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Abstract

Cross sections for 61 palmitoylated peptides and 73 cysteine-unmodified peptides are determined
and used together with a previously obtained tryptic peptide library to derive a set of intrinsic size
parameters (ISPs) for the palmitoyl (Pal) group (1.26 + 0.04), carboxyamidomethyl (Am) group
(0.92 + 0.04), and the 20 amino acid residues to assess the influence of Pal- and Am-modification
on cysteine and other amino acid residues. These values highlight the influence of the intrinsic
hydrophobic and hydrophilic nature of these modifications on the overall cross sections. As a part
of this analysis, we find that ISPs derived from a database of a modifier on one amino acid residue
(CysPa) can be applied on the same modification group on different amino acid residues (SerPa!
and TyrPal). Using these ISP values, we are able to calculate peptide cross sections to within + 2%
of experimental values for 83% of Pal-modified peptide ions and 63% of Am-modified peptide
ions. We propose that modification groups should be treated as individual contribution factors,
instead of treating the combination of the particular group and the amino acid residue they are on
as a whole when considering their effects on the peptide ion mobility features.

Introduction

Advances in peptide identification by mass spectrometry (MS) and tandem MSMS methods

have dramatically improved the analysis of complex mixtures of proteins.1:2 However,
various co- and post-translational modifications that occur naturally, as well as
modifications that occur as a part of sample work-up [e.g. the alkylation of cysteine (Cys)3
and isotopic labeling of peptides for quantitative proteomics*®:6], may complicate these
analyses. Many alternations may occur in low concentrations; in addition, chemical

modifications may decrease ionization efficiency, and introduce complexities in assignments

of sequences.”:8
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Recently, ion mobility spectrometry (IMS) measurements of peptide ions have been
introduced as a means to complement MS-MS-based peptide ion assignments.910.11,12,13,14
The IMS approach introduces mass-independent constraints based on the peptide cross
section (€2). From large numbers of cross section measurements it is possible to assess
average contributions of each amino acid to the overall size by the derivation of intrinsic
size parameters (I1SP) for individual amino acids.?10111213-14 Aming acid size parameters
have now been derived for a range of polypeptide chain lengths, charge states, as well as for
polypeptide chains that are ionized with a range of different cations -e.g., hydrogen,91011-12
alkali metal 12 alkaline-earth metall4, and transition metal.1> Once these values are
determined, it is possible to use the ISP values to calculate cross sections for peptide
sequences that have not been observed previously; such an approach provides a mass-
independent parameter that can be used to test the veracity of assignments based on MS and
MS-MS data, thus improving the reliability of such analyses.12:16

In this paper, we present a first step in extending the use of ISPs to include peptide
modifications. The effect of modification groups on peptide structures in the gas phase has
attracted some interest 17-181920212223 For example, phosphorylation typically causes
peptides to adopt structures that are more compact than non-phosphorylated peptide
structures, even when differences in molecular weight are considered.17.18 To date, IMS
measurements have also been applied as a means of assessing locations of chemical cross-
linking,1° phosphorylation,29:21 glycosylation?2, and methylation.2% The work presented
below focuses on two types of proteomics modifications found primarily on cysteine
residues: carboxyamidomethylation324.25 (designated as Cys”™ or CA™), and
palmitoylation (designated as Cys"2! or CPal). Palmitoylation can also occur on hydroxyl-
and amino-groups such as those found on serine, threonine, tyrosine, lysine, and the amino
terminus, especially when glycine is the first residue.2 Example structures of the CysA™
residue and several palmitoylated residues (CysP@, ThrPal and GlyPa!) are shown in Figure 1.

The CysA™ modification is among the most common that is observed in proteomics studies.
This modification is often introduced during sample workup upon addition of excess
iodoacetamide (IAM). The irreversible alkylation reaction provides a modification that acts
as a protecting group, preventing the reformation of disulfide bonds.3:24:25 Below, we derive
an ISP value for the Am modification to be 0.92 £ 0.04, which is smaller than the average
intrinsic size (1.00, by definition) that is based on the correlation of molecular weight with
peptide size. This result is consistent with our previous findings that hydrophilic residues?’
usually have small ISP values®:10.11.12,13-14 hacayse the polar side chains associated with
these residues undergo strong interactions with protonated sites, causing an overall
compaction of the peptide structure.

