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ABSTRACT The concepts of hydrophobicity and hydrophobic moments have been applied in attempts to predict membrane
protein secondary and tertiary structure. The current paper uses molecular dynamics computer calculations of individual
bacteriorhodopsin helices in explicit dimyristoylphosphatidylcholine bilayers to examine the atomic basis of these ap-
proaches. The results suggest that the types of interactions between a particular amino acid and the surrounding bilayer
depend on the position and type of the amino acid. In particular, aromatic residues are seen to interact favorably at the
interface region. Analysis of the trajectories in terms of hydrophobic moments suggests the presence of a particular face that
prefers lipid. The results of these simulations may be used to improve secondary structure prediction methods and to provide
further insights into the two-stage model of protein folding.

INTRODUCTION

Predicting the tertiary structure of membrane proteins reinteractions (Engelman et al., 1986). The hydrophobic term
mains a challenging problem. Some insight into the strucis derived by assuming that the effective surface area of a
ture of helical membrane proteins has been achieved bparticular side chain within an-helix is proportional to the
using two types of analysis based on hydrophobicity. Onéree energy of transfer. The hydrophilic term is composed of
type of analysis, as exemplified by the Goldman-Engelmantwo types of interactions. The first contribution includes the
Steitz (GES) scale, attempts to define a relative hydrophoeffect of electrostatics through the Born model. The second
bicity for each amino acid that can then be combined withinestimates hydrogen bonding interactions that contribute to
a sliding window to determine the likelihood of a particular the transfer process. The result, frequently cited and used,
stretch of amino acids crossing the membrane bilayer (Enassigns a free energy of transfer for individual amino acids
gelman etal., 1986). Other hydrophobicity scales have beefjithin an a-helical structure. The assigned numbers are
proposed, and applied with varying success, to membrangsed within a sliding window context, where 20 amino acids
proteins (e.g., Segrest and Feldmann, '1974; von Heijngyre taken as a group, and the likelihood of their forming a
1981; Argos et al., 1982; Kyte and Doolittle, 1982; Eisen-memprane-spanning region crossing the bilayer is calcu-
berg et al., 1984). A second type of analysis extends hydrogieq from the sum of their GES values. The conceptual
phobicity arguments to predict the orientation of helices by, . «is behind this scale is the two-stage model of membrane
using hydrophobic moments (Eisenberg, 1984; Eisenberg otein folding (Engelman and Steitz, 1981; Popot and

al., 1984). The hydrophobic moments are based on the id gelman, 1990). Recently this type of concept has been

of using residue h_ydrqphob|0|ty W'th. a vector. Sense toimproved by the application of a neural net trained on a set
estimate the net direction and magnitude cohelix am-

phiphilicity, and thus predict which portions are most likely of membrane_ proteins and with information from multiple
to be lipid facing. sequence alignment (Rost et al., 1995). The neural net

The GES scale was explicitly developed for applicationaChieVed 95% accuracy at predicting membrane-spanning

to membrane proteins (Engelman et al., 1986). Whereareg%'g)ns in a set oi-helical membrane proteins (Rost et al.,

most hydrophobicity scales are based largely on relativ H ¢ hvdrophobi develoned
partitioning of side-chain analogs or amino acid residues e concept of hydrophobic moments was developed to

between solvents, the GES scale took into account helicd¥@ntify the nonuniformity of hydrophobic residue distri-

secondary structure as well as hydrophobic and hydrophili@utions within the helix, in the hope that this would aid
prediction of stable structures (Eisenberg, 1984). The first

application of the concept was to differentiate surface-
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Molecular dynamics simulations of neat lipid and lipid- of bacteriorhodopsin in explicit DMPC (Woolf, 1997). The
protein systems remain a challenging area. Recent progretsjectories are used to calculate the interaction energy
in these simulations has been summarized in a book and twarobability distributions between subsets of atoms in the
review articles (Merz and Roux, 1996; Pastor, 1994; Merzsystem. The results provide new insights into the micro-
1997). The largest set of work has involved simulations ofcopic details ofa-helices spanning membrane bilayers and
neat bilayer systems. Simulations of lipid-protein systemsomments on both hydrophobicity scales and hydrophobic
require potential functions and simulation conditions able tomoments.
emulate the neat bilayer environment (see Shen et al., 1997,
for a recent simulation). The debate on the most appropriate
ensemble for simulating bilayers is still not fully resolved METHODS
(Chiuetal., 1995; Feller et al., 1995; Tu etal., 1995; Jahnigyne average structural and dynamic features of the 10 simulations analyzed
1996; Feller and Pastor, 1996; Tielman and Berendsens this paper were described previously (Woolf, 1997). The program
1996). Despite the evolving nature of this field, it is clear CHARMm (version 23) was used for all calculations. The previous and
that simulations have progressed to the point where Signifr_elated papers should pe consult'ed for a more dete}iled descripFion of the
cant insight nto the molecular detais of biayer systems7el® (s o Saring e aeeon ang o e bl st
has been achieved. Comparisons between experiment agghpieteness, the methods are reviewed below.
simulations, where possible, have shown that the calcula-
tions are in agreement with measured quantities and can
provide additional insight into molecular details that are notlnitial structures

