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ABSTRACT. The calcium ion-mediated interaction of bovine prothrombin (BF1) with negatively charged
phospholipid membranes is assumed to be largely via the Gla domain of BF1 with the fold of the Gla
domain essential for binding. It has been reported that Pro22 undergoes claasital cis isomerization

in the presence of calcium ions with tleés conformation of Pro22 of BF1 responsible for membrane
binding [Evans, T. C., Jr., and Nelsestuen, G. L. (19i@chemistry 358210-8215]. However, Pro22

was found to be in th&rans conformation in the crystal structure of BF1. In the present work, we have
used molecular dynamics simulations to investigate the relative importance of the two conformations of
Pro22 to the structural and dynamical properties of BF1. The iritals conformation of Pro22 in BF1

was slowly converted tais-Pro22 using constrained dynamics. The second-generation AMBER force
field in conjunction with the particle mesh Ewald method to accommodate long-range interaction was
employed in the trajectory calculations. Comparison of the BRAéPro22) and BFI{s-Pro22)
equilibrated structures reveaarprisinglythat the overall structural changes associated withréres—
cisisomerization is minimal and only minor modifications to the hydrogen bond network and the network
of N-terminus Alal take place. The calculated electrostatic potential energy surfaces of the two protein
structures also appear to be very similar, indicating the near equality of the local interaction site
environments in the protein prior to lipid binding.

In small peptide synthesis, the peptide bond at the amino periments suggested that, in the process of phospholipid
terminus of the proline is found to be in th@ns conforma- binding, Pro22 of BF1 may undergo isomerization from the
tion, but in detailed protein structures, about 15% of these transto cis conformation in a step essential for membrane
bonds are determined to be in ttis conformation 18). The binding (L0). The 1-45 residue peptide of BF1, which
small difference in free energy betweeas and trans Pollock et al. 82) earlier demonstrated retains BF1 binding
conformers leads to a variable relative population of states properties, was employed in the fluorescent quenching
that may have relevance in the protein folding procdds ( experiments. Inthe X-ray crystal structure of BF1, however,
19, 33). Pro22 was found in th&ans conformation 85).

_ Prothrombin, acentra}l protein in the coagulation cascade, The usefulness of molecular dynamics simulation tech-
is converted to thrombin on the membrane surface by the niqes for the study of theis/transisomerization of proline
macromolecular complex of factor Xa and factor Va. n staphylococcal nuclease has recently been demonstrated
Presence of calcium ions promotes the formation of correct 16, 17). These rather limited simulations correctly predict
protein conformation and is also essential and specific for a1 gifferences in the free energies betweendiseand

membrane binding 32). Upon addition of metal ions,  ansforms composed of larger, compensating differences
Nelsestuen28) showed a biphasic fluorescence quenching ;. enthalpy and entropy. In their MD simulation study,

behavior for BF1 [initial rapid phase ¢1 s) followed by @ parifson et al.g) observed an unforced transition from the
slow quenchingt10 min)]. Marsh et al.24) hypothesized  yans g cis conformer for Pro22 during a 107 ps trajectory

_that. the slow quenching was due to thans—cis isomgr- calculation of the BF1(residues—B5)—calcium complex.
ization of Pro22. Subsequent fluorescence quenching ex-this MD simulation was state of the art in 1991 but

T This work was supported by National Institutes of Health Grant substantial progress has been made in dealing V.Vlth long-
HL-06350 (to L.G.P.). range forces since then (see below). The startiiags
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mol (7). Charifson et al.J) suggested that the activation
energy for the isomerization reaction was provided by release
of intramolecular crystal packing forces in the solution
simulation. However, Hamaguchi et al5j did not observe
this isomerization process from the 116 ps molecular
dynamics simulation of BF1 in solution (N-terminal residues
from 1 to 145 with Pro22 in thé&rans conformation) using

an improved force field which partially, but not completely,
accommodated long-range interactions.

Here, we reexamine thteans—cisisomerization of Pro22
in BF1 (residues £45). We have used molecular dynamics
simulation techniques to generate equilibrated solution
conformations of BF1 in botltis and trans forms. The
second-generation AMBER force field)(in conjunction
with the particle mesh Ewald methofl) (to accommodate,
essentially completely, the long-range electrostatic interac-
tions was utilized. Previous MD simulation3, (L5) lacked
explicit methods for accounting completely for the long-range
electrostatic interactions. Thus, it is important to reevaluate
the time-dependent structure of BF1 (residue#l) using
the higher resolution (2.2 A) X-ray crystal structug®y and
using the substantially improved MD methodology. The
solution structures of BF1 withis andtransare compared,
and the sites thought to be responsible for phospholipid
binding are closely examined.

