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Abstract: We compare the structures and energies of -strands, a-helices, and 3;0-helices for capped
polyalanines, acetyl(ala)sNH;, for values of N from 2 to 18, using completely optimized mixed DFT/AM1
calculations. Non-pairwise additive cooperativity is manifest from the variation of the relative energies,
helical strain, dipole moments, and H-bond lengths of both types of helices, but especially for the a-helices.
While the gas-phase 310-helices are more stable for small polyalanines, largely due to the additional H-bond,
the a-helices become relatively more stable as the polyalanines increase in size.

Protein folding and the factors that control the stable folded  Theoretical studies of the relative energiesoefand 3o
structures remain among the most daunting problems facinghelices, as well as other secondary structures, have been
biochemistry today. To understand the factors that influence reported*—2! Notably, recent studies have compared fully
and control the eventual folded structures, one needs to be ableelaxed helices containing up to 10 residdeand infinitely
to evaluate the energetic contributions of various H-bonding long peptides using periodic modélstHowever, to the best of
motifs to the relative energies of the various secondary structuresour knowledge, no theoretical calculations that consider fully
that are commonly found in proteins. One of these secondary optimized geometries of helical peptides containing more than
structures, the-helix, derives its stability from the cooperative 10 residues have yet appeared.
interactions of the H-bonds in its three chains of H-bonding  We present the results of mixed DFT/AM1 ONIOM calcula-
interactions. The 3-helix, which forms two H-bonding chains, tions on the capped polyalanines, acetyl(@), for up to
also occurs in proteins @Helical fragments commonly occur N = 18. As we shall see from the discussion below, capped
near the ends af-helices! Experimental studies indicate that a-helical polyalanines containing fewer than 12 amino acid
helices tend to be unstable for short peptides. For example,residues are only predicted to be stable for acetyl{sld) and
Kemp has reported dramatic increases in helical propensity for acetyl(alajoNH..
solubilized_ polyalanines as they become Ia_r%ger. Calculational Details

Comparison of the energies af and 3o-helices to extended
structures without H-bonds can be important to the understand- e used the ONIOI#2*method as programmed in the G98nd
ing of the relative energies of these structures. When studied ©03° suites of computer programs. ONIOM divides the system into
as a function of peptide size, these energies provide important (g) Karle, I. L.J. Mol. Struct1999 474, 103.
insights into the effects of H-bond cooperativity on these relative (7) gjfaa"i”ey V. A} Alexandrescu, A. T.; Grzesiek,RBotein Sci.200], 10,
energies. While solvation energies make significant contributions (g) silva, R. A. G. D.; Yasui, S. C.; Kubelka, J.; Formaggio, F.; Crisma, M.
to the relative energies in solution, the energetics of the gas- o L?,'Jjgi'ﬁ’s,cp‘é_ 'éf;idae;:ir%?d,TM_Aig_iOAp%I_ygﬁéﬁ?%%ggbngél a404.
phase systems must be understood to determine these contribu4o) Kinnear, B. S.; Jarrold, M. Fl. Am. Chem. So@001, 123 7907.
tions. Several experimental studies have appeared on the11) Kinnear, B. S;; Kaleta, D. T.; Kohtani, M.; Hudgins, R. R.; Jarrold, M. F.

. ; ) J. Am. Chem. So00Q 122 9243.
conversion between these two secondary structures in so?uﬁon, (12) Counterman, A. E.; Clemmer, D. B. Phys. Chem. R003 107, 2111.
(13) Counterman, A. E.; Clemmer, D. E. Phys. Chem. B002 106, 12045.
(14) Mohle, K.; Hofmann, H.-JJ. Pept. Res199§ 51, 19.

as well as in the gas pha%é3 |
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)
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Figure 1. [(18).