available eXpe”menta"y (e.g. Venable et al., 1993; VVOOIfThe Henderson bacteriorhodopsin structure (Henderson et al., 1990; pdb

and Roux, 1996). number 1BRD) was used as the starting point for eachelix. The
The analysis of molecular dynamics trajectories fre-a-helices were extracted from the Brookhaven entry, and each helix was

quently involves consideration of deviations from the start-aligned with its axis normal to the bilayer. The more recently refined

ing structure and determination of dynamic and averaggacteriorhodopsin structure (Grigorieff et al., 1996; 2BRD) was not avail-

. . . - L able at the time the simulations of this paper were completed (Fall, 1995).

structural properties. Analysis of interaction energies is less

commonly performed, although the approach was used in

the early development of the molecular dynamics fieldgystem construction and dynamics

(Brooks et al., 1988). Recently the approach was used to .

ana|yze the energetic details of gramicidin A—dimyriS-The simulations used the NVE (constant number of atoms, volume, energy;

. . . . microcanonical ensemble). This choice of simulation system required an
toylphOSphatldyIChO“ne Interactions (W00|f and Roux, estimate of the lateral square area for eadfelix and DMPC lipid to set

1996). The method may also be used, by separate consige pressure. To begin the current simulations, initial placement of the
eration of van der Waal (vdW) and electrostatic interactionslipids was determined by a 500-ps simulation of large vdW spheres to
to provide an estimate of relative free energies by lineasimulate the DMPC headgroups. Thehelix was kept rigid. The spheres
response techniques (Aqvist et al., 1994)_ Although thevere conflned to planes surrc_)u_n_dlng the phosphate region of the ev_entual
. . . . : L .. bilayer. This created a set of initial placements for the lipids responsive to
calculation of mteractlo'n energies can prowde InSIths Imothe distribution of side chains and shape of éhkelix. The set of 12 initial
the strength of connections between components of a mixeghsitions was then used for placement of the DMPC phosphate atoms. A
system, there are certain limitations to the method thaget of 2000 DMPC lipid conformations provided by Pastor and co-workers
should be made clear. First, although the interaction enewas used to initiate the simulations from conformers representative of the
gies provide useful information, they are not being used, iquwd crystalline state (Hardy and Pastor, 1994). This leads to a more rapid

. . relaxation than would a start from an &&nsconformation (e.g., Heller et
this paper, to probe the thermodynamic measurables of g 1993)

system. They are not equivalent to a relative free energy The lipids were systematically rotated and translated to reduce the
calculation using thermodynamic perturbation theory (e.g.number of bad contacts. A bad contact was heavy atoms within 2.6 A of
Kollman, 1993). Second, the calculation of an interactionone another. After the systematic rotations and translations, a gradual
energy distribution function has the same sampling probgwareness of neighboring atoms was included in the system by using a

lem mmon t Il mol lar dvnami lculation Ifseries of short nonbonded cut-offs. Equilibration dynamics was pursued
ems co onto a olecular dynamics calculations. with a gradually decreasing series of harmonic restraints. The first 25 ps of

sampling is inadequate, the distribution functions may Notynamics used a 1.0 kcal/moRAestraint on all heavy atoms and Langevin
be fully converged. Despite these limitations, the interactioriynamics with a collision frequency of 5/p% This low value for the
energy distributions can give insight into important detailscollision frequency has been shown to maximally allow for relaxation of
of a molecular dynamics system. For example, the distribulhe system while providing a temperature coupling to the heat bath (Lon-

ti f the int fi bet heli d di . charich et al.,, 1992). The next 25 ps used velocity scaling, with no
lon o € Interaction energy between nelix an IMYTIS- estraints on atom positions. This was followed by 50 ps with no restraints

toylphosphatidylcholine (DMPC) provides an estimate 0fand no temperature coupling. The temperature remained constant through-

the likelihood of observing tightly interacting lipids, and out the simulation of each system.

such lipids may be important to structure and function. The nonbonded interactions were cut at 12 A with electrostatics shifted
The current paper should be viewed as a first step towarandv dW interactions switched. The vdW interactions used a switching

detailed derstandi f th f d . tf region of 4 A. The list was generated to 14 A, and an automatic update of
a detailed unaerstanding o € preierred environmen the nonbonded interactions was performed if the deviations exceeded 1 A.

