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Abstract. The rising profile of ion mobility spectrometry (IMS) in proteomics has
driven the efforts to predict peptide cross-sections. In the simplest approach, these
are derived by adding the contributions of all amino acid residues and post-
translational modifications (PTMs) defined by their intrinsic size parameters (ISPs).
We show that the ISPs for PTMs can be calculated from properties of constituent
atoms, and introduce the “impact scores” that govern the shift of cross-sections from
the central mass-dependent trend for unmodified peptides. The ISPs and scores
tabulated for 100 more common PTMs enable predicting the domains for modified
peptides in the IMS/MS space that would guide subproteome investigations.
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Introduction

Ionmobility spectrometry that sorts ions by mobility in gases
is a growing alternative or complement to condensed-phase

separations in conjunction with mass spectrometry [1]. Broad
commercialization of IMS/MS/(MS) platforms over the last
decade has expanded the technology to new bioanalytical
applications [1–3]. In one, IMS can increase the number of
peptide and protein identifications in bottom-up proteomics by
fractionating complex proteolytic digests on the precursor [4]
or fragment [5] levels to reveal low-abundant peptides.
Employing the measured mobility as a sequence descriptor
can also improve the confidence of identifications [6]. The
proteomics frontier today is elucidating the complement of
PTMs that critically affect the protein function and activity
[7–9]. However, detecting and quantifying modified peptides
has been a challenge, partly in view of their usually low
population compared with unmodified analogs [10]. Hence,
various affinity methods have been engineered to enrich
subproteomes comprising specific PTMs, particularly phos-
phorylation (p) [8, 9].

The key question is whether the IMS/MS domains for
unmodified and some modified peptides differ, enabling
similar enrichment in rapid gas-phase separations. The
mobility measured in linear IMS [including the drift-tube
(DT), traveling-wave (TW), DMA, trap, and transverse-
modulation systems] is proportional to the inverse

orientationally-averaged cross-section Ω [1, 11]. For +1
protonated ions (generated by matrix-assisted laser desorp-
tion ionization), monophosphorylated peptides statistically
have smaller Ω than the benchmark for unmodified species
of same mass (m) by ~3%. However, the domains for both
groups distribute around the central Ω/m trends and over-
lap by about half [12, 13]. For polyphosphorylated pep-
tides, the domain lies below the benchmark by >6% with
hardly any overlap [13]. Altogether, the precursor set
probed for phosphorylation by MS/MS can be reduced
(and analyses accelerated) by two to three times, and more
for selected proteins [13]. The pattern for 2+ peptides
obtained from electrospray ionization (ESI) is close: re-
gardless of the residue involved (S, T, or Y), the domain
(in DT or TW IMS) is ~5% below the benchmark with
~50% overlap [14, 15]. The greatest shift (−10.5%) was
found upon five phosphorylations [14]. The domains for
singly carboxyamidomethylated (cam) and palmitoylated
(pal) 2+ peptides lie near the benchmark with virtually
complete overlap and above it with <50% overlap, respec-
tively [16]. No other PTMs have been explored to date.

The mean shift of Ω of peptide (ΔΩ) upon addition of a
given building block (residue or PTM) of mass Δm was quan-
tified via the intrinsic size parameter (ISP), defined as ΔΩ/Δm
with normalization bringing the average for all amino acid
residues (aa) to unity [15–19]. Then PTMs have ISP <1 for
shifts ofΩ below the unmodified peptide trend, ~1 for on-trend
shifts, and >1 for above-trend ones. Regression fitting of mea-
sured Ω for libraries of ~102 peptides per PTM yields ISP of
0.64 ± 0.05 for p [15], 0.92 ± 0.04 for cam [16], and 1.26 ± 0.04
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for pal [16]. That the ISPs for p and pal are outside of the ~0.9–
1.2 range for aa [16–19] shows the importance of specific
PTMs for peptide mobilities, and is promising for IMS enrich-
ment of modified proteomes and use of ISPs for faster, more
robust identification of all peptides.

