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Abstract: Interactions of lipids are central to the folding and stability of membrane proteins. Coarse-grained
molecular dynamics simulations have been used to reveal the mechanisms of self-assembly of protein/
membrane and protein/detergent complexes for representatives of two classes of membrane protein, namely,
glycophorin (a simple a-helical bundle) and OmpA (a f-barrel). The accuracy of the coarse-grained
simulations is established via comparison with the equivalent atomistic simulations of self-assembly of
protein/detergent micelles. The simulation of OmpA/bilayer self-assembly reveals how a folded outer
membrane protein can be inserted in a bilayer. The glycophorin/bilayer simulation supports the two-state
model of membrane folding, in which transmembrane helix insertion precedes dimer self-assembly within
a bilayer. The simulations also suggest that a dynamic equilibrium exists between the glycophorin helix
monomer and dimer within a bilayer. The simulated glycophorin helix dimer is remarkably close in structure
to that revealed by NMR. Thus, coarse-grained methods may help to define mechanisms of membrane
protein (re)folding and will prove suitable for simulation of larger scale dynamic rearrangements of biological
membranes.

Introduction proteins, it is different, withg-barrel formation being ap-
proximately synchronous with insertién.

Glycophorin A (GpA) and OmpA provide representatives of
these two classes of membrane protein and provide useful
models for studying insertion. GpA contains a singi®5
residueo-helix which dimerizes to form the TM domain, the

structure of which has been determined in detergent miéelles

Understanding the mechanisms of folding and self-assembly
of membrane proteins is a key problem in contemporary
biophysical chemistry. From a biological perspective, membrane
proteins account for-25% of open reading frames in most
genomes, and yet only~100 high-resolution structures of
membrane proteins are knowrn improved understanding of

the folding mechanisms of membrane proteins will enable
structure prediction. From a chemical perspective, an improve
understanding of the principles of membrane protein structure
will facilitate redesign and de novo design of membrane
proteins®* Molecular dynamics offers a route to accurate

simulations of membrane protein self-assembly processes.

However, current studies are somewhat limited by a practical
upper limit of ~100 ns on the time scale of simulations of
complex membrane protein-containing systems.

Biophysical and structural studies indicate that interactions
of membrane proteins with lipid or detergent molecules are
critical to their folding and stability:®* The two classes of
membrane protein are thought to insert into membranes in
different fashions. Thus, in the two-stage folding model for
a-helical membrane proteirisiransmembrane (TM) helices

and lipid bilayers'® The GpA helix contains a GxxxG motif,

dwhich plays a key role in dimerizatiod.OmpA is a bacterial

outer membrane protein containing~d 70 residue N-terminal
domain that forms an eight-strandgebarrel213

Limited structural data are available on the interactions
between membrane proteins and lipid or detergent mol-
ecules>1417 Atomistic molecular dynamics (MD) simulations
of membrane proteid% complement these data, providing a
more dynamic view of protein/lipid and protein/detergent
interactions:®2°The self-assembly of protein/detergent micelles
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has been simulated for OmpA, OmpX22 and GpAZ In A
principle, simulations may provide an approach to more complex
phenomena, such as membrane protein fokfimg vesicle
fusion2®> However, the time scales of these processes are _—
currently inaccessible to atomistic simulations. Thus, longdr (
us) simulations are required to embrace a wider range of
membrane processes.
Coarse-grained (CG) models, in which small groups of atoms
are treated as single particles, provide an approach to increasing
the time scale and system dimensions of membrane simula-
tions?6 CG models have been developed for detergents and
lipids,2’~30 proteins3! and DNA22 In one such mode® each
CG particle represents, on average, four heavy (i.e., not H) atoms
(including water molecules). Different CG particle types interact
via Lennard-Jones and screened Coulombic potentials, while
soft harmonic terms maintain bond lengths and angles. CG
simulations have been applied to membranes, including simula-Figure 1. Atomistic (left-hand) and coarse-grained (right-hand) models
tion of hydrophobic matching phase transition® and insertion ~ compared for (A) a DPC molecule and (B) a GpA helix. Colors for atoms:

. . cyan = carbon; red= oxygen; blue= nitrogen; bronze= phosphorus;
and solute transport of simple model chanr#élshese studies  yejiow = sulfur. Colors for CG particles: cyas apolar; red= polar:
have utilized simplified representations of peptides and pores. blue= positively charged; bronze negatively charged; yellow: neutral.
C_Bl_ven_ the |mpo_rt<’_;1nce of specific mter_actlons_ of flde chains with polar interactions as in bulk water) through intermediate (representing
"p"?'s 'n determllnlng memprane Pmtem stabifiy’)’ CG models nonpolar interactions in aliphatic chains) to repulsive interactions
which include different amino acid types are needed for accurate representing hydrophobic repulsion between nonpolar and polar
simulation of membrane proteins. phasesy° It should thus be noted that the subtypes reflecting hydrogen
Methods bonding capacity for the N and Q particles mentioned above simply

