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Electron Density Redistribution Accounts for Half the Cooperativity of a Helix Formation
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The energy ofx helix formation is well known to be highly cooperative, but the origin and relative importance

of the contributions to helical cooperativity have been unclear. Here we separate the energy of helix formation
into short range and long range components by using two series of helical dimers of variable length. In one
dimer series two monomeric helices interact by forming hydrogen bonds, while in the other they are coupled
only through long range, primarily electrostatic interactions. Using Density Functional Theory, we find that
approximately half of the cooperativity of helix formation is due to electrostatic interactions between residues,
while the other half is due to nonadditive many-body effects brought about by redistribution of electron
density with helix length.

Alpha helix formation in the gas phase is highly coopera- SCHEME 1: Schematic Representation of. Helical
tive: the energy per residue increases with increasing helix Dimers and Dimerization Energie$

length? Understanding the nature of helical cooperativity is
important from both conceptual and practical points of view: | Esa(n) |
in order to model cooperative energetics with empirical models
one needs to know the relative importance of the underlying P | N c E
physical effects. While cooperativity in helicest multiply | = peee n P-NC,,
stranded3 sheetg, and clusters of small molecufebas been
previously documented in the literature, the origincohelix
cooperativity and the relative magnitude of the many-body, P C, EP-C"
nonadditive contribution have not been quantitatively analyzed.
The increase in the energy per residue with helix length can T E r(n) |
be decomposed into two parts: first, the increase in the favorable
long-range, primarily dipoledipole electrostatic interactions # Ep-nc, Is the dimerization energy with the hydrogen bonded helix;

. ; ; Epc, is the dimerization energy with the helix from which two
(Scheme 1;E r(n)), as more residues become available to hydrogen bonded ALA residues are removg(r) = Ep_c, is the

interact W|th_; and s_econd, the increase in the strength of the long range contribution to the total dimerization enefsi(n) = Er_c,
short-range interactions (SchemeEbix(n)) due to the electron g, is the short range contribution to the total dimerization energy.
density redistribution with length which acts to enhance NC, represents a helix witm + 2 residues. Two hydrogen bonds
intrahelical hydrogen bonds. The relative contributions of these between the probe and the main helix are shown as dashed lines.
two effects have not been quantitatively decomposed in previous
studies.

Here we separate the short- and long-range contributions to
helix cooperativity by studying the dimerization energy of a
short probe helix with another helix of variable length (Figure
1 and Scheme 1). In one series of helical modetsNE,) the
probe helix (P) is hydrogen bonded to the main helix {NC
with both molecules sharing a common helical axis. Stronger
short-range interactions brought about by electron density
redistribgtion Wit.h length will be manifested in the strengths of Figure 1. Structural model of the dimer between the probe helix and
the two interhelical hydrogen bonds. In the other series (P ¢ 6 residue main helix, with hydrogen bonds shown in yellow. Carbon
Cn), the residues in the longer helix that hydrogen bond to the atoms are colored green if a residue belongs to P or N, and cyan if a

probe are removed and hence long-range electrostatic interac+esidue belongs to CAliphatic hydrogen atoms are not shown. P, N,
and G, are as defined in Scheme 1.
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energy of the dimer and the sum of the absolute energies of the (A)
isolated monomerskq = E(AB) — E(A) — E(B).

The two contributions to helix cooperativity described above
can be separated using the length dependence of these dimer-
ization energies. The long-range contributi@ng(n), is given
directly by Ep_¢,, as the short-range interactions are absent by
construction. The short-range contributidg(n), is obtained
by subtracting this long-range contribution from the dimerization 4 5
energy of the hygrogen bonded dimer8sg(n) = Ep-_nc, —

Ep-c,. (B)

The probe molecule has two ALA residues, while the main
helices range from 2 to 12 ALA residues in length. Termini are
capped with acetyl and-methylamide groups (ACEALA ,—
NME). All helical models have ideal geometries with standard
AMBER98 bond lengths and bond angfe§he backbone
torsional angles are set tp = —57°, vy = —47°. Ideal T T T T T T T T T
geometries provide the simplest system to study the origins of 3 8 s w0
cooperativity ina helical energies. Single-point dimerization
energies are computed using plane wave Density Functional (C)

Theory (DFT) with the PW91 exchange-correlation functional
and Vanderbilt ultrasoft pseudopotentials as implemented in the
VASP software (http://cms.mpi.univie.ac.at/vasp/vasp). This and
other DFT exchange-correlation functionals have been shown
to reproduce hydrogen bonding and conformational energies
obtained through other ab initio methods and experiments with " " " " " " " " ;
high accuracye3"° To test the accuracy of our plane-wave 5 6 7 8 9 10 11 12
PW91 approach, we computed hydrogen bonding energies of Number of residues n+2

several small molecule dimers and compared them with the Figure 2. (a) Dimerization energyEp_nc, Color scheme: blue
energies obtained using a local basis set (aug-cc-pV[D,T,Q]Z) (crosses), DFT energies; red (circles), AMBER98 MM energies. Black