The ISPs for aa were also computed from the masses and
van der Waals radii of constituent atoms [20]. The outcome
matched the measured Ω well, in fact marginally better than
with experimental ISPs (because of the errors inevitable when
extracting them from finite data). Although the first-principles
molecular structure optimizations followed by mobility calcu-
lations (by the trajectory propagation [21], scattering on elec-
tron density isosurfaces [22, 23], and ultimately their hybrid
[24]) are fundamentally superior to the ISP formalism, they are
too costly for practical proteomics. Here we validate a priori
ISP calculations for PTMs and tabulate them for most PTMs to
broadly guide IMS/MS studies.

Methods
The ISP of a moiety was approximated as proportional to the
sum of projection areas for all atoms divided by the total mass:

ISP∝
X

πr2i =
X

mi ð1Þ

where ri and mi are the radius and mass of i-th atom. The initial
formulation [20] specified the radii for atoms encountered in aa
(H, C, N, O, S), but not others in PTMs. Here, we adopt [1.47 Å
(F), 1.80 Å (P), 1.75 Å (Cl), 1.85 Å (Br), 1.98 Å (I)] [25, 26] to
assemble two ri sets with the values for smaller atoms (1) taken
from same set [1.10 Å (H), 1.70 Å (C), 1.55 Å (N), 1.52 Å (O),
1.80 Å (S)] or (2) carried over from [20] [1.10 Å (H), 1.60 Å
(C, N, O), 2.00 Å (S)]. With both sets, the ISPs are scaled to the
arithmetic mean of 1.0 for natural aa. The consequent ISP range
for each PTM conveys the error margin resulting from reason-
able uncertainties of atomic radii. We assumed the monoisoto-
pic masses for all moieties: the change from average masses is
minute because of small mass differences and above ISP
normalization.

Many PTMs also remove atoms from a peptide: for exam-
ple, citrullination (cit) replaces NH in an arginine by O. Thus
we generalize Equation 1 to:

ISP∝ΔP=Δm ¼
X

π r2i −r
2
j

� �
=
X

mi−mj

� � ð2Þ

where ΔP and Δm are the net changes of sum projection area
and mass, and i and j count the added and removed atoms. Now
the numerator can become negative (e.g., for cit), where the
cumulative projection area for N and H exceeds that for O.
With positive Δm (e.g., 1 Da for cit), the ISP becomes negative:
here –(4.6–4.9). Some other PTMs have a negative ISP with
ΔP > 0 and Δm < 0, e.g., the C-terminal amidation (am) that
replaces OH by NH2 for the stoichiometric change opposite to
cit but same ISP. Still other PTMs have ΔP < 0 and Δm < 0,

producing a positive ISP (e.g., a disulfide bridge that removes
two hydrogens, ISP = 4.5–4.7).

Whereas ISP controls the contribution of a moiety to cross
section per unit mass, the visible effect is the variance from
mean Ω/m trend: a PTM with small Δm would affect Ω little
even if its ISP grossly deviates from the mean. To account for
this, we introduce the cross-section impact score:

ΩIMP ¼ ISP–1ð Þ � Δm ð3Þ

This quantity can be positive or negative, depending on the
signs of factors. Note that (ISP − 1) < 0 and Δm > 0 or (ISP – 1)
> 0 and Δm < 0 turn into a negative ΩIMP (e.g., for cit and S=S
bridge), whereas (ISP − 1) < 0 and Δm < 0 yield a positiveΩIMP

(e.g., for am). The ΩIMP value for multiple (same or different)
PTMs is the sum of their ΩIMP. The concept of impact score is
much more crucial for PTMs, where Δm values range over four
orders of magnitude (from 1 Da for cit to >10 kDa for
SUMOs), than aa that vary in mass by only ~three times (from
57 Da for G to 186 Da for W).

Results
The ISPs calculated for p (0.53–0.58), cam (0.92–0.94), and
pal (1.29–1.33) essentially match the measurements,
confirming that the a priori model [20] works for PTMs. The
ensuing domain delineation is partial for p [ΩIMP = −(33–38)],
none for cam (ΩIMP = −4), and strong to perfect for Pal (ΩIMP =
69–78) or bis-phosphorylation [ΩIMP = −(67–75)]. This allows
tentatively projecting little, partial, and strong domain delinea-
tion for absolute ΩIMP of <20, 20–60, and >60, respectively.
Within this framework, we have evaluated ISPs and ΩIMP for
100 more common PTMs (Table 1).

