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lon mobility and mass spectrometry techniques have been used to measure cross sections for 162 tripeptide
sequences (27 different sets of six sequence isomers). The isomers have the general forms ABC, ACB, BAC,

BCA, CAB, and CBA, where A corresponds to the amino acids Asp, Glu, or Gly, B corresponds to Lys, Arg,

or Leu, and C corresponds to Phe, Tyr, or Ser. From these data, we derive a set of size parameters for
individual amino acids that reflect the position of the amino acid in the sequence. These sequence-specific
intrinsic size parameters (SSISPs) are used to retrodict cross-section values for the 162 measured sequences
and to predict cross sections for all remaining tripeptide sequences (567 different sequences) that are comprised
of these residues. In several types of peptide compositions, the position of the amino acid in the sequence has
a significant impact on the parameter that is derived. For example, the sequence-specific intrinsic size parameter

for leucine in the third position of a peptide (SSISP(t)¢us ~10% larger than SSISP(Lgu On average,

cross sections that are derived using SSISPs provide a better representation of the experimental value than

those derived from composition only intrinsic size parameters, derived as described previously (Valentine et
al. J. Phys. Cheml999 103 1203). Finally, molecular modeling techniques are used to derive some insight
into the origin of cross-section differences that arise from sequence variation.

Introduction nates, it is sometimes possible to obtain detailed insight from
. ) o the interplay between experiment and thebt{Additionally,
The ability to produce peptide and protein ions by mass gyntheses of short sequences2( residues) are usually
spectrometry (MS) technique$has made it possible to study  rejatively straightforward, making it possible to iteratively design
conformations in the gas phase, where structure is defined only specific motifs?12 The combination of combinatorial chemisty

by intramolecular interactiorisOver the last decade, a range and MS analysis makes it possible to sample the conformations
of different systems have been examined. These include smally¢ many sequence types rapidly.

peptides, containing only a few amino acfd8, synthetic In this paper, we report ion mobility/MS measurements of
peptides with defined structurés;? several different protein$, 1° cross sections for 162 singly protonated tripeptide sequences.
and studies of conformation as a function of charge &%  These sequences were synthesized combinatorially as six
as well as highly ordered noncovalent complé%e¥ and different libraries, having the general forms ABC, ACB, BAC,
studies to understand extremely large systéfs. BCA, CAB, and CBA, where the letters A, B, and C represent

There are a number of motivations for studying the structures amino acids in the sequence. Each library contains 27 tripeptides
of small peptides in the gas pha8é?In solution, the structures  of different mass. In total, there are six isomer forms of each
of a number of alanine-rich helic€sand other helical sequences  of the 27 amino acid compositions. Of the 20 naturally occurring
have been studied in detail, and the dominant factors that amino acids, only 9 (chosen as representatives of chemical type)
influence helix formation have been discus$&dowever, much were used in the synthesis. As described below, from the
less is known about the structures of nonhelical sequefices. experimental results and some molecular modeling studies, we
In part, the dearth of information arises because such structuresind trends in cross sections that are influenced by the position
are often highly dynamic on the time scales of available and sequence of some amino acids. From these trends, we were
experimental measurements. Even relatively defined motifs, suchencouraged to develop the first set of intrinsic size parameters
as helices, may fray at the ends, making it difficult to that take into account the position of the amino acid within the
characterize structuré3in the gas phase, experiment and theory amino acid sequence. We refer to these as sequence-specific
suggest that in many cases the removal of solvent may stabilizeintrinsic size parameters (SSISPs). In concept, these parameters
some types of structures, making it possible to study conforma- are analogous to the composition only intrinsic size parameters
tions for extended times. (COISPs) that we derived previoudly® and other principle

From a practical point of view, experimental studies of small component analyses used to predict mobili#&&however, in
systems (in the absence of solvent) are readily complementedpractice, the inclusion of sequence appears to provide a much
by detailed quantum chemical and molecular modeling calcula- better means of calculating cross sections for most small
tions#3435Thus, although a gas-phase measurement does notpeptides.
provide information that is capable of defining atomic coordi- An understanding of how the position of an amino acid in a

peptide sequence influences cross section is important for a
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SSISPs from Cross Sections for 162 Tripeptides

of different side chains (situated at differémtndi + 4 positions,

wherei denotes the location of the amino acid position in the
sequence) in gas-phase helices and gloddlesa similar series

of studies, Counterman et al. used a similar approach to
determine intrinsic amino acid volumes, in an attempt to
understand how solvation influences the packing of different
amino acids'! In addition to such fundamental studies, recent
advances in the field of proteomics have combined MS and
tandem MS data (precursor ion and fragment ion information)
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Determination of Peptide lon Cross Sectionslon mobility
techniques have been reviewed elsewlere high-resolution
ion mobility/time-of-flight instrument (described previousR/’
was used to measure peptide ion mobilities. Cross sections are
determined from ion mobility distributions, which are recorded
as follows. Peptide ions were produced by electrospraying
solutions of library peptides (0.25 mg mkin 49:49:2, water/
acetonitrile/acetic acid) into the source region of the instrument.
lons are guided into the front of the 58.29 cm drift tube that is

