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Cross sections for mixtures of tryptic digest peptide ions formed by electrospray ionization have been measured
by a new ion mobility/time-of-flight mass spectrometry technique. Analysis of a series of 113 peptides
containing 5-10 residues and having a single lysine group located at the C-terminal end show that cross
sections are largely dependent upon the amino acid composition of each peptide. Reduced cross sections
(which take into account differences in mass) are found to correlate with the fractions of nonpolar or polar
aliphatic residues. Average intrinsic contributions to size for individual amino acid residues (referred to as
intrinsic size parameters) have been obtained by solving a system of equations that relates the 113 reduced
cross sections to the occurrence frequency of each residue within the different sequences. These parameters
fall into families according to the physical sizes and chemical properties of the amino acids; contributions to
cross section from nonpolar residues are significantly larger than those from polar groups. Calculated cross
sections that are obtained by combining intrinsic size factors with peptide sequences are remarkably
accurate:>90% of calculated values are within 2% of experimental measurements.

Recently mass spectrometry-based techniques have been used
to examine the conformations and folding of peptides and
proteins in the absence of solvation effects.1,2 Information about
the structural similarities of gas-phase and native conformations
would illuminate intrinsic factors that influence folding.3 To
date, cross sections for about a dozen protein and peptide ion
systems have been reported.2,4 We have recently developed a
new ion mobility/time-of-flight method that makes it possible
to measure cross sections and mass-to-charge (m/z) ratios for
mixtures of ions in a single experiment.5 Using this approach,
we have accumulated a database containing cross sections for
660 different peptide ions. Here, we report results for a subset
of 113 peptides having the general form [(Xxx)nLys + H]+,
wheren ) 4-9 and Xxx is any naturally occurring amino acid
except Lys, Arg, His, or Cys.6 Analysis of the results for these

related peptide sequences shows that there are correlations of
amino acid composition with cross section. The influence of
each amino acid on cross section has been quantified in terms
of an intrinsic size parameter by solving a system of equations
that relates amino acid occurrence frequency to cross section
for different peptide sequences in the array of data. Intrinsic
size parameters can be combined with sequence information to
accurately calculate cross sections for a remarkably large number
of the peptides (90% of calculated values are within∼2.0% of
experiment). These results demonstrate an important first step
in prediction of structure from sequence in a simplified gas-
phase environment which may complement efforts to predict
structure from sequence in condensed phase.7

A consideration in the design of the database was that peptide
cross sections should reflect elements of intrinsic structure
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relevant to common protein sequences. To accomplish this,
mixtures of peptides were generated by tryptic digestion of 34
common proteins such as cytochromec, myoglobin, and
albumin.8 The peptide mixtures were electrosprayed9 into the
gas phase and analyzed using an ion mobility/time-of-flight mass
spectrometry method that allows drift times (mobilities) and
flight times (m/z ratios) for all components to be determined in
a single experiment as described previously.5 The mobility of
each peptide ion depends on its average collision cross section
and its charge state.10 Compact conformers have smaller cross
sections than elongated ones.11 An example data set is shown
as a contour plot in Figure 1 for peptides generated by digestion
of R- and â-chains of hemoglobin. Combined drift time and
flight time data for tryptic digests typically show families of
[M + H]+ and [M + 2H]2+ ions.10 For species having similar
m/z, [M + 2H]2+ peptides usually have higher mobilities than
[M + H]+. Peptide sequences and collision cross sections are
determined from the measured flight times (in the mass
spectrometer) and drift times (in the ion mobility instrument),5

respectively. Only data from peaks that are unambiguously
assigned to expected digest fragments are included in the
database. The single data set shown in Figure 1 yields cross
sections for 33 different ions. The complete database, which
will be reported elsewhere,12 contains information about the
digested protein, peptide sequence, molecular weight, and cross
section for 660 different ions, including 420 singly protonated
peptides ranging in size from 2 to 15 residues and 240 doubly
protonated peptides with 4-24 residues.

Figure 2 shows cross sections for the related series of 113
[(Xxx)nLys + H]+ peptides. Plots of other subsets such as

C-terminal arginine peptides appear similar. As a general trend,
cross sections increase with molecular weight. However, values
for sequences having similar molecular weights but different
amino acid sequences vary by up to 10-15% over the molecular
weight studied. To account for differences in cross section that
arise due to differences in mass, we have normalized the
[(Xxx)nLys + H]+ cross sections with respect to values
measured for a series of singly protonated polyalanine peptides
with 7-16 residues (also shown in Figure 2). Polyalanine
peptides of this size have roughly spherical (globular) confor-
mations where the protonated N-terminal amino group is self-
solvated by a large portion of the peptide chain (primarily
through contacts with electronegative backbone carbonyl
groups).13 Nearly all of the C-terminal lysine peptides are larger
than a polyalanine of comparable mass. We define a reduced
cross section as the value for each peptide divided by the cross
section of polyalanine at an identical molecular weight (deter-
mined from a polynomial fit to the polyalanine data).