Palmitoylation is a naturally occurring modification that involves covalent addition of the
hydrophobic palmitate group (CH3(CHs)14CO-) to various amino acid residues (as
described above) on proteins.2® This modification has been implicated in regulation of
trafficking,28 cellular localization,?8 and activity of many intracellular signaling
proteins.2%:30 Like phosphorylation,3! the modification site for palmitoylation is not limited
to one position. Palmitoylation errors (e.g., sites that do not get modified, or sites that are
incorrectly modified) can affect cell growth and neuronal development.32 We have derived
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the ISP value for this highly hydrophobic28 Pal group to be 1.26 + 0.04. This is consistent
with our previous observations that the intramolecular interactions involving hydrophobic
residues are relatively weak. Thus, an abundance of these residues in a peptide sequence
often leads to these peptides to have larger overall cross sections.10.11,12,13-14

At this point, the inclusion of size parameters as an orthogonal test of sequence veracity
based on MS and MS-MS analysis is at an early stage.1218 In earlier work, we used this
approach on a commercial IMS-MS instrument and reported a scoring scheme that includes
size parameter variables.12 This scheme showed a modest but significant improvement in
assisting peptide and protein identification in proteomics research. The ability to include
parameters for modified amino acids will extend the utility of this type of approach to many
peptides that could not be assessed previously.

Experimental Section

Peptide synthesis

Specific sequences for peptides containing cysteine residues originated from known
palmitoylated proteins within several online protein databases [Swiss-Prot (Release
2011_8),33 Protein Data Bank (January 2012),34 and Human Protein Reference Database
(Release 9),3°] or from membrane proteins predicted by an in-house computational
algorithm. All Cys-containing peptides were synthesized by standard solid-phase Fmoc
chemistry36 with an Aapptec 396 robotic synthesizer (Aapptec, Louisville, KY) at a 0.05
mmol scale. In brief, the N-terminal deprotection was conducted with 25% (v:v) piperdine in
dimethylformamide (DMF), followed by rinsing and coupling cycles with 0.5 mL of 0.5
mmol-mL~1 Fmoc-protected amino acid in N-methyl-2-pyrrolidone (NMP), 0.5 mL of 1.0
mmol-mL~1 DEPBT [3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one] in DMF
and 0.15 mL N,N-diisopropylethylamine (DIPEA) for 1 hour. After synthesis, peptides were
cleaved from the resin with 0.8 mL of cleavage mixture [90:2.5:2.5:2.5:2.5 of trifluoroacetic
acid (TFA):triisopropylsilane (TIS):2,2'-(ethylenedioxy)-diethanethiol
(DET):thioanisole:methanol] for 2 hrs at ~300 K. The resultant peptides were precipitated
and washed with ethyl ether. Wang resin, protected Fmoc amino acids and DEPBT were
purchased from Aapptec (Louisville, KY). All solvents described above were purchased
from EMD Chemicals (Gibbstown, NJ). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO).

Synthesis of Pal- and Am-modified peptides

Two methods for palmitoylation were used. The first is nonspecific for the palmitoylation of
thiol and hydroxy! groups present in peptides. This reaction was performed using a
procedure described by Yousefi-Salakdeh et al.37 The reaction scheme for this modification
is shown in Figure 1. Briefly, ~1.5 mg of peptide was dissolved in 80 L dry TFA, and 40
pL palmitoyl chloride (Sigma-Aldrich, St. Louis, MO) was added into the peptide solution.
The reaction mixture was slowly stirred at ~300 K for ~12 hrs and quenched with 1 mL
diethyl ether to precipitate the product from solution. The resulting precipitate was washed
again with 1 mL diethyl ether, collected via centrifuge, and then dissolved in 1:1
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acetonitrile:water with 0.1% formic acid to a final concentration of ~0.1 mg-mL~1. This
solution was used for testing without further purification.