with database searching algorithms to assign peptide (andoperated at a pressure-ef40 Torr and with an uniform electric

protein) sequenced.In many cases, the applied assignment

field of 154.40 V cn1?. The time required for short pulses (150

constraints yield a number of viable assignments; in most, the us) of ions to drift across the drift region was recorded using a

information is not sufficient to reliably make an unambiguous

home-built acquisition systefi.Generally, highly charged ions

assignment. The SSISPs that we describe below shouldexperience greater drift force than lower charge state ions; for

be directly useful as an additional constraint for such approa-
ches.

Experimental Section

Synthesis of Six Tripeptide Libraries. Six tripeptide libraries

ions of the samevzratio, those that are larger experience more
collisions with the buffer gas and have lower mobilities than
those that are more compdétfter drifting through the helium
buffer gas, the ions are pulsed into a reflectron time-of-flight
mass spectrometer where flight time distributions are recorded.
Mass-to-charge ratios are determined using a standard multipoint

were synthesized using standard solid-phase mix and splitcalibration. As described previously, we refer to this as a nested

protocolg® and Fmoc (fluorenylmethoycarbonyl) peptide chem-
istry.44 The libraries were prepared so that each is randomized

approach. The typical ion mobility resolving powep/Atp
whereAtp is the full width half-maximum (fwhm) of the peak)

over three sets of three amino acid residues. By the synthesisis ~80 to 200. The resolving power of the time-of-flight mass
of these libraries in this manner, each library contains the samespectrometemy/AmwhereAmis the fwhm of the peak) in this
set of masses, but each differs in sequence such that in totainstrument is on the order of 1000 to 1500.

there are six isomer forms of each amino acid composition.
Specifically, nine amino acids were utilized in the synthesis,
Asp, Glu, and Gly at position A, Arg, Leu, and Lys at position
B, and Phe, Ser, and Tyr at position C. The amino acid sets (A,
B, and C) were arranged in all possible combinations, resulting
in the following libraries: ABC, ABC, BAC, BCA, CAB, and
CBA. At the start of the synthesis, equal molar quantities of
resins containing the three C-terminal residues for a particular
library were mixed in a nitrogen-agitated reaction vessel with
dimethylformamide (DMF) prior to the removal of the N-
terminal Fmoc protecting group with 20% piperidine in DMF.
The resulting resin mixture was split into equal portions and

Once the drift time andvz for an ion has been determined,
a collision cross section can be calculated using¥q 1

L
mg
where tp corresponds to the drift time and, L, T, and P
correspond to the electric field strength, drift tube length, buffer
gas temperature, and pressure, respectivalyand mg cor-

respond to the masses of the ion and buffer gas, respectively.
The other termskg, ze and N correspond to Boltzmann’s

16 (1" m

vipE760 T 1

L P 273.2N

Q

placed into separate reaction vessels for the addition of the nextconstant, the charge on the ion, and the neutral number density,

amino acid residues. Amino acid coupling reactions were
performed by the addition of preactivated benzotriazol-1-yloxy
(OBt) esters of each amino acid being added to the Fmoc-
deprotected resin. Activated amino acid OBt esters were

respectively.

Determination of Amino Acid Size Parameters.We have
previously shown that if we ignore the amino acid sequence
and consider only composition, then intrinsic size parameters

generated by the reaction of the Fmoc amino acids (4.0 equiv) for individual amino acids (referred to in this paper as COISPs)

with 2-(1-H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate (HBTU) (3.9 equiv) and 0.4 Ntmethylmor-
pholine in DMF (4 equiv) in the reaction vessel containing the
resin. After the final N-terminal amino acid residues were
coupled, the Fmoc protecting group was removed from the
N-terminus of the peptide. Each of the six libraries was cleaved
from the solid-phase support, and the side chain protecting
groups were removed using a trifluoroacetic acid/phenol/water/
thioanisole/ethanedithiol solution (82.5:5:5:5:2.5 by volume).
The resin was filtered from each of the solutions, and the

can be calculated using a system of equations described by eq
237,38

Z NP,

S - Q(PA)

B Q;(exp)

)

In this equationQj(exp) is the experimental cross section of

peptides were precipitated in ether. The precipitates were washedeptidej, and Q;(PA) is a normalization factor derived from
several times with ether, dried, dissolved in an aqueous solutionthe cross sections of polyalanine peptides, as described previ-

