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Summary

Aligned � helix peptide dipoles sum to a “macro-
scopic” dipole parallel to the helix axis that has been
implicated in protein folding and function. However,
in aqueous solution the dipole is counteracted by an
electrostatic reaction field generated by the solvent,
and the strength of the helix dipole may reduce drasti-
cally from its value in vacuum. Here, using atomic-
detail helix models and Poisson-Boltzmann continuum
electrostatics calculations, the net effective dipole
moment, �eff, is calculated. Some initially surprising
results are found. Whereas in vacuum �eff increases
with helix length, the opposite is found to be the case
for transmembrane helices. In soluble proteins, �eff is
found to vary strongly with the orientation and posi-
tion of the helix relative to the aqueous medium. A
set of rules is established to estimate of the strength
of �eff from graphical inspection of protein structures.

Introduction

The alignment of the dipoles of peptide bonds in an α
helix leads to a “macroscopic” dipole parallel to the
helix axis. The strength of this helix dipole is given by the
sum of the microscopic dipole moments, �i (Creighton,
1993; Hol et al., 1978), arising from the individual pep-
tide bonds, i = 1, ..., N. The magnitude of the vacuum
helix dipole is therefore proportional to the number of
peptide bonds in the helix (Hol et al., 1978; Wada, 1976)
and is approximately equivalent to placing charges of
half electron-charge magnitude at the N- and C termini
(Sheridan and Allen, 1980; Wada, 1976; Warwicker and
Watson, 1982). In proteins, the helix macrodipole has
been implicated in function (Hol, 1985) and in stabilizing
structural motifs containing helix pairs (Hol et al., 1981;
Hol, 1985; Sheridan et al., 1982; Yeates et al., 1987).
Furthermore, the helix dipole moment has been sug-
gested to influence pKa values (Joshi and Meier, 1996),
absorption spectra (Lockhart and Kim, 1992), and
electron transfer (Galoppini and Fox, 1996) and to sta-
bilize the presence of charged residues at helix termini
(Miller et al., 2002).
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For a protein in aqueous solution, solvent screening
of the peptide group charges is expected to lower the
effective dipole of a helix. The screening occurs due to
the reaction field of the solvent, which acts against the
field generated by the vacuum dipole, leading to an ef-
fectively lower dipole moment (Gabdoulline and Wade,
1996). However, the magnitude of this screening, and
consequently the effective dipole moment is unknown.

For solvent-exposed helical bundles, calculations
representing the aqueous medium implicitly have sug-
gested that the helix dipole plays little or no role in sta-
bilizing the observed bundle geometry (Gilson and
Honig, 1989). Similar calculations performed on helix
pairs in membranes have shown that the electrostatic
interaction between helices can be considerable if em-
bedded in the low dielectric region of the membrane,
but that the interaction is reduced significantly if the
helix termini protrude out into the aqueous phase, even
by only a few Ångströms (Ben-Tal and Honig, 1996).
Thus, solvent screening is an important factor deter-
mining the strength of the interaction between α helices
themselves and between α helices and other structural
elements in various media.

In the present work, we calculate the effect of the
helix environment in screening and modulating the helix
dipole. The effective dipole moments, �eff, of α helices
of varying lengths are calculated in vacuum, aqueous
solution, lipid bilayers, and protein interiors. �eff is cal-
culated from the potential generated by the helix, which
is represented at atomic detail, in the given environ-
ment which is represented implicitly by a continuum
model. The helix dipole is relatively strong in vacuum.
However, in aqueous solution the helix dipole may be
drastically reduced due to an electrostatic reaction field
generated by the solvent. Furthermore, whereas in vac-
uum �eff increases with helix length, the opposite is
found to be the case for transmembrane helices. In sol-
uble proteins, �eff is found to vary strongly with the ori-
entation and position of the helix relative to the aque-
ous medium. The results are at first glance surprising,
but can be rationalized in terms of the shielding of the
helix termini. A set of simple rules is given for estimat-
ing �eff from experimental structures.

