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Abstract

The proton affinities of the methyl estersfacetylated amino acids, Ac-Xxx-OMe, where Xxx is Gly, Leu, Phe, Pro, Glu
and Arg have been calculated and characterized at B3LYP{6+&(d,p) and compared against experimentally measured
values by the kinetic method. The proton is attached to the carbonyl group in five cases out of the six derivatized amir
acids. Proton affinities of 15 derivatized amino acids have been measured experimentally. The average absolute deviat
between theory and experiment is 1.2 kcalolThe proton affinities of all derivatized amino acids are higher than those
of the corresponding underivatized parents, reflecting the ionic hydrogen bonding stabilization. A Bader analysis of th
intramolecular hydrogen bonding within these protonated amides is presented. (Int J Mass Spectrom 219 (2002) 10111+
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction CH3CONHCHRCOOCH, where R is the amino acid
side chain.
Amino acids are the basic structural units of pep-
tides and proteins. Their structural and chemical ﬁ *;’ﬁ
properties have been heavily investigated by both C C o
theoretical and experimental techniques thereby pro- ch/ \N/ \C/ \CHS
viding valuable insights into the chemistries of pep- |L g

tides[1,2]. In a peptide, there are several functional
groups that can interact intramolecularly after proto-  The amino acid derivatives examined are Ac-Gly-
nation via hydrogen bonds. Relatively little is known OMe, Ac-Leu-OMe, Ac-Phe-OMe, Ac-GIn-OMe,
about the structural changes and the thermochemical Ac-Pro-OMe and Ac-Arg-OMe. Their calculated PAs
differences that may occur as a result of protonation. will be compared with experimental PAs measured
In this study, we calculate the proton affinities using Cooks’ kinetic method3-6]. These species
(PAs) of, and examine the ionic hydrogen bonding serve as models for ionic hydrogen interactions of
in, the methyl esters oN-acetylated amino acids, amide linkages in protonated peptid&s-10]
Complementary binding between functional groups
* Corresponding author. E-mail: chris@yorku.ca and similarities between these groups are both key
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concepts in understanding molecular recognition
in biochemical processes. However, calculating the
chemical properties of large peptides is extremely
time-consuming with current quantum chemical codes
for all but the smallest systems. The practical ap-

proach is to study a small model system that contains

the active site. In these biointeractions, the distribu-
tion of electron densityd(r)) is an important property
describing the manner in which the electronic charge
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affinity is being measured. From transition state theory
and assuming that abundances reflect rate constants
and that no reverse activation barriers ejdgtthen

(%)= (i)
k) [BH]+
N (Q_f) B PA PA(7) )
o* RTeft RTeft
where [BH]™ and [BHI" are the abundances of the

In

is distributed through real space and determining the protonated reference base and the unknown hase,
appearance or shape of a molecule. The structure andandQ* are the partition functions of the activated com-
bonding of molecules can thus be described in terms plex of the reference base and that of the unknown

of topological characteristics @f(r) and its Laplacian
(V2p). This approach has been well documented by
Bader[11]. Previously at the B3LYP/6-38+G(d,p)
level of theory, we have found stabilizing 5- and
7-membered rings involving hydrogen bonds to sta-
bilize protonated triglycine. The cyclization is a con-
sequence of hydrogen bonding of the type O—H\

and O-H- -0 [12]. For protonated triglycine, calcu-
lating the location £) of the bond critical point (CP,
defined byV p(rp) = 0) of these hydrogen bonds, the
value of p(rp) and its Laplacian at this point, and the
formation of ring critical points were found to be too
computationally intensive. In this paper we are, how-
ever, able to implement these topological calculations

base, PA() and PA are the respective proton affini-
ties, R is the gas constant, arids is a parameter in
temperature units that reflects the internal energy of
the dissociating heterodimer. For reference bases that
are very similar in structure to the unknown base, it is
frequently assumed th&@; = Q* and the InQ;/Q*)

term is zero. Thus, plotting In([B1]/[BH] ™) versus
PA(i) for a series of Bs will yield a linear plot with

the slope equal to Rl and with thex-intercept
equal to PA.

