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Herein, we demonstrate that the same fundamental para-
meter lies behind such disparate phenomena as folding of
proteins in solutions and fragmentation of peptide cations in
the gas phase. This parameter is the gas-phase basicity (GB)
of backbone carbonyl groups. GB relates to the free energy of
accepting a proton, and it is responsible, for example, for
protonation of polypeptides in electrospray ionization
(ESI).[1] GB values of free amino acids and short peptides
have been measured experimentally,[2,3] but these studies
could not separate the effects of other groups from the
basicity of the backbone carbonyl groups. Zhang provided the
first GB estimates of backbone amides[4] from a kinetic model
of peptide fragmentation. The model was trained on mass
spectrometry (MS) data obtained in proteomics research,[5–9]

a valuable source for fragmentation studies.[10–12] However,
the kinetic model did not separate basicities of backbone
carbonyl groups from those of the NH groups.[4, 13] Herein, we
derive carbonyl group GB values by using a different model
of fragmentation and larger statistics.

The generally accepted peptide-fragmentation mecha-
nism (Scheme 1) is based on proton mobilization onto the
backbone carbonyl group oxygen of the nth residue with
subsequent attack by the (n�1)th carbonyl group oxygen
center on the partially electropositive carbon atom of the
protonated carbonyl group.[14, 15] Subsequent proton transfer
to the nitrogen atom results in C�N bond cleavage
(Scheme 1).[16] Similar to the kinetic model,[4,13] the rate of
intramolecular proton transfer is considered faster than the
bond rupture. Protons are assumed to be statistically dis-
tributed over backbone carbonyl groups according to their
basicities. The rate constant of the proton transfer to the
nitrogen atom is the same for all amino acids. The model
predicts the cleavage probability to be determined by the

frequency of protonation of the nth carbonyl group, that is, by
the carbonyl group basicity of the nth residue. If the carbonyl
group is engaged in long-lived hydrogen bonding, its ability to
accommodate additional protons will be reduced. However,
in tryptic peptides that are 10–12-residues long and activated
during the collisionally activated dissociation (CAD) process
to 200–400 8C,[17] neutral hydrogen bonding is relatively short-
lived and does not cause major disruptions of intramolecular
proton transfer.

The predictions of the carbonyl group basicity model was
tested on dications of tryptic peptides, the most abundant
ionic species in ESI-based proteomics.[18] In these species, one
charge is sequestered at the C-terminal Lys or Arg residue,
whereas the second mobile charge is located close to the
N terminus.[19] Amino acids Arg, Lys, and Trp, which are
rarely found in internal parts of tryptic peptides, were not
considered. Cysteine was also excluded as its side chain is
usually alkylated prior to MS analysis. The remaining 16
amino acids were separated into a core group (Ala, Gly, Phe,
Ile, Leu, Met, Pro, Ser, Thr, and Val) and a special group of
residues whose side chains form hydrogen bonds with their
own amides,[3] that is, Glu, Asp, Gln, Asn, and His. Side chains
of Glu and Asp can donate a proton to the carbonyl group,
which enhances cleavages after these residues, especially after
Asp.[20] Gln and Asn are known to promote NH3 losses,[21]

which can involve cyclization interfering with C�N bond
cleavage. The high basicity of His can obstruct intramolecular
proton flow as the His side chain can capture the mobile
proton and then donate it to its backbone carbonyl group.[14,22]

As formation of b1 and b2 ions are special cases,[16,23] CAD
statistics only included cleavages leading to yk�3!yk�7 frag-
ments (k is the peptide length) and the complementary b3!b7

ions. Cleavage propensity for each amino acid was calculated,
similar to that shown in reference [12], as the relative
frequency of cases when cleavage after the amino acid

Scheme 1. Generally accepted peptide-fragmentation mechanism.
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produces the most abundant y ion in the mass spectrum. The
calculations were based on a library of 15000 high-resolution
CAD MS/MS spectra of tryptic peptides.[12] The reason why
cleavage after an amino acid was taken is explained in
Figure 1, in which the variance of propensities for 11 “core”

amino acids is plotted against their position relative to the
cleavage site. A larger variance means a more important
position, thus AA- (nth position in Scheme 1) is more
important than -AA (where - indicates the cleavage site and
AA represents an amino acid). This is because b ions are less
stable than y ions,[24] and thus for b ions the nature of the
terminal side chain is more important.

