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ABSTRACT. Simulated annealing was performed to model parallel dimera-bélical transmembrane
peptides with the sequenceiXL 1,, predicting left-handed coiled coil geometry in all cases. Insertion of
peptides containing threonine, asparagine, alanine, phenylalanine, and leucine in position 12 into realistic
model membranes showed these structures were stable for 20 ns of molecular dynamics simulation time.
Threonine could participate in intermolecular hydrogen bonds, but predominantly formed hydrogen bonds
to the backbone of the helix it resided on. These hydrogen bonds, although infrequent, appeared to promote
closer association of polyleucine helices. Asparagine participated in multiple, rapidly fluctuating
intermolecular and intramolecular hydrogen bonds, and may have slightly destabilized optimum van der
Waals packing in favor of optimum hydrogen bonding. Coordinated rotations of transmembrane helices
about their axes were observed, indicating helices may rotate around one another during the folding of
membrane proteins or other processes. These rotations were inhibited by phenylalanine, suggesting a role
for bulky residues in modulating membrane protein dynamics.

Membrane proteins have numerous important physiologi- predict structural properties in the absence of other structural
cal roles, including the transport of solutes and macromol- information 6—=8). Theoretical examinations and experiments
ecules, intercellular signaling, celtell recognition, and the  now allow determination of such factors as the number and
compartmentalization of important cellular processes such orientations of transmembrane helices, the side-chains in-
as in respiration. Many membrane proteins are composedvolved in helix-helix packing interfaces, sequence location
of a-helical membrane-spanning segments, often in bundlesof helix termini at the lipid-water interface, cytoplasmic or
connected by loops or soluble domains. Examples of theseextracellular localization of N-, C-termini and loops, and
include the G protein-coupled receptor®),(ligand and spatial distances in the folded protein between specific
voltage-gated ion channel2,(3), and small multidrug residues 9—11).

resist'ance proteins such as Emrg. (Bitopic membrane In 1990, Popot and Engelman proposed a two-stage model
proteins such as glycophorin A (GpApnd the receptor ¢ the folding of these proteing(12), by whicha-helices
tyrosine kinases (e.g., ErbB2), comprising homodimers of ¢ first inserted into the membrane, and then associated to
single transmembrane segments that can associate indepeRa,m 4 functional bundle. The basis of this model is the
dently of extramembranous domains, have also been Char'assumption that individua-helices form independently

acterized §). _ . _ stable domains, a suggestion that is well supported by theory
In general, membrane proteins are difficult to study using ang experiments, 13). This observation is rationalized by
established atomic-resolution structural methods Commomyconsidering the increased strength of backbone hydrogen

applied to water-soluble proteins, particular_ly nuglear mag- honds, and hydrophobic matching of nonpolar side-chains
netic resonance spectroscopy and X-ray diffraction. Fortu- yith lipid acyl chains in the membrane interior, and the

nately, the membrane environment and biomolecular inser- o e/ of progressive insertion of helices into the lipid bilayer
tion processes impose constraints that can be exploited toduring translocation?, 13).

: : : - This model is admittedly incomplete, as it does not account
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Several helix-helix interaction motifs have been recog- bedefg abedefg abedefg abedefg ab
nized (L7, 18), although the bases by which they promote BQLLIA VLLLIAV NLILLIA VARLRYL VG
specific association are not completely understood. Some
general force driving helix association may favor aggregation
of helices 9—21), with the specificity and stability of these
aggregates dictated by detailed fit between complementary
surfaces 1) and electrostatic interactionsl8) between
backbones or side-chains. The latter are shown to strongly
promote aggregation, possibly at the expense of specificity
(22, 23). Point mutations to hydrophilic amino acids have Ficure1: A coiled coil is shown in a helical wheel representation,
been implicated in diseases, for example, the mutation vaIine-!“ the rotating frame of the supercoil. The positions in the packing

. . . interface are defined by the labels “a” through “g” and are
664 to glutamine (V664E) which activates the oncogene neu/ characterized by the “crick anglel. The sequence of the designed

erbB2 @4, 25), and the harmful V232D mutation in TM4  transmembrane helix MS1 is shown, with amino acid packing
of the cystic fibrosis transmembrane conductance regulatorpositions labeled according to the structure of the GCN4 leucine
(26). zipper on which MS1's sequence is based. A heptad repeat of
leucines in position “d” and valines in position “a” is apparent.

Various methods for predicting the association of trans-
n:emb(rjane hellc%s the dbeen o[evgloped._Son;e quelers_hﬁ\’r‘?\otif is characteristic of other members of the bZIP class
elected to use detailed atomic interaction functions with transcription factors4g).