For cases in which Bs are not structurally sim-
ilar to B, but are structurally similar among them-
selves, plotting In([BH]*/[BH] ") versus PAi) for a
series of B's will still yield a linear plot. However,

on these smaller derivatized amino acid systems; this the y-intercept is now I0Q;/0*) — PA/RTe but the

permits us to view the hydrogen bonding interactions
using the Laplacian of the electron density.

The Cooks’ kinetic method3-6] is an effective
method for measuring the relative proton affinities of

slope is unchanged from RTg. Making the mea-
surements at several collision energies (sevégal
values) enables several plots to be made. A new plot
that charts the intercepts (i.e.({;/ Q) — PA/RTe

nonvolatile bases, such as amino acids and peptidesyvalues) versus the slopes (i.e., th®Td; values) will

as it does not involve generating a population of the

also be a straight line whose slope equals to the PA of

neutral bases in the gas phase. The method is basedhe unknown basgs].

on the dissociation of a proton-bound heterodimer of
the bases, and the logarithm of the relative rate of
dissociation of the two reaction channels is used to
estimate the relative proton affinities of the two bases:

[B;---H---B]t - B+ B;H", rate constani k;

[B;---H---B]tT — B, + BH", rate constant k

where B is a reference base whose proton affinity
is known, and B is the unknown base whose proton

The aforementioned intercept-versus-slope plot
is inherently straight as the two parameters are
correlated [6]. This correlation is minimized if
In([B;H]*/[BH] ") is charted against RA)—PAayg,
where Phyg is the mean PA of the reference
bases, instead of PA( the new slope in the
intercept-versus-slope plot equals the difference be-
tween the PA of the unknown base andsRARemov-
ing the inherent correlation allows proper statistical
evaluation of the quality of the data. The experimental
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proton affinities reported in this paper have all been Table 1

obtained using the above statistical treatment. Energetics ofN-acetylated amino acid methyl esters
Molecule Electronic ~ Thermal TAS
energies correctiond  (kcal mol1)
2. Computational methods : (hartrees)
Acetamide —209.23808 49.4 21.6
AcetamideH —209.57970  57.9 20.7
Each str r imization exerci n with
ac st.uctu € opt gto exercise bega ,t a Methyl acetate —268.41003  60.1 23.3
conformational search using Monte Carlo simulations \ethy| acetateft _268.73357  68.1 238
avalliable in SpartarﬁlS].. During the simulated an- N-Methyl acetate  —248.54820  67.4 231
nealing the molecule or ion was heated to 5000 K and n-Methyl acetateFi  —248.89973  76.6 23.7
subsequ_ently cooled 'Fo 300K. From each molecular Ac-Gly-OMe _476.43689 977 30.8
mechanics conformational search, the relative ener- Ac-Gly-OMeH* —476.79282 105.7 29.4
gies were calculated, and those conformers whoseAc-Gly-OMeH(a) ~ —476.77203  105.7 28.8
energies were within 5kcal mot of the lowest en- Ac-Leu-OMe —633.70717 172.1 38.5
ergy structure were then optimized at higher, more Ac-Leu-OMeH" —634.07073  180.1 37.5
reliable, levels of theory. The highest level of theory Ac-Phe-OMe —746.81914 170.2 40.2
; ; Ac-Phe-OMeH —747.18518 178.0 39.0
that we em_ployed was the den_sﬂy fupctmpal thgory AcPhe-OMeH (a)  _747.17681 178.5 392
(DFT) hybrid method, B3LYP, in conjunction with
: . : Ac-Pro-OMe —593.16881 139.6 335
the 6—_3J:%+G(d,p) basis sef14-22] avaﬂgble in Ac-Pro-OMeH- £0353907 1477 35
Gaussian 9823]. Table 1shows the energetics of the  ac-pro-OMeH (a)  —593.53274 148.0 338
Iow_est—en_ergy neutral and protonatwace_tylated Ac-GIn-OMe 79379261 154.5 38.6
amino acid methyl esters calculated at this level of Ac-GIn-OMeH* —724.16029 161.1 37.0
theory. All structures were characterized to be at min- Ac-GIn-OMeH*(a) ~ —724.16042 1613 36.8
ima via harmonic frequency calculatio@ble 2lists Ac-Arg-OMe —798.57294 192.7 432
the proton affinities of the amino acid derivatives cal- Ac-Arg-OMeH" —798.98591 201.1 42.6

culated from the electronic, rotational, vibrational and (Hagg — Ho) 4+ ZPE in kcalmot .