Results

Effective Helix Dipole Moment
in Homogeneous Media
�eff of polyalanine helices of various lengths was calcu-
lated in vacuum, water, a lipid bilayer, and proteins. The
representation of the continuum membrane environ-
ment and the globular protein environment used in the
paper are shown in Figure 1. In vacuum, the dipole mo-
ment of an α helix increases linearly with peptide length
(Figure 2A). �eff calculated from the atomic partial
charges, and also that from the fitted charges, is similar
to the product of the dipole moment of the peptide
group (3.45 D) and the length of the helix, thus demon-
strating that the fitting procedure does not introduce
unphysical artifacts.
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Figure 1. Representation of the Implicit Membrane and Globular
Protein Environments F
(A) An α helix placed in a five-slab continuum electrostatic model a
of a biological membrane environment. The membrane is repre- (
sented as three slabs corresponding to the two head group regions (
and core region. For more details, see Sengupta et al. (2005). t
(B) An α helix in a globular protein depicted as a sphere of low m
polarity, � = 2. The two orientations in which the helix is placed in p
the protein correspond to the helix axis (a) along and (b) perpendic- s
ular to the radius vector. w

P

i

In aqueous solution, the solvent reaction field con- (
siderably lowers the effective electrostatic potential c

w(Figure 2B). �eff again increases linearly with peptide
Tlength but with a significantly smaller slope than in vac-
luum. As expected, the screening is even stronger at

non-zero ionic strength.
To estimate the magnitude of the reaction field dipole t

lmoment arising from the environment, the reaction field
potential for helices in water was calculated as the dif- t
ference of the electrostatic potentials around the helix
in water and in vacuum. The helix atom point charges e

pwere then fitted to the solvent reaction field potential
so as to obtain the effective charges best representing p

athe reaction field. The dipole vectors of the helix in vac-
uum and the reaction field dipole vectors in aqueous d

csolution are listed in Table 1. The magnitude of the re-
action field dipole vector is similar in magnitude to that e

aof the dipole vector of the helix in vacuum but points in
the opposite direction. Therefore, the effective dipole

fvector is the sum of the two nearly equal contributions
and is thus very small. Additional calculations (data not c

vshown) demonstrated that �eff scales with 1/�. Thus, in
a homogeneous medium all the charges are uniformly m

mscreened and the extent of the screening depends only
on the polarity of the solvent. c

t
sCharge Screening in Membranes

In a heterogeneous environment, such as in a lipid l
membrane, the situation becomes more complex. �eff

of the helices, now embedded in a membrane with the t
bhelix axes perpendicular to the membrane plane, are

shown in Figure 3A. �eff falls off approximately linearly s
mwith helix length until the helix spans the membrane

(28 residues), at which point the helix dipole moment t
mis reduced to its aqueous solution value and does not

change further with further increases in length. This in- i
pteresting behavior is the opposite of that in uniform me-

dia (Figure 2), in which lengthening the helix increases c
he dipole moment. The physical origin of the inverse
ength dependence is revealed by calculating �eff of a
wo-charge dipole.

For this calculation, charges of ±0.52e, generating
xactly the helix dipole of the 20-mer in vacuum, were
laced at a distance corresponding to the length of the
olyalanine helix modeled. A cylinder of diameter 5 Å
nd dielectric constant � = 2 was placed around the
ipole to mimic the associated dielectric boundary. The
harged cylinder was placed in the membrane model
nvironment, and the potentials were calculated as
bove.
As shown in Figure 3A, the length dependence of �eff

or the atomic-detail peptide is reproduced by the two-
harge dipole. This observation indicates that the re-
ersal of the slope of �eff versus peptide length in a
embrane is due to the inhomogeneity of the environ-
ent. As the peptide length increases, the terminal

harges approach the high-dielectric solvent which
hen screens them. Thus, the reaction field in the
urrounding water increases with increasing peptide

ength, decreasing �eff.
Most transmembrane helices tilt to varying angles in

he membrane. The tilt angle, q is defined as the angle
etween the helix axis and the normal to the membrane
urface. �eff versus q for the 10-mer, 20-mer, and 30-
er polyalanine helices is shown in Figure 3B. q = 0° is

he orientation in Figure 3A, with the 10-mer and 20-
er buried in the membrane and the 30-mer extending

nto the aqueous layer. When the helix axis is placed
arallel to the membrane plane, i.e., at q = 90°, the heli-
es are completely embedded in the membrane core.
igure 2. Effective Dipole Moment of Polyalanine Helices in Vacuum
nd Water as a Function of Peptide Length