. . . : (diamonds): relative energy of adding 2 residues to a monomeric helix
with the hybrid B3LYP exchange-correlation functiofialhe with n + 2 residues. (b) The long-range pétr(n) of the total

hydrogen bonding energies were very close to each other for gimerization energy. (c) The short-range p&gx(n) of the total
all molecules (data not shown). Since plane-wave DFT calcula- dimerization energy. All curves are offset to have zero energias=at

tions are of inherently periodic nature, each helical model was 2. n + 2 is the number of ALA residues in the main helixjis the
placed in a box of the size larger than the dimensions of the humber of ALA residues in the (part of the main helix.
molecule and replicated periodically through space. Convergencepenyeem = 4 andn = 12, while the corresponding MM energy
with respect to the box size and the number of plane wavesncreases by only 2.4 keal/mol (Figure 2a).
was explicitly tested in each case. We contrast these DFT \yg now proceed to decompose the chain length dependence
energies with pairwise additive energies obtained using the of the helix dimerization energy into short-range and long-range
nonpolarizable AMBER98 molecular mechanics (MM) force  contriputions. To isolate the long-range contribution, we truncate
field* implemented in the TINKER 4.0 molecular modeling o residues in the main helix that form hydrogen bonds with
packagé (http://dasher.wustl.edu/tinker). AMBER98 is used the probe (Figure 1) and recompute the dimerization energy
here to facilitate the study of nonadditive effects captured by (Ep_c,). As discussed above, the dimerization energy is domi-
the more accurate DFT description. While both Lennard-Jones nated by long-range, primarily electrostatic interactions in this
and Coulomb interactions contribute to the magnitude of MM 556 As shown in Figure 2b, the DFT dimerization energy
dimerization energies, the chain length dependence of the heliXjncreases by 3.0 kcal/mol for the 10-residue helix relative to
dimerization energy is dominated by long-range electrostatic he 2-residue helix. This increase is captured quite well by the
effects. MM force field (2.4 kcal/mol), consistent with the expectation
Using dimer models shown in Figure 1 and Scheme 1, we that two helices not forming interhelical hydrogen bonds interact
compute the dimerization ener@ nc, of the probe molecule  primarily via classical electrostatic interactions.
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with the mainn residuea. helix (which involves formation of We now have the total dimerization energy-nc, of the
two hydrogen bonds) and compare it with the relative energy probe hydrogen bonded with a helix, and the contribution to
of adding two residues to a monomedidelix: Enc,,, — Enc, this dimerization energy from the long-range interactions

While the absolute interaction energies of the probe with the (Ep_nc,). To determine how increases in the main helix length
main helix differ from those between residues in a connected increase the strength of the short range (primarily hydrogen
helix due to the absence of covalent connectivity, the change bonding) interactions between the probe helix and the two
in the interaction energy with increase in the helix length is hydrogen bonding partner residues in the main helix, we plot
quite similar (Figure 2a, compare black and blue lines). This the differenceEsg(n) = Ep-nc, — Ep—c, between the two sets
result justifies our use of helix dimers to study cooperativity in of dimerization energies as a function of the number of residues
the energies of monomeric helices, and is perhaps not surprisingn (Figure 2c). With DFT, the short-range interaction energy
as the strength of the covalent bonds is likely to be much lessincreases by 2.6 kcal/mol whenmgoes from 4 to 12. In the
sensitive to the effects of distant residues than are long rangeMM model, the short-range interactions are independemt of
electrostatic and hydrogen bonding interactions. There is aas expected, since the force field is pairwise additive and the
pronounced difference between DFT and pairwise MM ener- atom pairs contributing to the short-range interactions are
gies: the DFT dimerization energy increases by 5.6 kcal/mol unchanged. This difference in the short-range interaction ener-
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Figure 3. The difference in electron density at the two interhelical
hydrogen bonds produced by extending the main helix from 4 to

n= 7 ALA residues. Atom color scheme: blue, nitrogen; red, oxygen;
green, carbon. Regions where electron density is greater$o7 are
colored in gray; regions depleted in electron density ior 7 are
colored in gold. Electron density iso-surfaces correspond to the cutoff
of 3 x 10%e/au?

gies is responsible for the difference in the overall MM and
DFT dimerization energies evident in Figure 2a.

The increase in the strength of the short-range interactions
may be viewed in terms of hydrogen bonding cooperativity:
hydrogen bonds increase in strength due to redistribution of
electron density along the helix. We can visualize this effect
by plotting electron density contours from the DFT calculation.
As shown in Figure 3, there is an increase in electron density
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to be as high as 75% in long formamide chaih&ecause of

the many-body effects, nonpolarizable force fields can only very
approximately describe helix energetics as they underestimate
the cooperativity oft helix formation in the gas-phase by about

a factor of two. Reproducing the increasekzHn) with helix
length will be a good test for the next generation of polarizable
force fields. In aqueous solution, both the long-range and short-
range interactions will be screened significantly by solvent;
defining how this screening affects the balance between the two
contributions is an important area for future studies.
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