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o-Helical Peptides Are Not Protonated at the N-Terminus in the Gas Phase
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Amino acids and small peptides are zwitterionic under most Table 1. Proton Affinities? at the Four Positions Described in the
conditions. Consequently, biochemists often draw peptide and Text

protein structures in their respective zwitterionic structures. We have  o-helix NH, COOH c=0 c=0

recently shown that formamide chains show a very substantial Al 243.1 250.1 259.3 2585
preference for protonation on the termina=0O.! Protonation of Alais 212.6 272.3 274.0 274.7
these chains at the NHesults in rupture of the H-bond between Alagz 202.5 276.5 278.0 279.0

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 d
is not completely established, as the nitrogens protonated in the

J
formamide chains are amido, while those in peptides are amino, . ﬁ) z

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 e ’ : O')
J )

aValues given in kcal/mol.

than their “normal” counterparts.

Several groups have reported experimératati molecular orbital
studie$ on o-helical peptides that confirm H-bonding cooperativity.  rigure 1. Alanine (left) and N-protonated alanine (right).
We recently reported structural and energetic detaile-bElical
peptides containing up to 18 amino acids that clearly indicate that
the H-bonding chains in these structures are highly cooperéative. a-helix upon protonation in Figure 2 using (alajs an example.

Z;]r?i{)itibneghan\ﬁcﬁlmnl:g:g ::ztet:sivg-?:gg(pj)sergt]ivgto;”t]r?:r:d\?voﬁglrE)Se’ The neutral structureA, contains three chains of four H-bonds
S o . apiece. One has an-@H---O H-bond between the carboxyl OH
expected for the pairwise, electrostatic interactions employed by and a carbonyl, one has an-ki--O H-bond between the €0
most empirical modeling methodsas the proton affinity at the of the N-termin’aI alanine and an-MH; all the others are typical
terminal C=0 of these formamide chains increases markedly with amide N-H-+-O H-bonds B depicts th’e peptide protonated at the
increasing chain length, similar behavior farhelices might be N-terminus. A G H-bond from the €O to the—NHs* (analogous

anticipated. )
. to those found in plangi-strands) replaces the broken H-bond from
7 -
Here, we present ONIOMB3LYP/AML' calculations as pro the CG=0 of the N-terminal alanine that was part of a cooperative

grammed in Gaussian 9®n fully optimized structures of poly- hain. Th inal helical din I NCCN 1
alanines, (alg) (N = 8, 14, 17), that are protonated at the Sefsl:.s_;t;rrinr:n: elical dinedral NCCN angjg) pecomes 180

We have fully descrbed (1S procedre cloewietti specic  PO1OnAIon of the carboxyl occurs on its=0, as inC. The
helices chosen all have three chains containing equal numbers Ofproton of the COOH mlgrateg to the=® to which it was
H-bonds: two, four, and five foN = 8, 14 and 17, respectively H-t_)onded, analogous_to migrations of-MNs reporte_d for chams_
; ! T ) ' ’ * of five or more formamide$The protonated carboxyl is more acidic

We could not find optimized.-helical structures smaller than (ala) han the protonated amidic=€D to which it miarates. Protonation

for (ala); (which would have three chains of three H-bonds). than b . 9 ' o
(I;rrotonation of (ala)at N destroys its helical structure. We include of the other two proximate €0 groups ofA (both unsatisfied
the energetic dat: for @Iaimplzll to help define the trénds H-bond gcceptors) produgandE, each containing a new H-bond

The proton affinities (PAs) (see Table 1) at the CObH and to an adjacent €0 (that of the carboxyl foD, and that of the

next G=0 for E). As seen from the table, the PAs for these three

(P::O g?rt%upsc(e;é)csed t;o@s(e) at the N.S in each e)t()ainplt.e'“Alsqt‘hthestructures do not differ substantially. In each of these cases, a strong
S of the an groups increase substantially wi H-bond is formed from the protonated=®© (including the one to

increasing peptide size, while those at the Ns decrease. Thus, th"?/vhich the carboxyl proton was transferred @) to an adjacent

g'fﬁtifr’]\lc_f:rg].;h?ap'%? Ogétinc]:;)%Hl;nz:ﬁg?hueps rv(\)nthet:f 2fe the C=0. These participate in the H-bonding chains whose conjugated
Ini rapidly S 9 prosp m-systems traverse the H-bonds.

order being reversed by solvation becomes increasingly unlikely The PAs at the COOH and=€D groups of thax-helices exceed

Z;rtlri]r?epaetplilld(\j\;shi%?\(,vwlr?enr?er. The comparable PA of monomeric those reported for H-bonding formamide chains since (1) these lead

- protonated) h‘?s ghGbond from the to formation of the additional H-bonds shown fdrandE and to

NH to the adj_acent €0 asin Flgure 1is 228.8 kcal/m_ol. We the migrated OH proton i€; and (2) enthalpies (reported for the

could not obtain a stable, H-bonding O-protonated alanine. formamide chains) are smaller than energies (reported here) by
TOn leave from Faculty of Chemistry, University of Wroclaw, F. Joliot-Curie vibrational corrections. On the other hand] the _PAS atthe N-termlm
14, Wroclaw, Poland. of alas and ala; are less than for alanine, itself, ashelical

We illustrate the geometries of those structures that maintain an
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H-bonds are broken to the=€D of N-terminal ala in the two
N-protonated helices. As the broken H-bonds are stronge fer

=]
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PA of alg 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 (glgid (ala) suggest they are
globular forn values up to 20. However, (ala) with a lys at the

Supporting Information Available: Cartesian coordinates of the

relevant structures (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.

C-terminus is helical. MD simulations suggest the protonated lys References

H-bonds to a &0.° C, D, andE resemble the structure of ac-
(alaydysH" in ref 9b with H instead of lysH. Other energy

minima might exist for (alg) which may be globular like that of
(ala).

Hydration of the a-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, a-helical regions of proteins often form “bundles” that are
held together by hydrophobic interactions. Thus, they may not be
very well hydrated. The €0 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) terminahelical
regions of proteins should not be N-protonated. If the N-termini of
such helices become protonated, they lose their local helical
character; (2)a-helical bundles might provide facile sites for
protonation on €O groups; and (3) the-helical structures of
artificially synthesized peptides may be protonated near the COOH
terminus, especially in those solvent mixtures that have been
reported to promotex-helix formation (such as water/trifluoro-
ethanol) rather than in pure wafét?
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