(30% acetic acid), and lyophilized. The following preloaded
Wang resins (Novabiochem) were used: Fmoc-Asp(OtBu),
Fmoc-Glu(OtBu), Fmoc-Gly, Fmoc-Arg(Pmc), Fmoc-Leu, Fmoc-
Lys(Boc), Fmoc-Phe, Fmoc-Ser(tBu), and Fmoc-Tyr(tBu). The
following N-o-Fmoc-protected amino acids (Novabiochem)
were used: Fmoc-Asp(OtBu)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-
Gly-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-

OH, Fmoc-Phe-OH, Fmoc-Ser(tBu)-OH, and Fmoc-Tyr(tBu)-
OH.

ously. The ternf2;(exp)L2;(PA) is referred to as a reduced cross
section3”:38and it is used because it removes differences in size
that arise because of differences in maggorresponds to the
number of times that the size paramgteoccurs for peptidg.
Values of ©;(PA) were determined by extrapolating from a
polynomial fit for the cross sections of polyalanine containing
three to seven residues-1.274 x 10°3(MW)2 + 1.885 x
107Y(MW) + 46.462)°0 Here, only three-residue peptides are
considered such thgin; = 3.
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Figure 1. Two-dimensional plots ofivz versus drift time for the six, 27-component libraries. Each library contains the s@metios but a

different sequence isomer. The amino acids Asp, Glu, or Gly correspond to A, B corresponds to Arg, Leu, or Lys, and C corresponds to Phe, Ser,
or Tyr. These three sets of amino acids were randomized over the three positions to create six libraries (a) ABC, (b) ACB, (c) BAC, (d) BCA, (e)
CAB, and (f) CBA. From these plots, a drift time can be extracted for each of the 162 peptides (27 sets of six sequence isomers), and the cross
sections can be calculated. The colors indicate increasing intensity from blue to red.

In this paper, all cross sections that were predicted or of the annealing steps were compared, and the five lowest-
retrodicted were done so using size parameters that wereenergy structures from these 60 structures were chosen as the
calculated from the 162 tripeptide cross sections that were representative lowest-energy structures. Trajectory collision
measured in this experiment. Values for the COISPs were cross sections were then calculated for each of the five lowest-
obtained by solving a system of 162 equations for 9 variables, energy structures using the MOBCAL program developed by
the nine amino acids used. Size parameters that include theJarrold and co-workef:>3These cross sections were compared
location of the peptide in the sequence, the SSISPs, wereto the experimental cross section, and the one with the smallest
obtained by solving the same system of 162 equations for 27 difference and within 2% of the experimental value was chosen
variables; in this case, the nine amino acids at each of the threeas the representative structure.
positions in the peptide. A least-squares solution was obtained ] ]
for the variables in each set of equations, and the uncertaintiesResults and Discussion
correspond to one standard deviation about the mean. Analysis of 162 Peptides from Six Libraries. Figure 1

Molecular Modeling and Cross-Section CalculationsMo- shows two-dimensional representations of narrow regions of ion
lecular modeling techniques and cross-section calculations weremobility/mass spectra data that were obtained upon analyzing
employed to provide some insight about possible structures (andeach of the six library forms: ABC, ACB, BAC, BCA, CAB,

trends associated with variations in sequence) +di0 se- and CBA. The drift time andvz data that are shown correspond
quences. Extended trial conformations of peptides were gener-to the region where we would expect to find the singly
ated using the suite of programs available with the Insigit Il protonated, [M+ H]*, form of each tripeptide. From visual

molecular modeling software incorporating the AMBER force inspection of these data, we are able to identify peaks muith
field. Each of these structures was taken through two different values that are identical to those expected for each of the 27
annealing processes. The first heated the molecules to 1000 Ksynthesized peptides, as [IMH]* ions (in each of the library).
over 2 ps, equilibrated at 1000 K for 2 ps, and then cooled to In other regions of the data set (not shown), there is evidence
300 K over 1 ps. This process was repeated 100 times and thefor higher charge states (primarily [M 2H]?™) of some peptide

five lowest-energy structures were taken to a second round ofsequences; additionally, there are peaks for some multimers
annealing where they were heated to 500 K over 2 ps, (primarily [2M + H]™ and [2M + 2H]") that can be assigned
equilibrated at 500 K for 2 ps, and then cooled to 300 K over in some cases to specific sequences. All peaks that are not
1 ps. This was repeated 100 times for a total of 500 structures.ascribable to the [M+ H]* peptides of interest are easily

In the second, the temperature was increased to 500 K over 2distinguished from singly protonated peptides due to the fact
ps, equilibrated at 500 K for 2 ps, and then cooled to 300 K that they are found in a different region of the two-dimensional
over 1 ps. This process was repeated 100 times and the fivedataset. Some additional features, observed in the region shown,
lowest-energy structures were taken to a second round ofhavenv/zvalues that cannot be attributed to the expectedq{M
annealing where they were heated to 500 K over 2 ps, H]" library peptides. Such peaks may be due to products that
equilibrated at 500 K for 2 ps, and then cooled to 300 K over are not expected from the synthesis. We have previously
1 ps. This was repeated 100 times for a total of 500 structures.commented about such speciéBor the remainder of this work,
This process yielded a total of 1200 possible structures for eachwe focus only on the [M+ H]* forms of the 162 peptide

of the trial conformations. The five lowest energies from each sequences that we aimed to synthesize for this study.
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TABLE 1: Measured Cross Sections for 162 Tripeptides 145
residué cross section of specific library sequefice
A B C mz2 ABC ACB BAC BCA CAB CBA 140 -