Three PTMs have negative ISPs of –(4.6–4.8): cyt, am, and
deamidation (the reversal of amidation). Despite these extreme
ISPs, the minimum absolute Δm = 1 Da means │ΩIMP│ = 6
that should cause no significant deviation from the benchmark.
At the other end is the ISP for S=S bridge, but │ΩIMP│ = 7 is
similarly minor because of small Δm. The ISPs for other PTMs
vary from 0.08 for iodine to 1.4 for methyl (Me). As anticipat-
ed, ISPs << 1 are found for PTMs rich in heavy atoms—first of
all halogens, then O, S, and P. Iodination and bromination
combine very low ISPs (~0.1) with substantial mass, leading
to ΩIMP of −116 (I) and −70 (Br) that ought to make for (near)
completely demarcated domains below the benchmarks. The
next large group of PTMs (including sulfation, nitration,
trifluoroacetylation, (pyro)phosphorylation, oxidation, and hy-
droxylation) have essentially identical ISPs of 0.5–0.6. TheirΩ
IMP accordingly scale with mass, amounting to –(6–15) for
oxidation and hydroxylation (likely no significant domain de-
lineation), –(20–46) for nitration, sulfation, phosphorylation,
and trifluoroacetylation (partial delineation), and –(80–90) for
pyrophosphorylation (full delineation). Then IMS/MS would
not broadly distinguish the nominally isobaric sulfation and
nitration with near-equal ISPs, or pyrophosphorylation from
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Table 1. The ISPs and Cross-Section Impact Scores for Common PTMs (sources denoted in superscripts) Calculated with ri Sets 1 and 2, Listed in the Order of
Increasing ISP. The PTMs with Mean Absolute ΩIMP Over 60 (expected strong separation of IMS/MS domains) and in the 20–60 Range (partial separation) are
Highlighted in Green and Yellow, respectively

Name (Abbrevia�on) Δm Stoichiometry 
change ISP1 ISP2 ΩIMP1 ΩIMP2

1 Amida�ona -1 H1;N1;O-1 -4.84 -4.65 5.9 5.7
2 Citrullina�ona 1 H-1;N-1;O1 -4.84 -4.65 -5.9 -5.7
3 Deamida�onb 1 O1;N-1;H-1 -4.84 -4.65 -5.9 -5.7
4 Iodina�onc 126 I1;H-1 0.0801 0.0828 -116 -116
5 Bromina�onc 78 Br1;H-1 0.102 0.105 -70 -70
6 Nitrosyla�ona 29 H-1;N1;O1 0.450 0.519 -16 -14
7 Pyrophosphoryla�ond 157 P2;H-1;O6 0.473 0.505 -86 -78
8 Sulfa�ona 80 S1;O3 0.473 0.562 -42 -35
9 Nitra�ona 45 N1;O2;H-1 0.481 0.553 -23 -20

10 Trifluoroacetyla�on (Tfa)e 96 C2;O1;F3;H-1 0.518 0.519 -46 -46
11 Phosphoryla�on (p)a 80 H1;O3;P1 0.530 0.583 -38 -33
12 Hydroxyla�ona 16 O1 0.538 0.616 -7.4 -6.2
13 Methionine sulfona�ona 32 O2 0.538 0.616 -15 -12
14 Oxida�onf 32 O2 0.538 0.616 -15 -12
15 2,4,5-Trichlorophenylg 178 C6;H1;Cl3 0.580 0.557 -75 -79
16 Pentafluorophenyl (Pfp)g 166 C6;F5;H-1 0.604 0.578 -66 -70
17 Carboxyla�ona 44 C1;O2 0.636 0.671 -16 -14

