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Intrinsic Size Parameters for Val, lle, Leu, GIn, Thr, Phe, and Trp Residues from lon
Mobility Measurements of Polyamino Acid lons
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The conformations of singly charged ions of eight polyamino acids of varying length [polyalants (3
residues), polyglutamine {28 residues), polyisoleucine {& residues), polyleucine {2 residues),
polyphenylalanine (27 residues), polythreonine {84 residues), polytryptophan {® residues), and
polyvaline (2-7 residues)] have been studied by ion mobility methods and molecular modeling simulations.
The average amino acid contributions to cross section f #desidue homopolymers agree with intrinsic

size parameters for these residues derived from data for tryptic digest peptits/§. Chem. B999 103

1203]. Some variations in residue sizes with changes in oligomer length are apparent for small oligomers and
those with polar and aromatic ring side chains. Molecular modeling simulations reveal that all of these
homopolymers have roughly spherical (globular) structures. Conformations appear to be influenced by three
primary types of interactions: (1) self-solvation of the charge site by backbone carbonyls, a characteristic of
all oligomer types; (2) steric hindrance of side chains (leading to efficient ring stacking), a prominent factor
for the polyphenylalanine and polytryptophan systems; and (3) hydrogen bonding involving side chains,
backbone carbonyls, and the charged residue, apparent in the polyglutamine and polythreonine systems.

Introduction peptidest” We have recently used these data to examine the
o o ) ) ) ) average contributions to cross sections (intrinsic siZem)d
Defining the intrinsic properties of amino acid residues that y,qjumed8 of individual amino acids in a series of related
are important in the formation of local structural elements such sequences of peptide ions (tryptic fragments) in the gas phase.
as helices, sheets, and coils is central to understanding factorsrpe average intrinsic sizes and volumes of individual amino
that govern the conformation and folding of polypeptides. acids in related peptides are reasonably well-conserved, indicat-
Probabilistic methods for structural prediction have been jng that the overall peptide structures are similar. Molecular
developed from the propensities of amino acid residues to form modeling indicates that most sequences have compact globular
o-helices,-sheets, and turns in proteihdhe stabilities of conformations, where the charge site (assigned to the Lys
a-helices in various solution environments have been investi- residue) is solvated by interactions with electronegative groups
gated in detaif, and S-sheet formation is currently receiving (e g., the carbonyl backbone and some polar side chains). This
considerable attentichMany questions about roles of solvent s consistent with compact conformations proposed previously

and intramolecular interactions in establishing conformation for several peptides including singly protonated bradyRai#
remain. The recent development of new ionization sodrizes and a range of polyglycii&2tand polyalanine sizé8:22Values
mass spectrometry (MS) makes it possible to examine the for many residues can be rationalized by considering the physical
conformations of anhydrous proteins and peptides in the gasand chemical characteristics of the individual residues. Intrinsic
phase. In vacuo studies of conformation prOVide information sizes of nonpo]ar residue& such as Va|, ||e, and Leu, were
about structural elements that are intrinsic to the polypeptlde Substantia”y |arger than those of p0|ar groups (e_g_, GIn and
sequence and complement efforts to understand the formationThr). The relatively strong long-range chategipole interac-
of structure in the condensed phasseveral MS-based strate-  tions associated with the latter residues lead to more tightly

gies are being developed for these studies, including isotopic packed conformations. Aromatic residues with bulky side chains,

hydrogen-deuterium exchangeproton-transfer reactivityand such as Phe, Tyr, and Trp, contributed less than expected; it
molecular adductiofi;kinetic energy release measureméhts; was suggested that these residues might pack efficightly.
microscopy of surfaces bombarded with high energy Sraeid Although the database of tryptic fragments is relevant to