Gly Leu Ser 2762 103.7 1015 100.0 99.4 102.4 102.4
Gly Lys Ser 291.2 101.8 100.8 100.3 98.6 98.6 99.7
Gly Arg Ser 319.2 108.9 106.7 103.6 103.1 104.2 106.0
Asp Leu Ser 3342 114.8 1134 111.0 1102 112.8 113.1
Gly Leu Phe 336.2 118.9 120.5 113.2 118.0 121.4 120.6 |
Glu Leu Ser 3482 1185 117.9 1180 113.9 1184 1157 130 oL LEFA oY @
Asp Lys Ser 349.2 110.3 109.6 110.6 110.5 110.1 108.6 L"’f
Gly Lys Phe 351.2 117.4 119.0 118.4 1184 116.9 114.6 tFo A Loy

Gly Leu Tyr 352.2 118.1 122.7 115.0 121.4 124.4 123.2 125 1 ora

10 Glu Lys Ser 363.2 115.1 1156 1150 113.1 1150 113.4

11 Gly Lys Tyr 367.2 119.6 120.4 121.3 121.3 118.0 116.4

12 Asp Arg Ser 377.2 1155 1159 1150 113.1 1150 114.2 120
13 Gly Arg Phe 379.2 122.2 1245 123.2 120.6 122.8 124.3 ABC DLF ELF DLY ELY

ig 2'“ ﬁrg SP?: %%1422 1112%% 1122%%1 1112%176 11128635 1113%%1 1113%421 Figure 2. Cross sections of four sets of sequence isomers are plotted
SpLeu e . . : : . . -~ so that trends in these data can be identified. Each sequence isomer is

i? g:ﬁ ﬁ;% Lyhre 32&'322 11231'202 112§'345 1%;968 1f§é55 11232902 1123?447 identified by a symbol pertaining to its sequence, ABC, ACB, BAC,

18 Asp Lys Phe 409.2 1255 130.1 127.2 127.6 1269 1295 BCA, CAB, and CBA, where for the plotted set of peptides A
19 Asp Leu Tyr 410.2 129.6 130.8 126.8 128.4 134.4 134.3 corresponds to Asp or Glu, B corresponds to Leu, and C corresponds
20 Glu Lys Phe 4232 128.1 134.6 129.8 131.0 130.2 132.8 0 Phe or Tyr. Several trends are seen for these sets of isomers.

21 Glu Leu Tyr 4242 134.1 135.3 131.6 131.7 1415 137.3
22 Asp Lys Tyr 4252 127.7 131.9 1275 129.9 136.6 137.7 For example, consider the extreme cross sections within each
23 Asp Arg Phe 437.2 1333 134.2 1286 130.6 134.0 1354 jgomer set. Eight of the sequences shown in the figure have a

24 Glu Lys Tyr 439.2 130.3 136.4 131.2 132.8 132.5 132.8 : ; : TSR
25 Glu Arg Phe 4512 132.6 139.0 133.4 1351 135.1 136.5 Leu residue in the first position: Leu-Asp-Phe, Leu-Phe-Asp,

26 Asp Arg Tyr 4532 1337 1356 130.1 132.8 133.2 1354 Leu-Glu-Phe, Leu-Phe-Glu, Leu-Asp-Tyr, Leu-Tyr-Asp, Leu-
27 Glu Arg Tyr 467.2 134.0 1409 135.6 137.3 135.8 136.9 Glu-Tyr, and Leu-Tyr-Leu. Within each of the four sets of

2 The three sets of amino acids (A, B, and C) were varied over the isomers, these pgptides have the smallest cross sections. For
three positions of the peptides. This gave 27 sets of six sequence€xample, for the isomer set Leu-Asp-Phe, Leu-Phe-Asp, Asp-
isomers. Mass-to-charge values for the [ H]* ion of the six peptide Leu-Phe, Asp-Phe-Leu, Phe-Asp-Leu, and Phe-Leu-Asp, the
isomers containing residues A, B, and ®@easured cross sections  cross sections for the peptides containing Leu in their first
for Fhe 27 peptides measured in ea}ch library are listed below their library position areQ([LDF + H]*) = 124.6 & andQ([LFD + H]")
residue sequence. All cross sections are in A = 126.5 & while cross sections for all other sequences are

