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Abstract Based on two-dimensional topological charac-
ters, a novel method called molecular electronegativity-
interaction vector (MEIV) is proposed to parameterize 
molecular structures. Applying MEIV into quantitative 
structure-spectrometry relationship studies on ion mobility 
spectrometry collision cross-sections of 113 singly proto nated 
peptides, three models were strictly obtained, with correlative 
coefficient r and leave-one-out cross-validation q of 0.983, 
0.979, 0.981, 0.979 and 0.980, 0.978, respectively. Thus, the 
MEIV is confirmed to be potent to structural characteri zations 
and property predictions for organic and biologic molecules.

Keywords molecular electronegativity-interaction vector, 
quantitative structure–spectrometry relationship, ion mobility 
spectrometry, collision cross-section, peptide

1 Introduction

Ion mobility spectrometry (IMS) [1,2], an analytical tech-
nique with high sensitivities at normal pressure, has been 
widely used in trace analysis of aviation, customhouse, battle-
field and crime scenes. Recently, advents of some novel 
ionization techniques such as the matrix-assisted laser 
desorption and ionization [3] and electrospray ionization [4] 
fulfill the IMS test of macromolecules. In this context, the 
IMS, in combination with other analytical equipment such as 
the GC-IMS, IMS-TOFMS, etc., becomes more efficacious in 
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applications into biomolecules [5,6]. The collision cross-
section (V), an important IMS parameter indicating ionic 
structural characters, is calculated by Eq. (1) by Mason et al. 
[7].
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where z denotes ionic charges; e is an elementary charge of 
1.6021892x10−19C; kb is the Boltzmann constant; m and M 
represent the masses of ion and mobile gas molecules, respec-
tively; P and T are the experimental pressure and temperature; 
E is the intensity of the electric field; tD is the mobile time; N 
is the density of the mobile gas; and L is the length of the 
mobile tube. Thus, V can be accurately calculated by measur-
ing E, L, P, T, and tD via Eq. (1). However, large-scale mea-
surements of collision cross-section are not feasible due to 
experimental and technical limits. Here, the quantitative 
structure–spectrometry relationship (QSSR) [8,9] has been 
employed to predictions on collision cross-section, antici-
pating to obtain a practically valuable quantitative model. 
Considering that collision cross-section closely relates to 
analyte structures, a novel molecular representation method 
called the molecular electronegativity-interaction vector 
(MEIV) is proposed and successfully employed for the 113 
singly protonated peptides.

2 Principle and methodology

2.1 Several concepts about MEIV

Atomic type: in organic molecules, common atoms such as H, 
C, N, O, etc., are mostly located in groups IA, IVA, VA, VIA, 
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and VIIA in the periodic table of elements. Considering the 
definitions of group in the periodic table of elements (i.e., 
atoms of the same family possess similar properties), typing 
atoms according to their families is deemed to be reasonable 
and meaningful. Thus, the common atoms are divided into 
five types (Table  1). While what should be elucidated here is 
that MEIV does not exclude any other new atoms, i.e., in case 
a certain new atom (e.g., unfamiliar atoms as Se and Si etc.) 
is present, the MEIV could be extended out of the above-
mentioned five types just by the same rule.

ARB as the ratio of a certain bond length to the C―C bond 
length which is taken as the standard MEIV bond length. For 
example, the RBL of the C―O bond is shown as: RBLC―O = 
BLC―O /BLC―C = 0.9286. Furthermore, the ARB value for a 
molecule is defined as the sum of all RBL values along 
the shortest distance connecting two atoms. The common 
chemical bonds and the ARB value are presented in Table  3.

Table 1 Five atomic types and fifteen atomic interactions among them

No. Atomic type 1 2 3 4 5

1 H 1–1 1–2 1–3 1–4 1–5
2 C — 2–2 2–3 2–4 2–5
3 N, P — — 3–3 3–4 3–5
4 O, S — — — 4–4 4–5
5 F, Cl, Br, I — — — — 5–5

Atomic relative electronegativity (ARE): it is often 
regarded that atoms in a molecule are of neither volume nor 
weight and inter-atomic interactions occur via chemical bonds 
transmitting electricity. Besides, taking into account that the 
definition of electronegativity as the ability of an atom in a 
molecule to attract electrons to itself indicates the internal 
charge distributions to some extent, Pauling’s electronega-
tivity [10] here is introduced as the electricity criteria. While 
in practical calculations, Pauling’s electronegativity needs to 
be further regulated by adopting ARE, i.e., electronegativity 
ratio of a certain molecule to that of atom C. For example, the 
ARE value of O is given as AREO = ENPO /ENPC = 1.3490. 
Pauling’s electronegativity and the ARE value for each atom 
are listed in Table  2.