global searching methods to predict the proper association
of a-helices 27, 28), sometimes in conjunction with SDS-PAGE, fluorescence resonance energy transfer, and
analytical ultracentrifugation experiments demonstrate that

experimental, evolutionary, and/or mutagenesis da)a ( ) . .
These predictions have often been done in vacuo as anVIS1 transmembrane helices associate when they contain

electrostatic approximation of the low dielectric environment Polar, hydrogen-bonding substitutions, in particular, those

in the bilayer interior 29). Other studies have used molecular €ontaining the carboxyl and amide functions: asparagine,
dynamics simulations in fully represented lipid bilayers to 2sPartate, glutamine, and glutama2@)( This driving force

develop models of membrane protein structure or function @PPears to be strongest when asparagine is placed in the
(30-32), for example, the pore forming antimicrobial peptide S€duence such that it lies in the center of the bilayer rather

alamethicin 83). Two recent studies have employed an than near the headgroup regions, an observation that is
empirical helix-helix interaction function based on an reflected in the bilayer-centered location of asparagines in

estimate of the interface burial propensity of various amino SCIved membrane protein structuré) Polyleucine trans-
acids. These studies successfully predicted the conformation"€mbrane helices have also been shown to associate in SDS
of the glycophorin A dimer34), for which NMR structures when they contain the.sam(_a polar hydrogen-bonding reS|dges
exist, and suggested a mechanism for activation of the Erbg2(23), although there is evidence that purely hydrophobic
epidermal growth factor receptor dim@5j consistent with polyleucine-based sequences can also associate to a lesser

available experimental data. The use of numerous approache§€dree 48). Polyleucine peptides fused to staphylococcal
with the selection of consensus models is also a powerful Nuclease exist as monomers and homodimers in-SDS5E

technique 86). Despite these limited successes, there is no €XPeriments.
method that consistently and accurately predicts the tertiary Analyses of membrane protein structures in the Protein
structure of membrane proteins from sequence, or converselyData Bank have shown that pairs@elices in transmem-
can design a membrane protein sequence around a desirelrane proteins can also participate in coiled coil pack#8y (
tertiary structure. Many experiments on model peptide 50), and numerous transmembrane segments containing a
systems have been undertaken in an effort to better under-heptad repeat of hydrophobic amino acids have been identi-
stand the behavior of transmembrane proteins. fied and shown to associate in vivd?). Because MS1 is
Model Transmembrane Helices and Coiled Coils. based on GCN4, it is plausible that MS1 may exhibit coiled

accordance with the two-stage model, the folding of polytopic €Ol Packing in the membrane. By extension, the polyleucine
membrane proteins appears to occur in a manner analogou®€Ptides may also form coiled coils.

to the association of single membrane spanninigelices Goals and ApproachThe goals of this study are to
(37). Taking advantage of this analogy, simpler model determine whether the canonical coiled coil packing of
transmembrane helices have been studied in an effort toleucine interfaces in soluble proteins is a reasonable structure
elucidate the factors determining specificity of helixelix for the polyleucine dimer in a membrane, and to investigate
interactions in membrane proteins. These include the de-the effects of specific amino acid substitutions on the
signed peptide MS13@), serine and threonine containing structure and dynamics of this dimer. This could be expected
transmembrane helice89), the WALP and KALP series  to give insight into the effects of these amino acids on the
of leucine-alanine repeat peptidd€), and polyleucine-based packing of real membrane proteins.

peptides 41-43). An in vacuo simulated annealing and molecular dynamics
MS1 is based on a segment of the bZIP transcription factor (SAMD) protocol 61) was employed to generate 450 dimers
GCN4 38) from Saccharomyces cerisiae The crystal of each of Ace-Ls-X-L1,-NH, with the following amino acid
structure of GCN444) shows two helices wrapped around substitutions: alaninea(a), leucine (eu), phenylalanine
one another in a left-handed coiled co#5], and the (phg, asparaginedsn, and threoninethr). These were
sequence of this region exhibits a characteristic seven-residueanked by symmetry, potential energy, and a clustering
“heptad repeat” of leucines (Figure 1). This leucine zipper analysis. Because the lipid environment can have a very
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strong effe‘?t on the StrUCtu_re an_d behav'or of ma”Y mem- tape 1: Average HelixHelix Crossing Angles and Coiled Coil
brane proteins5?2), fully detailed simulations were desirable  Radii from Simulations of Dimers in DOPC; Heptad Assignments
to provide better evidence for the structural insight gained of the Variable Residue at Sequence Position 12

from SAMD. Furthermore, the dynamic behavior of these crossing angle°] radius (nm)

peptides could be investigated in a detailed molecular
dynamics simulation, which is not possible with SAMD. The
highest ranked structures were independently inserted into ala

simulation — average stddev  average std dejeptad

23.01 3.36 0.492 0.13 d/d

a model 1,2—dioleoyi;ngchero-3—phosphatidylcho|ine (DOPCQ) féin fg:g? g:gg 8:2% 8:% g;g
membrane and simulated for 20-asne each ofla, leu, phe 20.07 3.50 0.513 0.13 d/d
phe andasn and twothr simulations. The twahr simula- thr 24.75 3.04 0.471 0.15 ala
tions were performed to assess the differences between "2 19.93 3.71 0512 015 ele
threonine in a peptide dimer interfacér(l) and threonine 2 Heptad positions were assigned using the TWISTER algoriéiin (

exposed to lipidthr2). Thus, the effects of small, aromatic, and are ba_sed on the position of the side-chain defined by the crick
amide containing, and hydroxyl containing amino acids on 2n9'¢ & Figure 1).
the structure and dynamics of polyleucine were investigated.