The second method is selective to only modify thiol groups. This reaction scheme is
displayed in Figure 1. Here, unmodified peptides are dissolved in 40:60 water:acetonitrile
(v:V ratio) to a concentration of ~1 pmol-mL~L. Phosphate reaction buffer (pH 8.0) was
prepared to contain 25 mmol-L~1 sodium-phosphate, 0.1 mmol-L~1
ethylenediaminetetraacetic acid (EDTA) and 0.1 mmol-L~1 tris(2-carboxyethyl)phosphine
(TCEP). 10 pL of peptide solution was added into 80 L reaction buffer, followed by the
addition of 10 L of 5 umol-mL~1 palmitoyl coenzyme A lithium salt (Pal-CoA, see Figure
1 for structure) water solution. The reaction was performed at 37°C for 4-24 hours. The
product was extracted by solid phase extraction with NuTip (Glygen Corp, Columbia, MD)
and washed 4 times with 25 pL water. Elution of the product was achieved with three rounds
of washing: twice with 20 pL 70:30 acetonitrile:water and a final round with 20 pL 95:5
acetonitrile:water. Water was added to a final volume of 1:1 acetonitrile:water. All of the
solvents used in the solid phase extraction procedure contained 0.1% formic acid, including
the final solution. This final solution was used for mass spectrometric measurements without
further purification. EDTA, TCEP, sodium phosphate and Pal-CoA were obtained from
Sigma Aldrich (St. Louis, MO). All other solvents were purchased from EMD Chemicals
(Gibbstown, NJ).

All Am-modified peptides are produced by a reaction with IAM under standard conditions
using a protocol described in detail previously.12 Briefly, 10 to 100 mg of select proteins
were suspended in 2 mL of 200 mmol-L~1 ammonium bicarbonate solution containing 6
mol-L~1 urea. A solution of 100 mmol-L~1 dithiothreitol (DTT) was added in a 40:1
(DTT:protein) molar ratio and incubated for 2 hrs at 37 °C to reduce disulfide bonds. A 100
mmol-L~=1 IAM solution was added at a 80:1 (IAM:protein) molar ratio, followed by
incubation at 4 °C for 2 hrs in darkness to carboxyamidomethylate Cys thiol groups. Free
Cys was added in a 40:1 (cysteine:protein) ratio at 25 °C for 30 min to quench excess |AM.
A 200 mmol-L~1 ammonium bicarbonate solution was added to decrease the urea
concentration to 2 mol-L=1 prior to addition of TPCK-treated trypsin at a 1:50
trypsin:protein weight ratio. This reaction was performed for ~24 hrs at 37 °C to produce
tryptic peptides. Ammonium bicarbonate, urea, DTT, IAM, cysteine, and trypsin were
purchased from Sigma-Aldrich Co. (St. Louis, MO).

Instrumentation and cross section measurements

Figure 2 shows a schematic of the home-built IMS-MS instrument used for this study.
Detailed descriptions of this instrument and nested ion mobility-MS measurements have
been provided previously,38:39 and only a concise description is presented here. Briefly,
electrospray ionization (ESI) was used to create peptide ions that were introduced into an
hour-glass geometry ion funnel (F1),4041 where they were accumulated and periodically
gated into the drift tube assembly (D1 and D2, with a total length of ~183 cm). The ions
migrated through D1 and D2 under the influence of a uniform electric field (~10 V-cm™1)
and collided with the He buffer gas (ultrahigh purity, Airgas, Radnor, PA) at a pressure of
~3 Torr and a temperature of ~300 K. The ion packets were radially focused through the two
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ion funnels (F2 and F3). Upon exiting F3, the mobility separated ions were introduced into
the high-vacuum region, where they were orthogonally extracted into a time-of-flight mass
spectrometer and then mass analyzed. The data collection time for each sample was ~5 min.
The ion mobility resolving power (defined as R = t/At where At is measured at the full-
width-at-half-maximum) for a typical peptide ion peak in the +2 charge state was ~80.