up to three segments which can be treated at different levels of The current procedure also gave relative energies that agreed well with
calculational complexity. Thus, one can treat the essential part of the complete DFT optimizations for a series of five smalk-Belical
system at the high level, while the less critical parts of the system might peptides®

be calculated at the medium or low level. For this study we only used
two levels (high and medium). We treated the cores of the helices or

f-strands (equivalent to a corresponding peptide containing only T4 simplify the presentation, we shall adopt the nomenclature
glycines) at the high level, with only the methyl groups that distinguish 31(N), a(N), and A(N) to indicate the respective structures
alanine from glycine at the medium level. The high level used hybrid containingN alanines. Each peptide has one CO and one NH
DFT methods at the B3LYP/D95(d,p) level. This method combines from the capping groups in addition to those of the alanines
Becke’s three-parameter functioffalith the nonlocal correlation When we wish to distinguish between the H-bonds in the threé
provided by the correlation functional of Lee, Yang, and Pam.the H-bond chains of(N), we shall designate the interactions in
ONIOM method, there are unsatisfied valences in the high level at the he chai . fl h | 9 d 1 andv42
interface between it and the medium level. These valences were satisfieat e chains (counting rpmt e acety e_n MasM "',’m !
whereM can be any integee 0. Similarly, those in the two

by using the default method of capping them with a hydrogen atom in g :
the direction of the connecting atom in the medium level with-s-C chains of 3¢(N) can be designated by andM-+1. Thus,a(18)

distance of 0.723886 times the-C distance. We used the ANEL would contain three chains of six, five, and five H-bonds, while
semiempirical molecular orbital method for the ONIOM medium level. 310(18) would contain two chains: one each of nine and eight

All geometries were completely optimized in all (up to 561) internal H-bonds. ) )
degrees of freedom. Most structures are too large for the calculations #-Strands. As in a previous repof; we calculated the
of vibrational frequencies. However, vibrational calculations on several OPptimized structures of extendgestrand conformations of the
of the smaller structures (up 8 = 12) confirmed that the reported ~ POlyalanines to provide suitable references for the helical
geometries are true minima on the potential energy surfaces (PES), asstructures. Thes-strands generally assume a conformation
there are no imaginary vibrational frequencies. A detailed discussion (Figure 1) where the methyl groups on alternating ala residues
of the vibrational spectra will be presented elsewhere. are almost completely on opposite sides of the molecule, while
In a previous study of five 17-amino acid peptidse found little the methyl of the acetyl group remains roughly coplanar with
difference in relative energies between this procedure and another wherdhe C’s and N'’s that form the backbone. The backbone is slightly
the side chains (in this case, the methyls) were subsequently optimizedpuckered with CCNC¢), CNCC @), and NCCN {p) dihedral
using DFT, with the (previously optimized) peptide chain held fixed. angles of about 177—167, and 171, respectively. Aside from
the increase in chain lengths, the structures differ little from

Results and Discussion

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. each other abl increases.
A.; Cheeseman, J. R.; Zakrzewsk, V. G.; Montgomery, J. A., Jr.; Stratmann, 3,0-Helices. The structures of the helices (Figure 2
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, 0 . l&. . ( 9 ) .
K. N.: Strain, M. C.; Farkas, O.: J. Tomasi: Barone, V.: Cossi, M.: Cammi, present no real surprises. We found minima on the potential

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; —
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.; energy surfaces for alll&N) from N 2 to 18. The smallest

Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Structure, 3(2), contains only one H-bond. While it does

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. i i

B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, represent an energy minimum, the CorreSp.On(ﬁFgrand 1S

R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, ~more stable by almost 10 kcal/mol. The helices become more

A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. : :

W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, tlghtly wound as they become Ionger due to the sho_rter!mg of

J. A. Gaussian 98Revision A.11; Gaussian, Inc.: Pittsburgh, PA, 1998  the H-bonds that accompanies the stronger cooperative interac-

2001. : :

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; _Robb, M. tloqs. The dihedral angles’ NCCN}X’ near the Cente_r of the

é.; Chteere@anMJ”. R, hJ/Ior':Atgo?wery, J. AS., Jsr \T/revenJ TJ Kgdm, K. v helices increase from aboutl9® to about—22°, while the
urant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; . _

Mennucgi, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; CNCC dihedrals ‘k) decre'ase from Zi.bOUfBZ to —60° for