Threonine is interesting because it is known to form Harmonic restraints were used to enfooclelical hydrogen

intramolecular hydrogen bonds to the helical backbone in bonding patterns by applying a penalty if backbone hydrogen

many transmembrane helicé), it is important in stabiliz- ~ bond (O-H) lengths exceeded 0.32 nm, a value much larger
ing the GpA dimer %3), and it has only a slight effect on  than observed in the final structures. A single restraint was
the dimerization behavior of polyleucin@3) unless intro- ~ applied between the centers of mass of the two helices,

duced in multiple positions39). Analysis of the differences ~ applying a weak penalty on distances exceeding 1.14 nm.
in inter- and intramolecular hydrogen bonding between Ranking structures was a three-step process. First, all
threonine side-chains exposed to lipid and those positionedstructures were clustered based on backbone atom coordi-
in a protein dimerization interface might lend insight into nates using NMRCLUST60) with an RMSD cutoff of 0.1
whether a hydrogen-bonding interaction affects this associa-nm. Second, a modified version of TWISTERL| was used
tion-promoting behavior. Unlike threonine, a single aspar- to assess symmetry. The symmetry score was calculated by
agine mutation is known to stabilize polyleucine and MS1 rotating the entire structure 180 degrees around the average
dimers and higher-order aggregates. Smaller amino acids ar¢/ector defined by the coiled coil axis, then calculating the
more common in helixhelix interfaces, but the introduction ~ Ca. coordinate root-mean-squared deviation (RMSD) between
of alanine destabilizes polyleucine interactio#8)( Phenyl- rotated and initial structures. The clustering results were
alanine was included to assess whether this bulky amino acidfiltered by removing those 50% of structures that had the
induces structural rearrangement, since it was frequently lowest symmetry scores. Finally, the best models from each
identified in self-associating synthetic hydrophobic trans- of the 10 largest remaining clusters were picked based on
membrane helicestp). their potential energy scores.

For simplicity, only dimers with the same N- to C-terminal ~ Simulations in a BilayerOnly one configuration of each
directionality (parallel dimers) were analyzed in this study. sequence was simulated, except for two threonine simula-
We make the assumption that the results from the paralleltions: thr with threonine occupying an “a” position in the
case can be generalized to the antiparallel case, once intrinsié¢nterface (Figure 1), anthr2 with threonine outside of the
differences between parallel and antiparallel packing are dimer interface in the “e” position. These were done to assess
understood. Both parallel and antiparallel coiled coils exhibit the differences in hydrogen bonding behavior between
similar steric packing interactiond), although the latter ~ interfacial and lipid exposed threonine residues. Simulations
arrangement might be favored by smaller residgds%5). ~ were performed with GROMACS 3.1.42) and the OPLS
We also make the simplifying assumption of symmetry all atom protein force field38) with the lipid parameters of
during the initial stages of dimer generation, which seems Berger et al. §3) and GROMACS parameters for the oleate

reasonable in light of the symmetry of other known trans- unsaturated bondg). All simulations used periodic bound-
membrane helix dimers and soluble coiled cofis56). ary conditions, Lennard-Jones and short-range electrostatics

cutoffs of 1.0 nm, particle mesh Ewald (PME) summation
(65) with order 4 spline interpolation and a 0.12-nm grid,

METHODS and a neighborlist update every 10 steps. Temperature was
set to 300 K using a Berendsen thermosé®) (z = 0.1 ps)
SAMD.The sequences analyzed were (AgeXL 1-NH,), coupling separately to protein, water, and lipid. After
with X = alanine @la), leucine (eu), phenylalanineghe), equilibration, Berendsen semiisotropic pressure coupling was

threonine thr), and asparagineagp. Simulated annealing  used with a compressibility of 4.5% 10°° (bar?) in both

was performed using the Crystallography and NMR System the membrane plane and perpendicular to the bilayer with a
(57) using the OPLS force field5@) and techniques similar ~ reference pressure of 1 bar. The highest ranking peptides
to those described by other researchd6 %1, 59). For each ~ from SAMD that contained the mutant residue in either an
sequence, 25 structures were generated from each of 18a” or “d” position (Table 2) were inserted with a molecular
perfectly parallel and symmetric starting configurations for dynamics hole-generating protocd7j, described below,

a total of 450 structures. Starting configurations were into an equilibrated bilayer in a box containing 58 DOPC
generated with the-carbon of the mutated residue (position molecules and 2807 SPC water molecules (Figure 3).

12) covering an evenly distributed range of orientations with  Initially, five lipids with phosphorus atoms within 0.7 nm

a maximum crick angle (see Figure 1) &f 72 degrees.  of the center of the bilayer plane and one additional lipid
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Table 2: Hydrogen Bond Types and Prevalence Observed in the A B
Threonine and Asparagine Containing Dimers Simulated in DOPC

hydrogen bond type asn(%) thr (%) thr2® (%)

SC1-BB2 22.6 0 0
SC1-BB1 55.4 91.9 99.5
SC1-SC2 44.5 23.3 0
SC2-BB1 30.2 0 0
SC2-BB2 45.5 86.3 99.3
inter>=1 99.0 23.3 0
intra>=1 64.5 99.9 99.9

a Hydrogen bond types are labeled as follows. SC: side-chain, BB:
backbone of chain; numbers specify monomer 1 or 2. Inter/intra
1: at least 1 inter/intramolecular hydrogen bond is presefie
threonine side-chains in this dimer were positioned outside of the-helix
helix interface, precluding the formation of any intermolecular hydrogen
bonds.

