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The gas-phase basicities of oligomers of alanine and valine have been determined by
bracketing measurements in an external source Fourier transform mass spectrometer. The
results are compared to the oligomers of glycine, which were reported in an earlier
publication, to observe the effect of the alkyl group and the increasing gas-phase basicity of
the monomer units on the rates of proton transfer reactions. Molecular orbital calculations
were performed on protonated triglycine and trialanine to determine how the alkyl groups
affect intramolecular interactions. The results show that a high degree of ordering of the
carbonyl groups is present in the protonated species. The carbonyl groups in turn order the
side chain alkyl groups and decrease the rates of proton transfer reactions in, for example,
the oligomers of valine. (] Am Soc Mass Spectroni 1995, 6, 91-101)

clues concerning the intramolecular interactions
found in proteins. It long has been known that
ions can strongly alter the thermodynamic and physi-
cal properties of peptides in solutions [1, 2]. Denatura-
tion of proteins is related to salt activity and has been
studied intensively [1-3]. Gas-phase protonation pro-
vides a method for investigation of the inherent behav-
ior of peptides in the presence of a single ion; it also
can provide information on intramolecular hydrogen
bonding interactions, which are important factors in
the tertiary and quaternary structures of proteins.
Gas-phase basicity (GB) and intramolecular hydro-
gen bonding are integrally linked in isolated organic
molecules. The first gas-phase basicities of amino acids
were reported nearly 14 years ago by Locke et al. [4, 5],
Lias et al. [6], and Moet-Ner et al. [7]. Intramolecular
interactions, particularly hydrogen bonding, can
greatly increase the basicity of an amino acid. For
example, the difference in GB between valine with one
amino group and lysine with two amino groups is
about 20 kcal/mol [4, 6, 8-12]. Gas-phase basicity
values, both absolute and relative, and proton affinity
values have been reported for the 20 naturally occur-
ring a-amino acids [4, 8-12). The GB values of pep-
tides are recent and deal only with small numbers of

The interactions of ions with peptides provide

Address reprint requests to Professor Carlito B. Lebrilla, Department
of Chemistry, University of California, Davis, California 95616.

© 1995 American Society for Mass Spectrometry
1044-0305,/95/89.50
SSDI 1044-0305(94)00106-A

residues. For example, the gas-phase basicities of
glycine oligomers [13-15] and some dipeptides [16]
have been reported.

Bracketing techniques have allowed us to determine
the gas-phase basicity values of oligomers of glycine
[14]. We found that an increase in the length of the
peptide chains increases the basicity to some degree.
With glycine oligomers, there is a significant increase
from the amino acid to the dipeptide (a 5.3-kcal /mol
increase), a slight increase from the di- to the tripep-
tide (1.1 kcal/mol), and no further increase as the
peptide chain is lengthened to the five amino acid
residue. From results of semiempirical molecular or-
bital calculations (AM1), we found that the increase in
basicity as a function of chain length is due to in-
creased intramolecular hydrogen bonding interactions.
Interestingly, a similar trend in the opposite direction
is observed in solution. The pK,, values of glycine
oligomers, which are associated with deprotonation of
the terminal amine (Reaction 1), decrease (the com-
pounds become less basic) as the length of the chain
increases (Figure 1) [17]. The opposite trend in aque-
ous solution is due to the effects of solvation. The
smaller amino acid allows close contact between the
protonated amine and the deprotonated carboxylate
groups (the compounds are zwitterionic in solution).
As the two groups are moved further away in the
peptide, both are stabilized by solvation, which de-
creases the effects of intramolecular interactions. In
both solution and gas-phase, however, intramolecular
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Figure 1. The plot of pK,, versus n of glycine oligomers in
aqueous solution. The acidity increases as the length of the
peptide chain increases. Values are taken from [17].

interaction is an important factor in the basicity of the
compound.
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Glycine is unique because it is the least basic amino
acid and it does not contain a side chain group. An
alkyl side chain is capable of introducing two major
effects. It can increase the GB of the amino acid. For
example, the methyl group of alanine makes it 3-7
kcal /mol more basic than glycine [6]. This trend con-
tinues to some extent in amino acids with larger alkyl
groups such as valine and leucine. In peptides, how-
ever, a large alkyl group also may produce steric
interactions that can interfere with intramolecular hy-
drogen bonding. This will specifically affect the GB of
the peptide because these interactions play a major
role in the stabilization of the protonated structures.
Also, it is difficult to predict whether or not the gas-
phase behavior of the glycine oligomers will be dupli-
cated in oligomers of amino acids that contain alkyl
side chains. The effects of increased amino acid basic-
ity and increased steric interactions can be deduced
from trends in the GB of the peptide.