Calculation of collision cross sections

Experimental drift times (tp) are converted to cross sections (£2) using equation 1,42

Q:

(18m)2  ze 1 1710t ET60 T 1

6 (1) [m—I m—J L paman @
In this equation, the variable ze represents the charge of the ion, k; is the Boltzmann's
constant, my is the ion mass, mg is the mass of the buffer gas, E is the electric field, L is the
drift tube length, P is the buffer gas pressure, T is the temperature, and N is the neutral
number density of the buffer gas under standard temperature and pressure. All
measurements made in this study were calibrated to bradykinin and polyalanine (Sigma-
Aldrich, St. Louis, MO) to account for day-to-day variations in experimental conditions and

RF voltage used in the ion funnels,*344 with a relative uncertainty less than 1%.

Results and Discussion

lon mobility distributions

Figure 3 displays an example ESI-IMS-MS dataset for an equimolar mixture of two peptides
containing a Cys residue or the CysA™ or CysPa modification. General distribution
characteristics of these doubly-protonated peptide ions (generally defined as [Pep+2H]2*)
can be observed from the plot. Pal-modified peptides [VLLCPaILK+2H]2* and
[VLLQCPaILK+2H]?* have a large shift in nvz (119.11 Th) as well as drift time (2.58 ms
and 2.70 ms, respectively) upon comparison to the respective unmodified species. On a
general trend, the drift time distributions for typical Pal-modified peptides are relatively
broader, reflected by the lowering of the IMS resolutions as comparing to their unmodified
counterparts. For example, the mono Pal-modified and unmodified peptides listed in Table
1, the peak resolution is 83+20 and 98+18, respectively. This fact suggests that this
palmitoylation increases the range of structures that the peptide can adopt. We speculate that
this may reflect the flexible nature of the long C16 hydrocarbon chain in the palmitoyl
group. The Am-modified peptides [VLLCAMLK+2H]%* and [VLLQCAMLK+2H]%* show
smaller increases in both m/z (28.51 Th) and drift time (0.42 ms and 0.36 ms, respectively)
upon comparison to the respective unmodified species.

Range of cross sections upon Cys modification

Figure 4 displays the cross sections for [Pep+2H]2* peptide ions as a function of molecular
mass. The data shown here combines these new Cys-containing and palmitoylated [Pep
+2H]?* peptide cross sections with a database of cross sections (inclusive of 64 CysA™-
containing peptides) generated by our group.1® Most palmitoylated peptide ions (~96%)
have cross sections that are above the regression curve (second-order) for the range of [Pep

Int 3 Mass Spectrom. Author manuscript; available in PMC 2015 May 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 6

+2H]2* ions. Conversely, the majority of Am-modified peptide ions (~75%) have cross
sections that are below this regression curve. This shows that the modification can
significantly impact the structure of the ion, independent of the additional mass added to the
precursor peptide.

Complete lists of cross sections of primary features for 72 unmodified Cys- and 61 Pal-
modified peptide ions and are located in Supplemental Tables 1 and 2, respectively. The
supplemental tables contain information on the peptide sequence, mass, charge, peptide
length, sites of modified residues, number of modifications, and cross sections. Changes in
cross section for peptide sequences following palmitoylation are listed in Table 1. These
peptides were selected as a subset of the data to reflect the range of peptide length with the
number and location of palmitoylation site(s). The addition of the palmitoyl group to this
selected peptide dataset contributes an additional average cross section of ~45.5 + 4.1 A2
(comparable to the values obtained for the entire dataset). This significant change to the
cross section accounts only for the addition of the Pal group, irrespective of the amino acid
residue (Cys or Thr) that is modified or the number of palmitoyl groups added.

Derivation of intrinsic size parameters

The method to determine ISP values for individual amino acid residues has been described
in detail previously.12:13-14. 15 |n this work, we expand upon this derivation to include the
Am and Pal modifications as additional components in the analysis. To begin, the reduced
cross section is calculated for each peptide ion as defined in equation 2:

Q;

Yi=5— (2
Qezpected @)

Here, ©j and y; represent the experimental and reduced cross section, respectively, for each
peptide ion sequence i. Qexpected IS the cross section derived from a second-order polynomial
fit of cross sections and peptide molecular masses that is obtained for a dataset inclusive of
these new measurements reported here combined with the reported major features from our
[Pep+2H]2* database.1®