a-helices as a function of amino acid sequence. The analysi§om-based cutoffs were used. Previous simulations have shown that these
that follows uses the 10 simulations of individuahelices  choices produce reasonable results with the CHARMm potential function
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(e.g., Venable et al., 1993; Woolf and Roux, 1994, 1996). The empirical The contour plots (prepared with Mathematica; Wolfram Research)
parameters developed in the Karplus group were used (Schlenkrich et apresent the contributions of particular residues to the total interaction
1996). energy for a helical stripe. The 10 contour lines are drawn with shading
Conformations were saved every 50 fs throughout the time from 100 psuch that a darker filling is a stronger interaction energy. The contribution
to 350 ps for eight simulations. Two simulations were extended from 3500f a particular residue to a given bin angle included only those parts of the
ps to 600 ps. In all cases, the SHAKE algorithm was used with a time stepesidue that had been selected as being within the pie shaped wedge. Thus,
of 2 fs. The simulations, on average, required 1.8 CPU h/ps on a SGif only one atom of, e.g., a leucine was selected as being within the wedge
R4400 machine. being calculated, then only the one atom’s contribution from the residue
Because three helices contained charged residues that might be withimould be included in the contour plot.
the hydrophobic part of the bilayer, additional simulations were performed
to address the differences with the presence of charged side chains at those
locations. In particular, this meant that the lysine residues at positions 3 anRESULTS
4 in helix B, the aspartate residues at positions 6 and 17 in helix C, and the
aspartate residue at position 8 in helix D were simulated in both charged’en molecular dynamics simulations of individuahelices
and neutral form. from bacteriorhodopsin in explicit DMPC bilayers are ana-
lyzed in terms of interaction energy distributions. These
distributions are for the interaction between all atoms of the

Analysis helix and individual DMPC molecules, for helical stripes of

Interaction energies were calculated between the environment and eithQ’e“X atoms interacting with DMPC, and for individual
the full helix, a single residue, or a helical stripe in each of the 10amino acids interacting with DMPC or water. The previous
simulations. The vdW, electrostatic, and total interaction energies wergalculations (Woolf, 1997) showed intriguing differences in
determined. The approach was used in slightly different ways for the f“”average structural and dynamic properties between the 10

helix and the residue/stripe interactions. . simulations. In particular, differences in RMS deviations
The full helix interaction energies were calculated between individual

DMPC molecules and the entire helix. A nonbonded cutoff of 100 A Wasfror_n the_ average structure Va'?'ed with the sequence of
used to verify that the results were not biased by missing events due to @mMino acids along the helix. Particularly large deviations for
particular cutoff distance. For each conformation of the trajectory, thehelix D were observed and rationalized by the lack of

calculated total energy was used for assignment to a bin. The bin width wagromatic residues interacting with the interface region. He-

1.0 kcal/mol, and the number of events in each bin was normalized by thﬁx A had the smallest RMS deviations throughout the
number of conformations used for the calculation. This results in a distri- 9

bution function that when integrated returns the total number of IipidstraJeCtory and had the most complete canonical hydrogen
(including images) surrounding the helix (84). Thus a particular entry frombonding pattern for am-helix. Analysis of cylinders fit to

the distribution provides an estimate of the average number of lipidtwo turns of the helix showed that two of the three proline-
molecules expected to have that interaction in a typical equilibrium concontaining helices may have fluctuations about the proline

formation. The full trajectory was divided into five subsets to estimate ;¢ Thege differences emerged in the trajectories, despite
confidence bars for each point of the distribution function (e.g., Loncharich

et al., 1992). The approach was to calculate the mean for each of the fivi€ use of identical simulation conditions. This paper con-
subtrajectories, and then from the set of five means, to calculate a systefinues the analysis of the 10 trajectories by examining
mean and standard deviation. Confidence bars were then assigned hgteraction energies.

comparison to Student'stest; these represent the confidence that values

within the mean* the 80% confidence bar are correct representations of

the true distribution. _ _ _ ____Full helix interaction energies
The helical stripes approach determined the interaction of 45° slices of

the helix, thought of as a cylinder with a normal aloagwith the  The interaction energy between each helix and individual
environment. The interactions were computed for both lipid and water. Alipid molecules was calculated over the course of the tra-
further division into the electrostatic and vdW components was made. For . . . . .

each conformation of the trajectory, the interaction energy was compute!]e?tones' A partICUIarly, str.ong interaction of One_ helix r?"

for the ~60 atoms in a given slice. The next set was determined with a 5°ative to another would indicate that the strongly interacting
rotation and so forth until the full 360° was computed. This was continuedhelix is more likely to prefer a lipid environment than an

for the full trajectory. A similar analysis was made of the contributions to environment with helix-helix interactions or water. The

the interaction total in each slice from subsets of atoms belonging to eacfhteraction energies were binned and the full distribution
residue. This second calculation was used for the contour plots that t ined by dividing by th b " f fi |
describe the contributions from each residue to the full interaction energ)ﬁe ermined by dividing by the number of contormations. in

within a given angular bin. each case, the full trajectory was divided into five subtra-
The interaction energy between residues or stripes and the environmejectories for analysis, so that confidence bars for the mean

was calculated with images and the same cutoff options as used in thgglues could be calculated (e.g. Loncharich et al., 1992).