S\Ialrag%uh H Haga,, M.; Ehega, dM.; Joy}?_tta, K(-); F&ktll(da,i_ﬁ%-;ﬂaseg&wa, 310(5) and 30(18), respectively. The dihedral angles about the
.; Ishida, M.; Nakajima, K.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; : - -

Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, pepude C-N bond ) deviate mo_re from planarity for these

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J., Cammi, R.; helices than for thg-strands on-helices. They tend to be about

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; R . .
Salvador, P.; Dannenberg, J. J.;)/Zakrzewski, V. G.; Dapprich, S.; Daniels, 174° near the center of the helices. The dihedrals for the amide

A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D, C—N's nearest the acetvl end are about 165
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; X K y Lo
Clifford, S.; Cioslowski, J.; Stefanov; Liu, G.; Liashenko, A.; Piskorz, P.; o-Helices.Polyalanines could only be completely optimized

Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, _ :
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; to a-helical structures fou(8), OL(lO), anda(z 12)‘0”(55) could

(F%he_n,' W.E;3 Ov5vogg, M. w| Gor:)z_alebz, ch.; F?Xplzedoé. GAUSSIAN 03 not be optimized to any structure containingeehelical motif.
evision ; Gaussian, Inc.: Pittsburgh, s . . .
(26) Becke, A. D.J. Chem Phys1993 98, 5648. o(6), o(7), o(9), _and a(_ll) all formed hybrida/3;0-helical
(27) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. structures (see discussion below).

(28) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am.
Chem. Soc1985 107, 3902.
(29) Wieczorek, R.; Dannenberg, J.JJ.Am. Chem. So2003 125 8124. (30) Wieczorek, R.; Dannenberg, J. J., submitted for publication.
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Figure 2. 310(18), emphasizing the two H-bonding chains.
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Figure 5. Detail of the acetyl end ofi(18), illustrating the two H-bonds

ns. to the first C=0. The 3o interaction is in green.

All of the a-helical structures (Figure 3) that we were able these two H-bond ©-H’s tends to decrease &kincreases for
to completely optimize contain one H-bond reminiscent of a o(12) and larger (correspondinglb> 3), although it increases

3io-helix that links the terminal acetyl=€0 to the third alanine
N—H. As the same €O also interacts with the fourth alanine
to form a normak-helical H-bond, the O-atom forms a pair of

upon going fromM = 2 to M = 3 (see Figure 5). While there
are not many data points for each H-bonding chain witkx
3, this tendency becomes more apparent when one compares

H-bonds (see Figure 4). This feature makes the local geometrythe H-bond lengths within the H-bonding chains. Since this
near this end of the peptide atypical of the rest of the helix. structural feature exists in all eighthelices that we studied, it

Thus, the H-bond lengths and angles<G---H and O--H—

may be a general characteristicathelices, at least for those

N), as well as the dihedrals of the peptide backbone, differ formed from peptides terminated with an acetyl at their amino
substantially from those in the rest of the helix. For all the end. However, the observation that tiedelical O--H distances

o-helices in this study, thei@ H-bond is shorter than the
H-bond to the terminal €0. However, the difference between

14200 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004

decrease relative to theyg3ones in the bifurcated H-bonds
suggests that the former are becoming relatively strongéf as
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Figure 7. Helical strain per H-bond for helical peptides.

structures are less stable than the(I8) structures for most
values ofN explored in this study. Hybrid structures should
logically have energies between the parand 3 structures.

As the value ofN increases, more such conformations should
exist. Furthermore, structures analogous to these are likely
intermediates along the reaction path for interconversion
betweena- and 3¢-helices.

Helical Strain. Distortion from the extende@-strand struc-
ture to form either of the two helical conformations that we
consider will necessarily cause some steric strain. This increase
in energy caused by this strain will be more than compensated
for by the H-bonds that form within the helical structures. A
stable H-bonding distance will be established when decreasing
the O--H distance would induce as much additional strain as
it stabilizes the H-bond. We previously estimated this strain for
a(17) peptide at about 6.7 kcal/mdlfrom the H-bonding
interaction energies of the appropriate chains of H-bonding
formamides that had been previously calculg&adgether with
an estimate of the vibrational contribution to the difference in
enthalpies in th@-strand andx-helical structures. We use the
Figure 6. Structure of hybrid(11). Thet part is shown as tubes and the  same method to calculate the strain energies of the two helical
310 part as wire frame. forms as a function oN. As can be seen from Figure 7, the
strain energies per H-bond are always larger for than for
o-helices. Also, the strain per H-bond increases with the size
of the helix. More induced strain can be compensated for by
the stronger and shorter H-bonds in the larger helices (see
discussion of cooperativity below). We note that the helical
12 to 18, while the NCCNy() angle remains roughly constant  srain calculated for(17) is very slightly different from our