by triple quadrupol€ and ion mobility method$>"1* Some of  peterogeneity makes it difficult to assess variations that arise
these Stud|es pI’OVIde EVIdence that SO|UtIOI’l-|Ike Conformat|0n from d|fferences |n peptlde |ength, a factor that Should |nf|uence
can be preserved during ionizatiéi;*!*there is also evidence  packingl® In this paper we report ion mobility measurements
that proteins undergo folding and unfolding transitions that are for varying sizes of eight polyamino acid peptide ions, jAla
analogous to thermal and pH driven transitions found in 4 HJ+ (n=3- 23), [GIn, + H]" (n = 2-8), [lle, + H]* (n=
solution**13:140 2-6), [Lew, + H]* (n = 2—9), [Phe + H]™ (n= 2—7), [Thr,

lon mobility/time-of-flight MS technique&? which allow + H]* (n=8-14), [Trp, + H]* (n = 2—9) and [Va}, + H] "
cross sections for mixtures of ions to be measured in a single (n = 2—7). The average contributions of individual amino acids
experimental sequence, have facilitated the accumulation of ato cross section as a function of peptide length are determined.
substantial database of sequence/cross section information fofFor polyamino acids containing four to nine residues, these
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values agree with residue sizes derived from the naturally
occurring tryptic digest peptide sequences. For several oligo-
mers, contributions to cross section are notably smaller for
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formed by electrospraying solutions containing«510~7 to 4
x 107° M peptide in 49:49:2 (% volume) water:acetonitrile:
acetic acid. The electrospray source and conditions were

peptides having fewer than four residues. In other systems, suchidentical to those described previousdy.
as polyglutamine and polytryptophan, residue sizes decrease Molecular Modeling and Cross Section Calculations.

slightly with increasing peptide length; for these systems,

Molecular modeling studies were carried out using the Insight

cooperative effects involving the side chains and polar backbone |l molecular modeling package with the AMBER force fiéfl.
groups lead to remarkably compact structures. Overall, threen these studies, 50 final conformations of each peptide are

primary types of interactions appear to influence conforma-
tion: (1) charge solvation by backbone carbonyl groups, which
is an important factor for all residue types; (2) steric hindrance
of bulky side chain groups (leading to efficient ring stacking);
(3) hydrogen bonding interactions associated with side chain
groups.

Experimental Section

Cross Section andm/z Measurements.lon trag® and ion
mobility/MS?* methods have been discussed previously. The
current experimental approach (described in detail elsewkéte)
is as follows. A continuous beam of ions, formed by electrospray
ionization??is accumulated in an ion trap (R. M. Jordan, model
C-1251) for~100 ms. Concentrated packets of ions (@sGn
duration) are injected into a 40.8 cm long drift tube containing
~2—3 Torr of buffer gas. The injection energies used for these
studies ranged from 50 to 150 eV. There was no evidence for

generated by a two-stage simulated annealing procedure. We
start with an extended form of a polypeptide with a single proton
assigned to the amino terminus. A process by which this
structure is heated from 300 to 1000 K (over 2 ps), equilibrated
at 1000 K (for 2 ps), and then cooled to 300 K (over 1 ps) is
repeated 100 times. The 100 structures that are generated are
energy minimized and the five lowest energy conformers are
selected for a second annealing cycle. Each of the five selected
conformers was reheated to 500 K (over 2 ps), equilibrated (for
2 ps), and cooled to 300 K (over 1 ps) in a repetitive procedure
that generates 100 structures for each selected conformer. The
10 lowest energy structures from each set (50 total) were
selected for further study. We have arrived at this procedure
by comparing cross sections for the model conformers to
experimental values and find that the agreement is generally
acceptable for a wide range of small (three to ten residue)
sequences. Itis unlikely that this approach would find the lowest

structural variation with injection energy. lons drift through the  €nergy conformer; however, the approach appears to be adequate
gas and across the tube under the influence of a weak electridor generating a distribution of conformers with cross sections

field (10.0 V cntl) and are separated by differences in their
mobilities. Compact conformers have higher mobilities than

near those measured experimentally.
Cross sections for distributions of model conformers have

more open ones. As ions exit the drift tube, they enter the sourcebeen calculated by the projection approximation methadd
region of a time-of-flight mass spectrometer and are subjectedthe exact hard-spheres scattering (EHSS) methdte projec-

to high-voltage, high-frequency pulses (synchronous with the
initial injection pulse) that are used to initiate mass-to-charge

tion method ignores all scattering and potential interactions
between the ion and the buffer gas; however, for relatively small