modulate the LJ interactions with other particles. Charged (Q) groups,
Coarse-grained (CG) parameters for lipid molecules (dipalmitoyl- intended for groups bearing approximately full charges, also interact
phosphatidylcholine, DPPC), detergent molecules (dodecylphospho-Via the standard Coulombic potential with a relative dielectric constant
choline, DPC; Figure 1A), Naand CF ions, and water molecules were  of 20. Shift functions are applied so that the energies and forces vanish
as described in ref 30. CG parametrization of amino acids was basedat the cutoff distance. The LJ interactions are smoothly shifted to zero
on the methods derived for lipids by Marrink et 3&lThus, an between 0.9 and 1.2 nm to reduce the cutoff noise. The Coulombic
approximate 4:1 mapping of heavy (i.e., not H) atoms to CG particles interactions are also shifted to zero, from 0 nm to the same cutoff
was used. As described in ref 30, only four CG particle types are distance of 1.2 nm.
distinguished, namely, “polar” (P), “mixed polar/apolar” (N), “hydro- The appropriate particle types were assigned based on the partial
phobic apolar” (C), or “charged” (Q) groups, along with further subtypes charges and hydrogen bonding potentials of the constituent atoms of
for the N and Q particles which allow fine-tuning of Lennard-Jones each amino acid. Thus, a single backbone particle of type, mixed polar/
interactions to reflect hydrogen bonding capacities. apolar (N), was assigned to every amino acid residue, plus between
The nonbonded interactions between these particles are describeczero and two side chain particles. The backbone particle subtype for a
by the standard Lennard-Jones (LJ) potential (see www.gromacs.orgparticular peptide bond group depends on the presence of H-bonds
for details of implementation). In all cases, the same effective LJ particle Within the backbone of the starting atomistic structure; the appropriate
size of 0.47 nm is used. Only five levels of LJ interaction are defined particle subtype was applied according to ref 30, selected from NO (no
by the Marrink force field, ranging from attractive (representing strong hydrogen bonding), Nd (hydrogen bonding donor), Na (hydrogen
bonding acceptor), or Nda (hydrogen bonding donor and acceptor). A
(20) Feller, S. E.; Gawrisch, K.; Woolf, T. Bl. Am. Chem. So2003 125, H-bond was defined using a 0.25 nm cutoff for the hydrogen acceptor

1) Aét%ﬁ“é??:_ Cuthbertson. J. M. Deol. S. D.- Sansom. M. S. Am. distance and 60for the donorhydroger-acceptor angle.

Chem. 5002'004 126, 15948-15949. ' ' The side chain particles were assigned as follows. Small hydrophobic
g%g Brat gm'Eﬁgéal\%gnaﬂ[i)scl\r)l' ‘Seon 311%%?1?/58 83’2301341_8%2%4_763 residues (Ala, lle, Leu, Pro, Val) were assigned particle type apolar
5 Braun, R.; Engelman, . M., S Jruc 'Struct. Biol 1999 9, 115-121. (C), while the large hydrophobic Phe was assigned two apolar particles
(25) Bringer, A. T.Annu. Re. Biophys. Biomol. Struc2001, 30, 157-171. (C+C). The sulfur-containing amino acids, Cys and Met, are hydro-

) e oA 16 maery Ry vas: G- Klein, M.LPhys.: Condens.  phobic and do not hydrogen bond with water, yet their sulfur-containing

(27) Smit, B.; Hilbers, A. J.; Esselink, K.; Rupert, L. A. M.; Van Os, N. M.;  group contains a fairly strong dipole. Therefore, their side chains were

- SS%hlli{'pehJGcNétsur:e”199QM34Y8_6'34—5325-R c. Band ah S Kei assigned a particle of type mixed polar/apolar with no hydrogen bonding

(28) Shelley "Phys. Chem. 2001 105 4464-4470, > Py = e capacity (NO). The side chains of Asn and Gln were also assigned mixed

(29) Whitehead, L.; Edge, C. M.; Essex, J. W.Comput. Chem2001, 22, polar/apolar particle types, but with hydrogen bonding donor and
1622-1633. i i i i

(30) Marrink, S. J.: de Vries, A. H.. Mark, A. B. Phys. Chem. 2004 108 acceptor characte.r.due t.o their amide groups (Nda). The side ghalns of
750—760. the small hydrophilic residues, Ser and Thr, were assigned particle type

g%g ¥Ozzini, \|_/| (T‘_urrv?ﬁinésggct.cﬁiol-2%%5 5125(501&':‘1_2%,5(1)'2490&124901 polar (P) due to their hydroxyl groups. Although Tyr also contains a

epper, H. L.; Voth, G. AJ. Chem. Phy: . .