To determine the experimental cross sections, we identified larger: Q([DLF + H]™) = 128.5 &, Q([DFL + H]*) = 129.4
drift times associated with the peak maxima for each of the [M A2 Q([DLF + H]*) = 131.4 &, Q([DLF + H]") = 131.4 &

+ H] ™ peptides. In essentially all cases, the drift time distribution In contrast, the eight peptides in the figure that have a Phe or
of the m/z region for a single peptide is dominated by a single Tyr (an aromatic residue) located in the first position have the
sharp peak. The shape of this peak suggests that a singlenaximum cross sections within the four isomers sets. For
conformation dominates the distribution or that structural example, in this same set of isomers a cross section of 131.4
changes within a peptide are rapid with respect to experimentalA2 was recorded for the Phe-Asp-Leu and Phe-Leu-Asp
time scales such that the peak corresponds to an average ofequences, which is the largest value within this set. This trend,
structures that are sampled. Cross sections for the dominatein which peptide isomers with aromatic residues in the first
feature of each of the 162 peptide sequences are provided inposition have the largest cross section within the isomer set,
Table 1. For this set of sequences, values range from 99.4 A extends to all four of the isomer sets that are shown in Figure
for [LSG + H]* (m/z = 276.1) to 141.5 Afor [YEL + H]* 2.

(m/z=424.2). From many other experiments (and calibrations ~ As we considered these systems in more detail, it became
with known systems), we anticipate relative uncertainties are clear that many peptides can fall into more than one specific
on the order of1%. trend. A good example of this involves the peptides Phe-Asp-

Trends in Cross Sections for Different Compositions and Leu, Phe-Glu-Leu, Tyr-Asp-Leu, and Tyr-Glu-Leu. Although
Sequencesk-or this relatively small (and highly defined) group these peptides are considered within the trend involving aromatic
of tripeptide sequences, it is possible to identify many different residues in the first position (discussed above); additionally, each
types of trends that are found as one amino acid is substitutedof these sequences has Leu as the third (C-terminal) residue
for another or positioned at a different location in the sequence. and is the largest peptides within its set of isomers. Thus, one
In this section, we provide only a brief discussion of a few trends could also explain the trend in the sequence sets that we have
that are observed for only a few sequences. One of us (A.E.H.)chosen for Figure 2 by considering only the position of the Leu
has considerable interest in many additional trends that areresidue. In the end, as one considers the long history related to
observed; these are discussed elsewffere. predicting protein structure from the propensities of amino acids

Figure 2 shows cross sections for 24 selected sequences thato be found in specific types of structur®dt is clear that many
contain a Leu residue at the first, second, or third position. In additional factors influence structure, even in these very small
the set of sequences used for this comparison, the Leu residuesystems. To some extent, we were surprised that many types
has been combined with an aromatic (Phe or Tyr) and an acidicof trends could be drawn from this relatively small set of
(Glu or Asp) residue. Thus, there are four sets of six sequencesequences.
isomers, having the amino acid compositions: Asp, Leu, Phe; Trends in Structure That Are Observed from Molecular
Glu, Leu, Phe; Asp, Leu, Tyr; and Glu, Leu, Tyr. The plot that Modeling Calculations. To obtain more insight about the types
is shown illustrates several trends that are found with changing of conformations that are present, we examined a number of
composition and sequence of the above sets of amino acids. sequences using molecular modeling techniques. Figure 3 shows
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LDF LFD FL;_& FDL
Q(exp) = 124.6 A2 Q(exp) = 126.5 A2 Q(exp) = 131.4 A2 Q(exp) = 131.4 Az
Q(calc) = 124.9 Az Q(calc) = 126.3 Az Q(calc) = 129.0 A2 Q(calc) = 133.0 Az
LEF LFE ELE FEL
Q(exp) = 129.8 A2 Q(exp) = 129.5 A2 Q(exp) = 134.7 A2 Q(exp) = 139.2 A2
Q(calc) = 130.5 A2 Q(calc) = 128.4 A2 Q(calc) = 134.1 A2 Q(calc) = 138.9 A2

Figure 3. Structures from molecular modeling of eight three-residue peptides. These peptides all contain Leu and Phe residues with either Asp or
Glu acidic residues. The four peptides at the top of the figure contain Asp, and the four peptides at the bottom of the figure contain Glu. These
peptides were modeled to determine structural differences due to amino acid interactions within peptide isomers.