In this report, we present the gas-phase basicities of
alanine and valine oligomers. Both amino acids have
greater GB than glycine because of the presence of the
methyl and isopropyl groups, respectively, as side
chains. The alkyl groups can produce steric interac-
tions when incorporated into the peptide. Experimen-
tal results are compared to theoretical calculations per-
formed with AM1 for triglycine and trialanine.

Experimental

Details of the experiments and the instrumentation
have been published in earlier reports [14, 18, 19]. The
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instrument was built in this laboratory and is con-
trolled by an Omega data system (lonspec Corp., Irvine,
CA); it is equipped with a 3-T superconducting mag-
net. Ions are produced by liquid secondary ionization
mass spectrometry with a Cs™ primary beam. The
protonated peptides are transported from the source to
the analyzer cell, by using a single stage quadrupole
rod assembly, where they are trapped for the length of
the reaction period. Proton transfer reactions with a
background pressure of a reference base (typically
between 1 X 10 * and 3 x 107° torr) occur during this
period. Pressure is determined by an empirical method
by using relative ion gauge sensitivities [20]. The rela-
tive sensitivities (R ,) of different gases were obtained
from the empirical equation

R, =036a + 0.30

where « is the polarizability, which can be obtained
either from the literature or from the empirical formula
[21]

4 2
a= (N)(ZTA)

where 7, is the atomic hybrid component for each
atom A in a given state of hybridization and N is the
total number of electrons. The average error in «o
determined by this method is less than 3% as con-
firmed by the calculation of compounds with known
polarizability. The error in R, is less than 20% as
confirmed by the calculation of rate constants of known
reactions.

All compounds used in the bracketing measure-
ments were obtained from commercial sources and
were used without further purification. Reference bases
were degassed by using several (at least three)
freeze—~thaw cycles. The bases were introduced into the
vacuum system via precision leak valves. Amino acids
and peptides were dissolved in deionized water and
applied to a glycerol matrix on a copper-tipped direct
inlet probe.

The pulse sequence used to evaluate reactions con-
tained a series of ejection pulses to isolate the proto-
nated peptide and was presented in the earlier report
[14].

Theoretical Model

Molecular orbital calculations were performed on an
Indigo Elan (Silicon Graphics Inc.,, Mountain View,
CA) computer by using the AM1 theoretical model [22,
23] contained in a molecular orbital package called
Spartan (Wavefunction Corp., Irvine, CA). The ratio-
nale for the choice of theoretical model and discussions
of its performance in predicting proton affinities was
provided in an earlier publication [23]. The graphics
interface feature of this program has been extremely
useful for identification of reasonable structures for the
global and local minima. All structures are fully opti-
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mized. For cach reported structure, several other con-
formations were analyzed to ensure that a local mini-
mum of a specific proton binding site was found.

Gas-Phase Basicity Scale

When this work began, the main source of gas-phase
basicity values was a compilation by Lias, Liecbman
and Levin (LLL) [6] of numerous gas-phase studies.
Very recently, two other basicity scales have been
introduced that redefine the high end (more basic part)
of the scale. A GB scale proposed by Moet-Ner and
Sieck (MNS) [24] increased the gas-phase basicity as-
signments of many organic amines that have GB val-
ues in the range of the compounds investigated for this
report. Another scale presented by Szulejko and
MecMahon (SM) [25] also reevaluated the high end and
produced values closer to the LLL scale, with many of
the values supported by high level ab initio caicula-
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tions. However, the SM basicity scale is not nearly as
complete as the LLL basicity scale. There are, for
example, only three compounds in the SM tabulation
with GB values within the range of the peptides we
studied. Furthermore, direct comparison of the abso-
lute values between the SM and the LLL scales pro-
duces differences in absolute GB values that are typi-
cally less than 1 kcal /mol. For consistency and conve-
nience, therefore, we decided to use the LLL scale
exclusively for this report, and all GB values are rela-
tive to the LLL scale unless otherwise noted.