simulation. The individual residue selections included the backbone as Weﬁ-he resulting distribution suggests the average number of

as side chain. The collection of interaction energies was then binned (Z.E id mol les interacting with rticular interaction en
kcal/mol increment) and normalized by the number of conformations to P olecules interacting a particuia eraction €

produce the interaction energy probability density. From this density, the€fdy at any point in the simulation. These results are shown
mean and standard deviation were calculated. This effectively assumes thid Figs. 1 and 2 and in Table 1. There are significant

the distribution is well described by a Gaussian. Although this choice ofgimilarities as well as differences between each of the 10
mean and standard deviation to represent the probability distribution wagimulations. First, each simulation has a Iarge population of

adequate for many of the residues, it did not fit all of the residues. Kl int ti lioids. Th td to th toff
Nonetheless, the error in the presentation of the interaction probabilit)yvea y Interacting 1Ipids. ese are not due to the cuto

density functions was deemed small enough for present purposes to suppdts€d in the simulations. This was checked by calculations of
the analysis. the distributions both with a 12-A cutoff and with a 100-A
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cutoff. The results were similar in overall shape, with only kcal/mol. A few helices show relatively smooth decreases in
moderate differences (not shown). All of the calculationsprobability from the initial peak, such as helices C-neutral
presented in Figs. 1 and 2 and Table 1 used the longeaand E.
cutoff. Fig. 2 illustrates the contribution to each energetic bin of
Several differences between the systems are interestingig. 1 from vdW and electrostatic components. The vdW
For example, some systems had significant probabilities ofontributions are dominated by the alkane-chain—protein
very strong interaction energies. Helix G, for example, hadnteractions, whereas the electrostatic interactions are
interactions as high as100 kcal/mol. Others, such as helix largely due to interactions with the headgroup. For all 10
B-neutral, did not see interaction energies beyond0  simulations, the vdW contributions dominated the interac-
kcal/mol. Some helices had very clear second maximdion energy for small to medium interaction energies. How-
within the region from—10 to —20 kcal/mol. For example, ever, for the strongest interactions, the electrostatic contri-
helix A and helix G have secondary maxima arountl5  bution was at least as strong, if not the dominant
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contribution to the total interaction energy. Confidence bars These results are important for general considerations of
are plotted with each data point and emphasize that thprotein-lipid interactions. For example, the mean-field the-
statistics are poor for the strongest interactions. ories that have been constructed for protein-lipid interac-
Table 1 contains the numeric values for the distributiontions have concentrated on the alkane-chain—protein type of
functions of Fig. 1 at selected values of tkeaxis. For interaction to the exclusion of the electrostatic interactions
example, the average number of DMPC lipid molecules thabetween the headgroup and the rest of the helix (e.g. Owicki
interact with—1.0 = 0.5 kcal/mol with the helix varies from et al., 1978; Zuckermann and Pink, 1980). The results of
a high of 31.3 to a low of 14.1 for helices E and C-chargedthis analysis suggest that there is a large range of interaction
A strong interaction, for example, the average number of lipidenergies with a mix of energetic type. For weak to moderate
molecules with—30.0 kcal/mol interaction energy, varies from interaction energies (roughly-5 to —30 kcal/mol), the
a high of 0.22 for helix A to a low of 0.03 for helix G. vdW interaction is the dominant type of interaction energy.



120 Biophysical Journal Volume 74 January 1998

TABLE 1 Average number of DMPC lipids with a particular interaction energy for the indicated a-helix

Average no. Average no. Average no. Average no. Average no. Average no. Average no. Average no.
of lipids with  of lipids with  of lipids with  of lipids with  of lipids with  of lipids with  of lipids with  of lipids with

-1.0x 05 -2.0=x 05 -3.0x 05 -4.0=x 05 -50x 05 —-10.0+ 0.5 —20.0+ 0.5 —-30.0+ 0.5
Helix kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol

A 23.6+ 2.0 12.2+= 1.0 3.7 0.7 1.4+ 0.3 1.2+ 0.2 0.5+ 0.1 0.4+ 0.1 0.22+ 0.05
B-Neutral 17.8+ 0.6 7.9+ 0.8 3.9+ 0.3 2.1+ 0.2 1.4+ 0.3 0.9+ 0.2 0.5+ 0.1 0.05* 0.02
B-Charged 21.8 2.2 8.5+ 0.9 5.2+ 0.2 3.2+ 0.2 2.5+ 0.2 0.6+ 0.1 0.2+ 0.03 0.13+ 0.02
C-Neutral 17.8+ 0.8 7.4+0.9 5.0+ 0.7 3.6+ 0.2 25+ 0.2 0.6+ 0.2 0.3+ 0.05 0.18+ 0.03
C-Charged 14.¥+ 1.3 8.7+ 1.0 6.1- 0.8 3.1+ 0.5 1.7+ 0.2 0.8+ 0.2 0.3+ 0.01 0.13+ 0.02
D-Neutral 27.2+ 0.6 5.9+ 0.3 3.6+ 0.4 2.2+ 0.3 1.3+ 0.2 0.7+ 0.2 0.2+ 0.04 0.16+ 0.03
D-Charged 22.4- 1.4 12.7+- 1.0 3.4+ 0.5 1.9+ 0.3 1.6+ 0.3 0.7 0.1 0.2+ 0.1 0.07+ 0.03
E 313+ 15 4.0+ 0.4 2.1+ 0.6 1.4+0.3 1.2+0.1 1.2+ 0.1 0.3*= 0.02 0.06+ 0.01
F 15.2+ 1.6 10.7+ 1.1 4.7+ 0.5 4.1+ 0.5 3.3+ 0.4 1.3+ 0.3 0.2+ 0.04 0.07+ 0.05
G 28.5+ 0.8 7.1+ 0.7 2.6+ 0.4 1.7+ 0.6 1.7+ 0.2 0.5+ 0.1 0.2+ 0.05 0.03= 0.01