between—45" and —46°. previous report, as we used a slightly different method to
Hybrid Structures. Our attempts at obtaining optimized  calculate the energy of the helix.

structures for(N), whereN = 6, 7, 9, and 11, all led to hybrid Relative Energies and Cooperativity.In principle, one can

3.d/a helical structures (see Figure 6 for an example). In these jmagine the capped polyalanines formed from alanines, acetic

structures, the first one to three<©’s starting from the acetyl  acid, and ammonia from the following reaction:

end form 3¢-helical H-bonds, the second, third, or fourthFO

forms both 3¢ and o-helical H-bonds, while the remaining N alaninest acetic acidt ammonia—

increases. Thus, theg@H-bond could disappear far-helices
of sufficiently large size.

The helical dihedral angles CNC@)(near the center of the
helices decrease from abot61° to —58° asN increases from

H-bonds are typical of an-helix. Hybrid structures somewnhat acetyl(ala)NH, + (n+1) waters (reaction 1)
analogous to these have been reported for a crystalline hep- _ _ o
tapeptidé! and an undecapeptide in soluti#. From this reaction, we calculate the polymerization energy of

Determination of whether any other hybrid structures might the Peptide according to eq 1:
exist as local minima on the respective PESs go beyond the
bounds of this study. Nevertheless, we note that other hybrid
structures should exist as local minima on the PES. d(i (N+ 1)EH20 1)

Epolymerization= peptide ECH3COOH - ENH3 — NEjjanine ™

(31) Crisma, M.; Bisson, W.; Formaggio, F.; Broxterman, Q. B.; Toniolo, C. The energy used for alanine is that of the most stable
Biopolymers2002 64, 236. i H i _ i

(32) Monaco, V.: Formaggio. F.. Crisma, M. Toniolo, C.. Hanson, P.: conformation without the internal H-bond. The energies of
Millhauser, G.; George, C.; Deschamps, J. R.; Flippen-Anderson, J. L.
Bioorg. Med. Chem1999 7, 119. (33) Kobko, N.; Dannenberg, J. J. Phys. Chem. 2003 107, 10389.
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Energies of Reaction

Incremental stabilities
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-100 Figure 10. Increase in polymerization energy (from eq 1) upon addition

2 4 6 8 10 12 14 16 18 of one alanine residue.
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Figure 8. Energies of polymerization calculated using eq 1 for the different
conformations of the capped polypeptides.

Average O...H Distance

2.18
5216
Energy per Peptide Interaction

keal/mol
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relative to beta-strand

alpha
310

2 4 6 8 10 12 14 16 18

§214
©2.12
< 21
5208
5206
82
T2.04
202

T~ Alpha-Helix

N 310-helix

2 4 6 8 1012 14 16 18
Alanine residues

Figure 11. Average O,H distance as a function of the number of alanine
residues for helical structures.

number of interactions

Figure 9. Energy of helices relative t@-strand per H-bonding peptide

interaction. There is one more H-bond ingBelices than in isomeric .. . . .
s Minimum O...H Distances in Helices

o-helices.
210 =
reaction 1 for the completely extendgestrandsp-helices, and 208
3ig-helices as a function dl in the generic formula acetyl- £2.06 =2
(alanNH; are presented in Figure 8. The data indicate that the £204 - Alpha
3ic-helices are stable relative to tjfestrands for all values of 52.02 RN I .
N beginning with 3¢(3). This structure contains two H-bonds. T 200 1 310
As previously notedy-helices are minima on the PESs (8), o 1o
(10), and alla(N) whereN = 12. o(9) anda(11) could not 1:?
be optimized as stable-helical minima. They both spontane- 5 4 6 B 10 12 14 16 18