Results

Proton Transfer Reactions

The presence of rapid or abrupt changes in reactivity is
used in this report to assign gas-phase basicity of
amino acids and peptides. After the protonated pep-
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Figure 2. Relative intensity profile of protonated dialanine reacting with (a) allylamine, GB = 207.9
kcal /mol (1.4 X 1078 torr), (b) n-propylamine, 210.1 (1.3 X 10™* torr), (¢) i-butylamine, 211.1
(1.2 X 107* torr), and (d) ethylmethylamine, 215.1 (1.1 X 10™* torr). The symbol I/Z[ represents
the intensity of the ion over all ion intensities. No reactions or extremely slow reactions are observed
in (a) and (b), whereas rapid reactions are observed in {c) and (d). The GB of dialanine therefore lies
between the GB of n-propylamine and i-butylamine.
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tide is transferred and isolated in the analyzer cell, it is
allowed to undergo proton transfer reactions with the
background pressure of a reference base. The behav-
iors of the relative abundance of a protonated peptide
in reaction with four different reference bases (at pres-
sures between 1 and 7 X 10~* torr) of increasing basic-
ity are shown in Figure 2 for dialanine. When the bases
are n-propylamine (GB 210.1 kcal/mol) and allylamine
(207.9 kcal /mol), negligible proton transfer is observed
over a period lasting up to 8 s (Figure 2a and b). Rapid
proton transfer is observed over the same period when
the bases are i-butylamine (211.1 kcal /mol) and ethyl-
methylamine (215.1 kcal /mol). The abrupt change in
reactivity between n-propylamine and i-butylamine,
which corresponds to a difference of only 1.0 kcal/mol
change in the GB values, allows simple assignment of
the GB of this dipeptide. However, compounds with
steric hindrance complicate assignments because their
general reactivities are decreased [26]. Alternatively,
reaction efficiencies, defined as the ratio k./kapo
where k., is the experimental rate constant and kapo
is the theoretical rate constant obtained from average
dipole orientation theory [27, 28], provide a more facile
indicator of changes in reactivity. Theoretical rate con-
stants are determined from the polarizability and the
dipole moment of the reference bases, but do not take
into account the structural features of the ions. Polariz-
abilities are available or can be closely approximated
by using the method of Miller [21]. Dipole moments
were obtained from the literature or were calculated
by using AM1 [22, 23]. Dipole moments obtained from
AMI1 were typically within 25% of the experimental
dipole moments and did not significantly affect the
value of the theoretical rate constants.

Rate constants were obtained directly from proton
transfer reactions (Reaction 2) by assuming a pseudo-
first-order behavior for the protonated peptides.
Derivation and manipulation of the rate equations
produces a linear relationship between the expression
In(1 + (BH*)/(AH™")) and reaction time (t), where
(BH*)/(AH") is the ratio of the abundances of the
protonated reference base and peptide, respectively.
The slope contains the rate constant of the reaction.
The example of the reaction of protonated valine with
s-butylamine is representative and shows the expected
linear behavior (R = 0.992; Figure 3a).

AH*+B->BH "+ A 2)

Dimer formation is often observed when the gas-
phase basicity of the protonated peptide and the refer-
ence base are similar (Reaction 3). The presence of the
mixed dimer in the spectra produces an additional
complication in the rate analysis that is dealt with by
using the steady state approximation. Manipulation of
the rate equations and plotting with respect to reaction
time similarly produce a linear behavior as illustrated
by the reaction of protonated trivaline and cyclohex-

] Am Soc Mass Spectrom 1995, 6, 91-101

3a

2 y = -0.061072 + 1.2215x R= 0.99225
= 1.54—
[} L
3 L
o) il

1
z [
[ -
i -
& 0.5+
£ I

o T T I T T T L

0O 0.2 04 06 08 1 1.2 1.4
time(s)

3b
3T y = 0.025422 + 0.2348x R= 0.99186
= -
< 2.5
: 24
5 -
e N
+
Z 15*
< [
= 1+
© N
m L
* 05—
T x

(0] T T T T — !

o} 2 4 6 8 10 12
time(s)
24

Figure 3. (a) Kinetic plot of direct proton transfer reaction
involving protonated valine and s-butylamine. The rate constant
is obtained from the slope. (b) Kinetic plot of proton transfer
reactions when dimerization is involved for the reaction of proto-
nated trivaline and cyclohexylamine. The rate constant is ob-
tained from the slope.

ylamine (R = 0.992; Figure 3b).