translational energies of the neutral and protonated

molecules. energy, and thermal energy required to calculate the
The gas-phase basicity (GB) of a base B is the enthalpy change of reaction 2 at 298.15K, respec-

free-energy changé G ,qg Whereas the proton affin-  tively. The constant BT/2 is the classical estimation

ity is the enthalpy change) Hy, ,qg, Of reaction 2. of the effect of gaining three translational degrees of
BHT — BTHT (2
Table 2
The GB and the PA of B are linked by Relative electronic energies, computed proton affinities and
gas-phase basicities (all in kcal mé) of N-acetylated amino acid
AGI?,ZQB = AH?,ZQB —T ASF,ZQS (3) methyl esters
AHY ,9g May be calculated from results of molecular MOIeCUI_e AE PA c8
bitéil calculations. Acetamide 214.4 207.3 198.6
or Methyl acetate 203.0 196.5 189.2
o N-Methyl acetate 220.6 213.0 205.7
AH{ 595= AEelect+ AEzpve(0) Ac-Gly-OMe 223.3 216.9 207.7
5RT Ac-Leu-OMe 228.1 221.7 212.9
+ AEint(298) + —— 4) Ac-Phe-OMe 229.7 223.4 214.3
2 Ac-Pro-OMe 232.3 225.8 217.0
whereAEgieq AEzpve(0), andAE;y:(298) refer to the Ac-GIn-OMe 230.7 225.6 216.2
| Ac-Arg-OMe 259.1 252.2 243.8

changes in electronic energy, zero-point vibrationa
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freedom (RT/2) for the proton plugRT, the PV work Table 3

term for the proton. Furthermore Reference bases and their proton affinity values in kcatol
Molecule Proton affinity
T AS; 208=(29815)[S(BH) — S(B)] py—
miaes
— 7.8kcal mol ! (5) CH3CH,CONH, 209.4
. HCON(CHg)2 212.1
where the constant 7.8 kcal mdl is the entropy of CH3CONHCHs 212.4
the proton at 298.15K. All entropies are taken from  CH3CONHGHs 214.6
CH3CON(CHs)2 217.0

the vibrational frequency calculations computed from
Gaussian 98. The basicity can then be determined byAmines

substitutingEqgs. (4) and (5)nto Eq. (3) Gas-phase g?H?’;\',:‘sz ;ig'g
basicities are also listed ifable 2 CsH/NH; 2194
The electron-density topology was determined us-  CsHgNH; 220.2
ing the AIMPAC series of programs, including the ~ CsHiuiNH2 220.7
CgH13NH> 221.7

new AIM2000 software packag§4]. The topo- CaHiNH» 2990

logical analysis invokes Bader's theory of “Atoms
in Molecules” (AIMs) [11] to extract chemical in-
formation from wavefunctions. The AIM approach, solutions containing 1 mM of the amino acid deriva-
analyzing the topological properties of charge density tive and 1 mM of the reference baseble 3lists the
by determination of critical points, provides a method reference bases used for edt¢lacetylated amino acid
of viewing bonds and, in this study, is used to detect derivative. The amino acids were commercially avail-
hydrogen bonds. The electron topology images were able (Sigma, St. Louis); they weid-acetylated and
produced and viewed with the graphical user interface O-methylated using standard proceduf@$]. The
Molden[25]. abundances of the protonated bases were measured
under essentially single-collision conditions with Ar
as the neutral gas at four center-of-mass energies:
3. Experimental 0.75, 1.25, 1.75 and 2.25eV. For a given amino acid
derivative, the In([BH]*/[BH]*) values were plotted
Experiments were conducted on an MDS SCIEX against PAi )—PAqyq for the four collision energy con-
(Concord, Ont., Canada) triple—quadrupole mass spec-gitions. The four intercepts were then charted against
trometer (TAGA 6000E). The electrospray probe was the four slopes to yield the PA of thi-acetylated
fabricated from an approximately 3-cm long, 33-gauge amino acid methyl esteEig. 1 shows the results for