18 2-Bromobenzyloxycarbonyl
(Br-Z)h 212 C8;H5;O2;Br1 0.652 0.635 -74 -77

19 Formyla�ona 28 C1;O1 0.692 0.703 -8.6 -8.3

20 2-Nitrophenylsulphenyl (Nps)h 153 C6;H3;N1;O2; 
S1 0.760 0.771 -37 -35

21 Carbamyla�oni 43 N1;H1;C1;O1 0.763 0.795 -10 -8.8
22 Malonyla�onj 86 C3;O3;H2 0.780 0.795 -19 -18

23 Cysteinyla�ong 119 C3;H5;N1;O2; 
S1 0.782 0.821 -26 -21

24 ADP-ribosyla�ong 541 C15;H21;N5; 
O13;P2 0.807 0.827 -104 -93

25 Pyridoxal phosphateg 229 C8;H8;N1;O5; 
P1 0.813 0.819 -43 -41

26 2-Chlorobenzyloxycarbonyl
(Cl-Z)g 168 C8;H5;O2;Cl1 0.817 0.795 -31 -34

27 5'-adenosyla�ong 329 C10;H12;N5; 
O6;P1 0.821 0.836 -59 -54

28 Carboxymethylcysteine (Cmc)i 58 C2;O2;H2 0.823 0.840 -10 -9.3
29 2-Nitrobenzoyl (NBz)k 149 C7;H3;O3;N1 0.829 0.821 -25 -27
30 Pyruvoyla 70 C3;H2;O2 0.836 0.836 -11 -11

31 FADg 783 C27;H31;P2; 
N9;O15 0.848 0.858 -119 -111

32 N-Hydroxysuccinimide (OSu)k 97 C4;H3;O2;N1 0.853 0.855 -14 -14
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-29

33 4-Toluenesulphonyl (Tosyl, Tos)k 154 C7;H6;S1;O2 0.855 0.857 -22 -22
34 4-Nitrophenyl (ONp)g 121 C6;H3;N1;O2 0.861 0.848 -17 -18

35 FMN (on H)g 454 C17;H19:N4; 
O9;P1 0.867 0.873 -60 -58

36 Succinyla�onj 100 C4;H4;O3 0.869 0.876 -13 -12

37 Glutathionyla�ona 305 C10;H15;N3; 
O6;S1 0.871 0.893 -39 -33

38 FMN (on T)l 438 C17;H19;N4; 
O8;P1 0.879 0.882 -53 -51

39 FMN (on C)m 456 C17;H21:N4; 
O9;P1 0.883 0.890 -53 -50

40 4'-Phosphopantetheineg 339 C11;H20;N2; 
O6;P1;S1 0.891 0.909 -37 -31

41 N-Glycolylneuraminic acid
(NeuGc)h 307 C11;H17;N1;O9 0.916 0.931 -26 -21

42 Lipoyla�ong 188 C8;H12;N0; 
O1;S2 0.920 0.932 -15 -13

43 Carboxyamidomethylcysteine
(cam)k 57 C2;O1;N1;H3 0.923 0.936 -4.4 -3.6

44 Dansyla�onk 233 C12;H11;N1; 
O2;S1 0.931 0.920 -16 -19

45 Acetyla�ona 42 C2;H2;O1 0.931 0.925 -2.9 -3.1

46 N-acetylneuraminic acid
(NeuAc, NANA, sialic acid, SA)g 291 C11;H17;N1;O8 0.937 0.949 -18 -15

47 Pentoses (Ara, Rib, Xyl)g 132 C5;H8;O4 0.941 0.954 -7.7 -6.1
48 Hexoses (Fru, Gal, Glc, Man)a 162 C6;H10;O5 0.942 0.956 -9.4 -7.1
49 Aldohexosyla�ong 162 C6;H10;O5 0.942 0.956 -9.4 -7.1