A) Dipole moments calculated using the atomic partial charges
,,,), calculated by multiplying the 3.45 D peptide bond dipole by
he number of peptide bonds (-,,-), and obtained as the dipole
oment of the effective charges obtained from fitting the Poisson
otential in vacuum to point charges (—). Practically identical re-
ults were obtained using effective charges calculated in vacuum
ith the three-step fitting procedure described in Experimental
rocedures, thus demonstrating that the fitting procedure does not

ntroduce unphysical artifacts.
B) Dipole moments of α helices in water derived from the effective
harges calculated by fitting to the Poisson-Boltzmann potential in
ater at zero ionic strength (6) and at 0.15 M ionic strength (C).
he solid and dashed lines are linear regression fits to the calcu-

ated points.
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Table 1. Dipole Moments of Polyalanine Helices in Vacuum and Water

Dipole Moment [D] Dipole Moment Vector [D]

No. of Residues Water Vacuum Vacuum Reaction Field

10 0.45 37.4 0.0 −8.0 36.5 −0.0 8.0 −36.0
12 0.5 42.7 4.3 −3.9 42.3 −4.3 3.9 −42.2
14 0.6 50.7 −1.0 2.0 50.7 1.0 −2.0 −50.0
16 0.7 58.5 2.9 −3.9 58.3 −2.9 3.9 −57.6
18 0.8 65.8 2.0 1.0 65.8 −2.0 −1.0 −64.8
20 0.85 73.7 −0.5 −3.9 73.6 0.5 3.9 −74.4
22 0.95 80.8 2.4 −0.5 80.7 −2.4 0.5 −79.6
24 1.0 88.9 −1.4 −2.9 88.8 1.4 2.9 −87.4
26 1.15 96.0 2.9 −2.0 95.9 −2.9 2.0 −95.0
28 1.25 103.7 −1.4 −1.4 103.7 1.4 1.4 −102.2
30 1.3 111.2 2.4 −2.4 112.2 −2.4 2.4 −109.9
32 1.4 118.5 −1.4 −1.0 118.5 1.4 1.0 −116.6

The magnitude and direction of dipole moments of polyanine helices in vacuum and water is listed. The reaction field vector in water is
also given.
helix spans roughly the entire protein. For both cases,

Figure 3. Effective Helix Dipole in Transmembrane Helices

(A) Effective dipole moment of polyalanine helices (—) centered in
a five-slab membrane with helix axis parallel to the membrane nor-
mal as a function of the peptide length. The dashed line (---) corres-
ponds to the effective dipole moment of a two-charge dipole.
(B) Effective dipole moment of polyalanine peptides centered at the
core of a five-slab membrane as a function of the tilt angle, q. �eff

for polyalanines with 10 residues (-,,-), 20 residues (---), and 30
residues (—) is shown. q is defined as the angle between the helix
axis and the normal to the surface of the membrane.
Consequently, �eff is much higher than at q = 0° and is
approximately equal to �eff for the corresponding helix
in a homogeneous medium of � = 2. As q increases, so
does the shielding of the charges by the reaction field,
and hence �eff decreases. Interestingly, the 30-mer has
the largest �eff when placed parallel to the membrane
plane but the smallest �eff when placed along the mem-
brane normal. Most transmembrane helices have rela-
tively small tilt angles (w0°–40°), and therefore their
corresponding �eff values will be rather low.

Model Proteins: Principles of Helix Dipole Screening
Extending the analysis to calculate helix dipole
strengths in proteins, we first model a globular protein
as an uniform sphere of low dielectric constant (� = 2).
Two such cases are examined: in one the helix is much
shorter than the protein diameter, and in the other the
the helix is buried at varying depths in the protein in
the two orientations shown in Figure 1B, i.e., with the
helix axis parallel or perpendicular to the sphere radius.