1.25

typical results for eight different sequences: Leu-Asp-Phe, Leu-
Phe-Asp, Phe-Leu-Asp, Phe-Asp-Leu, Leu-Glu-Phe, Leu-Phe- 1.2
Glu, Phe-Leu-Glu, and Phe-Glu-Leu. In this case, we show a acidic é{
relatively low-energy conformation that has a calculated cross e ,—H

aromatic

basic

section that is in close agreement with experiment. Upon § 14
examining these structures, we were struck by the fact that £
although the calculated and experimental cross sections are ir§ 195
good agreement, there is no obvious trend in the structure thatg 1
explains the trends that we discussed above for positioning Leu
at the first or last position or an aromatic residue in the first 095
position. For example, although the structures for the Leu-Asp- 4
Phe and Leu-Glu-Phe sequences (having Leu in the first
position) are more compact than the Phe-Asp-Leu and Phe-Glu- 0.85
Leu structures (with Leu in the last position), this does not
appear to arise because of obvious differences in Leu packing. L A | | B | | c |
In both cases, the Leu residue appears to extend away from the-igyre 4. Size parameters were solved from sets of linear equations
peptide core and appears to have few conformational restrictions.obtained from cross-section measurements of 162 peptides (27 sets of
Similarly, there is no obvious trend in structure that explains six sequence isomers). The symbokorresponds to the composition
the experimental result in which an aromatic residue in the first only size parameters (COISPs) calculated from these data for each of
position leads to the largest cross section. the nine amino acids. The diamonds correspond to sequence;-spec!flc
o . . size parameters (SSISPs) calculated for each of the nine amino acids

Instead, the significant structural element that is apparent is jn each of the three positions. The white diamonds correspond to SSISPs
associated with the position and differences in size associatedin the N-terminal position of the peptide, the gray diamonds correspond
with the Asp and Glu acidic residues. In both cases, if the acidic to the SSISPs in the center position of the three-residue peptide, and
group is positioned as the third (C-terminal residue), then the the black diamonds correspond to the SSISPs in the C-terminal position
peptide favors structures in which both the C-terminal carboxylic of the peptide. Error bars indicate one standard deviation about the

. . . . . . ean.
acid group and the carboxylic acid side chain interact with the
protonated N-terminal amino group. Sequences in which the Determination of Sequence-Specific Intrinsic Size Param-
acidic residue is located in the second position appear to restricteters.Details involving the calculation of composition only and
the interaction of the side chain with the N-terminus; instead, sequence-specific intrinsic size parameters, COISPs and SSISPs,
these favor interactions between the ends of the peptides. In allwere discussed above. Figure 4 shows the values obtained upon
of the sequences that we have studied, it appears that relativelyapplying eq 2 (with the experimental cross sections in Table 1)
compact conformations are favored due to interactions along for COISPs and SSISPs for the nine amino acids contained in
the peptide with the protonated amino terminus (similar to these peptides. In this plot, a size parameter of 1.00 indicates
charge-solvation structures reported previou&lyy. that the amino acid of interest has the same overall influence

}

R
28

Asp Glu Gly Lys Arg Leu Phe Tyr Ser
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Figure 5. Plots of the cross section calculated using size parameters divided by the experimental cross section for each of the 27 peptides in each
of the six libraries. The closed circles correspond to the cross sections calculated with SSISPs, and the open circles correspond to cross sections
calculated using COISPs. The calculated cross sections for each of the peptides were determined by summing the size parameters (either SSISPs
or COISPs) for each of the amino acids, dividing by 3 (the number of amino acids in the peptide), and multiplying by the cross section of polyalanine

at the same molecular weight as the peptide. The short dashed lines intiddtérom the experimental value, and the long dashed lines indicate

+2% from the experimental value.