The numbers are from the distribution function calculated in Fig. 1 and represent the estimate from the trajectories for the probability of éiriciniguea p
set of lipids interacting with the central helix with a certain interaction energy.

For strong interactions, the electrostatic interaction energyigs. 4—7 and Table 2. The figures show that the decreased
is the dominant form. luctuations at the center of the bilayer are not specific to
particular amino acids, but instead are present in all of the
amino acid types. That is, the energetic fluctuations tend to
be greater near the ends for each type of amino acid. A
further comparison is made in Table 2. The columns repre-
Most hydrophobicity scales treat the membrane as a slab &fent the relative hydrophobicity assigned to an amino acid
bulk hydrocarbon, surrounded by bulk water. Their appli-by the GES scale, and the estimated average interaction
cation to atomic-level questions is limited by the neglect ofenergy for the amino acids at the interface and in the interior
the interface between lipid and water, which may extencof the bilayer. The table shows that for the hydrophobic
over a 10-15-A range (White, 1994). Although the presentimino acids, there is a consistency in the ordering of amino
calculations do not reveal the full relative free energy foracid type with the GES scale.
movement of amino acid residues from bulk water to bi- The aromatic residues do not appear similar to what
layer, they do address some of the same issues. A strongight be expected from the GES scale. These side chains
interaction energy indicates that the particular amino acid isiave a strong interaction energy with the lipid headgroups
well situated within the bilayer environment, whereas aand water at the interface, as seen in Fig. 5. With the
weak interaction energy indicates a less stable amino acideHARMm empirical potential function, the larger interac-
environment interaction. Two presentations for amino acid-tion at the interface for Trp and Tyr residues is partly due to
environment interactions are shown. The first (Fig. 3) showshe possibility of hydrogen bonds from ring nitrogen/oxy-
the interaction energies for each helix along the length ofjen to water or lipid. The GES scale also predicts a rela-
the helix. The second (Figs. 4-7) pools the residues from alively large difference between the Asn, GIn, Ser, Thr
10 simulations into an analysis by residue type. residues that is not observed in the simulations. This could

Fig. 3 shows the mean and rms interaction energies fobe due to a lack of hydrogen-bonding partners for these side
residues along the length of all 10 helices. A general resulghains in the simulations.
across all 10 helices is smaller interaction energies and rms
fluctuations for interaction energies within the central re- , .. .

) . . . . : Helical stripes

gions of the bilayer relative to those regions in the interface.
This trend is clearest for helices E, C, and B. The presenc&he hydrophobic moment analysis of Eisenberg and co-
of charged residues led to strong coupling to the environworkers (Eisenberg, 1984; Eisenberg et al., 1984) attempted
ment, which dominated the other interactions. These charg® distinguish those faces of a membrasmdelix that are
interactions are indicated by the open squares in the figureost likely to interact strongly with lipid from those more
and refer to the axis values on the right-hand side of eachkely involved with helix-helix interactions. This concept
panel. The charge state affected other residue interactiongas tested in the explicit helix-lipid simulations by selecting
beyond the charged residue, as can be seen by comparisatoms in 45° wedges of helix interacting with the lipid. Fig.
between neutral and charged versions of helices B, C, and B shows the approach. A clear preference for certain wedges
in the figure. of the helix over others would be indicative of the veracity

Combining the individual residue interactions gives in-of the concept in this particular case.
sight into the microscopic interactions underlying the GES The results show evidence for helical stripes. Fig. 9
and similar hydropathy scales. The results are shown ishows the vdW interaction energy between the DMPC and

Individual residue interactions
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all 10 helices. The presence of minima at different locations Fig. 10 illustrates the situation for electrostatic interac-
for all 10 helices is clearly evident in the bottom curves oftions of each helix with the lipid environment. Minima are
each panel. This interaction is greatest for favorable vdWess obviously present, suggesting that the set of bacterio-
contacts between lipid alkane chain and protein. Equallyhodopsin helices is not adopted by evolution to a preferred
strongly shown is the presence of a face that is disfavored inrientation by electrostatic interactions. A strongly favor-
the interaction energy. The contour plots show a cleaable stripe would indicate a set of strong interactions with
periodicity in the turn length along theaxis. This period- the glycerol and headgroup regions of the lipid with the
icity is clearly related to thex-helix conformation. The protein. Helices A and G have the strongest clear minima.
darker contour lines are the stronger contributions to theHelix C-charged and helix F have smaller, clearly defined
total, and the left-hand axis is the residue number for eacminima. In all cases, the stripe with the strongest electro-
helix. It is interesting to note that some helices have a strongtatic interaction does not correspond to the strongest vdw
interaction stripe extending over the full length of the helix interaction.