We first consider a decaalanine peptide (w15 Å
length) positioned in a protein of radius 25 Å, corre-
sponding roughly to a molecular weight of 50 kDa. Fig-
ure 4 shows �eff versus the distance d from center of
the sphere. In both orientations considered, the reac-
tion field significantly screens the charges of the helix
even before it is exposed to the solvent. The screening
starts when the helix termini are within w5 Å of the
aqueous phase. In the interval 0 < d < 17 Å, the helix
oriented along the radius vector is closer to the solvent
than that oriented perpendicularly and is hence
shielded more by the reaction field (Case A, Figure 4).
However, on increasing the distance from the center,
one of the helix termini touches the surface of the
sphere and the helix is subjected to a complex dielec-
tric medium with the low dielectric protein at one end
and high dielectric water at the other end. The asym-
metric reaction field is not able to efficiently stabilize
the buried charges and the screening is lower, giving
rise to a less steep slope between 17 and 25 Å (Case C,
Figure 4). In the other orientation, with the helix axis
perpendicular to the radius vector, the termini of the
helix perpendicular to the radius are equidistant from
the aqueous phase at all values of d. The reaction field
set up at each helix terminus is equal, and �eff de-
creases smoothly as the distance from the protein cen-
ter increases (Case B, Figure 4) until it reaches its value
in the aqueous phase (Case D, Figure 4). Figure 4 quan-
tifies how the relative geometries of the helix and the
aqueous phase are important in determining the reac-
tion field set up and the extent of the screening of a
protein helix.

In a further set of calculations, a 20 residue helix
w30 Å length was positioned in a sphere of radius 15 Å,
corresponding roughly to a protein of 10 kDa. �eff ver-
sus the distance from center of the sphere is plotted in
Figure 5 for the same two orientations of the peptide
as in Figure 4. The same principle holds as for Figure
4, i.e., that the geometry of the aqueous phase around
the helix determines the extent to which the �eff is
screened. However, the shape of the plot is different
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p
afrom that of Figure 4. As in Figure 4, the helix perpen-

dicular to the radius vector is screened at both termini d
iuniformly. However, �eff is roughly constant and signifi-

cantly smaller since the termini are always very close N
pto the aqueous layer (Cases A and B, Figure 5). In con-

trast, the helix oriented along the radius vector exhibits t
ccomplex screening behavior. When the geometric cen-

ter of the helix coincides with the center of the sphere, s
tboth the helix termini are close to the aqueous layer

and the helix dipole is screened significantly (Case C, o
aFigure 5). However, when the geometric center of helix

is displaced from the center of the sphere, one of the 1
ftermini is embedded in the low dielectric sphere and

hence is poorly shielded. Thus, �eff increases until the i
thelix terminus coincides with the sphere center (Case D,

Figure 5) and then gradually decreases until it is fully t
rexposed to water, when �eff of the helix is equal to its

value in aqueous solution. 2
�Polyalanine helices of varying lengths are now con-

sidered in the above globular protein model (radius =
l15 Å). The effective dipole moment of the helices is
F
SFigure 4. Effective Helix Dipole of a 10-mer Polyalanine Helix in a

Large Globular Protein
E

Effective dipole moment of a decaalanine α helix as a function of t
the distance from the center of a low-dielectric sphere of radius r
25 Å. Two orientations are plotted: helix axis along (---) and perpen- p
dicular to (—) the radius. The dotted lines indicate the radius of the
sphere (25 Å) and the distance at which the peptide that is along
the radius touches the aqueous medium (17.5 Å). The radius also p
corresponds to the distance at which the center of the helix placed t
normal to the radius touches the surface of the sphere. t
lotted versus peptide length in Figure 6A. Two posi-
ions are considered. In the first position, the helix cen-
er of mass is at the protein center of mass. For this
osition, �eff decreases as a function of peptide length
s the ends of the helices approach the aqueous me-
ium. This behavior is similar to that of helices centered

n a membrane (Figure 3A). In the second position, the
-terminal of the helix is placed at the surface of the
rotein, and the “growing” helix extended into the pro-
ein interior. In this orientation, the decamer reaches the
enter of the protein and the 20-mer spans the entire
phere. In this case, two opposite effects are in play:
he increase of dipole moment with increasing number
f peptide bonds and the increasing proximity to the
queous medium of the C-terminal of the helix. For the
2-mer and 14-mer, the C terminus is sufficiently far
rom the aqueous layer that the dipole moment actually
ncreases as a function of peptide length. However, for
he 16-mer and the 18-mer the ends are close enough
o the aqueous layer to increase the magnitude of the
eaction field, and hence the net �eff decreases. For the
0-mer both the orientations in Figure 6A coincide and
eff is the lowest of the cases studied above.
A further interesting case is that of α-helical linkers,