(33) Venturoli, M.; Smit, B.; Sperotto, M. MBiophys. J.2005 88, 1778~ hydroxyl group and hence hydrogen bonding donor capacity, it is

1798 significantly hydrophobic in nature, with the same number of carbon

(34) Nielsén, S. O,; Lopez, C. F.; Ivanov, |.; Moore, P. B.; Shelley, J. C.; Klein,

M. L. Biophys. 12004 87, 5107-2115, atoms as Phe; hence, it was assigned particle tygeddCAs a result,

(35) Lopez, C. F.; Nielsen, S. O.; Moore, P. B.; Klein, M.Rroc. Natl. Acad. we observed in our test simulations that “interfacial” Tyr residues

Sci. U.S.A2004 101 4431-4434. ) interacted more favorably with the glycerol backbone region of the
(36) g;%%_%ﬁgnd, P.J; Domene, C.; Sansom, M. &idphys. J2004 bilayer than the headgroup region, which was consistent with the
(37) Killian, J. A.; von Heijne, GTrends Biochem. ScR00Q 25, 429-434. equivalent atomistic simulations. The side chains of His and Trp contain
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Table 1. Summary of Simulations

total number At duration CPU node

simulation AT or CG? components of atoms/particles (fs) (ns) (hins)
OmpA/micelle preformed-AT AT OmpA- 80 DPC micelle 61000 2 25 180
OmpA/micelle-AT AT OmpA+ 80 DPCs 92000 5 100 86
OmpA/micelle-CG CG OmpAt+ 80 DPCs 8500 40 300 0.25
OmpA/bilayer-AT AT OmpA+ 111 DMPC bilayer 22000 2 25 56
OmpA/bilayer-CG CG OmpA+ 256 DPPCs 6400 40 200 0.2
GpA/micelle preformed-AT AT GpA dimet- 60 DPC micelle 47000 2 50 130
GpA/micelle-AT AT GpA dimer+ 60 DPCs 45000 2 100 99
GpA/micelle-CG CG GpA dimett 60 DPCs 3800 40 200 0.11
GpA/bilayer-AT AT GpA dimer+ 115 DMPC bilayer 17000 2 50 39
GpA/bilayer-CG CG GpA helices 256 DPPCs 6300 40 76000 0.23
extended GpA/ bilayer-CG CG 40 residue GpA heli¢eS76 DPPCs 22000 40 1300 0.47

a AT = atomistic; CG= coarse-grained Four simulations were run (with different random seeds), one for 1000 ns, a further two for 700 ns, and one
for 5000 ns.t Three 1300 ns simulations (with different random seeds) were run.

hydrophobic rings, but also hydrogen bonding acceptor and/or donor simulations, with a coupling constant = 40 ps. The system pressure

capability. Hence, the His side chain was assigned particle types was anisotropically coupled using the Berendsen algorithm at 1 bar

C+Nda, while Trp was assigned N¢C. Finally, the side chain particles ~ with a coupling constants = 40 ps and a compressibility of 2 1075

of ionizable residues all incorporated a charged (Q) group of integer bar®. The time step for integration was 40 fs. Simulations were

value +1e or —1le. Thus, the side chains of acidic residues Asp and performed on dual Pentium 3, Xeon 4, and Athlon MP Linux

Glu were assigned particle type “charged with hydrogen bonding workstations. Analyses were performed using GROMACS tools and

acceptor capacity” (Qa). The longer basic side chains of Lys and Arg, locally written code. All simulations were performed using the

which also contain linear acyl moieties, were assigned an apolar particle GROMACS 3.1.4 simulation package (www.gromacs.8t@otentials

followed by a “charged with hydrogen bonding donor capacity” particle and simulation parameters for all atomistic simulations were as

(C+Qd). described in refs 40 and 21, and CG simulations were as described in
Protein bonds and angles were treated with harmonic potentials asref 30.

described in ref 30. Bond potentials used a force constant of 1250 kJ

mol~X nm2 and an equilibrium bond length of 0.38 nm (representing Results

the mean distance between @toms in proteins). Bond angle potentials . . . . L .

used a force constant of 25 or 35 kJ malad 2 for residues inrandom ~ Coarse-Grained Simulations. To simulate lipid/protein

coil or secondary structure elements, respectively. Equilibrium bond interactions, we have extended the Marrink CG lipid médel

angles were 90for a-helical segments, 13Cor S-strand segments, {0 proteins of known structure and have used this to analyze

and 120 for random coil regions. To maintain secondary structural insertion of OmpA and GpA into detergent micelles and lipid

elements, harmonic distance restraints between backbone particlesilayers. Each amino acid is represented by a single backbone

within the element were applied to mimic secondary structure H-bonds particle plus between 0 and 2 side chain particles.

(as defined above). The distance was maintained between 0.45 and 0.65 The potential functions in the CG model are smoother than

i 2
nm. W't.h a force constant of 1000 kJ mélnm-=. . their atomistic counterparts, and therefore, the dynamics of CG
The initial CG models for proteins OmpA and glycophorin (GpA, . . .
models are generally fast&In our CG simulations, as in ref

Figure 1B) were derived by extracting the coordinates for ele@®ms . . . . -
and selected side chain atoms from the corresponding all-atom files. 30, the diffusion of water and the lateral diffusion of lipid are