(m/z) measurements. Because flight times in the evacuated flightions (mol wt=< 1500) this method should be accurate to within

tube are much shorter than drift times through the buffer gas, it
is possible to record hundreds of flight time distributions in the

a few percent of the true collision integf@l3® The EHSS
method ignores potential interactions but includes a scattering

mass spectrometer with respect to each packet of ions that isterm that is important in calculating accurate cross sections for

injected into the drift tube. We refer to this ashasted drift
(flight) timemeasurement, as described previod&klight times
at specified drift times are combined to create a three-
dimensional data set that contaiméz-resolved ion mobility
distributions for all of the electrosprayed ions.

The experimental collision integral (or collision cross sec-
tion)?6 is determined froY
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where the measured parametgysk, L, P, and T correspond
to the average drift time, the electric field strength, the drift
tube length, buffer gas pressure (in Torr), and temperature,
respectively?® The other terms aree,the ion’s chargeNl, the
neutral number densitky, Boltzmann’s constant; anay and
mg, the masses of the ion and buffer gas, respectively. The
reproducibility of measured cross sections is excellent; the
relative uncertainty of any two measurements is usually less
than 1.5%.

Formation of Polyamino Acid lons. The following polyami-
no acids were obtained from Sigma and used without further
purification: polyalanine (mol wi 1000-5000), polyleucine
(3000-15 000), polyisoleucine (506015 000), polyglutamine
(2000-15 000), polyphenylalanine (2086%000), polythreonine
(5000-15 000), polytryptophan (506015 000), and polyvaline
(5000-10 000). Positively charged (protonated) ions were

large ions as well as capturing concave shapdhe results
have been calibrated to values obtained from the trajectory
method? by Jarrold and co-worke@8.Average calculated cross
sections for model oligomers from the projection method were
within 4% of experimental values for all but one of the peptides
(Trp); calculated values from the EHSS method were larger than
the projection values by an average of 4%. However, deviations
in the values from EHSS and projection methods are similar
(although not identical) for all oligomers; thus, we believe that
the differences between residues are due primarily to contribu-
tions of residues to the shapes of the oligomer rather than
differences associated with residue-helium scattering dynamics
for different side chains. Below, we use an average of results
from the two methods for comparison with experimental values.

Results and Discussion

General Features of Experimental Data.Nested drift
(flight) time data were recorded for all eight oligomer systems
on at least five different days ov@ 3 month period. Cross
sections for the parent [M- H]™ polyamino acid ions were
determined from the drift times recorded at the appropriate flight
times (nz ratios). In some cases, peaks corresponding to [M
— H,O + H]T, [M + 2H]?t, and [M — H,O + 2H]?" ions
were observed. These peaks are easily identified on the basis
of the mobilities andw/z measurements, but the structures of
these ions are not considered further here. Figure 1 shows a
plot of experimental cross sections for the different sizes of
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Figure 2. Plot of the experimental reduced cross sections obtained by
dividing the experimental cross section of each ion by evaluating a fit
to polyalanine cross sections at the same molecular weight. Uncertainties
125 1 correspond to one standard deviation about the mean.
good agreement. Most of the reduced cross sections for the
homopolymers containing four to nine residues are in quantita-
75 . : . tive agreement with size parameters determined previously from
100 600 1100 1600 similarly sized tryptic fragments: Trp (0.960.03) < GIn (0.98
Molecular Weight (D 4 0.03) < Thr (1.00+ 0.02) < Phe (1.05+ 0.02) < Val (1.08
olecular Weight (Da) + 0.02) < lle (1.12+ 0.02) < Leu (1.19+ 0.02)Y7 In the