50 Glc3Mana9GlcNAc2
n 2368 C88;H148; 

O71;N2 0.947 0.960 -126 -94

51 BG B Trisaccharideo 470 C18;H30;O14 0.956 0.968 -21 -15

52 Bio�nyla�ong 226 C10;H14;N2; 
O2;S1 0.964 0.966 -8.2 -7.6

53 BG A Pentasaccharideo 819 C32;H53;N1; 
O23 0.965 0.975 -21

54 BG H type 1o 511 C20;H33;N1; 
O14 0.965 0.975 -18 -13

55 BG A Trisaccharideo 511 C20;H33;N1; 
O14

0.965 0.975 -18 -13

56 N-Acetylhexosamines             
(GalNAc, GlcNAc)a 203 C8;H13;O5;N1 0.969 0.977 -6.4 -4.6

57 Benzyloxycarbonyl (Z)g 134 C8;H6;O2 0.973 0.943 -3.7 -7.6

58 Hexosamines (GalN, GlcN)g 161 C6;H11;O4;N1 0.978 0.991 -3.5 -1.5

59 Benzoyl (Bz)g 104 C7;H4;O1 0.980 0.937 -2.1 -6.6

60 Deoxyhexoses (Fuc, Rha)a 146 C6;H10;O4 0.986 0.993 -2.0 -1.0

continued
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61 Pupyla�onc 6938 C285;H456; 
N85; O115;S1 0.992 0.997 -55 -24

62 Thioanisylk 106 C7;H6;S;O-1 0.998 0.966 -0.2 -3.6

63 9-Fluorenylmethyloxycarbonyl
(Fmoc)k 222 C15;H10;O2 1.01 0.964 1.7 -8.0

64 SUMO3 human isoform 1c 11623 C502;H799; 
N144;O164;S5 1.01 1.01 138 150

65 2,2,5,7,8-Pentamethyl-
chromane-6-sulphonyl (Pmc)k 266 C14;H18;O3;S1 1.01 1.00 3.6 0.6

66 SUMO1 human isoform 1c 11543 C501;H799; 
N138;O165;S5 1.01 1.01 162 171

67 SUMO4 human isoform 1c 10672 C465;H746; 
N131;O147;S5 1.02 1.02 190 194

68 Crotonyla�ong 68 C4;H4;O1 1.02 0.998 1.7 -0.1

69 Ubiqui�na�on (ub)p 8556 C378;H630; 
N105;O118;S1 1.04 1.04 316 310

70 Glypia�on (GPI anchor)q 2179 C96;H175;P4; 
N4;O42 1.04 1.04 88 84

71 t-Butyloxycarbonyl (Boc)g 100 C5;H8;O2 1.07 1.06 7.1 6.2
72 Benzyloxymethyl (Bom)g 120 C8;H8;O1 1.09 1.05 11 5.9
73 Triphenylmethyl (Trt)g 242 C19;H14 1.10 1.04 25 10
74 Diphenylmethyl (Dpm)g 166 C13;H10 1.11 1.05 19 8.6
75 Anisylg 90 C7;H6 1.14 1.08 12 6.9
76 Benzyl (Bzl)g 90 C7;H6 1.14 1.08 12 6.9
77 Lipoprotein to Da 294 C17;H26;O4 1.14 1.12 40 34
78 S-archaeolyla 316 C20;H28;O3 1.16 1.13 51 41
79 Hypusineg 87 C4;H9;N1;O1 1.16 1.16 14 14
80 4-Methylbenzyl (Meb)k 104 C8;H8 1.17 1.12 18 12

81 Phopha�dylethanolamine 
amidated glycinea 699 C39;H74;O7; 

N1;P1 1.19 1.17 135 121

82 O-octanoyl serinea 126 C8;H14;O1 1.25 1.22 32 28
83 O-decanoyl serinea 154 C10;H18;O1 1.28 1.25 43 38
84 S-Diacylglycerola 577 C37;H69;O4 1.29 1.26 166 148
85 Myristoyla�ong 210 C14;H26;O1 1.32 1.28 66 59
86 Farnesyla�ong 204 C15;H24 1.32 1.27 65 55
87 Pyrrolidone carboxylic acida -17 H-3;N-1 1.32 1.40 -5.5 -6.8
88 Geranylg 136 C10;H16 1.32 1.27 44 37
89 Pyroglutamic acid from Glng -17 N-1:H-3 1.32 1.40 -5.5 -6.8
90 S-Geranyl-geranyla�ong 272 C20;H32 1.32 1.27 87 74
91 Palmitoyla�ona 238 C16;H30;O1 1.33 1.29 78 69
92 Stearoyla�ona 266 C18;H34;O1 1.34 1.30 89 79
93 Cholesteryla�ona 369 C27;H45 1.34 1.29 124 106

continued
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double phosphorylation (an objective of some analyses).
Higher but still low ISPs are found for, e.g., formylation
(~0.7) and malonylation and cysteinylation (~0.8). Their Ω
IMP values of –(8–26) are not promising for major domain
delineation.