BH*+ A

AH*+ B —» BH"A (3)

7N

AH*+ B

Rate constants (and the reaction efficiencies) for the
reactions of protonated oligomers of alanine and valine
with selected groups of reference bases are provided in
Tables 1 and 2. Reaction efficiencies accurately predict
transitions between endergonic and exergonic reac-
tions [29, 30]. Efficiencies greater than 50% have been
shown to characterize exergonic reactions. The same
criterion has been used in this report to assign GB
values, that is, a reaction efficiency greater than 50%
indicates that the reference base has a GB value greater
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Table 1. Rate constants ( X 10™? cm® molecule™' s~ ') and
efficiencies (in parentheses) for the reactions of alanine oligomers
with selected reference bases

Reference base

(GB 300 K} Ala (Ala),  (Ala);  (Ala),
Dimethylformamide 0.07 0.15 0.17 0.09
{(203.6) (3) (7) (8} (5)
3-F-Pyridine 1.8 0.04 0.06 0.06
(206.2) (122) (3) (5) (5)
Allylamine 0.64 0.03 0.03 0.09
(207.9) (46) (2) (3) (7)
n-Propylamine 1.2 0.07 0.12 0.20
(210.1) (90) (5) (10) (18)
i-Butylamine 1.1 1.1 0.82 0.75
(211.1) (76) (85) (87) (61)
s-Butylamine 0.96 1.5 0.91 21
(211.7) (67) (117) (75) (178)
n-Ethylmethylamine 1.6 1.6 0.72 0.68
(215.1) (116) (128) (60} (58)

Table 2. Rate constants (x107° cm® molecule™! s7!)and
efficiencies (in parentheses) for the reactions of valine oligomers
with selected reference bases

Reference base

(GB 300 K) Val (val),  (vall, (val),
DMF 0.09
(203.6) (4)
c-Propylamine 0.03
(206.6) (2}
Allylamine 0.80 0.13 0.14 0.08
(207.9) (50) (10) {11)
n-Propylamine 1.70 0.13 0.12 0.08
(210.1) (134) (10) (11) (7)
s-Butylamine 0.73 0.22 0.22 0.22
(211.7) (54) (19} (19) (19)
c-Hexylamine 2.10 0.49 0.55 0.41
(213.4) (159} (42} (49) (37
n-Ethylmethylamine 1.10 0.89 0.56 0.40
(215.1) (88} (89) (52) (37
Di-ethylamine 1.20 0.99 0.65 0.36
(217.7) (104) (90) (52) (35)
Di-n-propylamine 1.30 0.89 0.80 0.65
(219.7) (100) (77) (73) (50}

than the peptide. For example, the efficiencies of proto-
nated alanine reactions show an increase from dimethyl
formamide (3%) to 3-fluoropyridine (100%). Reactions
of protonated alanine with more basic compounds
produce rate constants that are consistently at or higher
than 50%, with some fluctuations. The GB of alanine is
therefore assigned to lie between 203.6 and 206.2, or
204.9 + 1.3 kcal/mol. Our assigned value is slightly
lower than that reported in the literature, which ranges
from 206.6 to 208.6 kcal/mol [4, 5, 7, 11]. The uncer-
tainties listed in Table 3 correspond to the difference
between the assigned GB and the GBs of the reference
bases that bracket the peptide. One should keep in
mind the uncertainties in the GBs of the reference
bases when the uncertainty values are used.
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The oligomeric peptides (Ala),, (Ala);, and (Ala),
are all assigned the same GB—210.6 kcal/mol—be-
cause of the large change in efficiencies when the
protonated species are reacted with n-propylamine
and i-butylamine. For protonated dialanine this corre-
sponds to an increase in efficiency from 5 to 85%. The
efficiencies of reactions with protonated dialanine re-
main consistently high as reference bases with GB
greater than i-butylamine are used. The increases in
the efficiencies of trialanine and tetraalanine with the
two bases are not as large, but this is consistent with
the general behavior of these larger compounds. The
reactivity of trialanine indicates that it does not have a
GB greater than dialanine as measured by this tech-
nique. This behavior contrasts with the glycine series
where triglycine was found to have slightly greater GB
than diglycine. The high efficiencies of the reactions of
protonated trialanine with both i-butylamine and s-
butylamine, which are only 0.6 kcal/mol apart, con-
firm the upper limit of its GB. The reactivity behavior
of tetravaline does not differ significantly from either
di- or trialanine.

Assignments of the GB of the valine oligomers were
performed in a similar manner. Efficiencies of the reac-
tions of protonated valine undergo a large change
between cyclopropylamine and allylamine (2 and 59%,
respectively). The assigned value of 207.2 kcal /mol is
consistent with the range of literature values, which
are between 207.4 and 209.2 kcal /mol. Divaline under-
goes its largest change in efficiencies between n-
butylamine (9%) and cyclohexylamine (41%). This
difference in efficiencies is relatively small, but consis-
tent with the apparently poor reactivities of all the
valine oligomers (vide supra). The corresponding ef-
ficiencies of the reaction of protonated trivaline with
these two bases increase from 19 to 50%, whereas for
protonated tetravaline the increase is even smaller; the
efficiencies change from 17 to 37%. In any case, both
trivaline and tetravaline are assigned the same GB as
divaline. The reactivity of both peptides appears to
increase only slightly with compounds more basic than
cyclohexyl amine. The least reactive is clearly tetrava-
line, where the efficiencies between cyclohexylamine
and di-n-propylamine remain between 35 and 50%,
despite the difference of 6.3 kcal /mol between the GB
of the two reference bases.