(e.g., helix A), whereas others have a stripe that is domi- Tables 3 and 4 compare the simulation results to the
nated by a subset of the full helix (e.g., helix C-neutral). recent (2BRD) bacteriorhodopsin structure. Table 3 com-
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pares the lipid-exposed residues of each helix (from visuatlence between the lists. However, because hydrophobic
inspection) to those in the stripes with the strongest calcumoment analysis neglects helix-helix interactions, the map-
lated lipid interactions. As expected, there is corresponping between the lists is not one to one. That is, some of the
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predicted residues within stripes are involved with helix-within defined locations of am-helix could be computed
helix interactions, and not all possible stripes are seen in thom a fully detailed microscopic model. Currently such a
final structure. calculation is not feasible. Recently the Honig group began
Table 4 continues this analysis by presenting data fronthe first steps toward detailed calculations of the transfer
the 2BRD structure for the 10 lipids that were resolved. It isenergy by considering the effects of thehelix orientation
interesting to note that some lipids had a large amount obn transfer free energies in a continuum electrostatic model
contact with helices (e.g., 266, 267), whereas others hafbr the bilayer environment (Ben-Tal et al., 1996). The
only a small number of contacts (e.g., 262, 264). A com-current results complement both those calculations and hy-
parison of the optimal wedges from the simulations with thedrophobicity scales by calculating the molecular details of
contacts formed by the lipids in the structure suggests$nteraction for individual amino acids at different locations
further similarities. For example, helix A is contacted by along a transmembrane-helix within the lipid bilayer
five lipids (263, 264, 265, 269, and 270). Included in this setenvironment. The interaction energies, although not the full
of near-contacts is the simulation optimal residues 17 (lipictransfer energy, show trends to be expected from the GES

270), 3 (lipid 263), 10 (lipid 265), and 6 (lipid 263). scale for hydrophobic residues.
The strongest exceptions to the expectation of the GES
DISCUSSION scale are the aromatic residues. This is due to the favorable

interactions that can be formed by the aromatics at the
The scales for predicting-helical membrane protein sec- interface (Fig. 5). This favorable location for Trp and Tyr
ondary structure are based on the assignment of a relativesidues is due to the possibility of hydrogen bonds from
hydrophobicity for amino acids (e.g. Engelman et al., 1986)ring nitrogen/oxygen as well as hydrophobic interactions
Ideally, the transfer free energy for a particular amino acidwith the lipid. This observation has been made before on the
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TABLE 2 Comparison of interaction energies (kcal/mol) to
the GES scale

Amino GES GES GES 75442
. . ™ . Lol lrr .
acid Center Interface Hydrophobic Hydrophilic Water-oil eesealt
KA
Gy -4x1 -7x5 -1.0 -1.0 7259575
Ala —4x1 -9x4 -1.6 -1.6 eie
va  -6*1 -9+5 -2.6 2.6 A
Leu -7+1 —-12+6 -2.8 -2.8 R
" FALSLS S
lle -9+1 -9=5 -31 -31 G
S
Phe -9+x2 -18*5 -3.7 -3.7 ool
Tyr  -10+3 -18+4 -3.7 4.0 0.3 v
Tr(p  -16+2 -25=5 -4.9 3.0 -1.9 255555
Ser —5%2 -12+7 -16 1.0 -06 19525557
Po -6+1 -6+3 -18 2.0 0.2 A
Thr -6+x2 -10+4 -2.2 1.0 -1.2 saoss
Met —-6+2 -12+6 -34 -34 s
(0050028
Asp —50+ 20 -21 11.3 9.2 9500055
Lys —70+ 25 -37 125 8.8 220
Arg —70% 40 —4.4 16.7 12.3 eaes
" FELSIIS
The grouping is in parallel to Figs. 4—7. An estimate for the average %izf?é
interaction energy for the bilayer center and for the interface is presented 5555555
for each amino acid. All GES entries are from Engelman et al. (1986). R
(0050028
i