COMPUTATIONAL PROCEDURE

Model Construction and Simulation Protocorl he initial
structure of the model protein (BF1 residues4b) was
derived from the crystallographic coordinates of the BF1/
Ca fragment 35) for which Pro22 is in theérans conforma-
tion. The sequence of this fragment is ANKGFLXXVR
KGNLXRXCLX XPCSRXXAFX ALXSLSLTDA FWAKY,
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Ficure 1: Root-mean-square deviations of the backbone atoms
calculated with respect to the crystal coordinates: BF1 withs
Pro22 (solid line); BF1 withcis-Pro22 (dotted line). Results for

the trans conformation are shown from the interval between 400

and 800 ps.

volume—constant temperature molecular dynamics. The

dihedral angle of the final configuration was reduced by 2
and this procedure was continued until thens—cis
isomerization was complete (using 84 segments of 5 ps
trajectories, totaling 420 ps of molecular dynamics at constant

volume—constant temperature). The final configuration was
further subjected to a 50 ps constant volurgenstant

temperature simulation, followed by a 400 ps constant
pressure-constant temperature simulation at ttieconfor-

mation (unrestrained). During the initial and final molecular
dynamic trajectory calculations, no attempt was made to

in which X represents Gla. Necessary hydrogen atoms wereconstrain therrans or cis conformations, respectively.

added to the X-ray crystallographic structure followed by

In the present study, we used the second-generation

an energy minimization using a distance-dependent dielectricAMBER force field ) in conjunction with the particle mesh

function. The original BF1 crystallographic water molecules
were preserved along with the positions of calcium ions. The
protein was then solvated in a box of water molecules so
that the box boundaries are at least 12.5 A away from any
protein atom, and any water molecule with its oxygen or

Ewald method §) to accommodate long-range interactions
in all the trajectory calculations associated with solution
simulations. The system contained 6083 water molecules
and 7 calcium ions. The unit cell was electrically neutral
with a total number of 18 983 atoms. All energy minimiza-

hydrogen atoms found within 2.0 A to any atom in the tions were performed using 100 conjugate gradient steps
protein was removed. In the first step, only the added water followed by 10000 steepest descent steps. AMBER version
molecules were energy minimized, and then all the water 4.1 30) was used in the trajectory calculations. The time
molecules were used in the minimization, and finally, the step was 1 fs, and the nonbonded interactions were updated
whole system was energy minimized. The system was thenat every fifth step in all simulations.
subjected to a slow heat-up procedure to bring the temper-
ature of the system up to 300 K. After 50 ps of a constant RESULTS AND DISCUSSION
volume—constant temperature simulation, an unrestrained  G|gbal Aspects of the Simulatian&Ve begin the discus-
constant pressureconstant temperature protocol was adopted sjon with an assessment of how well the molecular dynamics
to simulate 800 ps of unrestrained dynamics attia®s  simulations capture the equilibrium properties of both
conformation. BF1ltrans-Pro22) and BFI{s-Pro22) systems. We have
The conversion oftrans to cis-Pro22 was achieved used the results of the dynamics of the final 400 ps in this
through the following procedure. The dihedral angle,€ analysis. In Figure 1, we display the RMSDs of the
C—N—Ca, in which N and the following @ belong to Pro22, backbone atoms of both BRi#&ns-Pro22) and BFXjs
was incrementally decreased from titans value (theoreti- Pro22) with respect to the crystal configuration. The leveling
cally 18Q) to a value nearer theis conformation (around  off of the values of RMSDs with smaller fluctuations during
0°). The initial structure for this procedure was selected to the last 100 ps shows that both systems have stabilized at
be that of 200th ps of the above described MD trajectory. equilibration. The stability of the energies of both systems
The decrement was 2t a time, and by holding this dihedral and their components provides supporting evidence for the
angle fixed, the system was subjected to 5 ps of constantstability of the system. In addition, the densities fluctuate
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5 Table 1: Comparison of the AladN Network for the Solution
Structures otransBF1 andcis-BF12
donor acceptor distance (&) angle (deg)
! transPro22 Alat-N Glal7—OE3 2.9 141
Alal-N Gla21-OE4 2.9 124
s Alal-N Pro22-0O 2.9 136
33| Alal-N Gla27-0OE3 3.0 146
g Alal-N Gla27-OE4 3.0 132
2 Alal-N Ca-4 4.35
3 Alal-N Ca-5 4.36
2| cis-Pro22 Alat-N Glal7-OE3 2.9 136
© Alal-N Gla21-OE4 2.9 133
Alal-N Gla27-OE3 2.8 136
Alal-N Gla27-OE4 2.7 117
1 Alal-N Ca—-4 4.11
i Alal-N Ca-5 4.10
! crystal Alal-N  Glal7-OE3 25
‘ ‘ Y ‘ Alal-N Gla21-OE4 2.9
0 0 10 20 30 40 Alal—N Pro22-0O 3.6
residue number Alal-N Gla27-0OE3 4.2
Ficure 2: Co—Ca distances. The distances were measured after ,::al_N Cla27-OE4 3.0
: h h ; ; al-N Ca-4 248
the optimal backbone alignments of the first 36 residues. Solid Alal-N Ca-5 377
line: BF1 withtrans-Pro22 vs the crystal. Dotted line: BF1 with ;
cis-Pro22 vs the crystal. Dashed line: BF1 wittans-Pro22 vs aThe distances and angles were averaged over the last 20 ps of the
BF1 with cis-Pro22. MD trajectories. The corresponding distances of the donor and acceptor