The reduced cross sections can be related to a set of equations of the sum product of the
intrinsic size parameters and the frequency of occurrence for each component for each
specific peptide sequence, as defined by equation 3:

n
ZXijpj:yi 6)
i=1

Here, j corresponds to each unknown parameter and ranges from 1 through n, where n is
equal to the total number of individual components (22 in this analysis to include each of the
20 natural amino acids plus the Am and Pal groups). The variable X;; represents the
frequency of occurrence of each component (j) in each sequence (i). The variable p;
represents the intrinsic size parameter of each component j. This system of linear equations
was set to solve for each best-fit pj using a linear least-squares regression. The uncertainty in
the parameters is calculated as the square root of the variance and represents the standard
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deviation. These calculations were performed with the Matlab Software Suite (MathWorks
Inc., Natick, MA).

Previous ISP derivations have defined Cys”A™ as an individual variable to describe the size
contribution for this specific residue. The number of Cys-containing peptides in these
databases was limited, prohibiting the ability to derive a separate Cys ISP without a large
associated error. With the number of cross sections provided here for Cys-containing
peptides, it becomes possible to separate the Am and Pal modification groups as separate
ISP components from Cys. For example, our previous treatment of the peptide sequence lle-
Asn-His-CysAM-Arg would define an equal frequency of occurrence (equal to 0.2) for each
of the five residues to be parameterized. In this work, we would assign this peptide with six
individual components: each of the five amino acid residues (lle, Asn, His, Cys, and Arg)
plus the Am modification group.

Table 2 gives the derived ISP values with the amino acid residues and Am and Pal
modifications derived as individual components. Subsets of cross sections for these
derivations are limited to those sequences that are pentapeptides or larger and terminate with
either Lys or Arg. These intrinsic size parameters for individual amino acid residues are
largely consistent with previous ISP derivations for protonated peptide ions.121314-15

Contribution to cross section for modification groups

Figure 5 shows the values for the intrinsic size parameters derived for each component
described above. The individual components that are parameterized are classified with the
modification groups (Am and Pal) separated from the amino acid residues, which are
classified into subgroupings of similar residue R-groups based on similarities in polarity and
structure. Generally, the nonpolar aliphatic residues have larger ISP values, indicating an
increased contribution to the cross section. The polar aliphatic residues have ISP values
<1.00, indicating a contraction to the cross section. The aromatic residues have intermediate
ISP values. Within each residue subgroup, the ISP values generally increase with the length
of the side chain.

The ISP value for the Pal group (1.26 + 0.04) is significantly larger than any other
component that was parameterized. This large contribution to the cross section is explained
by the long, nonpolar hydrocarbon chain of the palmitoyl group. This group is much more
hydrophobic than any other amino acid residue or modification presented here, therefore
explaining its much larger intrinsic size parameter. This large Pal group ISP is also
consistent with the general trend of larger ISP values for nonpolar aliphatic residues for
increasing lengths of the side chain.?10111213-14 conyersely, the Am group has a much
smaller ISP of 0.92 + 0.04 that is similar to the ISP values of the polar aliphatic residues.
These values are explained by the polar carboxamide within the Am group. This
modification would augment the peptide to become increasingly polar, enabling stronger
interactions of the polar groups with the charge site. The ISP value for the Am group is
comparable to the ISP values for the carboxamine-containing residues of Asn and Gin (0.91
+0.02 and 0.94 + 0.03, respectively).

Int 3 Mass Spectrom. Author manuscript; available in PMC 2015 May 26.
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This new component ISP derivation also gives the ability to readdress the contribution to the
cross section for the Cys residue. Previously, ISP values were derived excluding the Cys
residue due to a limited number of measurements for Cys-containing peptide cross sections.
Rather, the Cys”™ residue was treated as its own variable (reported to be 0.86 + 0.04).12 The
number of cross sections added here for Cys-containing peptides enables the
parameterization of this unmodified residue. The ISP of Cys is reported here to be 0.96
0.03, which is significantly larger than the CysA™ ISP. We interpret this result as the Am
modification increasing the relative polarity of the Cys residue. It is also interesting to note
that the Cys ISP is comparable to the ISP of Ser (0.95 + 0.02), which differs only with a
sulfur atom in the Cys thiol rather than an oxygen atom in the Ser hydroxy! group.