ously rearranged to isomeric hybrid3;¢-structures. The other number of alanines
a-helices all have some structural ambiguities near the ends. riguyre 12. Minimum O,H distances in helical structures.
The smallest stable-helix, a(8), has six H-bonds. Thus, each
of the three H-bonding chains contains two H-bonds. Figure 8 a- than for the 3,-helices. Figure 9 shows the energies per
immediately illustrates several important points. First of all, the H-bond becoming equivalent for the two helical conformations
downward curvature of the stabilities of both helices indicates for N = 18. However, the most compelling data that illustrate
the influence of H-bond cooperativity on the relative energies. this point come from a comparison of the incremental stability
On the other hand, those of th®strands are quite linear, for each conformation upon addition of another alanine residue
indicative of a simple group additivity relationship. Second, a (Figure 10). We obtain these values from the difference in the
rough extrapolation of the curve for the relative energies of polymerization energy (calculated using eq 1) for two peptides
the a-helices asN decreases suggests tlahelical structures containingN andN — 1 alanines. Thg-strands have virtually
with 5 < N < 8 would be stable versys-strands if minima constant incremental stabilities, while those for thelslices
corresponding to such structures were not unstable with respectappear to be approaching an asymptotic value of ab8utcal/
to the corresponding mixed/3;¢-helices. Third, although the  mol for N = 18. However, the incremental stabilities for the
3ig-helices are more stable in the gas phase than the isomerico-helices are more negative thai kcal/mol forN = 18, more
a-helices for all values ofN that we studied, the greater than twice that of the g-helices. Values fon-helices where
downward curvature for the-helix suggests that it would N < 12 are not included, as(7), a(9), ando(11) are not stable.
become more stable fod greater than about 20. The cooperativity is further illustrated by the data plotted in
Cooperativity. Both the 3o- anda-helices exhibit significant Figures 1+13. The G--H distance is generally taken to be an
amounts of cooperativity. As mentioned above, the curvatures indication of H-bond strength. We have previously demonstrated
of Figure 8 strongly suggest cooperative H-bonding. an approximately inverse proportional relationship for these
The same data, replotted in Figure 9 as the energy of quantities for the range of normal H-bond lengths in chains of
interaction per H-bond between ala residues, show that the H-bonding formamide3 Figure 11 displays the average-eH
energy per interaction becomes increasingly more negative asdistance as a function ®f for both kinds of helices. While the
N increases. The cooperativity is clearly much stronger for the average ©@-H distance decreases monotonically for both kinds

14202 J. AM. CHEM. SOC. = VOL. 126, NO. 43, 2004
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0..H distances in helix H-bond chains
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Figure 13. Shortest @-H distances in each H-bonding chain for helical
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nunmber of alanines
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alpha maximum

310 average
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Figure 14. Variation of H-bonding &0 distances with peptides size.

of helix, the decrease is much steeper fordhkeelices. In fact,
the average ©-H distances of ther-helices become less than
those for 3g-helices for values oN = 17 or more, despite the
observation that the;g-helices are still more stable. However,
one must remember that thg¢delices all have one more
internal H-bond than their isomeriz-helical counterparts.

In our previous studies of formamide chafanda-helices?®
we found the H-bonds nearest the center of the H-bonding chainsthe interaction of two equivalent dipoles. The series of three
to be the shortest. The shortest-® distance in each helical
structure is plotted v&l in Figure 12. Here, one sees that the Thus, the 13 interaction produces a cooperative component
shortest distances decrease withbut that the curves are not
monotonic. These same data are replotted in Figure 13 to showCooperativity can extend beyond the contributions of pairwise
the comportment of the ©@H distances in the three individual
H-bonding chains of then-helices and the two individual

H-bonding chains of the jg-helices. These chains can be

identified as having a number of H-bonds equivalenitoM

+ 1, andM + 2 for a-helices andvl andM + 1 for 3;¢-helices,
as previously noted. Plotted in this manner, the shortestHO
distances clearly decease monotonically within each H-bonding ditive cooperative H-bonding interactions have been shown to

chain.