atoms in the crystal configuration are also included for comparison.
The cutoff distance and angle were 3.1 A and °¥Bspectively, for

about 1.06 g/crhduring the last 100 ps of the trajectories. the hydrogen bonds.

This small fluctuation in density (or the volume of the central
box, since the number of particles remains constant) during )
the final 100 ps of the trajectory calculation is a consequence 1he crystallographid-factors calculated from the dy-
of the relative consistency in the box dimensions. Since the N@mical trajectories of the solution structure and those
desired pressure is maintained by the rescaling of the box,evaluated from experiments are closely comparable in

dimension consistency serves as a good indicator that theMagnitudes. Th&-factors of BF1 averaged over residues
system is in a relaxed configuration. 1—45 were 25.2, 23.5, and 19.¢ for the crystal, solution

. . with transPro22, and the solution withis-Pro22, respec-
Smaller ma%mtudes 0(1; RMSDs |nd|cat? that thibazcgbone tively. On the average, the magnitudes in Bdactor in
structure (or the secondary structure) of BFAfSPro22) — yhe “sojution structure correspond to approximately an
in solution closely follows that of the crystal structure

. . ) angstrom of relative fluctuations of the atoms around their
(simulated final average RMSD is around 1 A). However, average positions.

the difference between the final average RMSD values of | . h luati fth |

the two forms is only about 0.6 A, and a discernible global Gla Domain S_tructure_ In the eva uation of the structura
hanae in th ndary str .t r’ between the two forms | changes associated with tlieans—cis isomerization, we
change € seco y structure between the two forms Sreport the results obtained from the last 20 ps of each

not apparent. trajectory and compare them with each other and also with
To more closely study possible differences in the second-the crystal structure. In addition to the N-terminal Alal
ary structures, we have compared the deviations af C network, the Gla-calcium network, and the network formed
positions with respect to the crystal structure after optimal by the calcium ions observed in previous experimental and
alignment (see Figure 2). For this purpose, we have selectedsimulation work, we also compare the hydrogen bonding
the final configurations of the two MD trajectories [with associated with the disulfide loop region.
BF1(rans-Pro22) and BFI(s-Pro22)]. These appeartobe  (A) Alal Network The hydrogen bonding interactions of
reasonably representative configurations since they did nota|a1 to the inside of the Gla domain are believed to maintain
undergo significant structural changes during the last 25 ps.the appropriate shape of ti@-loop (residues +11) for
The largest deviation of the dCpositions is consistently prothrombin binding to membrane surfacég)( In crystal-
found at Phe5 for both systems when compared with the [ographic BF1, Alat-N is bound by several hydrogen bonds
crystal structure. In the crystal structure, Phe5 has the largesto Gla17, to the conserved disulfide loop (residues between
B-factors, indicating higher uncertainty of the assignments Cys18 and Cys23), and to the Gla residues immediately
of the coordinates of this residue. In general, B#Pro22)  following this loop. Two calcium ions are also involved in
appears to have somewhat larger deviations when comparedhe formation of this network (Table 1). Both simulation
with the crystal structure, but the statistical significance of systems ¢is andtrans) are found to be consistent with the
this difference is questionable. The deviations tgns above description and the exception that, in the Bah&
versuscis (which are included in Figure 2) are relatively Pro22) case, AlatN has an additional hydrogen bond with
small (note that all the values are under 2 A), and even the Pro22. In the evaluation of the possibility of observing this
disulfide loop region (residues ¥&3), which is expected interaction for thecis-Pro22 case, we found that it was not
to show larger deviations due tans—cis isomerization of detected within the required distance for bonding during the
Pro22 present in this region, does not display any significant last 250 ps of the trajectory. The loss of this hydrogen bond
change in the deviation when compared to other deviations.in the BF1€is-Pro22) appears to provide space for the
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solvent accessible calcium ions (Ca7) moved toward the
crystal position, in the BFE{s-Pro22).
The calcium ion network is tightly associated with the Gla