Finally, we note that these added cross sections to the [Pep+2H]2* database has further
decreased the ISP standard deviations reported previously for the individual amino acid
residues.1913 This observation supports our treatment of the modification groups as
individual components in the ISP derivation. Interestingly, it has also yielded a significant
difference in the ISP values for the isomeric residues of isoleucine (lle) and leucine (Leu)
(1.07 £ 0.02 and 1.13 £ 0.01, respectively). As such, these ISP values may be able to
significantly improve upon the false discovery rate for proteomic scoring!? between
sequences containing these isomeric residues as it is often difficult to differentiate between
Ile and Leu with the low energy MS-MS conditions typically used in proteomics

studies. 4546

Application of ISP values for the prediction of cross sections for modified peptides

The mobility-derived ISP values can be used to competently predict cross sections as a
means to independently substantiate the sequence identification obtained via MS-MS
techniques.910111213-14 One way to assess this predictive power is through retrodictive
comparisons of the ISP-derived cross sections to those derived using a molecular weight fit.
Figure 6 shows the potential to improve the predictive accuracy using the ISP values in
comparison to the [Pep+2H]2* molecular weight fit for Pal- and Am-modified peptides.
Ratios between the retrodicted and experimental cross sections for [Pep+2H]2* ions are used
to illustrate the ability of the ISP values to more accurately predict the cross section.
Retrodictions for Pal-modified peptides using the ISP values yield ~83% (44 out of 53
peptide ions) to be within + 2% of the measured cross sections. This is in stark contrast to
the ~13% (7 out of 53 peptide ions) that are predicted within £ 2% predicted from the
molecular weight fit. It is noteworthy that for the majority of the Pal-modified peptides, the
molecular weight fit cross section to experimental cross section ratios are lower than 1.00,
with an average of 0.96+0.02. This offset is caused by the general hydrophobic nature of the
Pal-modified ions. Even if the averaged ratio is used as the criteria, only ~66% (35 out of 53
peptide ions) are within the + 2% of the averaged range. The ISP retrodictions still offer a
significant improvement over molecular weight fit for cross section prediction. ISP
retrodictions for Am-modified peptides yielded ~63% (37 out of 59 peptide ions) to be
within + 2% of the measured values; a modest improvement to the ~39% (23 out of 59)
using the molecular weight fit. As such, a ~6.3 fold increase in prediction power is noted for
the palmitoylated peptide ions with the ISP retroctions with a ~1.6 fold increase for Am-
modified peptide ions.
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With such a large increase in prediction power for palmitoylated peptides, it is interesting to
consider the use of cross sections as a filtering device to improve peptide sequence
assignment. Similar mobility-derived analyses have been reported for phosphopeptides.1-18
If one were to define the filtering criterion for palmitoylated peptides in our dataset to have a
reduced cross section = 1.00, then ~50% of all potential candidates are eliminated while
retaining >95% of true palmitoylated peptides.

Bona fide prediction of palmitoylated [Pep+2H]2* ion cross sections

The prediction power of these new ISP values (derived by treating modification groups as
individual components) was assessed with the synthesis and measurement of cross sections
for a new set of Pal-modified peptide sequences. These experimental and predicted cross
sections for these Pal-modified peptide ions are reported in Table 3. The individual
palmitoylation of Cys, Ser, Thr, and Tyr are all represented within this dataset. For each
[Pep+2H]%* ion, the predicted cross sections is within + 2% of the experimental cross
section (with an average absolute difference of 0.9%). This improved predictive power is
evident, regardless of the residue that is palmitoylated.

Finally, it is important to note that the treatment described for this new component-based
ISP derivation for modification groups would also lessen the burden of data acquisition for
other commonly encountered modification groups for specific residues. For example, in
quantitative proteomics studies, various isotopically labeled modification groups are
artificially added to the N-terminus and the ®-amino group on lysine.>6=7 It would be
computationally expensive to apply ISPs that describe each differing residue as its own
variable (to include each residue with and without modifications). Application of the
modification groups as individual components in the ISP derivation only adds a single
additional variable for each new modification group to the parameterization set, thus also
reducing the computational workload required to score the sequence identification using the
ISP-applied size influence for the residues comprising the sequence.