inking two domains or two subunits. α-helical linkers
igure 5. Effective Helix Dipole of a 20-mer Polyalanine Helix in a
mall Globular Protein

ffective dipole moment of a 20-mer polyalanine α helix as a func-
ion of the distance from the center of a low-dielectric sphere of
adius 15 Å. Two orientations are plotted: helix axis parallel (—) and
erpendicular (---) to the radius vector.
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are important in the calcium binding proteins such as
calmodulin. To examine these cases, two globular pro-
tein models each of radius 25 Å were placed at either
end of polyalanine helices of increasing length. �eff ver-
sus peptide length for helices comprising of 10–30 resi-
dues is shown in Figure 6B. �eff is seen to increase with
peptide length, with magnitudes comparable to that in
a low-polarity medium, albeit with reduced gradient rel-
ative to that of a homogeneous medium of � = 2. The
situation of a linker is the reverse of that of the earlier
cases, since there is no preferential shielding of the ter-
mini, along the length of the helix. Thus, on adding
more peptide groups, the terminal charges still experi-
ence a medium of low polarity and �eff increases.

Effective Helix Dipole Moments in Selected Proteins
Finally, we examine atomic-detail models of selected
proteins embedded in an � = 80 dielectric continuum
(see Experimental Procedures). The proteins and the
helices examined are illustrated in Figure 7. The 12 resi-
due α helix in Flap endonuclease corresponds to Case
A in Figure 4. The value of �eff obtained is 17 D, which
is about half the in vacuo value and 40 times the value
in aqueous solution. This helix dipole is not affected by
the aqueous phase, and its electrostatic properties are
similar to those in a homogeneous � = 2 continuum.
Case C of Figure 4 corresponds to the 9 residue helix
of the retinoblastomer protein. Although this helix is
strongly solvent exposed �eff = 10 D, a value thirty
times higher than a fully solvent exposed helix.

Case A of Figure 5 corresponds to proteins such as
myoglobin in which the helix spans the entire protein. In
this case, solvent screening of the termini considerably
lowers the helix dipole of the 26 residue helix to �eff =
2 D, which is less than twice the value in water. In con-
trast, when only one terminus is solvent exposed, cor-
responding to Case D of Figure 5, the screening is
Figure 6. Effective Helix Dipole of Polyalanine Helices in Varying
Protein Geometries

(A) Effective dipole moment of polyalanine helices placed along the
radius of a low-dielectric sphere of radius 15 Å. The helices are
positioned in two ways. In the first, the helix center of mass coin-
cides with the protein center of mass (—). In the second, the N
terminus of each helix is placed at the surface of the protein, and
the growing helix extends into the protein interior (---).
(B) Effective dipole moment of polyalanine helical linkers. Two low-
polarity globular protein models are placed at either end of the
helices to model a linker between two domains (—). The corre-
sponding dipole moments in a homogeneous medium of � = 2 are
also shown (---).
much lower. An example of this geometry is the 27 resi-
due helix in the MyoD DNA binding domain for which
�eff = w23 D. Extending the analysis to α-helical linkers,
the �eff of the 28 residue linker of calmodulin equals
17 D. In this case only the terminal residues are buried
whereas all the nonterminal residues are solvent ex-
posed.

Discussion

The dipole moment of a helix is a macroscopic property
that can be used to determine electrostatic interactions
at distances that are large compared to the dipole
length. Near-field interactions, which would be impor-
tant in estimates of association free energies, are not
accurately represented by the dipole. Thus, the helix
dipole is likely to be inadequate for describing effects
such as phosphate binding and antiparallel helix motif
stabilization. However, a knowledge of the magnitude
of the helix macrodipole is of fundamental interest in
understanding protein biophysics and macromolecular
electrostatics (Creighton, 1993).