Table 2: Displacements (in A) after Optimal Alignments of the
Calcium lon Positons

BFl(ransPro22) BF1(cisPro22) BFl1(transPro22)

ca+ vs crystal vs crystal vs BF1¢is-Pro22) residues in the Gla domain. The coordination of the calcium
1 0.43 093 0.66 ions in this network is summarized in Table 3. Other than
2 0.62 0.64 0.29 solvation, there are no apparent changes found in the calcium
3 0.75 0.82 0.94 coordination and the calciurGla network when compared
4 1.14 1.27 0.25 the crystal and solution structures. Interestingly, the network
g %:gg ;:gi 8:32 is unchanged in the processtdns—cisisomerization. Note

7 1.79 0.89 0.96 that Gla20 and Gla21 are adjoining residues to the isomer-
RMSD 1.57 1.44 0.63 ization site (Pro22).

(C) Hydrogen Bonding in the Disulfide Loop Region
slightly closer positioning of the calcium ions around Since Pro22 resides in a disulfide loop of six residues, it is
Alal—N in the case otis-Pro22. natural to examine changes, if any, in the hydrogen bonds
(B) Calcium-Gla Network In the presence of calcium, associated with these residues in the process of isomerization.
the Gla residues of another vitamin K-dependent (VKD) This region is also interesting, because it retains hydrogen
protein, factor X (6, 7, 16, 20, and 29), fold into the core bonds with the Alal residue in the formation of Reloop.
region which was previously occupied by Phe4, Leu5, and Also, as can be seen from the summary in Table 4, this region
Val8 (37). This same folding occurs in BF1 with a Gia is in close contact with the hydrophobic stack that connects
calcium network in which the arrangement of calcium ions the Gla region to the thrombin-sensitive region of BF1.
is such that the interionic distances among the neighboring Although some of the interactions are not hydrogen bonds
ions are between 4 dn6 A in thecrystal structure. The inthe crystal, all of the corresponding distances in the crystal
Gla—calcium network and the arrangement of calcium ions structure for the donor acceptor pairs found in the solution
were found to be stable for the duration of our simulations. structures are also shown in this table for comparison. There
In Table 2, we summarize the displacements of calcium ions are six hydrogen bonds found in the loop region of
with respect to the crystal positions as well as with respect BF1({ransPro22), but the number reduces to four in Bété(
to each othertfansversuscis), after the optimal alignment  Pro22) due to the breakup of AlaPro22 and Glal5Gla20
of calcium ions. Botltis andtranssystems show relatively  hydrogen bonds. However, all forms show strong binding
similar displacements with respect to the crystal positions, to the N-terminus through Alal and to the hydrophobic stack
and the displacements are well under an angstrom (on thethrough Tyr45.
average) whetrans andcis systems are compared. Out of (D) Possible Phospholipid Binding Aetly. Binding of
four calcium ions which have displacements greater than 1the VKD proteins in the blood coagulation cascade to
A in BFi(transPro22), two (Ca4 and Cab5) are coordinated biological membranes is a pivotal step in the process of
with the N-terminal Alal residue, and the other two are coagulation. The activation of most of these proteins takes
highly solvent accessible. However, one of the highly place on the membrane surface where the binding localizes

Table 3: C& —Gla Interactionsdcacia < 3.0 A) for the Crystal (Top Line) and Two Solution Structures of BEar(s-BF1, Middle Line,
andcis-BF1, Bottom Line}