Dipole Moment per C=0
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Figure 15. Dipole moments per carbonyl group of the three structures as
a function of number of €0O’s.

grows longer. This increase is significantly greaterd¢i) than

for 310(N). While any assignment of the component dipoles
within a molecule must be arbitrary, as they cannot be
individually measured, the component along the helical axis
could not increase by more than the vector sum of the individual
dipoles for purely electrostatic interactions. The observed
increase of dipole moment per carbonyl indicates that non-
additive cooperative effects must be important for both helical
motifs, but especially foo(N).

The nature and the origin of the cooperativity, and the
differing extents to which it is observed in the two different
kinds of helices, deserve considerable discussion. Cooperativity
can be defined in several different ways. If the stabilization
energy of three (or more) species be greater than expected from
sum of the equivalent direct pairwise interactions, the interaction
can be defined as cooperative. Such an analysis does not take
long-range (non-nearest neighbor) pairwise interactions into
account as direct interactions. For example, a series of three
equidistant, linearly arranged dipoles all oriented in the same
direction will have a greater electrostatic stabilization than twice

dipoles will have two +2 and one +3 pairwise interactions.
to the stabilization, which is purely electrostatic in this model.

interactions. Such enhanced cooperativity (sometimes called
non-pairwise additivity) cannot be attributed to electrostatic

interactions (which are purely pairwise additive). Extended

hydrogen bonding in peptide structures recalls H-bonding in

many molecular crystals and aggregates where nonadditive
cooperativity plays a significant rofé:3%In fact, these nonad-

determine the preferred polymorph in crystals of acetic &cid,

The G=0 distances for the H-bonding carbonyls lengthen urea$’” and cyclohexane-1,3-dioffe(which crystalizes as the
as the peptides increase in size (see Figure 14). FR@'€
nearest the center of the peptides have the longest distancesormamide molecules show an extraordinary degree of coop-
Here, the 3y-helices show a greater change thandhkeelices.
While cooperativity results in longer=€0 distances, another
factor might be the helical strain. The greater strain in the 3
helices may be partially manifest as lengthenedGCbonds.

The behavior of the dipole moments of the three kinds of additivity, as predicted by electrostatic interaction of the dipole
secondary structures further illustrates the cooperativity inherentMoments, predicts them to be only 1.5 times that of the dimer.
in the helical structures. Figure 15 illustrates the dipole moment Put another way, the calculated cooperativity is 200% of the
per G=0 group. The dipole moment @i{N) increases almost
linearly with N, as can be seen from the almost constant dipole (35) Weinhold, F.Theochenl997, 0166.

per carbonyl. On the other hand, those of both helices continue%?
to increase (to their presumably asymptotic limits) as the peptide (38

less stable enol). We have recently shown that chains of

erativity and, especially, nonadditive cooperativity in H-bonding

chains?® In particular, the strongest H-bonds (the two nearest
the center) of an H-bonding chain of 15 formamides are 3 times
as strong as that of a formamide dimer, whereas pairwise

(34) Ludwig, R.; Weinhold, F.; Farrar, T. Q. Chem. Phys1995 103 3636.
Turi, L.; Dannenberg, J. 3. Am. Chem. Sod.994 116, 8714.

)
) Masunov, A.; Dannenberg, J.Jl.Phys. Chem. B00Q 104, 806.
) Turi, L.; Dannenberg, J. J. Phys. Chem1992 96, 5819.
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stabilization of the formamide dimer, or 4 times the 50% the a-helices are better aligned with the helical axes than for
predicted by the electrostatic model. their 3o-helical conformations. Thus, the projection of an