Table 3. Gas-phase basicities of oligomers of glycine,
alanine, and valine. Values are referenced by using the
LLL basicity scale [6]

GB (kcal/mol)
n (Gly), (Ala), (val),
1 203.1 + 0.6 2049 + 1.3 207.3 £ 0.7
2 208.5 + 0.6 2106 + 05 2126 £ 0.8
3 2096 + 0.6 2106 £ 05 2126 + 0.8
4 2096 £ 0.6 2106 £ 05 2126 + 0.8
5 209.6 £+ 0.6
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The GB values of linear glycine oligomers (Gly,,
1n = 1-5) have been reported previously by using the
MNS basicity scale: large changes observed in the rate
constants were used to assign gas-phase basicities (Ta-
ble 3) [14]. The data have been reevaluated for this
report by using reaction efficiencies and the LLL basic-
ity scale. The assigned absolute values of all the glycine
oligomeric peptides change slightly with the use of the
LLL basicity scale. The use of reaction efficiencies,
instead of rate constants alone, does not alter the
relative ordering. Earlier we assigned pentaglycine to
be slightly more basic than tetraglycine. Reanalysis of
the data indicates no observable change in GB between
the two peptides.

Effects of Translational Excitation on Proton
Transfer Reactions

Translational excitation is a concern in this technique
where ions are produced externally and transferred to
the analyzer region of the Fourier transform mass
spectrometry instrument. Translational excitation also
can be obtained during the ion isolation step, when a
series of oscillating electric fields is applied to the
analyzer plates with frequencies near the cyclotron
frequency of the ion. The effect of this “off-resonance”
excitation is particularly strong when the mass-to-
charge ratio of the ions to be ejected is near that of the
trapped ion. lon isolation is, however, necessary to
minimize proton transfer reactions between the refer-
ence base and other protonated species. The net effect
of translational excitation is illustrated by the reaction
of i-butylamine with triglycine (Table 4). The mass of
triglycine (i /z 190) is close to the mass of the proto-
nated dimer of glycerol (m1/z 185); the latter is usually
ejected before the proton transfer reactions are allowed
to proceed. Under typical experimental conditions

Table 4. The effects of translational excitation on the rate
constants

Reaction Rates (cm?
Reactions conditions molecule™' s7)
[(Gly); + H'] Ejection 185, 1.6 x 1079
{m/z 190) =40V
with /-butylamine with pulse of N,
Ejection 185, V,, 1.4 x10°°
=40V
Ejection 185, V,, 1.1 x10°°
=76V
Ejection 185, V,,, 9.0x 107"
=12V
Ejection 185, V,, 6.8 x 1070
=155V
UGly)y +H"] Ejection 185, V,, 044 x10°°
{m/z 247) =13V
with n propylamine
Ejection 185, V,, 0.39 x 10°°

=42V

1 Am Soc Mass Spectrom 1995, 6, 91-101

(ejection pulse 10 ms, amplitude of 4.0 V peak to peak)
a rate of 1.4 X 10°? cm® molecule ' s is obtained.
Pulsing nitrogen gas into the analyzer chamber after
ion isolation increases the rate of the reaction to 1.6 X
1077 em® molecule ' s '. We commonly observe that
translationally excited ions have slower reaction rates.
For example, increasing the amplitude of the ejection
pulse to 7.6 V p—p decreases the reaction rate to
1.1 X 107? ecm?® molecule ' s . Increasing the ampli-
tude further to 15.5 V decreases the rate constant to as
low as 6.8 x 10 ' cm® molecule ' s '. When the
ejection pulse is further away, as in experiments that
involve tetraglycine and n-propylamine, the effect of
cjection pulses is diminished (Table 4). For example,
an increase in the amplitude by over a factor of 3 (from
13 to 42 V p-p) does not significantly decrease the
rates.

Translational excitation can make a compound ap-
pear more basic because it decreases the overall rate of
the reaction. A stronger base would be needed to
observe proton transfer reactions, but would increase
the assigned GB value. However, under these experi-
mental conditions, we find that translational excitation,
at least that due to off-resonance excitation during ion
ejection, can be minimized and does not appear to
interfere with the assignment of the GB.