Gla

Gla7 Gla8 Glal5 Glal7 Gla20 Gla21 Gla26 Gla27 Gla30
1234 1234 1234 1234 1234 1234 1234 1234 1234 water other total

Cal 0110 1010 NO 4
0100 1010 4 7
0100 1010 4 7
Ca2 0101 0100 0011 1 6
0101 0100 0100 0011 1 7
0101 0100 0100 0011 1 7
Ca3 0001 1100 1000 0001 2 7
0011 1000 1000 0001 3 8
0011 1000 1000 0001 3 8
Ca4 1000 0010 1010 1001 NO 1 7
1000 0010 1010 1001 1 1 8
1000 0010 1010 1001 1 1 8
Cab5 1100 0011 0001 2 7
0100 0011 0011 3 8
0100 0011 0011 3 8
Cab 0100 0110 NO 3
1100 0100 4 7
1100 0100 4 7
Ca7 0001 0011 NO 3
0011 0011 4 8
0011 0011 4 8

aThe results were averaged over the last 20 ps of the trajectdi&3.= not observed.
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Table 4: Comparison of Intramolecular Hydrogen Ban#élssociated with the Disulfide Loop Regions of the Solution Structuresanis-BF1
andcis-BF1°

BF1(transPro22) BF1¢is-Pro22) crystal
donor acceptor r (A) angle donor acceptor r(A) angle donor acceptor r(A)
Alal—N Glal7-OE3 2.902 141 AlatN Glal7-OE3 2.904 136 AlatN Glal7—OE3 2.720
Alal—N Gla21-OE4 2.893 124 AlatN Gla21-OE4 2.886 134 AlatN Gla21-OE4 2.910
Alal—N Pro22-0 2.959 136 AlatN Pro22-OE3  3.750
Leul9-N Leul4-0O 2.981 155 Leul9N Leul4-0O 3.019 150 Leul9N Leul4d-O 3.020
Gla20-N Glal5-0O 2.852 168 Gla2oN Glal5-0 2.820
Tyr45—0OH Cys18-0 2.860 150 Tyr450H Cys22-0 2.698 158 Tyr450OH Cys18-0 3.980

aHydrogen bond criteria used: doneacceptor distances 3.10 A and B-H---A angle> 115°. ® The results were averaged over the last 20 ps
of the trajectories. The corresponding distances in the crystal structure between the donor and acceptor atoms are also shown.

(b)

Ficure 3: Final solution structures of BF1 with (&)s-Pro22 and (b)rans-Pro22. As discussed in the text, they represent the general
features of the solution structure during the final 20 ps of the trajectories. The backbone ribbons are used to represent the secondary
structures of the proteins. Pro22 is marked to highlight its participation in the N-terminal Alal netvarkqonformation). Lys3, Arg10,

Lys11, and Argl6 residues are shown specifically to facilitate the discussion on the lipid binding. The calcium ions (4 and 5) that are
involved in the N-terminal network are also shown in the figure.

the enzyme-substrate complex. Thus far, experiment and residues into the lipid surface upon calcium bindidgg,

theory identify the major role of calcium ions as inducing 8, 20, 42). In a recent model, McDonald et aR%g, 26)

the correct fold and in assisting the membrane binding. The proposed a membrane contact mechanism consisting of an
Gla domain, which is highly homologous among the VKD isolated proteir-lipid ion pair. In the present study, we
proteins in the coagulation cascade, binds calcium ions, andattempt to elucidate previously debated factors of prothrom-

the calcium binding sites of the Gla domain have been well bin membrane binding using structural comparisons.

characterized by X-ray crystallograph®5 43) and solution We present figures of the final configurations from
NMR studies 12—14) and also by molecular dynamics dynamics simulations for both Pro2@gandtrans) systems
simulations and homology modeling1—23, 31). However, (analysis of these structures shows that they are representative

the manner in which the Gla domain is bound to the configurations; see Figure 3). Also, we have evaluated the
membrane surface, and thus the possible participation ofelectrostatic potential energy surfaces for these configurations
Pro22 in the binding process, is still debatable. In one and present them in Figure 4. Even though Pro22 has direct
proposal of lipid bindingZ9), simultaneous coordination of ~ contact with Alal in therans conformation, the structure
the calcium ions to both the negatively charged Gla region of the Q-loop region for both is seen to be well preserved.
of the VKD proteins and the negatively charged phospholipid As has been suggested previoush), (the hydrophobic
headgroups (e.g., phosphatidylserine) was advanced. In aesidues (Phe5, Leu6, and Val9) in both cases are aligned in
supporting scenario, annexin V was experimentally found a manner (Figure 3) such that they could directly penetrate
to be bound to the phosphatidylserine membrane surface withinto a parallel lipid surface. The same is true of the X-ray
a conformationally specific structur&g), in which some crystal structure orientation of these residues.