The nonadditive component of the energetic cooperativity can, H-bond near the center af(18) on the helical axis is 0.98,
in principle, be due to one or more effects that are difficult to while that of a similar H-bond in 3(18) is 0.79. As the
distinguish from one another. Several effects that are frequently polarizability of the H-bond (and the=€0) should be greatest
invoked are polarizabilty, charge transfer, and covalent interac- along its axis, the effect of the overall polarizability of the helix
tion. All of these effects should result in geometric distortions should be greater on the H-bonds of the rather than g-
in real molecules. Comparing the effects of graded electric fields helices. Thus, the nonadditive cooperative effect due to polar-
with those of extended H-bonding can distinguish polarizability izability should be better foe-helices.
from the latter two effectd? Using this technique, we have The H-bonds in ther-helices are shorter within H-bonding
shown that the H-bonding in chains of the enols of cyclohexane- chains of equivalent lengtivl) of the o- than the 3o-helices.
1,3-dione, which is an excellent example of what Gilli calls These observations might be due, at least in part, to the higher
resonance assisted H-bondiffgcannot be explained by a  polarizability along thea-helical axis, as discussed above.
combination of electrostatic and polarization effeé€tRistin- Nevertheless, the shorter H-bonding distances would increase
guishing between charge-transfer and covalent effects presentshe s-orbital overlap between N and O atoms across the
another problem. While charge-transfer of less than an entire H-bonds, which would enhance any covalent interactions
electron implies a covalent interaction, the converse is not true. between H-bond donors and acceptors. The continmearbital
Put differently, while charge transfer can be taken as evidenceconjugation (except for the H’s) throughout each H-bonding
of a covalent interaction, lack of charge transfer cannot be takenchain suggests that resonance-assisted H-boffdmight be
as evidence for the absence of such an interaction. operative within each chain.

Alternatively, cooperativity can be addressed from changes We estimate the strain energy per H-bond to be about 1 kcal/
in physical properties. For example, the shortening of an mol greater for the more tightly woundg than for theo-helix
H-bonding interaction upon formation of additional H-bonds (see Figure 7). Greater strain energy should make the H-bonds
might be considered structural evidence of nonadditive coop- more difficult to form, hence longer than in the presence of
erativity 4! The change in dipole moment can be seen as anotherless strain. To the extent that the increased strain lengthens the
measure of nonadditive cooperativity. For molecules that only H-bonds of the g-helix relative to thea-helix, the effects of
interact electrostatically, the dipole moment of an aggregate will both the pairwise electrostatic and all of the nonadditive
simply be the vector sum of the dipole moments of the individual contributions mentioned in the three preceding paragraphs would
molecules. Dipole moments in excess of this sum constitute be attenuated for the;ghelices.
evidence for nonadditive cooperative interactions. Cooperative interactions in H-bonding chains must eventually

The cooperativity in the formation of the@and (especially) ~ reach asymptotic limits, or the energy of breaking an H-bond
the a-helical structures of this study meets all the relevant tests near the center of an infinite chain would, itself, approach
for nonadditivity. In particular, the H-bonds shorten while the infinity. Since the average chain lengths are slightly more than
C=0 bonds lengthen with increasing peptide size. The strongly 50% longer in 3¢ than in a-helices, as the ;g-helices have
nonlinear relationships of both the energy of polymerization one more H-bond and two rather than three chains, these should
(especially the incremental energy of polymerization) and the reach their asymptotic limit at shorter peptide length than those
dipole moments with increasing peptide size further confirm Of thea-helices. Our previous report on formamide chains shows
the nonadditive nature of the cooperativity in the helices. that chains of 9 and 10 formamides are already close to the

The a-helices have shorter and stronger H-bonds, and |argerasymptotic Iimi_t for the i_nteraction energies to be H-bonding.
increases in dipole moment, with increasing peptide size than These two chains contain 17 H-bonds between them, as do the
their 3i-helical counterparts (particularly when the number of WO chains of 3(18).
interactions per H-bonding chain is considered). Nevertheless, Each of the first three effects can act in concert with the
the above discussion cannot entirely explain the marked others. For example, the increased polarization shortens the
difference in cooperativity for the two kinds of helices that we H-bonds, allowing more efficient overlap for covalent interac-
have considered. Let us individually consider several possible tion. Both of these increase the overall dipole moment (and by
explanations for these observations: (1)dhbelices are more inference the local electric field at the H-bond), which results
polarizable; (2) covalent interactions in thehelices are greater in further polarization, etc. Thus, rationally assigning the relative
than for the 3¢-helices; (3) the two H-bonding chains in the importance of each would be quite difficult.
3,0-helices reach the asymptotic limits of their cooperativity for ~ Solvation Effects. We do not consider solvation explicitly
smaller peptides than the 3-H-bonding chainsidfelices; and ~ in the present study. Nevertheless, we believe that some
(4) the differential extents of strain in the two helical types can discussion of the expected effects of solvation would be
impede covalent interaction within the peptide H-bonds of the appropriate. Each peptide linkageCONH—, has one H-bond
3i-helices more than theix counterparts. donor at the NH and (potentially) two H-bond acceptors at the