AMT Calculations of Triglycine
and Trialanine

Molecular orbital calculations have been performed to
evaluate the protonated structures of triglycine and
trialanine. Earlier we [14] reported the results of AM1
calculations performed on protonated diglycine. The
qualitative results recently have been supported by
high level ab initio calculations [15)]. Both sets of calcu-
lations predict that the terminal amine is the most
favorable site of protonation in both glycine and
diglycine. Previously, we reported that the lowest en-
ergy structure for protonated diglycine involved hy-
drogen bonding interaction between the carbonyl
group amide and the protonated terminal amine
(Structure 1a). The results from ab initio calculations
suggest a structure with hydrogen bonding interac-
tions between the terminal amine and both carbonyl
amide and carboxylic acid groups that is only 0.47
kcal/mol less stable [15]. Further search of the AMI1
hypersurface produces a similar type of interaction.
Structure 1b shows distances of 2.498 and 2.106 A
between the terminal amine and the two respective
groups. The ab initio calculations produced a more
symmetrical interaction with distances of 2.291 and
2.247 A, respectively. The new structure 1b is, how-
ever, lower than 1a by 5.2 kcal /mol.

Structures 2a—f are the most stable protonated con-
formers of triglycine. These structures were chosen
because they represent various protonation sites on the
tripeptides. For example, Structure 2a involves proto-
nation on the terminal amine with hydrogen bonding
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to the three carbonyl groups, whereas Structure 2b
involves hydrogen bonding between the terminal
amine and the nearest carbonyl amide, and so forth.
Hydrogen bonding interactions, often characterized by
distances of less than 2.6 A between the hydrogen and
interacting heteroatom (e.g., oxygen and nitrogen) are
labeled by their distances. For every structure shown,
several other conformers were investigated but not
included for having higher relative heats of formation.
The lowest energy structure (2a) involves protonation
on the terminal amine with extensive intramolecular
hydrogen bonding interaction to possibly all three car-
bonyl groups. The N—H ---O=C bond distances are
2.673, 2.110, and 2.054 A between the hydrogen on the
terminal amine and the oxygen on the three carbonyl
groups. Other hydrogen bonding interactions also oc-
cur in the molecule, producing further stabilization
including the interaction within carboxylic acid that
forces this group to be cis-planar with respect to the
CO—O bond (CO---H—O distance of 2.281 A).
Conformational microvariations also are observed in
the AM1 calculations, even with peptides as small as
triglycine. For example, a conformation similar to 2a
exists (2a’) that has the same number and type of
H-bonding interactions but is 1.1 kcal/mol higher in
energy and contains different hydrogen bond distances
for the same interacting atoms. These structures fur-
ther illustrate the difficulty in finding the global min-
ima in molecules with extensive hydrogen bonding
interactions.

The other structures with protonated N-termini in-
dicate that maximizing hydrogen bonding of the amino
group with all the carbonyl groups generally provides
the most favorable interaction. For example, when the
carboxylic acid group does not interact with the proto-
nated N-terminus but instead with a neighboring car-
bonyl amide hydrogen (Structure 2a"), the heat of
formation is slightly higher by 4.3 kcal/mol. When
only one carbonyl amide is involved in coordinating
with the protonated terminal amine (2b and 2c), the
heat of formation increases by about 10 kcal /mol rela-
tive to the most stable structure. There is little differ-
ence energetically when interaction occurs with either
the neighboring carbonyl group (2b) or one amino acid
unit away (2c).

The most stable carbonyl protonated structure cor-
responds to 2d, where the two carbonyl oxygens of the
amides are linked by hydrogen bonding. This species
is only 5.9 kcal/mol less stable than 2a. Extensive
hydrogen bonding is also present in 2d, particularly
between the first amide hydrogen and both the termi-
nal amine and the acid carbonyl oxygen (2.533 and
2298 A, respectively). There appears to be a specific
preference, on the AM1 surface, for the first carbonyl
amide as the site of protonation; the second is less
favored by 6.1 kcal /mol (2d and 2e). This is somewhat
unexpected because both carbonyl groups should have
similar proton affinities.