Trends regarding the influence of specific residue types upon
cross section can be seen by plotting the reduced cross sections
as a function of the fraction of different types of amino acids
that are present in each sequence. Figure 3a shows a plot of
reduced [(Xxx)nLys + H]+ cross sections against the fraction
of peptide mass corresponding to nonpolar aliphatic (Ala, Ile,
Leu, Met, Val) residues. A positive correlation of the reduced
cross section with the mass fraction of nonpolar residues is
observed. The opposite trend is observed for the polar aliphatic
(Asp, Glu, Asn, Gln, Ser, Thr) residues. This type of analysis
can be extended by relating the frequency of occurrence of each
amino acid to the reduced cross section in a system of 113
equations. In this case, the intrinsic contributions to size of each

Figure 1. Contour plots of nested drift-time (bottom axis) and flight
time (left axis) data for a mixture of peptide ions that were formed by
electrospray ionization of a tryptic digest of theR- and â-chains of
bovine hemoglobin. The drift time axis has been scaled to a He pressure
of 2.000 Torr. Contours are shown on a 30 point scale which removes
all features that contain fewer than 30 ion counts. Peak labels correspond
to sequences that have been assigned to fragments that are expected
from tryptic digestion based on comparison of measuredm/z ratios (from
ion flight times) to calculated molecular weights. The drift times (used
to determine cross sections) are taken as the maximum peak height in
all cases. The plot on the left shows a time-of-flight distribution obtained
by compression of the drift time axis.

Figure 2. Cross sections for 113 [(Xxx)nLys + H]+ peptides (solid
diamonds). Uncertainties are shown as error bars and correspond to
one standard deviation (when three or more measurements have been
made) or to a range (when only two values are available). Labels show
several sequences (selected randomly) for specific points. The open
triangles show cross sections that were obtained for singly protonated
polyalanine peptides containing 7-16 alanine residues. The solid line
shows a polynomial best fit to the polyalanine data that is used in the
determination of reduced cross sections. See text for discussion.
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amino acid can be written as an unknown parameterpi which
is related to the reduced cross sections,Ωj(exp)/Ωj(PA), by

wherenij corresponds to the number of times an amino acidi
occurs in each sequencej. The system of equations is solved
for the 17pi parameters (amino acids except for Cys, Arg, and
His) by a linear algebra regression method.14 The resulting best-
fit average size parameters for each amino acid in the 5-10
residue Lys-terminated peptides are displayed in Figure 3b.
Contributions to peptide size from individual residues vary by
as much as∼40% and appear to fall into groups according to
the chemical nature of the amino acid. A similar analysis of 38
analogous Arg-terminated peptides ([(Xxx)nArg + H]+) from
the database yields values for average size parameters (Figure
3b) that are similar to those determined from the lysine data
for almost all amino acids.

Several trends regarding the intrinsic contributions of amino
acids to cross section are apparent. First, the largest contributions
come from the nonpolar Ala (1.07( 0.01), Val (1.08( 0.02),
Ile (1.12( 0.02), and Leu (1.19( 0.02) residues. Contributions
from polar groups such as Asp (0.88( 0.02), Glu (0.91( 0.02),
and Asn (0.92( 0.02) are much smaller. The different behaviors
of these residues can be understood by considering differences
in long-range interactions of the different residue types. Dipole-
dipole interactions between the Asp, Glu, and Asn residues or
with the polar backbone should increase packing and decrease
cross sections. Long-range interactions between these residues
and the charged lysine will also cause conformers to contract.
Second, contributions to cross section (especially for aliphatic
chains) depend on the physical sizes of the side chains. An
increase in the length of these aliphatic side chains leads to a
larger intrinsic contribution to cross section. This can be

observed in the∼3-10% increases in intrinsic sizes observed
for the following pairs of homologous side chains: Ile and Leu
> Val, Glu > Asp, and Gln> Asn. Finally, some differences
may also arise from differences associated with the residue-
helium collision dynamics, a factor that can have a pronounced
effect on the calculation of collision cross sections.15,16

Large polar aromatic groups [Trp (0.96( 0.04) and Tyr (0.99
( 0.03)] contribute surprisingly little to size; the nonpolar
aromatic Phe (1.05( 0.02) residue is slightly larger but still
smaller than Ala (1.07( 0.01). The intrinsic size parameter of
Met is particularly interesting because it is the smallest of the
nonpolar aliphatic groups even though the side chain is
comparable in length to that of Leu (Figure 3b). We have
grouped Met as a nonpolar aliphatic residue because it is
normally characterized as such in solution.17 The intrinsic size
parameter obtained from these studies suggests that in the gas
phase Met should be grouped as a large polar residue. The
relatively large polarizability of the sulfur atom and small dipole
moment should undergo relatively long-range charge-induced
dipole interactions that cause the system to contract. Finally,
lysine (1.23( 0.04) is substantially larger than all other values,
presumably because this residue is only located at the end of
the peptide. The arginine residue, located at the same end
position, displays a similar trend in that system.