MNumber of Structures

T

(to create a symmetric bilayer) were removed from a 64
DOPC bilayer, resulting in a membrane with a small cavity
of insufficient size to incorporate a polyleucine dimer.
Solvent-accessible surfaces of the peptide dimers were
generated with MSMS68) using a probe radius of 1.4 A -100 -50 0 50 100 1
and a surface density of 0.34 verticed/AThese were Crossing Angle (degrees) Cluster index
translated to the center of the bilayer and used as input forFigure 2: Simulated annealing generated 450 dimers of each
a modified version of GROMACS 3.1.4 that applied a force sequence analyzed, predictir_lg a left-handed coiled coil geometry
to lipid atoms perpendicular to the molecular surfag@ (  for all of them. (A) The crossing angles for the ensembles follow
ith a f tant of 25 kJ mdinm-L. The f bimodal distributions suggestive of ideal packing modes-&25

wi _a orce constant o X nm-. Ihe torces on and —35 degrees: left and right-handed coiled coils, respectively.
peptide-surface penetrating atoms were averaged over allBlack bars represent the range in which the top 10 structures fall.
atoms in a molecule to avoid lipids straddling the protein Grey bars dgnotg the cyossing angles of the top ranked structures.
inclusion. Lipid phosphorus atoms were restrained normal (B) Cluster size distribution. The pure polyleucine sequence exhibits

he bil | ith a f tant of 1000 kJ Thol several relatively large clusters, probably due to the surface
to the bilayer plane with a force constant o 0 homogeneity of a pure polyleucine sequence. @ibe sequence
nm~* and water molecules were excluded from a slab 2.1 exhibits the widest distribution in structures and the most poorly
nm thick centered in the bilayer with a force constant of 7.5 defined top ranking structures. The incongruity between the top
kJ molt nm~1. The total simulation time during this stage 10 structures and top clusters exhibited dsn and phe resulted

. : - f th try filter duri ki Methods).

was 20 ps, in 1x 10* MD steps, which was sufficient to fom the symmetry filter during ranking (see Methods)
generate a hole that conformed reasonably well to the shapeyccording to eq 1 as a function of the offsepetween the
of the protein inclusion. It was found that in some cases two sets 71):
several atoms in a lipid acyl chain had to be moved manually

after hole generation~0.1 nm total distance) in cases of Wyl — yiD(y2 — y200
overlap with a peptide side-chain in a manner that could not CY1Ya(S) = > > 1)
be resolved with energy minimization, for example, by being \/myliJrS — byl [yz — 200

stuck in a cleft formed by protein side-chain atoms. These
overlaps were not very deep-0.1 nm) and involved ca.
3—6 methylene groups. Subsequent energy minimization an
1-ns simulations with harmonic restraints on all protein atoms
were used to produce starting structures for the 20-ns
simulations. These simulations took approximately 45 days, ResuULTS
with each simulation running on an Intel Pentium Il 1-GHz
processor.

Gaussian distributed noise was generated with a mean and
gstandard deviation similar to those of the helix rotation data
using a modified version of the “Mersenne Twister” random
number generator7g).

Simulated AnnealingSimulated annealing generated en-
sembles of 450 structures. Helikelix crossing angles of

Aqalysis.AIIkcoilefl coil radi, clroslsing ar_lgleﬁ, ?’T/?/Ig?gR dimers in these ensembles followed bimodal distributions
rotations (crick angles) were calculated with the with modes at approximatel25° and—35°, corresponding

algorithm ©1), averaging over eight core residues to remove y, oft_ and right-handed structures, respectively (Figure 2A).
possible noise due to helix termini fluctuations. The average These structures were clustered, half of the ensemble with
crick angle (Figure 9) was calculated over residuedS0f  the |owest symmetry scores was discarded, and finally
each monomer, for a total of seven residues surrounding andnempers from the top remaining clusters with the lowest
including the variable amino acid. Secondary structure was potential energies were selected. This resulted in a ranked
calculated using DSSB9), and hydrogen bonding analysis |ist of 10 structures that were predominantly left-handed for
employed the geometric criteria defined by DSSP (denor  all the sequences investigated (Figure 2, gray and black bars).
hydrogen-acceptor angle cutoff: 60 hydroger-acceptor The largest clusters contained20 members, with the
distance cutoff: 0.25 nm). Snapshots were rendered usingexception of asparagine which gave two smaller clusters
VMD (70). Variational cross correlation was calculated containing eight-members each (Figure 2B). The top 10
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FIGURe 4: The root-mean-squared deviation (RMSD) of the
backbone atoms from the starting conformation throughout the
simulation. These dimers are all relatively stable, achieving a final
RMSD of ~0.1 nm.

