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The crystallization of a membrane protein typically requires a micelle stabilizes by about the 3 ns mark, except for A20, which
solubilized sample that is stabilized in a gentle, nondenaturing continues to fluctuate (Figure S2). The A12 and P12 micelles have
detergent. Detergents that form small micelles often favor mem- the same size, while A16 is slightly larger, and A20 is the largest,
brane protein crystallization, but these also have the highest consistent with the observed solution light scattering éli&¥e also
tendency to disrupt a protein’s native structure. Recently, a new estimated the hydrodynamic radius, which takes into account a layer
class of detergents, named lipopeptide detergents (LPDs), wasof boundary water around the micelle. The results are generally
introduced that consists of designedhelical peptides with attached  the same as that for the radius of gyration, but the radii obtained
acyl chaing. These detergents have the ability to preserve protein are approximately 0.5 nm larger for all simulations. Thaelices
structure while forming relatively small protetdetergent com- in the P12, A12, and A16 simulations pack side-by-side with
plexes. Here, we describe molecular models of micelles formed neighboring helices, sequestering the acyl chains in the inside of
by these novel amphiphiles. The models explain the observedthe assemblies. The A20 simulation, in contrast, reveals a “tear”
stability and aggregation behavior of LPDs with different alkyl chain in the lateral packing of two of the LPD monomers. In A16, an
lengths. They show a novel coiled-coil structure of the peptide acyl chain occasionally escapes the micelle interior, only to reinsert
assemblies and a strongly ordered hydrocarbon interior and suggestater. In all cases, small hydrophobic surfaces remain exposed at

new ways to further diversify these detergents. the ends of the cylindrical micelles. The overall fraction of
The LPDs studied are peptides with the sequence acetyl- hydrophobic exposed area is similar for A12, P12, and A16 (ca.
AOAEEAAEKAAKYAAEAAEKAAKAOA-amide. The “O” resi- 0.60 on average), but larger for A20 and still increasing after 20

dues are ornithines to which acyl chains with variable lengths are pg (0.63 at 20 ns) (Figure S3). Combined, these properties suggest
attached. Thus, LPD12, LPD16, and LPD20 are peptides which A20 is not a stable octamer, consistent with experimental measure-
each contain two acyl chains of length 12, 16, or 20, respectively. ments of a larger aggregation statsimulations with hexameric
The detergents are designed to form amphipathielices such  mijcelles reveal tears in the peptide surface, exposing lipid to the
that the alkyl chains associate with the alanine-rich face of the golvent. This suggests the LPD hexamers are too small to effectively
peptides. Equilibrium centrifugation has shown that LPD12 and pyry the coupled acyl chains. In contrast, decameric micelles deform
LPD16 self-associate into octameric complexes, while lipopeptides pecause the interior volume of the helical bundle is larger than that
with longer chains form larger, less well-defined complekes. of the associated chains (Figure S4).

We used molecular dynamics simulations to investigate the  There are 18 possible combinations of helix orientations in an
properties and dynamics of LPD12, LPD16, and LPD20 rr_ucelles. octameric complex, but it is difficult to address which one is most
Detailed methods are available as Supporting Information. We tay0rable. We only modeled the all-parallel and all-antiparallel
constructed micelles with parallel and antiparallel helices using a -55es. In the latter, helices alternate in orientation. Although we
simulated annealing/restrained molecular dynamics (SA/MD) pro- annot calculate a reliable free energy difference between two
tocoP as well as using idealized geometri_es. After clustering of micelles, A12(l) and P12(1l) have exactly the same composition
the SA/MD results, we selected top-ranking structures for MD 504 we can compare their total potential energies averaged over
S|muI§tlons in exp!|C|t solvent. and salt .SO|UtI0n mlmlcklpg the 16 final 5 ns. A12(l) has a lower average energy by 326 kJ for the
experimental conditionsThe main octameric models are designated e system, but the standard deviation in the total potential energy
P12 (paraIIeI,_Clz chains), A12, A16, and A20 (all three antipar- in each simulation is ca. 500 kJ/mol. Our best statistical estimate
allel), resp.ectlve.ly (Table Sl)', o of the error in the difference is 14 kJ/mol (see methods in the

In all .S|mulat|ons, th_ea-hellces form(_ed a cylindrical sheI_I Supporting Information), suggesting the antiparallel orientation is
sgrrgundmg_ th_e acyl chams._ The acyl chains were largely co_nt{_;\med preferred. The factors that may affect the preferred helix orientation
within the inside of the mlcelle._Root mean square deviations include the macrodipole moment of the helices (which would favor
(RMSD) from the starting models increase rapidly to about 0.2 nm an antiparallel orientation), inter-helix packing, and ionic side chain
and level off after several nanoseconds at values 0of0.8 nm interactions.

