe the average structure of these partially disordered termini.
We show that detergent micelles can induce significant strain in
attached helical peptides and confirm that small bicelles are well
suited for studying the detailed peptide structure in a biologically
more relevant environment. Unambiguous identification of the weak
curvature observed in the detergent micelle environment is generally
not possible by conventional NMR, using NOEs ahcouplings,
but is determined quantitatively by residual dipolar couplings.

Acknowledgment. This work is supported by the AIDS
Targeted Anti-Viral Program of the Office of the Director of the
NIH. J.J.C. is a GlaxoSmithKline Fellow of the Life Sciences
Research Foundation.

Supporting Information Available: Tables with chemical shifts,
dipolar couplings®Jnc, and®Jcc, couplings, and four strip plots taken
through the!*N-separated 3D NOESY spectra (PDF). This material is
available free of charge via the Internet at http:/pubs.acs.org.

References

(1) Marassi, F. M.; Opella, S. Curr. Opin. Struct. Biol1998 8, 640-648;

Fu, R. Q.; Cross, T. AAnnu. Re. Biophys. Biomolec. Struct999 28,
235-268.

(2) Vinogradova, O.; Sonnichsen, F.; Sanders, CJ.RBiomol. NMR1998
11, 381-386; Damberg, P.; Jarvet, J.; Graslund, Methods Enzymol.
2001, 339 271-285.

(3) Kessi, J.; Poiree, J. C.; Wehrli, E.; Bachofen, R.; Semenza, G.; Hauser,
H. Biochemistry1994 33, 10825-10836.

(4) Arora, A.; Tamm, L. K.Curr. Opin. Struct. Biol.2001, 11, 540-547.

(5) Vold, R. R.; Prosser, R. S.; Deese, AJJBiomol. NMR1997, 9, 329—

335; Sanders, C. R.; Prosser, RS8uct. Fold. Des1998 6, 1227-1234.

(6) Luchette, P. A.; Vetman, T. N.; Prosser, R. S.; Hancock, R. E. W.; Nieh,
M. P.; Glinka, C. J.; Krueger, S.; Katsaras,Blochim. Biophys. Acta-
Biomembr.2001, 1513 83—94; Glover, K. J.; Whiles, J. A.; Wu, G. H.;
Yu, N. J.; Deems, R.; Struppe, J. O.; Stark, R. E.; Komives, E. A.; Vold,
R. R. Biophys. J.200], 81, 2163-2171.

(7) Kliger, Y.; Shai, Y.Biochemistryl997, 36, 5157-5169.

(8) Murakami, T.; Freed, E. Ql. Virol. 200Q 74, 3548-3554.

(9) Tjandra, N.; Bax, ASciencel997 278 1111-1114.

(10) Ma, C.; Opella, S. J1. Magn. Reson200Q 146, 381—384.

(11) Chou, J. J.; Gaemers, S.; Howder, B.; Louis, J. M.; BaxJ.ABiomol.
NMR 2001, 21, 377—382.

(12) Tycko, R.; Blanco, F. J.; Ishii, YJ. Am. Chem. So@00Q 122, 9340~
9341; Sass, H. J.; Musco, G.; Stahl, S. J.; Wingdfield, P. T.; Grzesiek, S.
J. Biomol. NMR200Q 18, 303-309.

(13) Zweckstetter, M.; Bax, AJ. Am. Chem. So200Q 122, 3791-3792.

(14) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302.

(15) Delaglio, F.; Kontaxis, G.; Bax, Al. Am. Chem. So@00Q 122 2142
2143.

(16) Tausk, R. J. M.; vanEsch, J.; Karmiggelt, J.; Voordouw, G.; Overbeek, J.
T. G. Biophys. Chem1974 1, 184-203.

(17) Koradi, R.; Billeter, M.; Wuthrich, KJ. Mol. Graph.1996 14, 51—55.

JA017875D

J. AM. CHEM. SOC. = VOL. 124, NO. 11, 2002 2451



