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Amino acids and small peptides are zwitterionic under most
conditions. Consequently, biochemists often draw peptide and
protein structures in their respective zwitterionic structures. We have
recently shown that formamide chains show a very substantial
preference for protonation on the terminal CdO.1 Protonation of
these chains at the NH2 results in rupture of the H-bond between
the N-protonated and the other formamides. This result suggested
that peptides that contain H-bonding chains that begin at the
N-terminus may not be zwitterionic. However, such a conclusion
is not completely established, as the nitrogens protonated in the
formamide chains are amido, while those in peptides are amino,
which are generally more basic. In solution, the probable effect of
solvation must also be considered, as the zwitterionic structures of
amino acids and small peptides are known to be better solvated
than their “normal” counterparts.

Several groups have reported experimental2 and molecular orbital
studies3 onR-helical peptides that confirm H-bonding cooperativity.
We recently reported structural and energetic details ofR-helical
peptides containing up to 18 amino acids that clearly indicate that
the H-bonding chains in these structures are highly cooperative.4

They behave similarly to the H-bonds in formamide chains,
exhibiting much more extensive cooperativity than would be
expected for the pairwise, electrostatic interactions employed by
most empirical modeling methods.5 As the proton affinity at the
terminal CdO of these formamide chains increases markedly with
increasing chain length, similar behavior forR-helices might be
anticipated.

Here, we present ONIOM6 B3LYP/AM17 calculations as pro-
grammed in Gaussian 988 on fully optimized structures of poly-
alanines, (ala)N (N ) 8, 14, 17), that are protonated at the
N-terminus, the COOH-terminus, and the adjacent CdO groups.
We have fully described this procedure elsewhere.4 The specific
helices chosen all have three chains containing equal numbers of
H-bonds: two, four, and five forN ) 8, 14 and 17, respectively.
We could not find optimizedR-helical structures smaller than (ala)8,
or for (ala)11 (which would have three chains of three H-bonds).
Protonation of (ala)8 at N destroys its helical structure. We include
the energetic data for ala8 simply to help define the trends.

The proton affinities (PAs) (see Table 1) at the COOH and
CdO groups exceed those at the Ns in each example. Also, the
PAs of the COOH and CdO groups increase substantially with
increasing peptide size, while those at the Ns decrease. Thus, the
differences in the PAs of the COOH and CdO groups with those
of the N-termini rapidly become so large that the prospect of the
order being reversed by solvation becomes increasingly unlikely
as the peptides grow longer. The comparable PA of monomeric
alanine at N, which (when protonated) has a C5 H-bond from the
NH3 to the adjacent CdO as in Figure 1, is 228.8 kcal/mol. We
could not obtain a stable, H-bonding O-protonated alanine.

We illustrate the geometries of those structures that maintain an
R-helix upon protonation in Figure 2 using (ala)14 as an example.
The neutral structure,A, contains three chains of four H-bonds
apiece. One has an O-H‚‚‚O H-bond between the carboxyl OH
and a carbonyl, one has an N-H‚‚‚O H-bond between the CdO
of the N-terminal alanine and an N-H; all the others are typical
amide N-H‚‚‚O H-bonds.B depicts the peptide protonated at the
N-terminus. A C5 H-bond from the CdO to the-NH3

+ (analogous
to those found in planarâ-strands) replaces the broken H-bond from
the CdO of the N-terminal alanine that was part of a cooperative
chain. The terminal helical dihedral NCCN angle (ψ) becomes 180°
versus-45.5° in A.

Protonation of the carboxyl occurs on its CdO, as inC. The
proton of the COOH migrates to the CdO to which it was
H-bonded, analogous to migrations of N-Hs reported for chains
of five or more formamides.1 The protonated carboxyl is more acidic
than the protonated amidic CdO to which it migrates. Protonation
of the other two proximate CdO groups ofA (both unsatisfied
H-bond acceptors) produceD andE, each containing a new H-bond
to an adjacent CdO (that of the carboxyl forD, and that of the
next CdO for E). As seen from the table, the PAs for these three
structures do not differ substantially. In each of these cases, a strong
H-bond is formed from the protonated CdO (including the one to
which the carboxyl proton was transferred inC) to an adjacent
CdO. These participate in the H-bonding chains whose conjugated
π-systems traverse the H-bonds.

The PAs at the COOH and CdO groups of theR-helices exceed
those reported for H-bonding formamide chains since (1) these lead
to formation of the additional H-bonds shown forD andE and to
the migrated OH proton inC; and (2) enthalpies (reported for the
formamide chains) are smaller than energies (reported here) by
vibrational corrections. On the other hand, the PAs at the N-termini
of ala14 and ala17 are less than for alanine, itself, asR-helical
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Table 1. Proton Affinitiesa at the Four Positions Described in the
Text

R-helix NH2 COOH CdO CdO

Ala8 243.1 259.1 259.3 258.5
Ala14 212.6 272.3 274.0 274.7
Ala17 202.5 276.5 278.0 279.0

a Values given in kcal/mol.

Figure 1. Alanine (left) and N-protonated alanine (right).
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H-bonds are broken to the CdO of N-terminal ala in the two
N-protonated helices. As the broken H-bonds are stronger forN )
17 than 14, the PA at N decreases as N increases. The N-terminus
PA of ala8 exceeds that of ala due to H-bonding in the (no longer
helical, but globular) peptide (likely one of several local minima).
Gas-phase studies of protonated (gly)n and (ala)n suggest they are
globular for n values up to 20. However, (ala) with a lys at the
C-terminus is helical. MD simulations suggest the protonated lys
H-bonds to a CdO.9 C, D, and E resemble the structure of ac-
(ala)19lysH+ in ref 9b with H+ instead of lysH+. Other energy
minima might exist for (ala)n, which may be globular like that of
(ala)8.

Hydration of the R-helices will alter the relative energies
calculated for the gas phase. Although we did not explicitly consider
solvation in this work, we can approach it in several ways. Explicit
water molecules should H-bond most strongly to the protonated
sites. ForB, one expects the-NH3

+ to be surrounded by waters,
which would likely further unravel the proximate helical structure.
Thus, hydration would destroy the local helical character, as it
stabilizes the positive charge. Use of a continuum solvation model
would favor the N-protonated form as the dipole moment of this
structure increases from that of the neutral helix upon protonation,
while those of the others decrease. However, since the methyl
groups that form the cylindrical “walls” of the helix are hydro-
phobic, the water molecules that contact these walls should
preferentially assemble to best preserve the liquid water structure
rather than counteract the dipole of the protonated helix. Further-
more,R-helical regions of proteins often form “bundles” that are
held together by hydrophobic interactions. Thus, they may not be
very well hydrated. The CdO groups that do not participate in the
helical H-bonds could be readily protonated in these “bundles”.
Clearly, further detailed investigation of solvation is indicated.

We conclude from these studies that (1) terminalR-helical
regions of proteins should not be N-protonated. If the N-termini of
such helices become protonated, they lose their local helical
character; (2)R-helical bundles might provide facile sites for
protonation on CdO groups; and (3) theR-helical structures of
artificially synthesized peptides may be protonated near the COOH
terminus, especially in those solvent mixtures that have been
reported to promoteR-helix formation (such as water/trifluoro-
ethanol) rather than in pure water.2f,10
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