The above determination of intrinsic size factors implicitly
assumes that the influence of different residues on structure is
similar for different sequences. It is possible to test the general
applicability of these parameters by combining values with
peptide sequences to calculate cross sections. For example, from
the Asp (0.88), Leu (1.19), Phe (1.05), and Lys (1.23)
parameters, we calculate a reduced cross section for DLLFK
of 1.11. This gives a calculated cross section of 184 Å2, in
excellent agreement with experiment (183( 3 Å2). The
comparison of the calculated reduced cross sections with the
reduced experimental results for all 113 of the 5-10 residue
C-terminal lysine peptides are shown in Figure 4a. These simple
parameters accurately capture variations in the physical sizes

Figure 3. (a) Reduced cross sections for the [(Xxx)nLys + H]+ peptides that are shown in Figure 2 as a function of the mass fraction of nonpolar
aliphatic residues. Here, the mass fraction is defined as the sum of mass contributions from nonpolar aliphatic residues divided by the neutral
peptide mass. The solid line represents a fit to the data, given byΩj(exp)/Ωj(PA) ) 0.130mnp + 1.008 (R2 ) 0.531), whereΩj(exp)/Ωj(PA) is the
reduced cross section andmnp is the mass fraction of nonpolar residues for eachj peptide. (b) Intrinsic size parameters extracted for individual
amino acids from a database of 113 Lys-terminated peptides (solid diamonds) and 38 Arg-terminated peptides (open diamonds). No parameters are
given if the amino acid occurred in fewer than five different sequences. Uncertainties correspond to one standard deviation about the mean values
that are determined by solving the system of reduced cross-section equations (see text for discussion). Atomic structures for amino acids including
the peptide backbone are also shown.
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of most of the different peptide sequences. The ratio of predicted
to experimental cross sections for every peptide is shown in
Figure 4b. Ninety-eight (∼90%) of the calculated values fall
within 2.0% of the corresponding experimental value.18 This
result shows that amino acid composition is an important factor
in establishing cross section.

Several studies have recently shown that amino acid sequence
also plays an important role in establishing some structures.
Cassady has shown that the position of basic lysine groups in
a series of lysine-doped glycine peptides (dodecamers) influ-
ences the rate of proton-transfer reactions.19 Hill and co-workers
have used high-resolution ion mobility methods to separate a
mixture of two four-residue peptides that vary in sequence.20

Jarrold and co-workers have shown that the position of the
charged basic residue can stabilize or destabilize the helix dipole
in lysine-doped alanine peptides.21 Other studies from our lab
also show that the position of charged residues as well as other
groups can influence cross section. We interpret the remarkable
agreement between calculated and experimental cross sections
in these small peptides as a reflection of the importance of com-
position rather than sequence in establishing cross section. It
seems likely that many of the deviations between predicted and
experimental results (Figure 4) arise from differences in struc-
ture, which must depend on sequence. We are currently investi-
gating simple sequence parameters that take into account residue
positions in order to increase the accuracy of calculated values.

In summary, we have shown that it is possible to extract
average intrinsic contributions to cross sections from individual
amino acid residues by analyzing a series of C-terminal lysine
peptide ions. Cross sections in this family of sequences depends
largely upon the chemical nature and physical sizes of the amino
acid side chains and to a lesser extent upon amino acid sequence.
In the gas phase, long-range charge-dipole and dipole-dipole
interactions involving polar groups cause the peptide to contract;
cross sections for sequences with large numbers of polar groups
are expected to be relatively small. Larger contributions are
observed for residues with nonpolar side chains (presumably
because charge-induced dipole and other interactions are weaker
for these residues). The Met residue (normally considered a
nonpolar residue in solution) appears to be best classified as a
polar residue in the gas phase.

An important aspect of approaches for prediction of structure
from sequence involves the interplay between homology
(recognition of similarities between the sequence and known
structures), methods that account for the physical and chemical
interactions, and large amounts of structural data.7d,22The type
of structural data reported here should complement the under-

standing of surface accessibility, packing, and hydrophobic
interactions from condensed-phase studies23 and aid in refine-
ment of theoretical methods. Predictions of cross section from
sequence may also find analytical applications as a means of
assigning peaks in new ion mobility methods that utilize gas-
phase strategies for a rapid separation step for mass spectrom-
etry.10
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