The proof that the average relative cleavage propensities
(Table 1) reflect GB of the backbone carbonyl groups came
from the analysis of a database[25] containing 3769 protein
structures with a total of 690067 residues forming 455300
backbone–backbone H-bonds. The assumption was that
carbonyl group basicity should direct formation of back-
bone–backbone hydrogen bonding in a helices and b sheets.
Moreover, the same intrinsic property should determine the
participation rate of amino acids in these well-organized
secondary structures. For each amino acid, the H-bond-
accepting propensity (PH) was calculated as nH/ntot, where nH

is the number of hydrogen bonds accepted by the amino acid
from other backbone amides and ntot is the amino acid
occurrence in the database. The structure-forming propensity
(PS) was defined as nAA/ntot, where nAA is the amino acid
occurrence in a helices and b sheets. Data for 16 amino acids
are summarized in Table 1.

Although PS and PH are independently obtained param-
eters, a strong correlation (r= 0.94) was found between them,
indicating that the same intrinsic property determines both
formation of backbone–backbone H-bonding and participa-
tion in well-organized structures. As the main common factor
is the H-bond acceptance of amino acids, this intrinsic
property must be the backbone carbonyl group basicity.

Table 2 shows the relative GB values for 16 amino acids
evaluated from the best fit between PS and PH. Now the
hypothesis of GB directing CAD cleavage can be easily
tested.

Comparison of PS and PH with cleavage propensities for
11 amino acids is shown in Figure 2. In both cases, excellent
correlation is found (r= 0.98). Not surprisingly, correlation
with evaluated data from Table 2 is even higher, r= 0.984 (not
shown). Note that neither Pro nor Gly, usually considered to
be special cases,[11,15,20] are outliers in Figure 2. The impact of

Figure 1. Variance of CAD cleavage propensities as a function of the
amino acid position (AA) relative to the cleavage site (-). Position AA-
corresponds to position n in Scheme 1.

Table 1: Relative propensity PCAD to cleavage in CAD of peptide bond
after an amino acid and crystal-structure data.

AA PCAD nAA
[a] ntot

[b] nH
[c]

Ala 0.59 37677 56123 38415
Asp 0.63 17770 40481 25232
Glu 0.69 30187 46658 29332
Phe 0.60 18593 27585 19959
Gly 0.24 15771 49881 25020
His 0.68 8683 15770 10383
Ile 0.74 29589 39442 31098
Leu 0.71 45209 63270 47115
Met 0.65 10068 15183 10851
Asn 0.45 12623 30385 17616
Pro 0.13 9277 31964 15236
Gln 0.67 16680 26457 16755
Ser 0.41 19863 41072 24432
Thr 0.52 20605 38084 24258
Val 0.75 35988 49062 37793
Tyr 0.58 16079 23943 17509

[a] nAA=number of residues found in a helices and b sheets; [b] ntot=

total number of residues in the database; [c] nH=number of carbonyl-
group-accepted hydrogen bonds with backbone amides found in the
whole protein database.

Table 2: Relative and absolute gas-phase basicities (GBrel and GB,
respectively) of backbone carbonyl groups evaluated from crystal-
structure data.