Our optimized geometries for the two helical types confirm C=0. The numbers of available H-bonding sites (i.e., those not

the well-known detail that the<€0 groups and the H-bonds in ~ involved in intramolecular H-bonds) differ for the three second-
ary structures considered. Th&(N) structures contain no

(39) Dannenberg, J. J.; Haskamp, L.; Masunov) A2hys. Chem. A999 103 intramolecular H-bonds. Thus, all H-bonding donor and acceptor
7083. sites are potentially exposed to solvent. For the two helical

(40) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. S0d994 116,
909

(41) Williams, D. H.; Davies, N. L.; Zerella, R.; Bardsley, B. Am. Chem. (42) Bertolasi, V.; Nanni, L.; Gilli, P.; Ferretti, V.; Gilli, G.; Issa, Y. M.; Sherif,
S0c.2004 126, 2042. O. E.New J. Chem1994 18, 251.
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structures, only the H-bonding sites at the ends are completelymore available H-bonding sites and the latter (which is longer,
exposed to solvent. They®N) structures have two exposed but thinner) will have more surface on the sides of the helix,
—H’s at one end and two exposed=O’s at the other, while and thus more hydrophobic sites.
the a(N)’'s have three at each end. Thus, th@N) structures
can potentially form one more H-bond to solvent as donor and ) )
two more as acceptor than can the(B)’s. This structural The results of our calculations show thag(8l), which have
difference should render the(N) structures more soluble in ~ ©ON€ more internal H-bond than theircounterparts, are more
H-bonding solvents (such as water) than thl9)'s. stable thar(N) for short pep’Fldes, bul(N) becom.e.more stab!e
o . . . . for larger values oN. Both kinds of helices exhibit substantial
In principle, th? G=O's involved in the intrahelical H-bOI?ldS cooperative interactions, including significant components of
could form additional H-bonds using th.e other' lone pairs of onadditive cooperativity that cannot be explained by purely
the O’s as H-bond acceptors. However, interaction of a solvent glectrostatic interactions. This cooperativity is much more
molecule, such as water, to form a stable H-bond with one of gypstantial fora(N) than for 3(N) due to a combination of
these G=O's would likely disrupt the helical structure of factors (higher polarizability, increased covalent interactions,
polyalanine (or any other helix made from amino acid residues |ess strain, and more H-bonding chains) that symbiotically
with alkyl side chains). If water molecules simply interact with interact. The more potent cooperativity afN) is manifest
the sides of the helix without penetrating the spaces betweenenergetically (by increased stability per H-bond, particularly for
the methyl groups, the interaction would likely be less stabilizing incremental changes iN), structurally (by decreasing -©H
than the water/water interactions disrupted, and thus, hydro- distances ahl increases), and from dipole moments (the greater
phobic. Further work needs to be done in this area in order to upward curvature of dipole W§). The helical strain energy per
provide quantitative measures of the interactions of these andH-bond (which is greater for;g thana-helices) increases with
similar helices with individual water molecules. Nevertheless, N in response to the stronger, shorter H-bonds that result from
it is worthy of note that Hecht has designed de novo artificial the cooperative interactions.

non-natur_al proteins that fold in bund!es of fcmnhglices that Acknowledgment. This work was supported in part by grants
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observation that larger-helices are more stable and form more  ggministered by the American Chemical Society, and from PSC-
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cooperativity in the H-bonding within the helices. CUNY Graduate School computational facility.

The two factors discussed above suggest thatottelix
would be better solvated than theyBielix, as the former has

Conclusions
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