Protonated trialanine structures analogous to the
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protonated triglycine structures are found on the AM1
surface. To facilitate direct comparisons between the
two sets, trialanine structures, which are closely analo-
gous to triglycine structures in terms of protonation
sites and intramolecular interactions, are given the
same letter designation. The trialanine analog (Struc-
ture 3a) of the lowest energy protonated triglycine
structure (2a) is also the most stable protonated triala-
nine structure. Extensive hydrogen bonding between
the protonated amine and the three carbonyl groups is
evident from the N—H --O=C distances of 2.606,
2.111, and 2.065 A. Steric interactions due to the pres-
ence of the methyl groups do not appear to prevent
hydrogen bonding interactions in this protonated
structure. Instead, the alkyl groups are projected radi-
ally from the site of protonation, minimizing steric
interactions. As with the protonated triglycine, we find
conformers with similar energies that utilize the same
combination of interactions. For example, 3a” is also a
local minimum analogous to 2a"”. However, the differ-
ence between 3a” and 3a is 7.4 kcal /mol compared to
4.3 kcal/mol between 2a” and 2a. The structures 2b
and 2c¢ also have analogs in trialanine as 3b and 3c,
respectively. The difference in the heat of formation
between 3b and 3a (12.3 kcal/mol) is again slightly
larger than the difference between 2b and 2a (9.9
kcal/mol). There is evidently greater steric interaction
in 3¢ because it is 17.8 kcal/mol less stable than 3a
compared to 10.7 kcal /mol for 2c relative to 2a. Sev-
eral attempts were made to locate a more stable struc-
ture for 3c; however, steric interactions appear to pre-
vent hydrogen bonding interactions between the amide
N—H group and the carboxylic acid group as in 2c.
In general we find that the difference in the heats of
formation between 3a and 3b-f is greater than be-
tween 2a and 2b-f. This may be the result of steric
interactions in structures 3b—f that destabilize these
structures relative to 3a. It is likely that the differences
would be further increased by the presence of larger
alkyl groups such as isopropyl (in valine).

Protonation of the carbonyl amide remains unfavor-
able compared to protonation on the terminal amine.
The structure 3d is less stable than 3a by 8.5 kcal /mol
compared to 5.9 for triglycine. Other structures where
the carbonyl amides are protonated (e.g., 3e and 3f) are
similarly unstable relative to 3a.

Discussion

All three series show an increase of GB values between
the amino acid and the dipeptide (see Figure 4). A
slight increase is further observed between di- and
triglycine that is not observed in the alanine and valine
series. The contributions of intramolecular interactions
in the dipeptide appear constant. For the three
oligomers this means a similar increase in GB between
the amino acid and the dipeptide that corresponds to
5.4, 5.7, and 5.3 kcal/mol for glycine, alanine, and
valine, respectively. An increase of the basicity of diva-
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line is consistent with observations reported by Gor-
man and Amster [16], who report a 2.5-kcal /mol dif-
ference between the two compounds. We observe a
higher increase, which is not unreasonable considering
the error limits presented in this and the other authors’
work.

The gas-phase basicity of the dipeptide and its rela-
tive value compared to the amino acid is consistent
with the intramolecular interactions depicted in 1a and
1b. The presence of two interacting base sites is remi-
niscent of the protonated dimers that have been stud-
ied [31]. In other words, a dipeptide can be seen as a
protonated amine solvated by a carboxylic acid or any
other carbonyl group that contains compounds. Linear
correlations between proton affinities and hydrogen
bond strength have been proposed [31] specifically for
binding of protonated amines with several other func-
tional groups. For the dimers, the correlation follows
the relationship

AH°, = AH°5(0) — bAPA
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For —NH™ ---O— bonds AH°,(0) = 30 + 2 and the
slope b = 0.26. Maximum binding occurs when the
proton affinity difference (APA) is zero. For meth-
ylamine and a carboxylic acid the average value is
about 20 kcal/mol. If an estimate for entropy is in-
cluded, that is, the entropy of formation of an eight-
membered ring from cyclooctane, the expected AG
would be 9 kcal/mol—not too different from the in-
crease of 5.4 kcal/mol observed between glycine and
diglycine. Correlation of proton affinity differences also
would explain the identical increase in GB between the
amino acid and the dipeptide for the three series, that
is, in all three the APA contribution should be similar.

The difference in GB between diglycine and
triglycine, though small, is supported by experiments
performed by other groups [13, 15]. The results of
molecular orbital (MO) calculations that involve the
triglycine and trialanine further support this behavior
and suggest that the increase in the experimental GB
should be even greater than that observed. The struc-
tures 2b and 2c of protonated triglycine are analogous
to the most stable structure of diglycine (1a) and share
the primary interactions found in the dipeptide. There
appears to be little difference between the interaction
of the protonated terminal amine with either the first
or second amide group because the energy difference
between 2b and 2c is only 0.8 kcal /mol. However, the
additional hydrogen bonding interaction provided by
the second amide group makes 2a about 10 kcal /mol
more stable than either 2b or 2c. The additional stabi-
lization would be consistent with a greater proton
affinity (—=AH) for the tripeptide than the dipeptide.
The increase in GB (—AG) obtained experimentally
(1.1 kcal /mol) is comparatively small. The comparison
of MO calculations of triglycine and trialanine suggests
that a similar increase in proton affinity also should be
present in the trialanine and the trivaline series. The
lowest structures found in both sets of calculations (2a
and 3a) are similar because the methyl groups of
trialanine do not appear to disrupt the intramolecular
hydrogen bonding interactions. Experimental GB val-
ues, however, do not exhibit this behavior. The GB
values of trialanine and trivaline are not observed to
increase relative to the respective dipeptides.