Summary and conclusions

This work presents an initial database of cross sections of 61 palmitoylated peptides and 73
cysteine-unmodified peptides. Cross sections were measured from IMS-MS experiments of
the synthesized peptides. This expansion in the database allows for us to readdress the Cys
residue, with calculations of ISP values for the Cys residue (0.96 + 0.03) in addition to the
modification groups of Pal (1.26 + 0.04) and Am (0.92 £ 0.04).

Modification groups, instead of the combination of modified groups and the corresponding
amino acid residues, are treated as individual contribution factors. Such treatment has shown
satisfactory prediction for more than their original derivation sites. Cross sections for SerPal-
and TyrPal-containing peptides can be predicted with + 2% accuracy from ISPs derived from
mostly CysFal peptides. This could potentially remove substantial data acquisition burden if
IMS behaviors are to be probed for some other modification groups. For example, for any
given isobaric labeling reagent for quantitative proteomics, there are 20 different amino
acids that could be at the N-terminus, plus the amino group on w-lysine, therefore 21
combinations in total.>6~7 And for phosphorylation studies, the phosphate group can be on
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Ser, Thr, Tyr, His, Arg and Lys.*” To probe all of the combinations would be tedious and
demanding, yet to obtain enough data for a mixture of the combinations would be much
more reasonable.

Finally, the ability of the ISPs to predict cross sections for modified peptides is
demonstrated with [Pep+2H]2* Pal- and Am-modified peptides. Using a criterion that
calculated values are within = 2% of experimental values, we find that 83% of palmitoylated
peptide ions fall into the ISP derived prediction range, as compared to 13% from molecular
weight predictions; similarly, 63% of values for calculated carboxyamidomethylated peptide
ions are within £ 2% of experimental values, while only 39% of values fall within this range
when cross sections are based only on molecular weight fits. Overall, these new intrinsic
size parameters significantly extend the range of putative sequence assignments that can be
subjected to enhanced scoring schemes that include additional size parameter variables.
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Figure 1.
Sample molecular structures and reaction schematics for the carboxyamidomethylation

(Am) or palmitoylation (Pal) modifications. (a) Carboxyamidomethylated cysteine residue
(CysA™). (b) Palmitoylated cysteine residue (CysFal), with the modification on the thiol
group. (c) Palmitoylated threonine residue (ThrPa!), with the modification on the hydroxyl
group. (d) N-palmitoylated glycine residue (GlyPa), with the modification on the N-
terminus of a peptide or protein. (e) Palmitoyl coenzyme A (Pal-CoA). (f) Palmitoylation
reaction schematics. (f-1) Reaction via palmitoyl chloride in TFA solution. (f-2) Reaction
via Pal-CoA in pH 8.0 phosphate buffer.
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Figure 2.
Schematic diagram of the IMS-MS instrument used in this study. lon gates (G1 and G2),

funnels (F1, F2, and F3), and activation regions (IA1 and 1A2) are labeled. See text for
details of instrument operation.
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Figure 3.
Nested IMS-MS dot plots of the electrosprayed mixture of two peptide sequences containing

Cys, Cys”™M or CysPal residues. The sample concentration of each component is ~0.01
mg-mL~1 in 1:1 water:acetonitrile with 0.1% formic acid. The intensities of different
features are represented using a false color scheme where the least intense features are
shown in dark blue and the most intense are shown in red. The compressed mass spectrum
displayed on the left is obtained by integrating across the entire range of m/z for each drift
time. Drift time distributions are normalized to the peak height and overlayed for each
peptide ion (VLLQC*LK and VLLC*LK are displayed in yellow and white, respectively).
Within each sequence, C* annotates the modification site as the Cys residue. A branched
scheme refers to peaks that correspond to each variable modification [unmodified (Cys) or
modified with a carboxyamidomethyl (Am) or palmitoyl (Pal) group].
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Cross sections as a function of molecular mass for [Pep+2H]%* ions. The range of cross
sections at a given molecular mass is displayed for [Pep+2H]?* ions that are Pal-modified
(red squares), Am-modified (black circles) or absent a chemical modification (blue
triangles). A second-order molecular weight fit for all peptide ions is displayed over the data
(black line). The inset shows an expanded region (overlayed dashed black square) of this
relation of cross section for a given molecular mass.
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Figure 5.
Intrinsic size parameters derived from [Pep+2H]2* ions (pentapeptides or longer). The