on cross section as an alanine residue within small singly Finally, in some cases it appears that the position of the amino
protonated polyalanine peptides, which favor roughly spherical acid in the sequence has a large impact on the peptide cross
globular conformationg?28 section. Again, we consider the Leu residue where the contribu-
A number of points regarding Figure 4 are noteworthy. First, tion to the cross section when located at the third position is
it is interesting to compare the COISP values obtained from ~10% larger than when located at the first position. In other
these tripeptides with values that were derived previously from cases, such as the acidic and basic residues (and also Gly), the
5—10 residue tryptic peptide’$:38 For the most part, the values  impact of the position within the sequence appears to be much
derived from tripeptides are significantly different than those smaller.
derived previously. The only exception is for the Leu residue,  As before3”38 it is possible to combine size parameters to
which has a relatively large COISP (1.230.07 from tripeptides calculate cross sections. Strictly speaking, these values should
and 1.19+4+ 0.02 from the tryptic peptides). The values of be called retrodictions (rather than predictions) since the
COISP(Arg)= 1.00+ 0.04 and COISP(Lysy 1.02+ 0.05 experimental values, which are being calculated from size
from the tripeptides are significantly smaller than the values of parameters, were used to generate the size parameters. Below,
1.23+ 0.04 and 1.2A4 0.07 from tryptic peptides. We note  we present bona fide predictions for sequences that have not
that molecular modeling studies of the Lys- and Arg-containing been measured yet. It is interesting to compare the quality of
tripeptide sequences require tightly packed conformations to retrodictions that are obtained when experimental cross sections
reproduce the experimental data. A number of cases (e.g., EFRare calculated using the new SSISPs with the values obtained
and RFE) required salt bridge charge assignments to create verysing the new COISPs obtained here.
compact conformations that have calculated cross sections that Figure 5 shows a comparison of calculated and experimental
are in agreement with experiment. cross sections using both methods to calculate cross sections
Second, the uncertainties of the COISPs for tripeptides arefor all 162 peptides. The values that are shown correspond to
much larger than those obtained for tryptic peptides. For the ratio of the calculated cross sections (using either the COISP
example, the uncertainty of COISP(Leu)0.07 from tripeptides or the SSISP values). In this case, a ratio of 1.00 indicates that
and 0.02 from tryptic peptides. Overall, the large uncertainties the parameters have exactly captured the experimental value.
associated with these sequence isomers suggests that thAs the values deviate from 1.00, the values have been either
influence on the peptide cross section associated with theoverestimated or underestimated with respect to the experimental
position of the amino acid in the sequence cannot be capturedcross section. Overall, this figure shows that (1) most cross
from the average of all sequences. Indeed, when fewer valuessections can be predicted using either COISPs or SSISPs to
are averaged over specific positions in the sequence, thewithin ~2% of the experiment and (2) the SSISP values do a
uncertainty is reduced substantially. For example, SSISR{Leu better job than the COISP values of retrodicting the experimental
= 1.07+ 0.02, SSISP(Ley) = 1.154+ 0.01, and SSISP(Lgu cross sections (89% within 2% of experiment for SSISPs,
= 1.17 £ 0.02. Moreover, the decrease in the uncertainties compared with 75% for COISPS).
obtained for SSISPs compared with COISPs is common to all By examination of these data in more detall, it is possible to
of the nine amino acids determined here. gain some insight into which sequences are accurately estimated
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and which are not. To do this, it is necessary to understand the 160
layout of Figure 5 in more detail. The figure is designed to be 454 |
used along with the information in Table 1. The designation of e
parts a-f corresponds to the different sequences that are 1491 0
tabulated: ABC, ACB, BAC, BCA, CAB, and CBA, respec- 11
tively. The individual points in each plot correspond to peptides
that are plotted in the same order as they are tabulated. For
example, from the combined information, we know that the open
and solid circles, correspond to the fifth peptide in the BAC ~ 100 |
library (Figure 5c), which is comprised of the amino acids Gly, 80
Leu, and Phe, in the sequence Leu-Gly-Phe. In this case, the
COISP calculation (shown as the open circle) significantl ‘ ‘ ‘ ‘ ‘
overestimates the c(ross section for I[ELGJF H]* )by g4.9%; ’ 190200 0 0 ::zo 00 4SS0 880
however, the SSISPs yield a value (the solid circle) that is within gigyre 6. Prediction and retrodiction of a total of 729 tripeptides using
1.6% of the experiment. Similarly, the COISP cross section SS|SPs determined from cross sections of 27 sets of six sequence
calculated for the ninth peptide in this library, corresponding isomers (162 peptides). Error bars indicate the propagation of error
to the Leu-Gly-Tyr sequence, is 5.1% greater than experiment, determ_ined using the error of eag:h of the parameters used to palculate
where as the SSISP cross section is within 1.5% of experiment, & Predicted cross section. The inset shows an enlarged region from
From these values as well as others that we have examined ir]molecular weight 375 to 400 and from cross section 110 to 120 A
detay], Itappears that peptldgs having a Leu residue in the.f'r.Stthat Phe-Leu-Leu should be distinguished from Leu-Leu-Phe
position are typically overestimated using the COISPs. This is
. . . ; . and Leu-Phe-Leu.

consistent with the discussion that we provided above (and the
data in Figure 4) in which we outlined the finding that the
position of Leu in the sequence has a large influence on its
contribution to cross section (in these tripeptides). lon mobility/MS techniques have been used to measure cross

In a number of cases, the COISP parameters appear to do &ections for six combinatorial libraries that were synthesized
better job than the SSISP parameters. For example, Figure 5d0 produce 27 unique tripeptide compositions. The cross sections
also shows that peptides 6 (Leu-Glu-Ser), 8 (Lys-Gly-Phe), 11 for 162 [M + H]* ions are reported. None of these cross sections
(Lys-Gly-Tyr), 13 (Arg-Gly-Phe), and 16 (Arg-Gly-Tyr), which ~ had been reported previously. A unique feature of this study is
were calculated with SSISPs, have predicted cross sections thathat we have designed the synthesis so that there are six different
are significantly less than the experimental values. It is isomer forms of each of the 27 compositions. This makes it
interesting that with the exception of the Leu-Glu-Ser sequence POSSible to examine how amino acid sequence influences cross
the rest of these peptides have a central Gly residue with a basic€ction. A number of interesting trends in how the position of
residue in the first position and an aromatic residue in the third @0 @mino acid influences cross section can be observed. We
position. Although this is a relatively small subset of sequences, discussed two trends: the observation that sequences containing