The strong vacuum macrodipole is counteracted in
aqueous solvent by an electrostatic reaction field due
to solvent reorganization. The charge-fitting method
presented here has allowed this reaction field and the
resulting effective dipole moment �eff to be estimated
for helices in various geometries in proteins and mem-
branes. The calculated effective helix dipole is found to
vary considerably in the different geometries and envi-
ronments considered. For example, in contrast to the
common assumption that the helix dipole increases
with length, a decrease in helix dipole strength with
increasing number of residues is seen in membrane-
spanning peptides. Therefore, it is of prime importance
to consider �eff before assigning any structural or func-
tional role to the helix dipole.

The results indicate that the following three rules of
Figure 7. Representation of Helices in Various Proteins Considered
in Our Calculations

The cartoon representation of helices considered for calculations
in the proteins Flap endonuclease (1A76), retinoblastomer protein
(1GUX, chain A), myoglobin (1A6N), and MyoD DNA binding do-
main (1MDY).
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thumb can be used to estimate a helix dipole moment. W
The rules derived are partly counterintuitive and do not p
always correspond to common assumptions. First, the r
dipole strength is determined principally by the posi- m
tions of the helix termini relative to the aqueous phase. t
The amount of solvent-exposed surface area does not
determine �eff. In cases where both the termini are bur- E
ied (at least 7.5 Å from the protein or membrane sur-

Sface), then the dipole moment is close to that of a helix
oin a nonpolar medium (e.g., � = 2) and can thus be
C

strong. This rule holds even for helices that, apart from w
the termini, are solvent exposed, such as helices linking w
domains as in calmodulin and troponin. �eff for helices s

Rburied in homogeneous apolar media are high. Thus,
bthe corresponding helix-helix interactions are likely to
tbe strong, favoring the antiparallel helix arrangement.
iAn example is of this is the antiparallel four-helix bundle a

motif in cytochrome b562 core (Lange and Hunte, f
2002).

The second rule of the thumb is that if both termini S
are solvent exposed, then �eff will be small and effec- G

Ttively the same as if the helix were fully solvated in
laqueous solution (� = 80). This leads to the observation
ithat �eff decreases with helix length for transmembrane
vhelices, the opposite length dependence to that in vac-
r

uum. This has consequences for de novo protein de- i
sign, in that elongating an α helix by adding residues g
with high helix propensity will not necessarily increase g

dthe helix dipole. Helices with terminal charges in the
aaqueous layer and the rest buried in a protein or bilayer
fcore have dipole moments as if they were positioned in
a

only the aqueous phase. Therefore, membrane-span-
ning helices or helices spanning soluble proteins have g
small �eff. Exposure of termini, and therefore low �eff, a

cmay favor parallel arrangement of helix bundles. One
cexample of this is the SNARE complex (Ernst and
wBrunger, 2003), which is a parallel four-helix bundle with

the helices exposed to solvent. Similarly, transmem-
i

brane peptides with the termini extending into the r
aqueous layer can associate in parallel arrangements. 2

Third, in cases where one helix terminus is solvent t
aexposed and the other buried, asymmetric reaction
cfield shielding can lead to a relatively high �eff. An inter-

esting example of this is the relatively high dipole mo-
rment of the “thumb” of the DNA binding proteins which
p

might contribute to binding to the DNA phosphate h
groups. Membrane helices with only one pole exposed o
to the solvent will have relatively large values of �eff. t

tThis may be of functional importance in preventing pro-
bton transfer in aquaporin (Tajkhorshid et al., 2002) and
4for providing ion affinity in the K+ channel (Doyle et al.,
a1998; Roux and MacKinnon, 1999) and the Cl− channel a

(Faraldo-Gomez and Roux, 2004). c
Helices with large dipole moments which are not part p

of helix bundles would be destabilizing in the absence c
cof other stabilizing charged groups. Thus, it is energeti-
dcally favorable to expose the helix termini to the aque-

ous layer and shield the helix dipole. For proteins such
Sas myoglobin where the helices have negligibly small
Edipole moments, it can therefore be postulated that in
t

the folded state there is no contribution of the helix di- t
pole to structural stability. s

Helix dipoles are fundamental to protein electro- 1
tstatics and may contribute to stability and function.
hether a particular helix has a significant dipole de-
ends on the solvent exposure of the helix termini. The
ules of thumb established here allow qualitative esti-
ation of helix dipole strength from graphical inspec-

ion of experimental structures.