The OmpA coordinates were from pdb (www.rcsb.org) file 1BXW; 3—5 times faster than that in corresponding atomistic simula-
the GpA micelle NMR structure was from pdb 1AFO, and the GpA tions. However, the diffusion of dodecylphosphocholine (DPC)
bilayer NMR structure was provided by Steven SriftBach CG model detergent molecules and protein is only about twice as fast. As
was energy minimized using100 steps of the steepest descent method, one might expect coarse-graining to speed up different dynamic
to relax any steric conflicts. Subsequently, each model was combined processes to different extents, we have chosen not to rescale
with either randomly positioned CG DPPC lipid molecules (bilayer simulation times when presenting and interpreting our results.
self-assembly simulations) or by 60 or 80 CG DPC detergent molecules T4 more fully understand the consequences of the CG procedure
(micelle self-assembly simulations) for GpA and OmpA, respectively. ¢, - gtain/membrane and protein/detergent simulations, we have
The detergent and lipid structures were obtained from previous run a number of simulations using the CG model, W’hich we

simulations of the detergents/lipids alone in water. Each system wash d with val istic simulati f OMDA
solvated with~3000 CG water particles (equivalent to12 000 ave compared with equivalent atomistic simulations of Omp

atomistic water molecules), and where necessary, sodium or chloride@nd GpA.
counterions were added to preserve overall electrical neutrality. Each  We have performed a total of 16 simulations (Table 1), of
system was then energy minimized again, usit00 steps of the which 6 were atomistic (total time 0.36) and 10 were coarse-
steepest descent method, to relax any steric conflicts between proteingrained (total time 12:s). For each protein (OmpA and the
detergent/lipid, and solvent. Production simulations were then per- GpA dimer), a CG self-assembly simulation of the protein/DPC
formed. _ _ micelle was performed and compared with atomistic simulations
The nonbonded neighbor list was updated every 10 steps. All of both a preformed micelle and of micelle self-assembly.
simulations were performed at constant temperature, pressure, andSimiIarIy, for each protein, a CG simulation of a self-assembled

number of particles. The temperature of the protein, DPC/DPPC, and tein/bil d with tomistic simulati f
solvent were each coupled separately using the Berendsen alg8rithm protein/bilayer was compared with an atomistic simuiation o

at 300 K for the detergent simulations and at 323 K for the lipid the corresponding protein preinserted in a lipid bilayer.

(38) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; (39) Lindahl, E.; Hess, B.; van der Spoel, D.Mol. Model.2001, 7, 306-317.
Haak, J. RJ. Chem. Phys1984 81, 3684-3690. (40) Bond, P. J.; Sansom, M. S. ®.Mol. Biol. 2003 329 1035-1053.
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Figure 2. Self-assembly of protein/detergent (DPC) micelles. The upper GpAt~Sns
row shows snapshots from a simulation of OmpA/DPC; the lower row shows 0 e 200 300
snapshots from a simulation of GpA/DPC. In each case, DPC is in “bonds” time (ns)
format with the hydrophobic tail in cyan and the polar head in red. The Figure 3. Detergent radius of gyration for OmpA (black lines) and GpA
protein is shown as a blueoQrace (OmpA) or blue and purplecQraces (gray lines) self-assembly into protein/detergent micelles. The thin lines
for the two GpA monomers. correspond to all detergent molecules, whereas the thick lines correspond

to the main micelle (i.e., the detergent molecules in the globule are

(Atomistic simulation of self-assembly of a protein/bilayer excluded). The dashed lines correspond to the radii of gyration of equivalent

. hall . d h b dinth micelles from atomistic simulatiorf3 The kinetics of formation of the main
system _remams c a_ englﬁgan _So as not been used In these  yicelle have been characterized by measuring the exponential decay in
comparisons.) Multiple simulations were run for the self- radius of gyration, yielding time constants o6 ns for GpA and~12 ns
assembled GpA/b||aye-|‘CG system to provide better Samp"ng fqr OmpA. These are similar to the values from corresponding atomistic
of the underlying process. A simulation of an “extended” GpA/ Simulations.
bilayer—CG system, corresponding to the 40 residues in the
1AFO NMR structure of GpA, was also run to examine the
effects of extending the GpA monomer beyond thxelical
transmembrane domain.

Self-Assembly of Protein/Detergent MicellesTo evaluate
the CG model, we have simulated self-assembly of protein/
detergent micelles, enabling comparison with atomistic simula-
tions?! Key steps in the formation of micelles observed in
atomistic simulations are reproduced in the CG simulations of
both OmpA/DPC and GpA/DPC (Figure 2). Within a few
nanoseconds, formation of small 205 molecules) pure

It is also informative to compare the dynamics of the protein
in the CG and atomistic simulations. Overall, the CG model
reproduces the dynamics of atomistic protein simulations over
different time scales (from 10 to 100 ns), with root-mean-square
fluctuations (RMSFs) of the & atoms of regions of defined
secondary structure0.2—0.4 nm. Furthermore, if one compares
the profiles of the RMSF versus residue number for OmpA/
micelle simulations at the atomistfcand CG levels, there is
good agreement (see Figure 4A). Both simulated profiles, in
turn, agree well with the corresponding profile of crystal-
lographicB valuest? We may therefore conclude that the CG

detergent micelles and initial protetdetergent interactions ; ; . . .
occur, driven by the tendency to bury hydrophobic surfaces protein/detergent simulations reproduce the atomistic simulations
’ 'g/ith an acceptable accuracy, while greatly extending the