©
-

Backbone RMSD from
starting structure (nm)

o
-

simulation time. This is only one unit cell in an infinite crystal due

to the use of periodic boundary conditions to limit edge artifacts.
DOPC molecules are shown in stick representation, lipid headgroup
phosphorus atoms are yellow spheres, and the peptide surface is
shown in gray with ribbon depictions of the monomer backbones
superimposed in blue and red. The bilayer is hydrated in water
(red and white).

structures had crossing angles close to @gure 2A, gray
bars) and exhibited regular left-handed coiled coil packing
as determined by the TWISTER algorith®1f. Virtually g ST
all of the top clusters were retained after symmetry filtering THR THR2

(Figure 2B, black bars), and the majority of all structures Ficure 5: Backbone atom snapshots taken every nanosecond for
generated ¥95% exceptala, 83%) had the single amino the last 10 ns of the simulations. Structures were aligned by
acid substitution within 0.42 nm of at least one atom on the Minimizing the RMSD between backbone atoms. The core struc-
opposite chain, i.e., at least marginally in the interface. This tures are stable, witasn showing the greatest movement of the

. . . helices.
confirms that the model generation procedure, designed to
maximize inclusion of mutant residues in the heihelix Trajectory average radii and crossing angles for all dimers
interface, was successful. were around 0.5 nm and 20respectively, and the packing

Simulations in a DOPC BilayerTop ranked structures  positions of the mutant residues, denoted by the heptad
were simulated independently in DOPC bilayers for 20 ns notation (Figure 1), were invariant throughout all simulations
each (Figure 3). The root-mean-squared deviations (RMSD) (Table 1). Helix-helix crossing angles typically ranged-10
of peptide backbone atoms from the starting conformations 15° around an average value close to that predicted by
(Figure 4) all reached a maximum of about 0.1 nm within simulated annealing (Figure 6), with a standard deviation of
the first nanosecond and remained relatively constant for the~3° or ~15% (Table 1). Theala simulation showed a
remainder of the simulations. The asparagine-containing possible slight systematic decrease in the crossing angle,
dimer reached a slightly higher RMSD of about 0.15 nm stabilizing over the last 5 ns at around°20
after ca. 3 ns. All peptides retained thekhelical secondary The coiled coil radii likewise fluctuated, averaging near
structure, according to the DSSP algorith69)( with the 0.5 nm (Figure 7). In all cases excegbh, the average radius
exception of minor and transient disruptions at the N- and was slightly larger than that predicted by in vacuo simulated
C-termini. Superimposed snapshots of the protein backboneannealing. Thehr simulation, with threonine positioned in
atoms taken every 1 ns over the last 10 ns suggest regionghe dimer interface, maintained a smaller radius than the other
near the helix termini are the most mobile (Figure 5). simulations;thr2 had a polyleucine dimer interface with
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FiGurRE 8: Asparagine hydrogen bonds in thsnsimulation. (A)
Snapshots of hydrogen bonding taken at the times indicated in panel
10 15 20 0 5 10 15 20 B. (1) An asymmetric hydrogen bond between asparagine side-
chains. (2) Simultaneous side-chain and backbone hydrogen bonds.
(3) A brief period in which no intermolecular hydrogen bonds were
Ficure 7: Coiled coil radii assigned with the TWISTER algorithm.  present. (4) Similar to (2) but with the role of each monomer
Straight solid line: Simulation average. Dotted line: Starting reversed. (B) Hydrogen bonds are split into five classes: SC1-
structure. These are suggestive of reasonable stability.tfihe  BB1, SC1-BB2, SC1-SC2, SC2-BB1, and SC2-BB2. SC: aspar-
simulation exhibits a notably smaller radius than the other dimers. agine side-chain atoms. BB: backbone atoms. (1) and (2) denote

individual monomers. The number of hydrogen bonds in each class
threonine lipid exposed, and the radius of this dimer was is indicated.

comparable to the others. The relative fluctuations in radii
were smaller than those of the crossing angles, with standar hpproximately 57 ns, after which an alternative arrange-

deviations of~0.013_n_m, or-2% _(Table D). o ment would become dominant (Figure 8B). A period between
Sequences containing threonine and asparagine in theca, 11.7 and 12.3 ns was devoid of intermolecular side-chain
variable position exhibited both intermolecular and intra- ty side-chain or backbone hydrogen bonds, with both
molecular hydrogen bonds (Table 2). Threonine was found asparagine side-chains hydrogen bonding to backbone car-
to predominantly form intramoleculaf (o i-4) hydrogen  ponyl oxygens on their respective helices (Figure 8, region
bonds to the peptide backbone of the helix on which it 3) Other regions were typified by various asymmetric
resided; these persisted85-90% of the time in thethr arrangements of hydrogen bonds involving side-chain and
simulation with the threonines situated in the dimer interface packbone atoms (Figure 8, regions 1, 2, and 4). Despite the
and>99% in thethr2 simulation where threonines were lipid  gpvious existence of periods with preferred hydrogen bond

exposed. Intermolecular hydrogen bonds involving threonine arrangements, these arrangements were very transient with
side-chains occurreet23% of the time in théhr simulation;  yapid side-chain rotations and fluctuations occurring at all

the hydrogen bond acceptor threonine was usually simulta-tjmes.