Again, the PTM mass often matters more than the
magnitude of (ISP – 1). For example, the coincident Ω/m
graphs for 1+ oligonucleotides and carbohydrates lie be-
low that for unmodified peptides [28, 29]. Indeed, our
calculated ISPs are 0.81–0.83 for ADP-ribose (a sugar
derivative), and 0.85–0.89 for FAD (flavin adenine dinu-
cleotide) and FMN (flavin mononucleotide). Despite these
only moderately low ISPs, large masses of ribose and FAD
lead to ΩIMP of circa –(100–120), which should differen-
tiate the peptides from ribosylated [30] and flavo proteins.
The ΩIMP of FMN is only –(50–60), but should still cause
no tab l e doma in sepa ra t i on . Succ iny l a t i on and
glutathionylation also have ISP ~ 0.87–0.89, which leads
to a low │ΩIMP│ < 10 for the former but substantial │Ω
IMP│ ~30–40 for the latter. Most glycans [pentoses, hex-
oses, deoxyhexoses, sialic acid (SA), and hexosamines]
have ISPs slightly below 1 (0.94–0.99) with │ΩIMP│ <
10 (except ~15–18 for SA), suggesting no real shift from
the benchmark as seen for cam [16] and, thus, no domain
separation for glycopeptides. These observations also tell

that the ISP approach can predict the ordering of IMS/MS
trend lines for different biomolecular classes such as
sugars, peptides, and nucleotides.

Some PTMs with ISP close to 1 are acetylation (Ac, 0.93),
biotinylation (0.96–0.97), and crotonylation (1.00–1.02): all
with ΩIMP ~ −10–0. Protein PTMs also have ISP ~ 1, namely
1.01–1.02 (SUMO) and 1.04 (ubiquitin, ub): many different aa
in typical proteins average to ~1.0. With the mass of ~9–
12 kDa, the theoretical ΩIMP values of ~140–190 (SUMO)
and ~310 (ub) are large but imprecise because of outsize
impacts of small ISP variations. Although we include these
and several other very large PTMs for completeness, we rec-
ognize that their size would place the adducts outside of the
standard peptide mass range, where the baseline mass/mobility
correlation loosens with the growing role of protein
conformation.

A prominent PTMgroup is lipids. TheΩ/m line for 1+ lipids
lies above that for unmodified peptides [28, 29], and our ISPs
for lipid PTMs (e.g., farnesylation, geranylation,
myristoylation, pal, stearoylation, cholesterylation) are ~1.3.
The associated ΩIMP values are, therefore, proportional to
mass, and those for myristoylation and farnesylation (~60),
geranylgeranylation and stearoylation (~80–90), and
cholesterylation (~110–120) are expected, like pal [16], to
produce strongly or fully delineated domains above the peptide

94 Methyl esterifica�onr 14 C1;H2 1.41 1.37 5.8 5.2
95 Methyla�on (Me)a 14 C1;H2 1.41 1.37 5.8 5.2
96 Ethyla�on (Et)g 28 C2;H4 1.41 1.37 11 10
97 t-Butyla�on (t-Bu)k 56 C4;H8 1.41 1.37 23 21
98 Dimethyla�ona 28 C2:H4 1.41 1.37 11 10
99 Trimethyla�ona 42 C3:H6 1.41 1.37 17 15