Subsequently, these small detergent micelles fuse and associat ible simulation ti
with the protein surface. Thus, after5 to ~20 ns (for GpA accessible S'”“{ a pn |mes._ o )
and OmpA, respectively), the last independent pure detergent OMPA Insertion into a Lipid Bilayer. Given the good
micelle fuses with the main proteirdetergent complex (PDC), ~ agreement of atomistic and CG simulations of protein/detergent
yielding a stable PDC attached to a separate pure detergentNicelles, we next simulated the more complex (and computa-
“globule”. The geometry of the main PDC quickly equilibrates, tionally time-consuming) process of self-assembly of lipid
as indicated by the time course of its radius of gyrati) ( (dipalmitoylphosphatidylcholine, DPPC) bilayers with OmpA.
(Figure 3). The CG and the atomisfg values are very similar, At the outset of the simulation, the protein was surrounded with
and the overall shape, protein and detergent solvent accessibl€>6 randomly positioned lipids, along with-3000 water
(SAS) areas, and system radial densities are also comparabl@articles (the equivalent of12 000 water molecules). During
between the two classes of simulation. The kinetics of micelle the simulation, we observed an initial (withi2 ns) assembly
formation are about twice as fast in the CG compared to the of lipids into a continuous lamellar phase. In both the protein/
atomistic simulation. lipid simulation and in a control simulation containing lipid and
Atomistic simulations were limited t6-100 ns by available ~ Water only, the continuous lamellar lipid transformed into a
computational power and thus failed to fully capture later stages Pilayer-like structure over the next-4.0 ns. These initial
in the self-assembly process. In the CG simulations, the globule Pilayers included an elongated lipid “stalk”, which bridges
eventually fuses with the main PDC, atL70 and~40 ns for between the bilayer and its periodic image. This reproduces
OmpA and GpA, respectively. As anticipated, the time of fusion Similar intermediate structures in atomidtiand CG° simula-
exhibits a degree of stochasticity. For example, in three OmpA tions of self-assembly of pure lipid bilayers. In each case, the
simulations. the time of fusion varied betwees0 and~170 lipids eventually reoriented to form a defect-free bilayer, as a
ns. Encouragingly, the final radii of gyration, shape (measured result of a gradual process of diffusion of lipids from stalk to
as particle eccentricity), and radial densities of system compo- Pilayer. The breakdown of the stalk was rate-limiting in bilayer
nents for the PDCs were identical to within5—10% of formation, taking~50—100 ns in our control lipid simulations.

preconstructed atomistic PDCs containing the same number of
detergent molecule’:*°

(42) Faraldo-Gmez, J. D.; Forrest, L. R.; Baaden, M.; Bond, P. J.; Domene,
C.; Patargias, G.; Cuthbertson, J.; Sansom, M. SPmteins: Struct.,
Funct., Bioinf.2004 57, 783-791.

(41) Nymeyer, H.; Woolf, T. B.; Garcia, A. Proteins: Struct., Funct., Bioinf. (43) Marrink, S. J.; Lindahl, E.; Edholm, O.; Mark, A. B. Am. Chem. Soc.
2005 59, 783-790. 2001, 123 8638-8639.
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T L AT Figure 6. Self-assembly of a GpA helix dimer in a lipid bilayer. The lipid

= is shown in bonds format with the hydrophobic tails in cyan, the glycerol

& b backbone in green, and the polar head in red. The two GpA monomers are

E 05 shown as blue and purplecCiraces. The helices do not appear to fully
span the bilayer at 440 ns as a result of the simplified backbone
representation. However, the CG potential results in a rather large particle
diameter of 4.7 nm, as indicated in Figure 1, and hence the interfacial bilayer

0 region and the helical termini do actually overlap (see Figure 10).
0 20 40 60 80 100 120 140 160 180
residue

Figure 4. Root-mean-square fluctuation (RMSF) fooGitoms versus a_Iong the bllayer_ a?(ls are the sam_e for the gtomlst!c a”_d CG
residue number for OmpA simulations. (A) OmpA/micelle, comparing AT~ Simulations to within 10%. The lipidprotein interactions in
= atomistic (preformed) (gray line) and C& coarse-grained (black line)  the CG and atomistic simulations are comparable, with the
simulations. (B) OmpA/bilayer, comparing AF atomistic (gray line) and aromatic bands of Tyr and Trp and the Lys and Arg residues
CG = coarse-grained (black line) simulations. Note that in both cases the f iall . he al | backb d lioid head
atomistic RMSFs have been multiplied by a factor of 3 to normalize for Preferentially contacting the glycerol backbone and lipid head-
the increased sampling in the longer CG simulations. This was based ongroup domains, respectivel§.Encouragingly, the barrel tilts
comparison of the mean square fluctuations versus samplé?tforethe with respect to the bilayer normal by5—10° on a nanosecond
uncorrected atomistic simulations and the coarse-grained simulations. time scale, as reported in previous atomistic simulati®fsom
the protein perspective, the RMSF versus residue profiles are
very similar for the atomistic and CG simulations (Figure 4B).
Thus, it appears that CG simulations may be used successfully
4 to insert a (folded) outer membrane protein into a lipid bilayer.