own helix backbone. Asparagine partitioned its hydrogen gyer a stretch of seven residues including the variable one,
bonds between a variety of inter and intramolecular hydrogen s an unintuitive and unphysical property that allows one to
bonds involving both backbone and side-chain atoms, with monjtor the relative rotational orientation of one helix with
at least one intermolecular hydrogen bond in existence yespect to the position of the other one. Slight rotations of
throughout 99% of the simulation (Table 2). Side-chain to helices about their axes were identified in all cases (Figure
side-chain hydrogen bonds were found throughout 45% of ga). The magnitude of these rotations depended on the
the simulation, and side-chain to backbone m;ermolecular residue type, with thehesimulation exhibiting the smallest
hydrogen bonds occurred 22 and 30% of the time for each changes (Figure 9A, standard deviation of this property for
monomer, respectively. Hydrogen bonds between an asparphe 1.7, ala: 3.0°, asn: 3.2, leu: 3.0°, thr: 3.2, and
agine side-chain and its own helix backbone were found thr2: 4.2°). The cross correlation function (see Methods)
around 50% of the time. allowed the correlation of these rotations to be investigated
Hydrogen bond patterns between asparagine-containingbetween the helices in each dimer; a negative correlation
helices were typically asymmetric (Figure 8A). Each asym- coefficient indicated clockwise rotation of one helix is

Time (ns)

Jnetric arrangement appeared to persist for a period of
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helix rotational orientation
(degrees)

20 0 10 20

0 10
Time (ns)
B
0
-
<
o

-0.2

Offset s (ns)

Ficure 9: (A) Rotation of each helix with time. The average crick
angle ) is an unintuitive property but can indicate relative
rotational orientations of the helices. (B) The cross correlation
function cyy,(s) indicates motion is most correlated with a time

lag s close to 0 ns with a cross correlation coefficient-ed.2 to

—0.3, indicating clockwise rotation in one helix is correlated with
counterclockwise rotation in the other. For comparison, Gaussian
distributed noise with similar statistical properties gives a cross

correlation coefficient with a magnitude of abatit0.07.

Table 3: Cross Correlation Coefficients for the Rotational Motions
of Individual Helices in Each Dimér

simulation Cyy2(s) s(nsy
ala —0.309 —-0.6
asn —0.311 0.8
leu —0.189 0.1
phe —0.215 0.5
thr —0.303 0.9
thr2 —-0.230 0

aSee eq 1 in main text.This is the offsets corresponding to the
minimum in the cross correlation function.

correlated with counterclockwise rotation of the other. All

Ash et al.

pseudo-random set following a Gaussian distribution with
similar statistical properties to the simulation data gave a
much lower cross correlation coefficient{0.07) and a much
noisier cross correlation function, without the distinct nega-
tive peak near the zero offset (Figure 9B).

DISCUSSION

Preferred Geometry of Polyleucine Dimessleft-handed
coiled coll is the predicted arrangement of two 24-residue-
long monosubstituted polyleucine transmembrane helices in
a DOPC bhilayer. The ensemble generated by simulated
annealing showed a clear preference for left-handed crossing
angles, and the top ranked structure for each sequence was
a left-handed coiled coil (Figure 2A). The larger spread of
relatively populated clusters exhibited by the pure polyleucine
sequence is a result of the homogeneity of a pure polyleucine
helix surface (Figure 2B); clustering analysis was based on
backbone atom coordinates, not interfacial packing motifs,
and thus would differentiate rotationally related structures
with otherwise similar coiled coil packing of side-chains.

A number of transmembrane-helices contains heptad
repeats of leucine and other hydrophobic residd&s @nd
this heptad motif is typical of left-handed coiled coils in
water-soluble proteins. The bimodal distribution of crossing
angles seen in the simulated annealing results (Figure 2A)
is consistent with thec, and an, classes of helixhelix
packing predicted by the helical lattice superposition model
of Walther et al. 73). This is also supported by an analysis
of known membrane protein structurég) with the caveat
that the preference for right-handed crossing angles shown
by that analysis may be explained by the inclusion of specific
dimerization motifs (the right-handed GXXXG maotif, for
example) that are not represented by pure polyleucine.

It is worth mentioning that a certain amount of bias is
introduced by running simulated annealing with an initially
parallel orientation, making well-packed structures with
smaller absolute crossing angles more accessible. This bias
is justified by assuming that hydropholiehelices naturally
adopt a bilayer-spanning orientatioh?, and considering
the counteracting intrinsic statistical bias toward larger
crossing angles between unconstrained helicds7b).

These left-handed dimers were stable when simulated in
DOPC membranes for 20 ns. The backbone RMSD from
the starting structure remained at around 0.1 nm in all cases
(Figure 4); small changes arose from minor fluctuations
around average structures. Tdadnelical secondary structure
of the peptides did not change (Figure 5). All minor
distortions ofa-helical structure are near the helix termini
at the bilayer/water interface, where competing hydrogen
bonds with headgroup atoms and water molecules can disrupt
o-helical hydrogen bonds. This is in agreement with circular
dichroism measurements that show these peptides form
o-helices in SDS micellegi), and the observation that they

of the simulations exhibited slightly correlated rotations with form stable transmembrane segments in ToxR/polyleucine/

correlation coefficients between0.2 and—0.3 (Table 3).
Helix rotations were most correlated fata (—0.309),asn

MalE chimeras 42). The hydrophobic thickness of DOPC
is approximately 3.4 nm and a 24-residuehelix is

(—0.311), andthr (—0.303). Less correlation was seen for approximately 3.6 nm long, suggesting @helical confor-

leu (—0.189),phe(—0.215), andhr2 (—0.230). A short time

mation provides the best hydrophobic match with the bilayer

lag in the response of one monomer’s rotational orientation (40).