stainless steel tube (Hamilton, ca. 30® i.d.) that Ac-Leu-OMe as an example.
had been attached to a length of 1/16-in. o.d. stain-

less steel tube with epoxy glue. The probe tip was

electropolished prior to use. Electrical biasing of the 4. Results and discussion

probe tip was achieved via a 50¥/current-limiting

resistor in series with a high-voltage power supply = The amide group is the universal functional group

(Tennelec, Model TC 950) set typically between 2.5 in all proteins. The amino acid derivatives examined

and 3.5kV. The electrospray current was monitored in this study have two types of carbonyl groups—

via a custom-built microammeter that could be floated the amide and the ester carbonyl groups. The intrinsic

above the ground potential. proton affinities of these two groups are revealed in an
Gas-phase proton-bound heterodimers of the examination of the model amidi;methyl acetamide,

N-acetylated amino acid methyl esters were generatedand the model ester, methyl acetate. The reference

by means of electrospraying 50/50 water/methanol PAs[27] of the two are 212.4 and 196.4 kcal mb)
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Fig. 1. Logarithms of the ratios of product ions against proton affinities of the reference bases at different collision energies for Ac-Leu-OMe

respectively, the protonation site being the carbonyl considerably higher than that of acetamide (the model
oxygen in both instances. The higher proton affinity of of the C-terminal amide) at 206.4 kcal maél Further-
N-methyl acetamide is due to resonance stabilization more, derivatization to the amide is significantly more
that places part of the positive charge on the nitrogen difficult than that to the ester.

atom, to hyperconjugation from the C-methyl group,

and to electron-donating effects of tNemethyl group. 4.1. N-Acetyl glycine methyl ester

H H Optimization of Ac-Gly-OMe at the B3LYP/6-3¢
\o* \o +G(d,p) level of theory yielded two lowest energy
g CHs C|>\ CHs structures that are within 2.0 kcal madlof each other
He \ITI/ Hsc/ ~ in terms of free energies. The lower-energy conformer,
H ||4 Ac-Gly-OMe (sed-ig. 2for all optimized structures of

neutral and protonatdd-acetylated amino acid methyl

These effects are less dramatic or absent in methyl esters), has its two carbonyl groupansto each other,
acetate, thereby accounting for its much lower PA. whereas the higher-energy conformer has theirs in the
From these data, it is apparent that protonation will cis position. The lowest energy structure for proto-
likely occur on the amide carbonyl oxygen, rather than nated Ac-Gly-OMe is Ac-Gly-OMeHi, in which the
on the ester carbonyl oxygen of the amino acid deriva- proton attaches to the amide carbonyl oxygen and
tive, provided that the side chain bears no functional hydrogen-bonds to the ester carbonyl oxygen, thus, re-
group with a high proton affinity (for example, the sultingin a compact 7-membered ring that contains the
guanidine group). Parenthetically, it may be debated O-H- - - O interaction. The hydrogen bond has a length
that theN-acetylated amino acid amides would make of 1.481 A and the O—H - O bond angle is 1639
better models of non-terminal residues in peptides and Contour line diagrams of the calculated Lapla-
proteins tharN-acetylated amino acid methyl esters. cian (V2p) concentration show that there are spheres
However, the protonation and bonding scenarios are of charge concentration and depletion surrounding
comparable; the PA df-methyl acetamide (the model each atom in a molecule. These spheres are distorted
of the N-terminal amide) at 212.4 kcal mdl is still in unique ways that provide insight into electronic
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Fig. 2. Optimized structures for Ac-Xxx-OMe and Ac-Xxx-OMéHat B3LYP/6-34-+G(d,p) with bond lengths in Angstroms and bond
angles in degrees.
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Fig. 2. Continued).
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Fig. 2. Continued).