100 Disulfide bridgeg -2 H-2 4.50 4.65 -7 -7.3
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b Catack, S., Mondard, G., Aviyente, V., Ruiz-Lopez, M.F.: Deamidation of asparagine residues: direct hydrolysis versus succinimide-mediated deamidation
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c www.uniprot.org
d Marmelstein, A.M., Yates, L.M., Conway, J.H., Fiedler, D.: Chemical pyrophosphorylation of functionally diverse peptides. J. Am. Chem. Soc. 136, 108–111
(2014)
e Wolfrom, M.L., Bhat, H.B.: Trichloroacetyl and trifluoroacetyl as N-blocking groups in nucleoside synthesis with 2-amino sugars. J. Org. Chem. 32, 1821–1823
(1967)
f Larsen,M.R., Trelle,M.B., Thingholm, T.E., Jensen, O.N.: Analysis of post-translational modifications of proteins by tandemmass spectrometry. Biotechniques 40,
790–798 (2006)
g www.ebi.ac.uk/ols/index
h www.chemicalbook.com
i www.ionsource.com
j Xie, Z., Dai, J., Dai, L., Tan, M., Cheng, Z., Wu, Y., Boeke, J.D., Zhao, Y.: Lysine succinylation and lysine malonylation in histones. Mol. Cell. Proteom. 11, 100–
107 (2012)
k www.sigmaaldrich.com
l www.nextprot.org
m Christie, J.M.: Phototropin blue-light receptors. Annu. Rev. Plant Biol. 58, 21–45 (2007)
n Satoh, T., Yamaguchi, T., Kato, K.: Emerging structural insight into glycoprotein quality control coupled with N-glycan processing in the endoplasmic reticulum.
Molecules 20, 2475–2491 (2015)
o www.carbosynth.com
p www.phosphosite.org/homeAction
q Reference [27] of this paper
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benchmark. The ΩIMP of ~40 for geranylation could still be
enough for substantial separation. The alkyl PTMs (mostly Me
in methylation or methyl esterification, but also ethylation and
butylation) have even higher ISP ~1.4. TheΩIMP of just 5–6 for
light Me would not afford material trend separation with
monomethylation, but small size of Me permits common di-
and trimethylation of same residue with ΩIMP of ~10–11 and
~15–17. A serious task in proteomics is distinguishing (Me)3
from Ac that is only 36 mDa lighter [31]. With the swing of
~20 between ΩIMP of (Me)3 and Ac, the domain separation
between acetylated and trimethylated proteomes should be
noticeable although perhaps insufficient with single substitu-
tion, but substantial to strong with multiple substitutions.

Many peptides are multiply modified with same or different
PTMs. Addition of identical PTMs scales ΩIMP by their num-
ber, which may substantially augment the domain differentia-
tion as observed for multiple phosphorylation [13, 14] ubiqui-
tous in biology (e.g., for τ proteins relevant to Alzheimer’s)
[32, 33]. The same should occur with multiple nitrations,
sulfations, oxidations, methylations, etc. For example, ~0.3%
of the H3 histone tails (characterized in middle-down proteo-
mics) feature eight or nine Me [34]. Their total computedΩIMP

is ~40–50, potentially inducing substantial domain separation
that may help detect those rare proteoforms. Superposition of
different PTMs may increase or decrease the effect, depending

on the ISPs. For example, histones often feature [35] Ac and/or
p (ΩIMP < 0) and Me (ΩIMP > 0), which may cancel. For
instance, same H3 tails have forms including Ac2Me with Ω
IMP ~ 0 [34]. The same may happen within a PTM, e.g.,
glypiation that anchors proteins to cell membranes [27] con-
sists of a glycan core (ISP < 1) and lipid tail (ISP > 1) for the
overall ISP of 1.04.

The mean ISP slightly increases for heavier PTMs, but
scatter swamps the trend (Figure 1). The values converge to
~1.0 for heavier PTMs: large moieties tend to comprise a
diversity of light and heavy atoms with ISP contributions that
average close to 1.0, and the largest PTMs are peptides with
ISP ~ 1.0 by default. The mean ISP of all PTMs is 0.81,
reflecting that all biomolecules except lipids are denser than
peptides [28, 29]. In particular, heavy S atoms lower the ISP,
and no sulfur-containing PTM has ISPs much above 1.0.
Overall, 22 and 25 PTMs have │ΩIMP│ over 60 and from 20
to 60 for supposed strong and substantial domain delineation,
respectively. To compare, the values for aa lie between −18 (C)
and 19 (L or I): by same criteria, no single aa would substan-
tially move a peptide from the mean trend (Figure 1). The
greater effect of PTMs is due to both their wider mass range
and richer compositional diversity that results in a wider ISP
range.