, 3 S 5 - v Glycophorin A Insertion and Self-Assembly.The interac-
I s p = " b‘l - ‘,‘““ 't_'"“"f oA moeete. Th tions of the two TM helices in the GpA dimer have been

igure 5. Self-assembly bilayer and insertion of an OmpA molecule. The . . : :

lipid (equivalent to DPPC) is shown in bonds format with the hydrophobic extensively investigated eXpe”mentéﬂﬁnd’ to a lesser extent,

tails in cyan, the glycerol backbone in green, and the polar head in red. cOmputationally®4”as a paradigm for helixhelix interactions
The Gu trace of the OmpA molecule is in blue. Water particles are omitted in membrane protein folding. To investigate the self-assembly

fBr clarity. Snapshots from a simulation of duration 200 ns are showin, at ¢ GpA in a bilayer, the two TM helices were initially separated
=0.2.8 and 12 ns. by ~4 nm and placed perpendicular to one another in a box
containing randomly placed lipid molecules (Figure 6). While
OmpA integrates rapidly into a stable bilayer, for GpA, the
situation is more complex. The GpA TM domain includes four
polar residues: Thr74, Thr87, Ser92, and Tyr93.~40 ns,

the two GpAa-helices are at the interface between the lipid
stalk and pseudo-bilayer, both orientated so that their polar side
chain particles interact with lipid headgroups and solvent. Once
a stable bilayer has formed25 ns), the helices lie at the surface
of the bilayer, perpendicular to the membrane normal. While
in this orientation, the helices are oriented such that their polar
residues can interact with the glycerol and phosphate particles
while their hydrophobic residues contact the lipid tails. In this,
and in the three repeat simulations, the helices remain for some
time (~50—1000 ns) at the membrane surface, indicating a
significant barrier to bilayer insertion.

However, the process was accelerated in the presence of OmpA
taking only~10 ns. The protein molecule appeared to provide
a nucleation site for lipietprotein interactions that facilitated
reorientation of lipids within the stalks. This is of some
biological interest in relation to stalks as an intermediate stage
in membrane fusion and budding eveft4?

In the OmpA/lipid CG simulation, thg-barrel is surrounded
by lipid after a few nanoseconds (Figure 5). The barrel inserts
within the (defect-containing) bilayer, tilted at an angle~af5°
to the bilayer normal. Over15 ns, the barrel gradually realigns,
so that its axis becomes approximately parallel to the bilayer
normal, while its extracellular loops interact with the stalk lipids.
Once the stalk has disappeared, the bilayer equilibrates within
just ~5 ns and subsequently is stable beyer@l00 ns. The
resultant system has very similar properties to an equivalent 25
ns atomistic simulation of OmpA in a preformed bilayer. Thus, (45) Bond, P. J.: Faraldo-@uez, J. D.: Sansom, M. S. Biophys. J2002 83,

the lipid-buried protein SAS and profiles of component densities 763-775.

(46) Popot, J. L.; Engelman, D. Minnu. Re. Biochem.200Q 69, 881-922.
(47) Haenin, J.; Pohorille, A.; Chipot, CJ. Am. Chem. So@005 127, 8478~
(44) Markin, V. S.; Albanesi, J. BBiophys. J.2002 82, 693-712. 8484.
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Figure 7. Time course of GpA TM helix dimer assembly. (A) Trajectories
of the side chain particles for Thr74 (black lines) and Ser92 (gray lines)
along the bilayer normal axis. The solid lines correspond to one GpA
monomer, and the broken lines to the other monomer. The equilibrium
locations of the glycerol backbone of upper and lower membrane leaflets
(once the bilayer has formed, i.e., afteR5 ns) are shown as horizontal
black lines. Thus the center of the bilayer is~a4.8 nm. (B) Crossing
angle of helices (black line; left-hand axis) and the inter-helical separation
distance (gray line, right-hand axis) as a function of time. The inter-helical
distance is calculated as that between the centers of mass of all CG particle
in each helix. The corresponding crossing angles and inter-helical distances
(all atoms centers of mass) in the corresponding NMR structures &re 41
and~0.9 nm? and 38 and~0.9 nm° and appears to be stable untB00 ns, at which time helix
dissociation occurred.

Following dimerization of the GpA helices during the CG

In the simulation in Figure 6, at95 ns, a GpA monomer imulati thei I i f blv with that
begins to insert into the bilayer. Small undulations at the bilayer simulations, Iheir overall packing compares tavorably wi a

. oo d
interface seem to support this, with the glycerol backbones of in the experimental structures, with25% of the protein SAS

a few lipids on both leaflets cooperatively chaperoning first buried at the Qimerizgtign ?nterfa_ce (c£:20% in the NMR
Thr74, then Thr87, and finally Ser92 and Tyr93 into the structures and in atomistic simulations). Frerd00 ns onward,

membrane (Figure 7A). Insertion is complete$20 ns. This the tilt angle fluctuations of these helices were noticeably smaller