the nuclei. Also the density(r) is relatively low in
value and the Laplacian is positive. The sign of the
Laplacian is determined by the positive curvature of
p along the interaction line. If the nuclei are linked
to form a ring then a ring critical point is found near
the center. Bader analysis revealed that there is a
ring critical point in this 7-membered rind-ig. 39

of Ac-Gly-OMeH' and an ionic bond within the
O-H-. .- O interaction with a Laplacian 0f0.15. In
contrast, the O—-H bond has a Laplacian -e1.44
and the electronic charge is concentrated in the in-
ternuclear region. These results thus confirm the
existence of the internal H-bond in Ac-Gly-OMeH
Other conformers of protonated Ac-Gly-OMe, e.g.,
Ac-Gly-OMeH™(a) which is an orthoester, contain
5-membered rings but with no hydrogen bond-
ing. The computed proton affinity and basicity for
Ac-Gly-OMe are 216.9 and 207.7 kcal ma| respec-
tively. The PA value agrees well with our experimen-
tal proton affinity of 2163+ 0.6 kcal mol2, and with

the literature value of 212 + 2.0 kcal mol! [27].
Density functional theory energetics deviate typically
by £2.0 kcal mot ! from the best experimental values
[28,29]

4.2. N-Acetyl leucine methyl ester

Geometric optimization yielded two neutral con-
formers of Ac-Leu-OMe of comparable energy; the
higher-energy structure is 0.8 kcal mél above the
global minimum, Ac-Leu-OMe. The structures of the
two conformers are quite similar. In comparison with
the glycine derivative, the leucine derivative possesses
a bulkier alkyl side chain, which is more effective in
spreading the proton’s charge through dtsystem.

As in Ac-Gly-OMeH", a 7-membered ring is formed
when the proton attaches to the amide carbonyl
oxygen and hydrogen-bonds to the ester carbonyl
oxygen. However, in Ac-Leu-OMeH, a shorter hy-
drogen bond of 1.470 A and a longer N-CR bond of

and bonding patterns and provide information on 1.490 A are formed. In a Bader plot (not shown here)
intramolecular hydrogen bonding. These types of in- aring critical point is present. Four higher-energy, but
teractions are dominated by the contraction of charge structurally similar, protonated conformers are within
away from the interatomic surface towards each of 6.5kcalmot?® of the global minimum, in terms of
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Ring critical point

Ring critical point

(b)

Fig. 3. Laplacian for (a) protonated Ac-Gly-OMe showing the ring critical point for the 7-membered ring; (b) protonated Ac-Phe-OMe
showing the ring critical point for the 6-membered ring; (c) protonated Ac-Phe-OMe showing the ring critical point for the 7-membered
ring; (d) protonated Ac-Pro-OMe showing the ring critical point for the 5-membered ring; (e) protonated Ac-Pro-OMe showing the ring

critical point for the 7-membered ring.
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Ring critical point

(d)

Fig. 3. Continued).
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Fig. 3. Continued).

free energies. The calculated proton affinity and ba-
sicity are 221.7 and 212.9 kcal md|, respectively;
these are 9.4 and 5.2 kcal mélhigher than those of
Ac-Gly-OMe. In comparison, our experimental PA is
2257 + 1.6 kcalmof .

4.3. N-Acetyl phenylalanine methyl ester

Two Ac-Phe-OMe conformers have been lo-

cated that are within 0.8 and 0.4 kcal mblof each

111

two structures. These are 6.4 kcal mbiin enthalpy
and 5.7kcalmot! in free energy. These energies
are likely to have underestimated the hydrogen-bond
energy as they also reflect the strain energies in
the 7-membered ring. Bader analyses unambigu-
ously established two ring critical points—one in
the 6-membered phenyl rindrig. 3D and the other

in the 7-membered ringF{g. 39, as a result of
the ionic hydrogen bond. The calculated proton
affinity and basicity of Ac-Phe-OMe are 223.4 and
214.3kcal mot?, respectively. The former compares
well with the experimental proton affinity of 228+

0.2 kcal mof?.