calcium ions may have open coordination for lipid binding  In an experiment designed to examine the topography of
while bound to the protein. Also, there exists the suggestion the phospholipid binding sites of BF1, the lysine residues
that, in addition to the calcium-mediated bridging mecha- were selectively acetylated in the presence and absence of
nism, a hydrophobic component to the phospholipid binding phospholipidsZ). Both Lys3 and Lys11 were found to be

of the Gla domain is present. This mechanism depends atsignificantly protected from acetylation in the presence of
least partially on the penetration of some hydrophobic phospholipids. In both cases, two Lys residues (3 and 11)
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K1 & Kb

Ficure 4: Electrostatic potential energy surfaces for BF1 vitins-Pro22 andcis-Pro22 in their final solution structures (panel b is the
back-side view of panel a while panel d is the back-side view of panel c). The energy surfaces are calculated and displayed on the van der
Waals surface with the help of the program GRASR)( The charges required for GRASP calculations are directly derived from the
AMBER force field. The corresponding solution structures are also displayed in the same orientations as of the potential energy surfaces
to trace the important residues in the lipid binding. All the residues of BF1 involved in the computation are used in creating this picture.
Also, the total charge of the structure for which the map is constructed is zero. Panels a and b correspdrathtstiecture while panels

c and d correspond to thas structure. Interesting regions and important residues are marked only on panels a and b for clarity in the
comparison. Regions A, B, and C correspond to the pore described by McDonald28) ah¢ position of the eighth calcium determined

by Seshadri et al.34), and the hydrophobic residues in teeloop, respectively.

are solvent exposed (Figure 3) and predicted to potentially They used a model of the Gla domain of protein C based on
participate in the direct interaction with the zwitterionic lipid the X-ray crystal structure of BF13p) to emphasize the
headgroups. Note that BF1 is the only protein in the importance of the H-bonding between Arg15 and both Glal6
coagulation cascade other than factor I1X to have a chargedand His10 for maintaining the conformational integrity of
residue prior to the first Gla residue in the N-terminal the calcium-Gla complex. In the present study, the corre-
region. sponding Arg residue in both conformatiortss{ andtrans
Arg16 is found in all the VKD proteins except protein Z Pro22) is found to maintain H-bonding with Glal7 and Lys11
for which Arg is replaced by another basic residue, Lys. during the period of simulations. However, Argl6 is
Zhang et al.41) demonstrated the importance of this residue somewhat solvent exposed for baik'trans-Pro22 regardless
in lipid binding through the mutation of this residue in protein of its involvement in the H-bonding with the neighboring
C to Leu, with the resulting loss of lipid binding. Likewise, residues. Argl0 is in the vicinity of Argl6 and is highly
Thariath and Castellino39) suggested this as a critical solvent accessible. This residue lies normal to the plane of
residue in the Gla domain of protein C (and perhaps in other the Q-loop and somewhat parallel to Argl6. The environ-
VKD proteins since it is conserved) for the adoption of a ment of these residues may provide an opportunity to
calcium-dependent conformation that allows lipid binding. participate in the direct lipid binding through salt bridges,
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but whatever the interaction, it should be the same for both imply a functional difference. Thus, although it appears that
cigltrans-Pro22. the calculated free energy difference betwesrandtrans

One interesting development is the recently proposed forms would permit thecis form to occur if the activation
model (see below) in which an ion pair mechanism is barrier could be overcome, there is little apparent evidence
invoked in binding 25, 26). We use the electrostatic to suggest that this happens. Whether the presence of
potential surfaces using the program GRASZP) ((Figure phospholipid tilts thecis—trans equilibrium remains to be
4) to comparecis andtrans electrostatics in the context of  resolved.
the McDonald model. We have mapped the electrostatic
potential surface to the van der Waals surface of the atomicACKNOWLEDGMENT
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