to the other’s, on the order of a few hundred picoseconds,

The packing positions of the mutant residues, defined in

was seen (Table 3). Similar analysis of a computer generatederms of their crick angles (Figure 1), were invariant during
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the simulations (Table 1). Helixhelix crossing angles and  association driven by asparagine is nevertheless significantly
radii were likewise stable, showing random fluctuations affected by steric compatibility7@). It is interesting that the
around well-defined average structures (Table 1, Figures 6 MCP helix contains a glycine motif on one side of the helix.
and 7). The average values in all cases are close to thosé'his may provide a stronger force for association than a
predicted for an ideal coiled coitb). The relative fluctua-  single asparagine could, suggested by the fact that asparagine
tions in crossing angles were larger than those of the radii, only increases association when on the same face of the helix
indicating that structural fluctuations are possible without as the glycine residues. The relevance of this observation to
affecting the tight association of helices. In most cases, the hydrophobic helices of more uniform composition, such as
average crossing angles were lower than those generated byhose studied by Gurezka and LangoséB)(is not clear
in vacuo simulated annealing; it has been shown that helix and is worth further study.
helix crossing angles can be dependent on the environment The results of simulated annealing may also simply
(52), so this is not unexpected. indicate that asparagine alters the kinetics of structural
Similar simulations on an antiparallel polyleucine dimer rearrangement such that convergence to optimal structures
(Ash et al., unpublished results) exhibited side-chain packing requires a longer period of time; it might take a long time to
rearrangements and the formation of a more coiled coil break a hydrogen bond in a vacuum to allow for a thermo-
structure from an initially irregular structure with a crossing dynamically favorable structural rearrangement. This dra-
angle near 9 suggesting 20 ns is adequate to assess thematic increase in the number of unique structures generated,
conformational stability of such dimers. despite the simplicity of the primary sequence, may under-
Dynamic Properties and Structural Flexibility-elix— score a limitation of simulated annealing. Although this
helix crossing angles varied throughout the simulation method has been used to predict (with good accuracy) the
(Figure 6); that of pure polyleucine ranged between ca. 10 structures of the soluble GCN4 leucine zippgt)(and the
and 25. The relative fluctuations in crossing angles were dimeric transmembrane protein glycophorin B9, there
much larger than those of the radii (as indicated by the still remains ambiguity in the selection of a single optimum
standard deviations of these properties, Table 1), demonstratstructure. As a test of our simulated annealing procedure,
ing that conformational flexibility is possible without com- we modeled glycophorin A and identified the NMR structure
promising close association of helices. Some of the simu- within the top three ranking structures (depending on the
lations show gradual undulations in crossing angle (e.g., search parameters), but the distribution of structures was
thr2), whereas others (e.lgu) seem to fluctuate more rapidly much wider than that of the polyleucine sequences studied
around their average value (Figure 6). Longer simulations here (data not shown). It may be more useful to use simulated
would be required to assess the significance, if any, of theseannealing to generate an ensemble of structures for statistical
minor differences. analysis than to simply develop a single static structural
The systematic decrease in crossing angle observed formodel.
ala (Figure 6) suggested some packing optimization took  Hydrogen Bonding Imolving Asparagine and Threonine.
place; the radius of this dimer was essentially invariant Threonine appears to promote the closer association of
(Figure 7) so this adaptation did not involve any significant polyleucine transmembrane helices. In the simulation,
dissociation of the helices. It is known that one or two alanine where threonine is located in the dimer interface, the average
residues can be incorporated into a polyleucine interface coiled coil radius was 0.47 nm, significantly lower than those
without significantly affecting dimerization4@), but the of the other simulations (Table 1). Although threonine is
inclusion of four or more alanines dramatically reduces smaller than many of the other residues, a comparison to
association. It is worth noting that those experiments did not the radius of the alanine containing dimer (0.49 nm) suggests
permit the antiparallel orientation ef-helices; other work  small size is not sufficient to draw the helices closer together.
suggests helices with multiple alanines may preferentially Threonine does not have multiple hydrogen bond donors and
associate in an antiparallel manner consistent with a helix acceptors such as asparagine, but it is still capable of forming
dipole effect b4, 55). interstrand hydrogen bonds a significant fraction of the time
Asparagine appears to destabilize ideal coiled coil packing, (23%, Table 2) with a concomitant reduction in intra-
possibly to maintain optimum hydrogen bonding geometry. molecular hydrogen bonding. For most of the simulation,
Clustering of the simulated annealing results showed two threonine interacted in an intramoleculato i-4 pattern
equally populated top clusters with only eight members each typical of hydroxyl-containing amino acid$@). Together
(Figure 2B). A larger distribution of left-handed crossing these observations help explain why a single threonine does
angles is apparent (Figure 2A). The energetic importance ofnot promote aggregation of polyleucine in viva3, but
satisfying hydrogen bonds in a low dielectric environment motifs containing multiple serine or threonine residues can
may result in a larger variety of satisfactory structures, (39). It appears possible that a single threonine in the
dictated by the balance between van der Waals and hydrogerappropriate position can induce tighter association of helices
bonding energies. A comparison of the backbone RMSD as a result of hydrogen bonding, but this force is not strong
during simulation in DOPC to that of the other simulations enough to significantly increase the propensity of pure
(Figure 4) and a series of superimposed backbone snapshotpolyleucine to dimerize, unless it acts in several positions.
(Figure 5) suggests asparagine allows structures that are more Asparagine was involved in one or more intermolecular
loosely packed and more flexible. The ability of asparagine hydrogen bonds for 99% of the entire simulation (Table 2).
to strongly promote interactions between sterically compat- Asparagine also participated in hydrogen bonds with partner
ible helices is knownZ2, 23), but a more recent study in  backbone atoms25% of the time, unlike threonine, which
which asparagine was “walked” along the M13 major coat never hydrogen bonded to the opposite backbone (Table 2).
protein (MCP) transmembrane helix demonstrated that helix Typical hydrogen bonding patterns involved at least one side-
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chain to side-chain contact (Figure 8, region 1) and a contact Helix rotations are proposed to be involved in activation
with the opposite backbone (Figure 8, regions 4 and 2). of the ErbB2 receptor 35) and the recently proposed
Intramolecular side-chairbackbone interactions were recur- mechanism for gating of the acetylcholine recepi8),so