Figure 1. Plot of experimental cross section as a function of molecular homopolymers, variations of intrinsic contributions to size with
weight for singly charged ions of polyalanine); polyglutamine (open changes in length are readily observed. For example, the Val,
diamonds), polylsoleucme (_fllled squares), ponI_eucm_e (ope_n circles), lle, and Leu size parameters decrease substantially~@y
polyphenylalanine (open triangles), polythreonine (filled diamonds), 7%) for oligomers with fewer than four residues. However. for
polytryptophan (open squares), and polyvaline (filled circles). The solid ° ° gor . ) L
line corresponds to a polynomial fit to the polyalanine cross sections. ©ligomers with more than four residues, the cross section
contributions for these nonpolar groups are relatively insensitive

polyamino acid systems studied. At a given molecular weight, to oligomer length. This indicates that growth of these peptides
nonpolar oligomers (lle, Leu, and Val) have relatively large cross iS similar to the polyalanine system. That is, they favor globular
sections, consistent with our expectations based on the intrinsicconformations. Intrinsic size parameters for polar side chains,
size parameters derived from tryptic fragmefiligomers with ~ such as the CECH,CONH, groups of polyglutamine and the
polar side chains (GIn, Thr, and Trp) have cross sections thatindole side chain of polytryptophan, appear to decrease slightly
are similar to those for polyalanine. Cross sections for polyphen- With increasing peptide length (by-3i% over the range of
ylalanine fall between those for polyalanine and the other lengths studied). As the length of these oligomers increases,
nonpolar polyamino acids. Differences among cross sectionsthey favor conformations that are more tightly packed than those
for different systems increase with molecular weight. of polyalanine.

Previous work has shown that polyalanine ions have roughly ~ Overall, the agreement of size parameters from homopolymers
spherical (globular) conformations where the protonated N- with values determined from heterogeneous sequences suggests
terminal amino group is self-solvated by a large portion of the that small (four to ten residue) peptide structures are dominated
peptide chain (primarily through contacts with electronegative by solvation of the charge. Charge solvation by backbone
backbone carbonyl group®34 To compare oligomers of  carbonyl groups has the effect of exposing side chains at the
different sizes (molecular weights), we have defined a reduced peptide surface. The net result is that the exact composition or
cross section: each measured value divided by the value forsequence has little bearing on the intrinsic contributions to cross
polyalanine at an identical molecular weight (as determined from sections of individual residues. Although this appears to hold
a polynomial fit to the polyalanine dat&).Figure 2 shows a  for four to ten residue singly protonated peptides with globular
plot of the reduced cross sections for the oligomers studied here.conformations that are dominated by charge solvation effects,
A value of 1.0 indicates an intrinsic contribution to cross section it should not be the case for smaller or larger systems where
that is identical to that of an alanine residue in polyalanine. other structures are favored. Our early attempts to extract size
The Val, lle, and Leu oligomers (with nonpolar aliphatic side parameters as a function of tryptic fragment length show that
chains) have larger reduced cross sections than do the polaparameters vary with peptide lendtf.
aliphatic residues (Thr and GIn). Although it is somewhat  Molecular Modeling Studies. More detail regarding the
surprising that the intrinsic size of the tryptophan residue (having factors that influence the structures of polyamino acid ions
a bulky indole side chain) is smaller than that for alanine, this can be obtained from molecular modeling studies. We have
result is consistent with size parameters that we derived carried out simulated annealing studies for oligomers ranging
previously from tryptic fragment ionS;the small size requires  from five to nine residues in length for all residues studied
that side chains pack efficiently. experimentally. Figure 3 shows a comparison of experimental

Comparison of reduced cross sections derived from thesereduced cross sections with reduced cross sections determined
homopolymers with values that were extracted from the from model conformers of polyleucine, polyglutamine, and
heterogeneous tryptic fragment sequences shows remarkablypolytryptophan produced by the simulated annealing procedure
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Figure 3. Plot of average experimental reduced cross sections (filled

symbols) and average calculated reduced cross sections for structures

generated by simulated annealing studies (open symbols) fof fSIn

H]*, [Leu, + H]*, and [Trp + H]* peptides whera = 5—9. Calculated -

cross sections are an average of the results obtained from projection Q“’t:
-

¢) polyisoleucine d) polyleucine

=

approximation and EHSS methods. Uncertainties correspond to one
standard deviation about the mean. In cases where the uncertainties
are not apparent, the error bars are small relative to the symbol size
and are obscured. See text for discussion.