WYY

baSIS, of structural analysis (SChlﬁer,et al", 1992, Land_OI_t-FIGURE 8 lllustration of the wedge-shaped selection of atoms for eval-
Marticorena et al., 1993) and from simulations of gramici- ating interactions between a cylindrical stripe and the environment.
din in DMPC (Woolf and Roux, 1994, 1996). Recently, an
interfacial hydrophobicity scale for proteins was designed
based on these ideas and further experimental evidengeedictions by considering the location of the amino acid
(Wimley and White, 1996). This all provides support for an within the helix in the calculation of the preferred lipid-
extension to the GES and related scales for the full memexposed face.
brane bilayer that responds to the amino acid location along Two calculations of hydrophobic moments, with consid-
the helix. eration of the solvent, have been reported in the literature.
Another exception to the expectations of the GES scal@ he first of these used a continuum model for the solvent
was observed with the polar amino acids. The simulatiorand calculated the preferred face of thénelix in contact
results suggest a strong similarity among Ser, Pro, Thr, andith the solvent for structure prediction (Suwa et al., 1995).
Met in the center of the bilayer. This contrasts with anThis was used in the context of evaluating the rotational
assumption used in the GES scale that Ser/Thr/Cys wilpositions of helices in bacteriorhodopsin. That is, the ap-
satisfy internal hydrogen bonds with the carbonyl oxygengproach was similar to the Taylor paper (Taylor et al., 1994),
of the peptide backbone (Gray and Matthews, 1984; Enbut some account was taken of the solvent. The second
gelman et al., 1986). From analysis of the side-chain dypaper used explicit representations of the solvent as propane
namics as well as the interaction energy analysis, there dog€aonpolar) or water for calculating hydrophilic and hydro-
not appear to be a strong hydrogen-bonding component tphobic faces (Efremov and Vergoten, 1995). Four different
the interaction energy of these particular side chains. a-helices were used, including helix A from bacteriorho-
Hydrophobic moments have been used for the predictiomlopsin. Interestingly, the preferred hydrophobic face from
of membrane protein tertiary structure (e.g., Taylor et al.the Monte Carlo calculations consisted of residues 2, 6, 10,
1994; Suwa et al., 1995). The current results (Figs. 9 and3, 17, and 18, which are similar to those predicted from the
10) suggest that the interaction differences between angulaurrent calculations (3, 6, 10, 17). Neither the paper by
stripes ofa-helix with the environment can be very large. Taylor et al. (1994) nor that by Suwa et al. (1995) provides
This reinforces the utility of such an analysis for tertiary a listing of the predicted residues in the lipid-exposed faces
structure prediction. The comparison in Figs. 9 and 10with their implementations of hydrophobic moments. It
between the vdW and the electrostatic components of thappears, from the figures in the papers, that for helix A of
stripe interactions suggests that hydrophobic momentbacteriorhodopsin, a similar orientation was calculated in
could be improved by consideration of the interface regionthe two cases.
That is, as in an amended hydrophobicity scale that includes The prediction of membrane protein tertiary structure is a
residue location in prediction of membrane spanning redifficult and important problem. Several papers have al-
gions, it may be possible to improve hydrophobic momenteady been mentioned that use hydrophobic moments as
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The contour plots were generated by considering the contribution of individual residues to the stripe’s interaction.
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TABLE 3 Comparison of lipid-exposed residues from the bacteriorhodopsin structure (2BRD) to the residues from the most
lipophilic wedge

Helix 2BRD lipid exposed Simulation optimal Charged simulation optimal
A 1.2 6 17 12.0)
9,10 13 3¢6.0)
16,17 19,20,21 10<4.0)
23 6 (—3.6)
B 3 7 19 -9.9) 17 -8.8) 20 (9.2)
11 14,15 15¢5.1) 3(-4.4) 5(5.5)
17,18 21,22 4€2.9) 6 (—4.3) 12 -5.3)
25 8(—2.8) 10 -4.3) 8(-1.8)
C 1 5 4(=9.5) 1(-10.1) 7 10.8) 1¢5.5)
8,9 13 3¢8.4) 8 (—6.6) 18 (-4.2) 8 (—4.9)
20 7(=7.0) 2(-3.8) 4 (-4.0) 16 (-3.5)
11 (=3.0) 5F2.9) 11 1.0) 12(34) 20(3.4)
D 2,3 5,6 16 (-4.3) 10 -5.1) 10 (-5.4) 11 5.7)
10 14 12 4.2) 14 3.7) 3(3.6) 15 3.1)
16,17 20 20 3.8) 3(3.7) 14 -2.4) 4(-2.3)
19 (-1.3) 7(2.3) 17 2.1) 19 2.2)
E 1,234 6,7 1€9.0) 17 -6.3)
10,11 14 12 {3.5) 14 5.7)
17,18 20,21 8¢3.2) 10 -2.8)
4(-3.1) 3(2.0)
F 2,3 6,7 5¢9.3) 13 5.1)
9,10,11 13,14 1¢4.9) 17 4.8)
17 21 8 (2.8) 20 (-3.9)
24,25 4¢1.9) 21 (2.3)
G 1 4,5 14 ¢8.7) 1(5.5)
8 11,12 21¢7.5) 23 (-5.2)
16 19 10 -4.0) 4(-4.7)
22,23 18 ¢1.7) 8(-2.3)

Only the four most strongly interacting residues in the wedge are listed. The numbers in parentheses are the average calculated interacticgheenergy fo

particular residue.

part of the analysis (Taylor et al., 1994; Suwa et al., 1995)of the current calculations suggest that learning more about
Other prediction methods have been used (e.g., Herzyk arttie properties of the membrane bilayer interacting with the
Hubbard, 1995; Sansom et al., 1995; Tuffery et al., 1994)protein will help to improve our understanding of mem-
In all of these cases bacteriorhodopsin was an important testrane protein structure and function. Such work will further
case. The approach of Tuffery et al. (1994) concentrates oact to improve the computer prediction of membrane protein
helix-helix interactions as the predominant effect. This istertiary structure. The importance of understanding the lipid
similar to an approach used for glycophorin and phosphobilayer as the medium for membrane protein folding is
lamban (Treutlein et al., 1992; Adams et al., 1995). Herzykemphasized by the result that misfolded globular proteins
and Hubbard (1995) using all available experimental infor-could only be discriminated in the presence of solvent

mation to derive restraints within a reduced representation(Novotny et al., 1984).