xperimental Procedures

tandard polyalanine α helices (Creighton, 1993) (f = −57°, ψ = −47°)
f 10–34 residues in length were modeled at atomic detail using
HARMM (Brooks et al., 1983).The N- and C termini were blocked
ith acetyl and N-methyl groups, respectively. All the peptides
ere energy minimized in a dielectric medium of � = 2 using 1000
teps of “steepest descent” followed by 1000 steps of Newton-
aphson minimization applying harmonic constraints on the back-
one atoms (force constant 1 kcal/mol,Å2). The environments of

he all-atom helices were represented using continuum electrostat-
cs. Four environments were examined: vacuum, water, protein and

lipid bilayer. �eff was calculated in a three-step procedure as
ollows.

tep I: Calculation of the Electrostatic Potential
enerated by the Helix
he electrostatic potential around the α-helical peptide was calcu-

ated by solving the linearized Poisson-Boltzmann equation numer-
cally using the PBEQ routine (Im et al., 1998) in CHARMM. The
acuum and water dielectric constants were set to 1 and 80,
espectively. The calculations were performed at 300 K and 0.15 M
onic strength. The electrostatic potentials were calculated on a
rid with cell sizes 1.0, 0.5, and 0.3 Å. The potentials of the coarser
rid were used in subsequent focusing onto the finer grids. The
istance between the grid boundaries and the peptide surface was
t least 12 Å. The charges were taken from the CHARMM force
ield and the atomic radii were taken as the Born radii (Nina et
l., 1997).
A five-slab membrane model (Figure 1A) as introduced in Sen-

upta et al. (2005) was used to calculate the electrostatic potential
round helices in a lipid bilayer. In the five-slab model, the dielectric
onstants for the bulk water, head-group region and membrane
ore were set to 80, 10, and 2, respectively. The membrane core
as 25 Å wide, and both head-group regions were 8 Å in width.
Two models were used to calculate the helix dipole strengths

n proteins. In the first, simplified model, a globular protein was
epresented as a sphere of low polarity with dielectric constant � =
(Figure 1B). Two sphere radii were examined: 25 Å, corresponding

o a protein of approximately 50 kDa, and 15 Å, corresponding to
protein of w10 kDa. Outside the spherical region the dielectric

onstant was set to 80, corresponding to bulk water.
In the second set of protein calculations the whole protein was

epresented at atomic detail and embedded in an � = 80 continuum
hase. The partial charges for only the backbone atoms of the α
elix of interest were switched on, whereas the charges on the rest
f the protein were set to zero. The dielectric constant of the pro-
ein interior was set to 2, and the protein surface was defined as
he water-accessible surface. The potential arising from the helix
ackbone atoms was calculated on grid points up to a distance of
.5 Å from the helix and outside the van der Waals radii of the helix
toms. The proteins and their corresponding helices used for these
ll-atom calculations were as follows: Flap endonuclease (PDB
ode: 1A76 [Berman et al., 2000]; residues 58–70), retinoblastomer
rotein (PDB code: 1GUX; residues 569–577), myoglobin (PDB
ode: 1A6N; residues 124–149), MyoD DNA binding domain (PDB
ode: 1MDY; residues 194–220), calmodulin (PDB code: 3CLN; resi-
ues 69–96).

tep II: Fitting Atomic Point Charges to the Electrostatic Potential
ffective atomic point charges, qi

eff, of the helix atoms were ob-
ained by adjusting the charges to reproduce the electrostatic po-
ential generated in Step I. The fitting was performed using a least-
quares procedure similar to CHELPG (Breneman and Wiberg,
990) in combination with singular value decomposition. The elec-
rostatic potentials were mapped to a grid with 0.3 Å grid spacing.
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All points up to a distance of 4.5 Å from the molecule but outside
the atomic van der Waals radii were included. The total charge of
the helix was constrained to be zero.

Step III: Dipole Moment Calculation
In the third and final step, the magnitude and the direction of the
effective dipole was calculated as �eff = qi

eff ri, where ri is the posi-
tion of atom i of the helix.
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