(and the repeat simulations) suggests that the GpA helix insertsthan that of the single helix .|nserted dur|ﬁg20—320 05, \.N'th
n average value o¥10°. This can be compared with estimates

via its N-terminus first (there being only one polar residue at a . . ! .
this end, while there are three toward the C-terminus). This helix of ~17° measured using polarized Fourier transfprm infrared
subsequently oscillates around5—15° with respect to the spectroscopy of Gp_A n mem_bran‘é’s.The crossing angle

bilayer normal (data not shown), while the other helix continues bgtween the two helices is an |mpqrtant prpperty of thg GpA
to lie parallel to the bilayer/water interface. Eventually~820 dimer structure. In our CG simulations, this value oscillates

ns, the two monomers approach sufficiently close to interact ?JOUSSAEZO‘; (Flgure G.B)'3|5rl gor?ﬁartljs_lon, the 0533431'?9 a?hgle n
via their polar moieties. This temporarily results in partial € structures 1s~ In he bilayer an In the

deinsertion of the first GpA helix from the bilayer. However, micelle. This lower crossing_angle In the simulation is proba_bly
this results in local bilayer undulations which enable the aresult of the lower “resolution” of the CG method, preventing

previously interfacial GpA monomer to insert into the bilayer, ©*@Ct reproduction of ridges-into-grooves interfacial packing.

The first helix reinserts at360 ns (Figure 7A). The proximity Additionally, it may represent an inherent flexibility in the

of the two monomers in the membrane-embedded state enable?‘h’lemg_Of the two hel_ices, '3.18 suggested by atomis_tic simulations
the helices to dimerize (Figure 7B). In particular, this seems to of GpA in a DMPC bilayer in which the angle varied between

result in the stabilization of the Thr87 side chains by mutual ~25 and~45° (Cuthbertson and Sansom, unpublished results).

interaction between the two monomers (cf. ref 47). This releases h From the initial_simulatic_;lp (_duration 1000 ns), it apEeared
the need for Thr87 to interact with the glycerol backbone, that a monomer/dimer equilibrium may be observed. Thus two

thereby enabling the helices, including their interfacial residues, (shorter) repeat simulations were run, each of duration 700 ns.

_to move I!’1t0 a Sllgh_tly de_eper posmon In_ _th‘? bllayer. This (48) Smith, S. O.; Eilers, M.; Song, D.; Crocker, E.; Ying, W.; Groesbeek, M.;
inserted dimeric configuration reaches equilibriuma40 ns Metz, G.; Ziliox, M.; Aimoto, S.Biophys. J2002 82, 2476-2486.

Figure 8. Time course of the long (%us) GpA TM helix dimer
self-assembly simulation. (A) Trajectories along the bilayer normabf(

the side chain particles for Thr74 of the two helices (colors correspond to
those in D). The center of the bilayer isat- 5.5 nm. (B) Inter-helical
separation distance. (C) Schematic of the helix monomer/helix dimer
equilibrium, derived from the data in A and B. (D) Snapshots of the system,
howing the two helices (using the same color convention as in Ajas C
races, with the bilayers represented via spheres for the lipid headgroups.
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Figure 9. Structures of the GpA TM helix dimer showing (from left to right) the NMR structure in a micelle (LAFO0), in a bilayer (SS), and from the CG

simulation of the truncated helices (CG-tr), and from the CG simulation of
diagram.

Dimerization was not observed in either of these, suggesting
an equilibrium constant for the monomer dimer process of
Kaimer & 0.3. To explore this in more detail, a further repeat
simulation of 5us was performed (see Figure 8). In this case,
a dynamic equilibrium was observed within the simulation.
Thus, initial dimerization did not occur until 1/s5. However,

the dimer then remained stable for overslbefore dissociation.
Moreover, at 3.7s, the helices again formed a stable dimer
for the remainder of the simulation. More detailed examination
of the 5us simulation suggested that (i) a helix is able to
independently insert and deinsert on its own; (ii) a dimer can
form either from a state where both helices are interfacial or
from a state where one helix is already inserted; and (i) a dimer
may dissociate when one of the helices switches to an interfacial
location. From this simulation, agaigimer < 0.5, consistent
with the earlier estimate.

Although the complete GpA protein is composed of 131
amino acids, it only spans the membrane once, and the TM
sequence is sufficient for helix formation and insertion, as well
as dimerizatiort® The NMR structure of GpA in a detergent
micelle is of a peptide that includes loop regions flanking the
TM helix, composed of an additional 11 amino-terminal residues
and 6 carboxy-terminal residues. It was thus of interest to

examine whether these extramembranous regions would affect,

dimerization. Bilayer self-assembly simulations were therefore
also run starting from a system composed of the two extended

the extended helices (CG-ext). In each case, the C-termini are atthtée top of t

iy
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Figure 10. Atom number density profiles along the bilayer normal for the
(A) GpA/bilayer—AT and (B) GpA/bilayer-CG simulations. In each case,
the density profiles for water (W, solid black line), lipid headgroups (HG,
broken black line), lipid tails (T, gray line), and protein (P, black filled
region) are shown. In B, the protein number density was multiplied by 3 to
correct for the difference in cross-sectional area of the CG and AT simulation
0XES.