In their approach, hydrophobic moments did not seem to aid The concept of a population of “boundary” lipids sur-
the approach to a minimum. Sansom et al. (1995) usedounding a membrane protein was initiated in the early
templates and simulated annealing methods to explore thE970s and advanced through a series of experiments up to
properties of seven-helix bundles. Another approach (e.gthe 1980s (e.g., Jost et al., 1973; Kang et al., 1979; Lavialle
Cronet et al., 1993; Zhang and Weinstein, 1993) is largelyet al., 1980; Thomas et al., 1982; Post and Dijkema, 1983;
based on bacteriorhodopsin as a template for G-proteinNishiya et al., 1987; Van Gorkom et al., 1990). The current
coupled receptors with interactive graphical modeling ofresults suggest that a small number of lipids surrounding a
changes. Baldwin (1993) used multiple sequence alignmertgentral a-helix tend to interact considerably more strongly
to suggest the lipid-exposed faces as those regions with thtban other nearby lipids or than lipids in a second, “outer”
greatest variability. Reviews of the forces that contributezone. This is seen in Fig. 1, where there is a small but
most to membrane protein structure and function have fresignificant population of lipids interacting with energies
quently emphasized helix-helix interactions as the predomfrom —15 to —100 kcal/mol. Nonetheless, it is important to
inant organizer (e.g., Bormann and Engelman, 1992; Cracaution that the calculations used image lipids that may not
mer et al., 1992; Lemmon and Engelman, 1994). The resultsorrectly reflect the conformations that a true set of lipids in
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TABLE 4 Amino acid residues within helices contacted by the 10 lipids of the 2BRD structure

Lipid Helix A B C D E F G
261 19 1,2,4,5,8,9 9, 10, 12, 13, 14,
16, 17, 20
262 21, 22, 25 1,5
263 3,6 1,4,57,8,
11, 12
264 2
265 1,2,5,6,9, 10, 7
13
266 8 8,9, 12, 16, 20 1,2,5/6,7,8,9,
10, 11, 13
267 20 2,3,6,9, 10, 11, 5,8,9
13, 14, 15, 16,
17, 18, 19, 20,
21, 22
268 3,4,6,7,10, 11, 8,9, 12, 20, 23
14, 15
269 15, 16, 18,19, 20, 2,3,4,6,7,
22,23 8, 10, 11,
14, 15, 18
270 13, 16, 17, 20, 21

a second zone around the central helix would adopt. Furn reality, as multiple investigators have suggested (e.g.,
thermore, the preferred definition of a “boundary” lipid White, 1994; Woolf and Roux, 1996), the bilayer environ-
implies a slow rate of exchange between the lipid closelyment is not a simple uniform medium, but a complex mix of
associated with membrane protein and the bulk lipid. Theeffective environments. In particular, the interfacial region
current molecular dynamics time scale is not sufficient tois quite different from the alkane-dominated center of the
explore the exchange process. Even with the above cauilayer. Thus a better picture of the partitioning of amino
tions, it is intriguing that the differeni&-helices show dif- acids might be achieved with a model for the bilayer that
ferent degrees of strongly interacting lipids. The energyexplicitly considers the existence of an interfacial region.
breakdown in Fig. 2 emphasizes that these strongly interMembrane-spanning regions could then be predicted with
acting lipids are a combination of vdW interactions (medi-greater confidence by scoring for location, as well as hy-
ated by the chains) and electrostatic interactions (mediatedrophobicity in the bilayer.
by the headgroup).

Further simulations are ongoing to expand the current _ , o
molecular dynamics “data set” of helices in lipid SettingS.The computer resources of the Biomedical Engineering Department at

. . . . Johns Hopkins were essential for this publication. Helpful comments on the
Important questions regarding the importance of bilayer

. ) ) ) S presentation and text were contributed by Alan Grossfield. Mike Tychko
thickness and the effective ability of a micelle to mimic a assisted with the production of Fig. 8. Additional helpful comments were
bilayer can be addressed with these additional simulationgrovided by referees (from another journal) for the first submission of this
By simulating the samer-helices within a water environ- manuscript in May 1996.

ment, an estimate will be made for the full thermodynamicsFinancial support from the Bard Foundation and the Department of Phys-
of transfer. A further comparison is in progress between théology is gratefully acknowledged.
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