(Figure S1). T_he simulation sta_rting from an idealized a}ntipar_allel The strongly confining cylindrical interior is an unusual feature
geometry rapidly reaches the h_|ghest RMSD of all the simulations. of the lipopeptide micelles, with interesting consequences for the
The §econdary strgcture remains mOSt.ly stablg over the length 0facyl chains (Figure 1). As a consequence of the linkage to the
::g Sh'g?iléfstlo(gzt;ﬁghn%?l)slhs:VTn(; r?r\;\irs;f(;?ufsrag;ngg]y?;titgs g?iig:‘ peptide scaffolding, the first dihedral angles in the acyl chains are
' relatively constrained and have trans fractions in the range of 0.8
lUniversity of Calgary. to 0.85, as compared to 0.65 for liquid dt_ecane at the same
University of Toronto. temperaturé. For the angles 27, the acyl chain values drop to
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This plasticity may be a result of the alanine-rich character of
the peptide-peptide interfaces (Figure S7). Four distinct environ-
ments occur along the length of eagthelix; there are two distinct
helix—helix neighbor packing contacts in addition to the surface
buried in the lipidic core and the solvent-exposed hydrophilic face
(Figures 1 and S7). Each peptide burie®50 A2 in the lipidic
core and has a contact area of approximately 40@ifh each of
the two neighboring helices, leaving an area~af200 A per
peptide exposed to the bulk solvent. Since there are no large
hydrophobic residues in the peptides, the alanine surfaces are
relatively featureless and the helix crossing angles are not as
constrained by the packing motifs that are seen with more complex
natural sequences. Accordingly, an analysis of local interactions
Figure 1. Representation of the final structure of A12(IDeft: End-on W'th the SOCKET met.hddflnds qnly very_ limited Iocgl knobs- .
view of the cylindrical assembly. The ornithines are drawn as sticks with into-holes packing. This feature is also likely to be important in
black carbon atoms and are coupled via amide bonds to C12 alkyl chainsthe formation of a LPD complex with an integral membrane protein
in gray. The lysine and glutamates face the exterior and are shown in stick gjnce the LPB-LPD interactions must adjust in order to accom-

representation with green carboriRight: Side view of the 16 acylated
ornithines.

0.75-0.80, while this values rises to about 0.7 in the free alkanes.
By the end of the chains, the LPD acyl values range from 0.65 to

0.7, which is very near those of the free decane and dodecane a

0.65 (Figure S5). The average rotation time for the LPD chains,
however, was approximately 4000 ps, which is much larger than
ca. 25 ps for liquid alkanes at the same temperdtuféus,
lipopeptide micelles provide a unique environment for acyl chains,
with significantly more ordered chains and very slow chain
dynamics reminiscent of the slow dynamics in lipid gel phases.
The individual helices have typical-helical parameters when
compared to several experimentally determined coiled-coil struc-
tures of different sizes (Table S2), with the exception of slightly
shorter helix-helix separations. The pairwise crossing angles are
shallower than typical values from natural hetixelix interactions.
Analysis of the helix geometries with the TWISTER algorithm
clearly showed coiled-coil geometries for most octameric bundles
and identified residues that face the supercoil &ie 25-residue

modate different-sized guests. Further structural studies on-LPD
guest complexes will provide additional insight into these interac-
tions.

Together, the simulations suggest that the stability of the
pggregates is driven more by the burial of the acyl chains than by
peptide-peptide contacts. This is in agreement with the result that
a nonacylated LPD control peptide is monomeric and unstructured
in solution? A control simulation in which the lipid chains were
removed from a stable octamer shows major destabilization on a
10 ns time scale. In the octomeric LPD12 and LPD16 simulations,
the overall bundle structure is maintained in 10 ns simulations, while
LPD20 shows significant defects that would make the micelle
unstable, consistent with the experimentally observed capacity of
12—16 carbons per chain within an octamer. The chains themselves
have a very rigid and ordered geometry, comparable to that of
crystalline lipids, and both parallel and antiparallel helices can pack
with compelling geometry. These insights provide a framework for
continuing the development of the LPD design for specific
applications, including membrane protein crystallization.

sequence contains two stutters that change the register of the Acknowledgment. D.P.T. is an AHFMR Senior Scholar. E.K.
otherwise regular consensus heptad repeat assignments determinaglas supported by an AHFMR summer studentship. This work was
over the last 5 ns of each trajectory. TWISTER is nevertheless able supported by CIHR (G.G.P. and D.P.T.) and WestGrid. We thank

to assign the two ornithine residues and four of the alanines to
inward-facinga and d positions. The three glutamates and four
lysines are all assigned to the hydrophbia, andf positions. The
helix crossing angle values ranged froRi5 to +10° in the A12

and A16 models. A20 and P12 had a lesser degree of supercoiling

with crossing angles of-34° for A20, indicating nearly straight
helices, and—7° in P12, indicating right-handed supercoiling.
Detailed values are given in Figure S6. The P12(IDEAL) simulation
is the only one with a negative crossing angle through the entire
10 ns simulation. The coiled-coil radius and pitch are strongly
dependent on the number of constituent strrf@able S2). In
addition, the radii are larger for A16 and A20 relative to that of

A12 since these micelles have to accommodate larger amounts of

hydrocarbon, despite having identical amino acid compositions and
the same number of helices. A comparison of A12, A16, and A20
indicates that the main adjustments are in the coiled-coil radius,
which is coupled to the superhelical pitch and to the helix crossing
angles. In addition, there is a distinct barrelling effect. The diameter
of the assembly in the middle of the bundles is larger by up to 1 A
compared to the ends of the bundle, through a slight bending of
the helices.

Walter Ash for his help with the implementation of TWISTER.

Supporting Information Available: Detailed methods and simula-
tion results (Tables S1 and S2, Figures-&r) in PDF format. This
material is available free of charge via the Internet at http://pubs.acs.org.
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