) -

described above. The average cross sections for structures found
by simulated annealing are consistent with the experimental €) polyglutamine
results. We have compared the data in this normalized fashion
because small variations that occur with changes in length are
easily discernible. As described above, absolute comparisons
of calculated and experimental cross sections depend on the
method used to calculate the collision integral. The normalized
comparison is sensitive to the relative changes between amino
acid types, as can be seen from the observation that the relative
ordering of sizes (GIn< Trp < Leu) agrees with the experi-
mental results. The calculated values also capture~th&o
decrease in the size contribution associated with the increasing g) polyphenylalanine h) polytryptophan
length of polyglutamine that is observed experimentally. Figure 4. Atomic coordinates for trial structures generated for (a) §Ala
Figure 4 shows typical model structures for nonamers of each + HJ*, (b) [Val, + H]*, (c) [lles + H]™, (d) [Lew + H]*, () [Glro +
of the polyamino acids studied here. All of the structures have H]*, (f) [Thre + H]*, (g) [Phe + H]*, and (h) [Trp + H]*. Different
compact roughly spherical conformations, and calculated crossatom types are depicted as follows: H (white), N and C (light gray),
sections are consistent with the experimental values. Jarrold andf"d O (black). The arrows indicate the position of the protonated

) . . . N-terminus. Nonpolar polyamino acid side chains extend radially
co-workers have previously noted that polyalanine with more outward, as can be seen from the knobby protrusions on the polyvaline,

than nine residues begins to show evidence of small helical ,qyisoleucine, and polyleucine structures. Side chains of polar residues
regions of structurét Presumably, this is because when the pack more tightly around the charged site.

charge is fully solvated by smaller portions of the peptide chain,

weaker interactions between residues are not disrupted. In someand the Lys residue at the C-terminal end. Thus, the fact that
cases, we observe hydrogen bonding interactions such-@s  the Ala values are different probably has little meaning. Side
+ 4 interactions found in helical turns, side chalsackbone  chain contributions to cross sections increase with aliphatic chain
interactions, as well as bonding between side chain pairs. length: CH; (Ala) < CsHy (Val) < C4Hs (lle and Leu). This

However, these inte_ractioqs appear to occur randomly, involving ordering is the same as that observed previously from analysis
only a few sequential residues at most. of tryptic fragments?

The contribution to cross section of nonpolar aliphatic Oligomers of polar aliphatic residues (GIn and Thr: Figure

residues in small peptides (four to nine residues) is relatively 4 qf Vel K htly th | .
invariant with oligomer length. This comes about because the ™ parts eandt, respecpve y) pack more t',g t.y an polyamino
acids with nonpolar side chains. Examination of numerous

polar carbonyl backbone solvates the charged amino terminus; X )
in the resulting conformation the nonpolar side chains extend conformers shows close range interactions of carbonyl backbone
radially outward from the solvated protonated core (Figure 4, 9roups and polar side chains with the charge site as well as
parts a-d). Nonpolar residue side chains are largely spectators Side chainside chain and side chaitbackbone hydrogen

in defining the structures of these oligomers; however, their bonding interactions. Reduced cross section plots (Figures 2
accessibility at the surface of the peptide has a pronounced effecéind 3) define oligomer growth rates relative to the polyalanine
on the average collision cross section. We note that the alaninereference system. As systems with polar side chains increase
contribution (by definition, 1.0) is smaller than the 1870.01 in length, the magnitude of structural differences with polyala-
value determined for tryptic fragmerissuggesting that there  nine will increase, consistent with the decrease in intrinsic cross
are some differences in charge solvation at the amino terminussection observed with increasing polyglutamine length.




8784 J. Phys. Chem. B, Vol. 103, No. 41, 1999 Henderson et al.

Aromatic ring residues are substantially smaller than expectedno. 1IR01GM55647-01), the Alfred P. Sloan Foundation, and
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