The small increase in the GB of triglycine relative to
the dipeptide and the absence of similar increases in
trialanine and trivaline is possible if the net change in
the entropy is negative. MO calculations suggest a
high degree of ordering due to the interaction of the
carbonyl groups with the protonated terminal amine.
Furthermore, experimental deviation in this method of
assigning GB values may not readily allow observation
of small increases in trialanine and trivaline. In this
regard, bracketing experiments that use equilibrium
reactions would be more accurate than the kinetic
reactions used here, but are not possible because a
background pressure of neutral peptide would not be
sustainable. It is not likely that translational excitation
would be the reason for the apparent lack of a large
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GB increase in the tripeptide. An increased transla-
tional energy, as we have shown, would actually in-
crease the apparent GB, slowing the rate and requiring
stronger bases to produce proton transfer reactions.

A high degree of ordering of the carbonyl groups
presents a situation not unlike those found in the
gas-phase solvation of ions or the formation of gas-
phase ionic clusters [32]. The carbonyl groups in these
small peptides could act in the same manner as the
inner solvation shell of the solvated ions. Moet-Ner has
recently shown that alkylation does not affect the inner
shell binding energies in protons solvated by amines
and alcohols [32]. These results are consistent with the
lack of a destabilizing effect of the alkyl groups on the
most stable structures of protonated peptides. The alkyl
groups in dialanine and divaline are positioned to
allow intramolecular interactions similar to those found
in diglycine. In protonated trialanine, the other proto-
nated structures appear to be destabilized relative to
the most stable structure (e.g., compare 3a and 3a”).
This indicates that steric interactions play a greater
role in destabilizing some structures and slightly favor
the most stable structure.

The most readily observed affect of the alkyl groups
is their interference in proton transfer reactions. This is
readily observed with the oligomers of valine and, to a
lesser extent, the oligomers of alanine. Proton transfer
reactions that involve divaline do not produce effi-
ciencies of 100% with the reference bases chosen for
this study. The efficiencies of analogous reactions that
involve trivaline and tetravaline are lower. For proto-
nated tetravaline, reaction efficiencies remain at or
below 50% despite relatively large changes in GBs.
These consistently low reaction efficiencies make as-
signment of the GB values for these compounds less
accurate. For tri- and tetravaline, the GB values should
at least be as large as divaline. There are no apparent
intramolecular interactions observed in the MO calcu-
lation of triglycine and trialanine to suggest significant
destabilization in the protonated tri- and tetravaline
structures.

In general, steric interactions between the proto-
nated peptide and the reference neutral base will cre-
ate problems in the determination of gas-phase basici-
ties of still larger peptides. The ability of alkyl group
interactions to slow proton or hydride transfer reac-
tions has been well established [33]. Steric interactions
at or near the site of protonation are already known to
significantly decrease the rates of even highly exer-
gonic reactions [26]. These experiments, however, in-
volve molecules where the protonation sites are
blocked directly. For example, the reactivity of proto-
nated pyridinium compounds is significantly de-
creased by the presence of large alkyl groups on the
ortho positions. In contrast, with protonated peptides
steric interactions are the result of ordering and not of
primary structural effects. The protonation sites are
blocked by the ordering of the alkyl groups that results
from the ordering of the carbonyl groups as the latter
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try to maximize interactions with the protonated amine
group. This behavior is supported by MO calculations
that predict that the most stable arrangement for pro-
tonated trialanine is structure 3a. The radial arrange-
ment of the methyl groups in protonated trialanine
appears to partially shield the site of protonation from
approach by a neutral base. This effective shielding
would greatly increase with amino acids that have
larger alkyl groups such as valine and leucine. The
problem for those measuring gas-phase basicity be-
comes particularly acute when the bases necessary for
deprotonation are themselves sterically hindered, such
as dialkyl amines or alkyl amines with large alkyl
groups such as cyclohexyl and s-butyl, and even t-
butylamines.
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