AA GBrel GB[a] [kcal mol�1]

Ala 0.69 207.3
Asp 0.62 206.7
Glu 0.68 207.3
Phe 0.76 208.0
Gly 0.12 202.7
His 0.71 207.5
Ile 0.98 210.8
Leu 0.87 209.6
Met 0.78 208.2
Asn 0.41 204.9
Pro 0 201.3
Gln 0.66 207.1
Ser 0.40 204.8
Thr 0.55 206.2
Val 0.95 208.7
Tyr 0.76 208.0

[a] Absolute basicity was found from scaling by using the best linear fit
(r=0.96) to the reference GB data[3] for Gly, Ala, Val, Leu, and Ile
(highlighted in boldface). The order of the data is more reliable than the
absolute values.
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side chains of the special-group amino acids Asn, Asp, Gln,
Glu, and His in the AA- position on frequencies of CAD
cleavages can now be estimated from the comparison of their
relative basicity data and CAD cleavage frequencies.

In Figure 3, the corresponding plot is presented with the
trend (solid line) determined by the 11 core-group amino

acids. Deviation of the top five residues from the general
trend is the effect of their side chains, with the impact for Glu
being the highest and that for Asn being the lowest. That Asp
scored fairly modestly was no surprise: the Asp side chain
promotes CAD cleavages mainly in the absence of labile
protons.[20] Note that for all five deviating amino acids, the
side-chain effect on cleavage propensity was smaller than the
effect of carbonyl group basicity and that only His propensity
deviates in this group from the basicity order.

Thus, the hypothesis for carbonyl group basicity is largely
relevant even for these five deviating residues. The model of
carbonyl group basicity can also explain more-subtle phe-
nomena, such as the difference[11] between the cleavage
propensities of isomeric residues Leu (GB 0.98) and Ile (GB

0.87). The absolute GB values can be estimated (Table 2, right
column) by using a linear fit (r= 0.96) between the relative
GB values for carbonyl groups and the reference absolute GB
values for free amino acids (boldface in Table 2) according to
Equation (1).

GBabs ¼ 8:738GBrel þ 201:34 kcalmol�1 ð1Þ

As this approach is focused on carbonyl group basicity
and ignores other groups, the actual basicity of an amino acid
may deviate from Equation (1) by a few kcalmol�1. Other-
wise, values given by Equation (1) look reasonable. The range
of these values, 201.3–209.9 kcalmol�1, overlaps with GBs of
free amino acids, 202.7–223.7 kcalmol�1.[3] This overlap
explains why a mobile proton is rapidly transferred in CAD
to backbone carbonyl groups. As already mentioned, carbon-
yl groups that engage in persistent hydrogen bonding have
reduced basicities, which can explain the lower rates of
cleavages after such carbonyl groups.[26]

Experimental Section
The database of protein structures was created based on the structural
classification of proteins (SCOP) (25) database version 1.65 release.
3769 Proteins with less than 25% sequence identity belonging to
SCOP classes a, b, c, and d were selected for the analysis: 794 all-a
proteins from class a, 928 all-b proteins from class b, 1089 a/b proteins
from class c, and 958 a+b proteins from class d. The number of
backbone–backbone hydrogen bonds was calculated separately for
helices (a helices and 310 helices), b strands, and other parts of
structures including unstructured regions, loops, and b turns, among
others. A standard program, database of secondary structure assign-
ments (DSSP),[27] was used to identify backbone–backbone hydrogen
bonds and calculate their energies. H-bonds were defined by using a
0.5 kcalmol�1 energy cutoff. The analyzed structures contained
251130 residues in a-helical regions that formed approximately
160000 H-bonds, 152182 residues in b-sheet regions with 109500 H-
bonds, and 286755 residues in other regions with 185800 H-bonds in
these regions.

Product-moment analysis[28] was employed for determining
correlation between n pairs of x and y. The interpretation of r
values depends upon n and the distribution of x and y. For normal
distributions, thresholds for statistical validity are tabulated.[29] The
default threshold probability was chosen to be 1%. The threshold
value for r then was 0.708 for 11 amino acids and 0.590 for 16 amino
acids.
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