intrinsic size parameters have been organized into regions for amino acid residues and
residue modifications. The amino acid residues are further grouped into subclassifications of
amino acids on the basis of similarities in the side chain. Error bars represent one standard
deviation from the mean. Space-filling models of the atomic structures for amino acid
residues and the Pal/Am modifications are supplied to give a sense of scale with differences
in size and polarity. Gray, blue, red, yellow, and white balls represent carbon, nitrogen,
oxygen, sulfur, and hydrogen atoms, respectively.
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Figure 6.
Prediction accuracy scatter plot for [Pep+2H]2* ions modified with a Pal (empty squares) or

an Am group (filled circles). Retrodictions are produced by a molecular weight fit for (a)
Pal- and (b) Am-modified peptide ions (pentapeptides or longer). ISP retrodictions are
displayed for these respective peptides in (c) and (d). Dotted lines indicate where the
retrodicted values are within 2% of experimental values.
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Table 2

Intrinsic size parameters (ISP) for individual components for doubly-protonated peptide ions.

individual component 1sp? individual component 1sp?
Gly 0.93 (0.02) Asp 0.93 (0.02)
Pro 1.00 (0.02) Glu 0.93 (0.02)
Ala 0.96 (0.01) Asn 0.91 (0.02)
val 1.02 0.02) Gln 0.94 (0.03)
lle 1.07 (0.02) Ser 0.95 (0.02)
Leu 1.13 (0.01) Thr 0.93 (0.02)
Met 1.08 (0.03) Cys 0.96 (0.03)
His 1.11 (0.03) Lys 0.96 (0.02)
Phe 1.04 (0.02) Arg 1.02 (0.03)
Tyr 0.99 (0.03) AmP 0.92 (0.04)
Trp 0.95 (0.04) pal® 1.26 (0.04)

a ..o . - . . .

Intrinsic size parameters (ISP) are calculated from 406 [Pep+2H]2+ ions, combining the measurements provided here with a database by Dilger,
etal.15 The [Pep+2H]2+ subset was limited to pentapeptides or larger with sequences that terminate in Lys or Arg. Reduced cross sections were
generated by division of the experimental cross section with a second-order polynomial of 2 = ~1.53E-5x2 + 0.1834x + 73.7590, where x is the
molecular mass. The uncertainty is listed in parenthesis and represents one standard deviation about the mean. Please see text for details and
references on the derivation of the ISP values and the errors.

b“Am" represents the carboxyamidomethyl group.

¢ .
“Pal” represents the palmitoyl group.
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Table 3

Bona fide prediction of experimental cross sections for palmitoylated peptides

Peptide sequenceaI # of residues Pal-peptide mass (Da)b Qexperimental (A2 Dpredicted (AZ)C Difference (%)d

LFVALQGCDK 10 1330.79 296.2 295.1 0.4
GHLNLMVCIK 10 1364.83 304.6 298.8 19
LHVLINMCGK 10 1364.83 308.4 306.3 0.7
AYPHFCAFAR 10 1657.99 352.1 353.2 -0.3
LLFGPCILNR 10 1382.86 315.7 317.9 -0.7
GHLLMVCIK 9 1250.79 2915 285.9 1.9
IGALLVCR 8 1081.73 270.8 274.1 -1.2
IGAPLVCR 8 1065.69 259.5 2575 0.8
MAWPCISR 8 1438.89 324.9 328.0 -1.0
MGCFFSK 7 1294.80 301.1 301.3 -0.1
MGGCTK 6 1071.70 265.2 262.5 1.0

a - . . S .
Bold letters indicate the number and location of the palmitoylation sites in the peptide sequence.

b . . . "
Palmitoylated peptide masses are calculated from corresponding molecular compositions.

c . . S
Cross sections here are predicted from ISP values provided in Table 2.

; Qpredicted — Qexperimental
dzﬁerence (%) — prearcte exrperimenta * 100%

dDifference percentage is defined by: Q experimental
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