4.4. N-Acetyl proline methyl ester

Proline has an unusual amino acid structure in that
the amino nitrogen is in a 5-membered ring. Three
neutral conformers of Ac-Pro-OMe were obtained in
the conformational search and subsequent reoptimiza-
tion, the highest-energy structure being 1.0 kcalhol
higher in free energy than that at the global min-
imum, Ac-Pro-OMe. Again, protonation results in
the proton residing on the amide carbonyl oxygen
and hydrogen-bonding to the ester carbonyl oxy-
gen in the lowest energy structure, Ac-Pro-OMeH
The four lowest energy protonated conformers exist
within a free-energy span of 16.3kcalmél The
energy differences between Ac-Pro-OMeHand
Ac-Pro-OMeH"(a), in which the O—H-. - O hydrogen
bond is absent, provide another estimate of the strength
of hydrogen bonds in these structures. Here, values of
4.3 and 3.0 kcal mot! in terms of enthalpy and free
energy are obtained. These estimates are lower than

other, in terms of enthalpies and free energies. The those in Ac-Phe-OMe, in accordance with the longer

lower-energy conformer is structure Ac-Phe-OMe.
As in the above two amino acid derivatives, the
proton attaches to the amide carbonyl oxygen

and hydrogen-bonds to the ester carbonyl oxygen,

thereby producing a 7-membered ring, structure
Ac-Phe-OMeH . This hydrogen bond is absent in a
higher-energy conformer (Ac-Phe-OMg&kh)) and

hydrogen bond, 1.546 A, in Ac-Pro-OMéHhan the
analogous bond, 1.485A, in Ac-Phe-OMéHBader
analyses on the protonated proline derivative showed
ring critical points in both the 5-membered proline
ring (Fig. 39 and the 7-membered, hydrogen-bonded
ring (Fig. 38. Calculated proton affinity and basic-
ity are 225.8 and 217.0 kcal md, respectively. The

thus an estimate of the strength of the hydrogen bond former value is virtually identical to the experimental
can be obtained from the relative energies of these proton affinity of 2259 + 1.6 kcal molL.
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4.5. N-Acetyl glutamine methyl ester

The side chain of glutamine terminates in an amide
group. Geometric optimization revealed three low
lying Ac-GIn-OMe isomers that are within spans of
5.3 and 4.0 kcalmof! in terms of enthalpy and free
energy. In Ac-GIn-OMe, the lowest energy struc-
ture, a 9-membered ring exists as a result of inter-
action of the type, N-H - O, that involves the side
chain amide N-H and the N-terminal carbonyl oxy-
gen atom. In Ac-GIn-OMeH, the lowest energy
conformer of protonated Ac-GIn-OMe, the proton
resides on the carbonyl oxygen of the side chain
amide group and hydrogen bonds to the N-terminal
carbonyl oxygen. This isomer, however, is only
lower in enthalpy by 0.1, and in free energy by
0.3kcalmot?, than Ac-GIn-OMeH (a), an almost
identical isomer in which the proton attaches to the
carbonyl oxygen of the N-terminal amide group and
hydrogen-bonds to the carbonyl oxygen of the side
chain amide group. Both protonated Ac-GIn-OMe
isomers, Ac-GIn-OMeF and Ac-Gly-OMeH (a),

contain a 9-membered ring as a consequence of hy-

drogen bonding. In Ac-GIn-OMeH, the hydrogen
bond is quite short, 1.287 A, and the O—HO bond
angle is almost linear at 173, both characteristics of

a rather strong hydrogen bond. In Ac-Gly-OMe),

the hydrogen bond at 1.329 A is considerably longer
and weaker. The calculated proton affinity and basic-
ity of Ac-GIn-OMe are 225.6 and 216.2 kcal md|
respectively. The experimental proton affinity at
2266+ 2.9 kcalmot1 is slightly higher but the theo-
retical PA is still within the experimental uncertainty.