rent but transient (Figure 8B), reforming continuously coordinated rotations such as these may be important for the
throughout the simulation for a total e¥50% of the total activity of other membrane proteins. This suggests an
simulation time (Table 2). A period between ca. 11.7 and interesting way by which conformational changes could be
12.3 ns was devoid of any intermolecular hydrogen bonds communicated between neighboring transmembrane helices
(Figure 8B, region 3). This period comprised a symmetric in receptors and other membrane proteins. It also has
structure with each asparagine hydrogen-bonded to oneimplications for the folding of membrane proteins via the
peptide backbone oxygen; in contrast, intermolecular hy- two-stage model, suggesting one mechanism by which
drogen bonding arrangements observed were typically asym-associated helices may adjust themselves to achieve the final
metric (Figure 8A). Rapid hydrogen bond breaking, side- folded arrangement. The energetic barriers to this sort of
chain reorientation, and reformation were apparent throughoutrotation would be worth further theoretical or experimental
the trajectory, but there appear to be regions in which a characterization.

particular hydrogen bonding arrangement is favored (Figure

8B). Shifts between favored asymmetric arrangements oc-CONCLUSIONS

curred- approximately evgry—a ns. ) i Coiled coil dimers of polyleucine are stable in DOPC for
Steric and conformational constraints (due to dimer 4i |east 20 ns, and a certain amount of conformational
configuration, adjacent side-chains, and the surrounding fiexipility is possible without disrupting tight packing. The
lipids) may preclude the formation of symmetric hydrogen gjngle substitutions to alanine, phenylalanine, asparagine, and
bonding between side-chains, although it is possible that ireonine appear compatible with a polyleucine coiled coil
other structural configurations exist but were not observed pglix interaction interface. Asparagine participates in transient
in this simulation. A large simulation conducted by US p ¢ recurrent inter- and intramolecular hydrogen bonds, and
containing 36_M51 helices in a b|Iayer—m|.met|c octane slat_) appears to slightly destabilize specific packing of apolar
shows many instances of both symmetric and asymmetric rasiques in favor of maintaining optimum hydrogen bonding.
hydrogen bonding between monomers, with a coiled coil Threonine mainly forms intramolecular hydrogen bonds in
radius between-0.45 and~0.65 nm (7). However, inthis 4 characteristicto i-4 (side-chain to backbone) pattern, and
system symmetric and asymmetric arrangements of hydrogenyy one type of intermolecular hydrogen bond is observed.
bonding do not interconvert in the time scale of the Threonine promoted closer association of the helices than
simulation (45 ns). _ _ any other residue, probably because it is both relatively small
These observations are in agreement with nUMerousang can form hydrogen bonds. The higher frequency and
experiments demonstrating the high propensity for asparagine,ymper of intermolecular hydrogen bonds formed by aspara-
(as well as glutamine, glutamate, and aspartate), but notgine relative to threonine explains the experimentally deter-
threonine, to promote oligomerization of transmembrane mined dramatic increase in dimer stability afforded by the
helices 2, 23, 39). Asparagine has the ability to form  t5rmer over the latter.
numerous different hydrogen bonds involving both side-chain  \1onomers were observed to chaotically rotate about their
and backbone atoms, often simultaneously, which could pgjical axes in a slightly correlated manner that is inhibited
provide a driving force for helixhelix association. by phenylalanine. These rotations could play a role in the
Coordinated Helix Rotationsn all simulations, minimal activity of membrane protein, 78), and may also be a

changes in the helix-packing interfaces were observed, butyechanism by which membrane proteins search for the best
small-scale coordinated rotations of helices about their axesconformation during protein folding. The role of hydrogen

were identified (Figure 9). These motions could be described 5 ing residues in coupling helix rotations is worth further
as helices rattling back and forth in a gear-like manner, with oy 5 mination.
counterclockwise rotations in one helix moderately correlated | imitations imposed by the very slow dynamics of lipid

with clockwise rotations in the other. The magnitude of these pjjayers preclude a thermodynamic analysis of the stability
rotations depended on residue type, withphesimulation 4t these coiled coils, but the use of free energy perturbation
exhibiting the smallest changes. This suggests that b“|kytechniques 79 may allow more rigorous thermodynamic

side-chains can limit rotation by locking the dimer into a yeatments in future studies, particularly as computer power
more rigid conformation. It may be possible to exploit this jreases.

effect to therapeutically modulate membrane protein function,
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