the fact that the retrodictions in which sequence is included are & L€U residue in the first position have cross sections that are
smaller than sequences in which this residue is located as the

not as good as composition only values suggests that otherCt inal id d the ob tion that i id
higher-order considerations may be important. As the size of =~ erminaf residué, and the observation that aromalic residues
located in the first position yield peptides with larger cross

the database increases, it will be interesting to keep track of . P . . .
those sequences in which retrodictions involving sequence arisesec_tlons i th_elr Isomeric counterparts having aromatic
. . residues located in the second or third position. We noted that
as these may provide clues about what factors are required to hile it is interesting to consider these trends these seduence
understand these types of sequences in more detail. whre 11 glo« : 9
o ) ] . trends alone are not unique explanations that are required to
Estimating Cross Sections for All 729 Tripeptides Com- expjain our data. That is, the cross section comes about from
prised of the Nine Amino Acids Studied Here.The SSISPs )| possible interactions.
that were determined above can be used to calculate 729  \jolecular modeling studies of the positional dependence of
tripeptide cross sections (all possible with the nine amino acids {he cross sections of Leu-containing peptides show no clear trend
considered here). This group includes calculated values for theassociated with the Leu residue. Instead, these calculations
162 cross sections that were measured as well as prediction okggest that structural differences arise when an acidic residue
567 new tripeptides that contained the nine amino acids residuesis |ocated in the second or third position of these sequences.
Figure 6 shows a plot of the calculated cross sections for singly That is, it appears that the ability of the acidic side chain to
protonated monomer peptides, [M H]*. Over this range of interact efficiently with the protonated amino terminus influ-
amino acid types, for a givem/z value cross sections vary by  ences the type of conformation (and cross section). This type
as much as~20%. Within the uncertainty of the calculation, of interaction is analogous to charge-solvated structures that have
we do not expect all of the peptide isomers to be resolved within been discussed previously.
the present experimental resolving powers or uniquely identified.  An important product of this work is the first set of sequence-
However, in many cases, these peptides may be uniquelyspecific intrinsic size parameters that can be used to predict
resolved from one another and possibly identified based on across sections. These parameters appear to provide a signifi-
combination off/z information and SSISP prediction. As an  cantly better approach for calculating cross sections from amino
example, at amvz value of 392.3 three sequence isomers were acid sequence, compared with parameters that are based only
predicted: Leu-Leu-Phe, Leu-Phe-Leu, and Phe-Leu-Leu. Fromon the composition of the peptide. For this set of 162 tripeptides,
the calculation of their cross sections using SSISPs, their cross89% of cross sections calculated using SSISPs were within 2%
sections were found to be 130.1, 132.4, and 13&1Ii this of the experimental cross section measured. For this same set
case, within the uncertainty of the calculation, we anticipate of tripeptides using composition only size parameters, only 75%

A2

cross section (.

80 ; T

Summary and Conclusions



SSISPs from Cross Sections for 162 Tripeptides

were within 2% of the experimental cross section. The approach
for calculating cross sections is general, and a prediction of cros
sections for all possible tripeptides, comprised of the nine amino
acids studied here (729 total), was made. This prediction
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58092-8096.

(25) Hodyss, R.; Julian, R. R.; Beauchamp, J.Ghirality 2001, 13,
703-706.
(26) Sobott, F.; Herhadez, H.; McCammon, M. G.; Tito, M. A.;

suggests that the maximum variability in cross sections (for a Ro?zig)sof, C-JVQTatl- g?h’ammgz 7‘t1' 1&%20—01;%- 175186
: : 0, o : S 00, J. A.Int. J. Mass Spectro .
single mass). i5-20%. Thus, the ability to predict valu.es.vylthln (28) Clemmer. D. E.. Jarrold, M. B. Mass Spectroml997, 32, 577—
2% of experiment should reduce some of the ambiguities that 595
arise with database assignments of MS and tandem MS data. (29) Barran, P. E.; Polfer, N. C.; Campopiano, D. J.; Clarke, D. J.;
i i i i Langridge-Smith, P. R. R.; Langley, R. J.; Govan, J. R. W.; Maxwell, A,;
Finally, we note that it should be relatively straightforward - JEEE3E R0 & o o g0 e P S Spectron005
to extend this type of information for other types of sequences, 540 273-2g4.
different charge states, and larger peptide sizes. To some extent, (30) Fiori, W. R.; Millhauser, G. LBiopolymers1995 37, 243-250.

it is probably possible to estimate sequences in which an lle is Millhauser, G. L.; Stenland, C. J.; Bolin, K. A.; van de Ven, J.MBiomol.

substituted for Leu simply because these residues appear td"

affect cross section in a very similar wa$38500ther libraries

can be used to develop parameters for remaining amino acids
We are currently examining several additional libraries that are
aimed to extend this approach to larger sizes.
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