4.6. N-Acetyl arginine methyl ester

Arginine’s side chain terminates in a highly basic
guanidine group. Four low energy conformers of neu-
tral Ac-Arg-OMe were obtained. The lowest energy
structure is Ac-Arg-OMe. Protonation of arginine re-
sults in attachment of the proton to the imino nitro-
gen of the guanidine group and hydrogen bonding to
the ester carbonyl oxygen (Ac-Arg-OMéhi thereby
forming a 10-membered ring with an N-H O type

V. Addario et al./International Journal of Mass Spectrometry 219 (2002) 101-114

interaction. It is somewhat surprising that the guani-
dine proton prefers the ester carbonyl oxygen rather
than the more basic amide carbonyl oxygen. This per-
haps reflects a lower ring strain in the 10-membered
ring as well as the strong resonance stabilization in the
guanidine group. The hydrogen bond is relatively long
at 1.834 A with an N—H- - O bond angle of 171%
The proton affinity and basicity of Ac-Arg-OMe are
252.2 and 243.8 kcal mot, respectively. There is no
experimental proton affinity for Ac-Arg-OMe due to
the lack of suitable reference bases of comparable pro-
ton affinities.

4.7. Proton attachment to N-acetylated amino acid
methyl esters

In all six amino acid derivatives examined, proton
attachment results in dicoordination of the proton.
The proton attaches to the most basic site—in five
cases out of six, a carbonyl oxygen atom—and then
hydrogen bonds to a carbonyl oxygen atom. Thus, it
is apparent that intramolecular ionic hydrogen bonds
must be a regular feature in protonated peptides.
However, in protonated oligopeptides the formation
of proton bridges between adjacent residues is in
competition with those between residues that are fur-
ther away in the sequence, but may be nearby through
space in a given conformation. We have not observed
any conformers that have the proton in a coordination
number larger than two in amino acid derivatives that
contain more than two basic sites, e.g., Ac-GIn-OMe
and Ac-Arg-OMe.

Of the five amino acid derivatives for which there
are both DFT and kinetic method results, the av-
erage absolute deviation between the two sets is
1.2kcalmot!. By comparison, the average un-
certainty in the five experimental PA data is also
1.2 kcalmot . Thus, the difference between the DFT
and experimental results may be entirely due to exper-
imental uncertainty; however, there are too few data
points to draw definite conclusions. As pointed out
earlier, density functional theory energetics deviate
typically by no more than 2 kcal mot from the best
experimental valuef28,29] The deviations observed
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Table 4 acids (amines)Table 4, are attributable to the larger
Experimental proton affinities (kcalniol) of Ac-Xxx-OMe as ring sizes of the internally hydrogen bonded cations
obtained by the kinetic method . B .

formed by protonation of the amides. Glycine has a
slightly lower proton affinity than methylamine (211.9

Ac-Xxx-OMe Proton affinity Uncertainties PA(XXX)

Ac-Gly-OMe 216.3 0.6 211.9 compared to 214.9kcalmol). This is due to the
Ac-Ala-OMe 2210 0.4 2155 electron-withdrawing properties of the carboxylic acid
Ac-Val-OMe 223.3 1.7 217.6 ) .
Ac-Leu-OMe 295.7 16 218.6 group that is somewhat compensated for by the inter-
Ac-lle-OMe 225.3 0.8 219.3 nal hydrogen bond in the cation (structureR=H).
Ac-Phe-OMe  223.3 0.2 220.6

Ac-Pro-OMe 2259 0.7 220.0

Ac-Asn-OMe  230.5 1.0 222.0 NS

Ac-GIn-OMe  226.6 2.9 224.1 W, e o c=""H

Ac-Ser-OMe  223.6 15 218.6 y _/e.;/ I / I

Ac-Met-OMe 2245 2.0 223.6 e H—N

Ac-Cys-OMe  220.6 0.6 215.9 \C/ N_H N NG
Ac-Thr-OMe  223.4 0.6 220.5 : °© /C o
Ac-Trp-OMe  228.8 1.8 226.8 R A A5