Besides raising the utility of IMS in proteomics, ISPs con-
vey information about the global influence of an aa or PTM on
the tertiary peptide structure. That is, in experiment entities
compacting the peptide by attracting and tightly packing the
surrounding groups (through intramolecular solvation) would
have low ISPs, whereas entities repelling those groups and thus
loosening the 3-D structure would have high ISPs. The issue is
that one must compare the measured ISPs to theoretical values
(Table 1) rather than the average ISP ~ 1.0; else a corollary of
density would be mistaken for structural effects. Specifically,
polar and aromatic residues that have small ISPs were believed
to contract peptides by charge–dipole and dipole–dipole inter-
actions (with other residues or the backbone) or aromatic ring
stacking [15, 17–19], while residues with long aliphatic side
chains were rationalized to possess freer conformations that
expand the peptide geometries. A close match between the
measured and calculated ISPs for both categories has proven
those effects, while plausible and potentially pertinent for indi-
vidual species, to be inoperative on average [20]. Similarly,
small ISPs of cam and especially p were argued to be a
manifestation of polar groups attracted to the charge sites [16]
or intramolecular interactions that lead to structural compaction
[15], and a large ISP for pal was thought to reflect its length and
hydrophobicity [16]. Present findings clarify that these PTMs
do not affect the average tightness of peptide folding.

Although ISPs provide more accurate peptide mobilities
than the mass alone, there are major limitations. The IMS
resolution of sequence [36] and PTM localization [15, 37]
isomers means that the positions of both aa and PTMs (not
captured by current ISPs) matter. The influence of sequence
could possibly be emulated to some extent by sequence-
specific ISPs for pairs of adjacent residues [38]. However, this
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Figure 1. Calculated ISPs (a) and impact scores (b) of 94
PTMs from Table 1 (radii set 1) as a function of net peptide
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escalates the number of ISPs by at least an order of magnitude,
and eliciting their statistically significant values requires a
much larger and more diverse experimental data set. Ap-
proaches considering the environment can also be devised for
PTMs, although no direct equivalent exists as the neighboring
PTMs on the backbone are often too far apart to interact. One
enhancement may be to treat same PTMs on different amino
acids separately, although phosphorylations of S, T, and Y
appear to have the same effect as stated. Eventually, ISPs
would be supplanted by sophisticated artificial neural
networks—the machine learning algorithms that integrate nu-
merous (frequently non-obvious) structural descriptors to pre-
dict chemical properties. Such models that incorporate the
peptide sequence and size have succeeded for chromatographic
retention [39, 40] and should work here, but require massive
training sets.

Conclusions
Extending a priori calculations of intrinsic size parameters
(ISP) from residues [20] to PTMs permits predicting the
mobilities of modified peptides. The resulting ISPs match
those for PTMs measured so far (phosphorylation,
carboxyamidomethylation, and palmitoylation). Along
with the agreement for amino acid residues [20], this
validates the approach and shows that the ISPs for both
amino acids and PTMs reflect primarily their density rather
than cooperative intramolecular interactions. The agree-
ment of ISPs for PTMs formed from nucleotides, sugars,
peptides, and lipids with the established arrangement of
IMS/MS domains for these biomolecules shows the utility
of formalism for other chemical classes, supporting the
idea that their mass/mobility correlations are also deter-
mined by density [41]. The deviation from central
mass/mobility trend for peptides also scales with the
PTM mass. We have aggregated the effects of ISP and
mass into impact scores, calibrated their effect on IMS
domain delineation with available experimental data, and
tabulated the results for 100 common PTMs. About half
should substantially shift the IMS/MS domains from that
for unmodified peptides, and some others may do so with
multiple modification. These estimates ought to help plan
IMS/MS analyses of modified proteomes and improve the
quality and speed of identifications. They should be uti-
lized only statistically though, as for any individual peptide
the effect of specific geometry may outweigh that of the
density of constituents.
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