(Figure 9). Detailed examination, for both the TM helix

40 residue peptides, separated from one another and surroundesgimulation and the extended GpA sequence simulation, suggests

by randomly placed lipids. Three simulations of duration 1.3
us were performed (Table 1). In two of these simulations,
dimerization occurred, in one for the periods of 604 and
1.0-1.3us, and in the second simulation for 6:5.0us. Thus,
for these three simulations, one may estim&ig.r ~ 0.3, as
for the previous simulation with just the 23-mer TM helices.
While the loop regions flanking the TM helix were flexible, as
is the case in the NMR structure, and primarily interacted with
the glycerol backbone and polar headgroups, the TM region of
the resultant GpA dimer closely resembled that observed in the
simulations of just the TM helix dimer (Figure 9). Hence, for
both the TM helix and for the extended GpA helix dimers, the
helices interacted along the same face, leading to a similar
proportion of the helices being buried upon dimerization, while
the crossing angle of the helices wag0° in both simulations.
Comparison with NMR Structures. The structures of the

that the helix/helix interface in the CG-simulated GpA dimers
is in slightly better agreement with the lipid bilayer NMR
structuré® than the structure determined in a detergent micelle.
In particular, while both NMR structures showed inter-helical
interactions between Val8dGly79 and between Val84Gly83,

only the bilayer structure suggested direct GlyT@y79 and
Glu83—Gly83 contacts between helices because of a rotation
of the interacting helical faces by25°. Thr87 hydrogen bonds
across the dimer interface in the bilayer NMR structure. In the
CG simulations, we observe van der Waals ridges-into-groove
packing as a result of inter-helical GiGly contacts, and that
Thr87 makes primarily inter-helical interactions. The NMR
structure suggested that the hydroxyl of Thr87 H-bonds to the
backbone carbonyl of Val84 in the opposing héfx® Our

simulations also suggest that interaction between both the

backbone and the opposing Thr may occur. The polarity of

GpA dimers after the self-assembly process has equilibrated areThr87 is essential in the conformation and stability of GpA, as
in good agreement with the experimental NMR structures shown in mutagenesis studigs'
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It is also informative to compare the location of the GpA From a mechanistic perspective, we have shown spontaneous
TM helix dimer relative to the lipid bilayer in atomistic and self-assembly of membrane protein/lipid bilayer systems. For
CG simulations (Figure 10). It can be seen that, in both cases,the model a-helical membrane protein GpA, we observe
the TM helix dimer spans the hydrophobic core of the interfacial partitioning of helices, followed by their spontaneous
membrane, indicating a similar equilibrium location of the insertion into the bilayer and subsequent dimerization. This is
protein in the two simulations. It is evident that in the CG a direct simulation of the two-state model of membrane protein
simulation the protein is slightly displaced relative to the center (re)folding. As such, it provides strong support for the validity
of the bilayer compared with the atomistic simulation, which of this model. This is in contrast with the results of recent replica
may reflect the effect of coarse-graining on the exact nature of exchange simulatioAsfor the synthetic TM helix WALP16,
the interactions of the protein with the bilayer core and which suggest that the peptide may insert into a bilayer in an
headgroups. Nevertheless, a similar pattern of interactions wasunfolded form which subsequently forms a helix (although, of
observed for the atomistic and CG simulations between different course, in our simulations, the glycophorin TM domain is
lipid moieties and GpA aromatic residues lying around the constrained to bex-helical). Stabilization of theo-helical
interfacial region of the bilayer. Thus, in both simulations, conformation at an interfacial location followed by insertion
~80% of the contacts of the side chain of Phe78 (toward the has been suggested on the basis of simulations using a
amino-terminus of the TM helix) were with the hydrophobic generalized Born model to represent the membpar@ur
tails of the lipids, and~20% of the contacts were with the simulations also suggest that dimerization may be a dynamic
glycerol backbone. Moreover, the Tyr93 side chain (at the equilibrium process. It would therefore seem that simulations
carboxy-terminus of the helix) contacted both the tail and on a wider range of membrane protein systems may be required
glycerol backbone domains with an approximately equal ratio, to establish the robustness of conclusions concerning mecha-
with a small number of residual contacts0—20%) being nisms of insertion and folding. However, results to date are
made with the polar headgroup region. encouraging in suggesting that simulations are able to provide
a mechanistic description of the interactionsoehelices with
lipid bilayers. For example, the voltage-sensing S4 helix of Kv

In summary, CG simulations of membrane proteins demon- channel is able to insert biosynthetically into a membr&fe,
strate that it is possible to reproduce the structural and dynamicdespite the presence of multiple arginine side chains within the
aspects of detergenprotein and lipid-protein interactions. CG  helix. Preliminary CG simulations (Bond and Sansom, unpub-
simulations are about 2 orders of magnitude faster than thelished data) provide a direct mechanistic insight into this process.
corresponding atomistic simulations. The comparison with
atomistic simulations is important in providing validation of the ~ Acknowledgment. Our thanks to members of the Sansom
extension of CG methodologies to complex membrane proteins, laboratory, especially Jonathan Cuthbertson, for helpful discus-
that is, a-helix bundles andg3-barrels. Thus CG simulations  sions. This work was supported by grants from BBSRC (MPSI)
provide an alternative to more computationally demanding and the Wellcome Trust.
approaches, such as atomistic simulations combined with replicaJA0569104
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