Ac-Tyr-OMe 224.4 0.6 221.0 ; )

aValues for amino acids taken frof27].
The 5-membered ring il provides far from op-

in this study are entirely consistent with this general timum conditions for a hydrogen bond (N-HO
trend. Table 4lists the kinetic method results of the are not colinear). Esters &f-acetylated amino acids
five aforementionedN-acetylated amino acid methyl protonate on the oxygen of the amide group and the
esters plus those of another ten measured along withresulting cations are stabilized by hydrogen bonds to
them. The reference PA27] of the unmodified amino  the carbonyl oxygen of the ester (struct@eR=H).
acids are also listed for comparison. It is evident that In this structure, there is a 7-membered ring, and this
the PAs of all amino acid derivatives are higher, by provides a more optimal arrangement for the hydro-
0.9-8.5kcal mot?, than those of their unmodified gen bond. The result is a reversal of the relative proton
analogues, apparently reflecting the stabilizing effect affinities of the amine and the secondary amide, with
of the ionic proton bridge and better resonance sta- glycine having a proton affinity 4.4 kcal mol lower
bilization of theN-acetyl group. A few of the amino  than that of the methyl ester df-acetylated glycine.
acid derivatives such as those of methionine and glu- A similar situation occurs with leucine and proline,
tamine have proton affinities that are similar, 0.9 and and theirN-acetylated derivatives. In larger systems
2.5kcalmotl, to those of their parent amino acids. such as protonated triglycine both interactidnand
These derivatives have basic side chains that contain2 are evident in the lowest free energy isomers, but it
two or more methylene groups thereby providing the is the hydrogen bonding of typ2 that results in the
flexibility to create larger rings containing hydrogen lowest free energy12]. Although the hydrogen bond
bonds. These interactions then stabilize the protonatedlength for Ac-Gly-OMeH is short (1.481 A), the hy-
parent amino acids making their proton affinities drogen bond is best visualized and characterized by

comparable to the derivatized counterpB(]. the Laplacian of the density shown g. 3awhere
Primary amines and secondary amides have simi- the 7-membered ring with tygginteraction is shown.
lar proton affinities (methylamine and-methyl ac- Fig. 3c and ealso show this type of interaction for

etamide have values of 214.9 and 212.4kcalmhol ~ Ac-Phe-OMeH and Ac-Pro-OMeH, respectively.
respectively). The higher proton affinities of the Protonation of phenylalanine gives an jH
methyl esters oN-acetylated amino acids (secondary group that can be stabilized by two interactions
amides) relative to those of the corresponding amino simultaneously—one with the carbonyl oxygen as
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in 1, and the other with ther-system of the phenyl
ring. This enhanced interaction results in a proton
affinity close to that of théN-acetyl derivative, where
stabilization of the cation occurs through only one in-
teraction (se®). This is also the case for tryptophan
and tyrosine.

Unlike in other amino acids examined here, in glu-
tamine there are two sites of similar basicities (NH
and CONH) and the added proton will attach to one
site and hydrogen bond to the other. For protonated
glutamine, the resulting ring involving the hydrogen
bond contains seven atoms, while for the correspond-
ing acetyl derivative the ring is 9-membered. Rings of
these sizes can both comfortably accommodate a hy-
drogen bond, so the compounds have similar proton
affinities.

5. Conclusion

The proton affinities of fifteen methyl esters of
N-acetylated amino acids measured by the kinetic
method span a range of 216.3-230.5 kcalmhoThey
are all larger than the proton affinities of the corre-
sponding amino acids with the differences varying by
0.9-8.5 kcal mott. The calculated structures of six of
these derivatized amino acids indicate that the domi-
nant interaction is a hydrogen bond between the two
carbonyl groups forming a 7-membered ring. This hy-
drogen bond can be best visualized and characterized
by Bader plots of the Laplacian of the electron density.
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