Table 2 Pauling’s electronegativity (ENP) and atomic relative electroneg-
ativity (ARE) for common atoms in organic compounds

No. Atom ENP [11] ARE

1 H 2.20 0.8627
2 C 2.55 1.0000
3 N 3.04 1.1922
4 P 2.19 0.8588
5 O 3.44 1.3490
6 S 2.58 1.0118
7 F 3.98 1.5608
8 Cl 3.16 1.2392
9 Br 2.96 1.1608
10 I 2.66 1.0431

Atomic relative bond distance (ARB): atoms in a molecule 
are connected together via different kinds of chemical bonds 
which are thus deemed to be the most direct conduction 
media for atomic interactions. Interatomic interaction dra-
matically decreases with the increase of their direct connect-
ing distance, so atomic direct connecting distance is regarded 
as the interacting distance. To fulfill the unification of data, 
relative bond length (RBL) is defined here in the same way as 

Table 3 The practical bond length and relative bond length (RBL) for 
common chemical bonds in organic compounds

No. Bond type Bond length [12] RBL

1 C―C 0.154 1.0000
2 C=C 0.134 0.8701
3 C≡C 0.120 0.7792
4 C≈C(butadiene)a 0.144 0.9351
5 C≈C(benzene)a 0.139 0.9026
6 C―O 0.143 0.9286
7 C=O 0.122 0.7922
8 C≈Oa, b 0.137 0.8896
9 C―S 0.182 1.1818
10 C=S 0.161 1.0455
11 C≈Sa, c 0.171 1.1104
12 C―N 0.147 0.9545
13 C=N 0.130 0.8442
14 C≡N 0.116 0.7532
15 C≈Na, d 0.134 0.8701
16 C―P 0.181 1.1753
17 C―F 0.142 0.9221
18 C―Cl 0.178 1.1558
19 C―Br 0.191 1.2403
20 C―I 0.213 1.3831
21 N≈Oa, e 0.122 0.7922
22 N≈Na, f 0.130 0.8442
23 N―Ng 0.137 0.8896
24 P―O 0.156 1.0130
25 P=O 0.149 0.9675
26 N=N 0.124 0.8052
27 C―H 0.110 0.7143
28 N―H 0.103 0.6688
29 O―H 0.097 0.6299
30 S—H 0.134 0.8702

a≈: conjugation bond; bin furan; cin thiophene; din pyridine; ein nitryl; fin 
pyridazine; gin pyrazole.

2.2 Calculations for MEIV

The charged atoms in a molecule exist in the form of micro-
cosmic particles, and the interactions among these charges 
determine the internal structural characteristics of the mole-
cule, while with external reflections as physicochemical 
properties in the macroscopic state. As described by the basic 
formula as Coulomb’s law, internal interactions in molecules 
are given out. According to families in the periodic table of 
elements, common atoms are divided into five types, and a 
further division is implemented due to atom of different 
chemical properties lending itself to distinct chemical effects. 
Ultimately, the 15 MEIV descriptors are generated, expressed 
as 1–1, 1–2, 1–3, 1–4, 1–5, 2–2, 2–3, 2–4, 2–5, 3–3, 3–4, 3–5, 
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4–4, 4–5 and 5–5, respectively (Table  1) with calculations as 
follows

v
ARE ARE

ARB
i j k lkl

i j

ijj li k

=
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∑∑ 2 1 5c h hh,  (2)

Where k and l represent the atomic type; ARE is the relative 
atomic electronegativity; ARBij represents the sum of each 
chemical bond along the shortest path connecting atom i with 
atom j.

2.3 Calculation example for MEIV

Alanine is exemplified with its molecular skeleton and 
atomic codes given in Fig.  1. Since halogen atoms are absent 
from amino acids, 5 out of the 15 descriptors are zero. 
Removing all these zero items, 10 interaction items remain 
with calculations as follows. As for C―C interactions in 
alanine, interactions among atoms 1–2, 1–3 and 2–3 are 
included with the calculation expressed as Eq.  (3)
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The remaining 9 MEIV descriptors are calculated in the 
same way: νHH = 2.8389, νHC = 10.2937, νHN = 5.4847, νHO 

= 4.4266, νCN = 1.9327, νCO = 4.8269, νNN = 0.0000 (it 
maybe non-zero value in other amino acids or peptides), 
νNO = 0.4067, νOO = 0.6146.

3 Results and discussion

3.1 Multiple linear regression model (M1)

All Primary structures of 113 singly protonated peptides and 
their observed collision cross-sections taken from results 
reported by Mosier et al. [13], are utilized as the overall 
sample set, with peptide lengths ranging from 5 to 10 to be 6 
ranks in sum and lysine served as the C-terminator, which 
exerts effects to fix the positive charges at this site. Being 
all the tryptic digestion products, the peptides have their 

Fig. 1 Structure and molecular skeleton of alanine

collision cross-section measured by IMS-TOFMS (Table  4). 
First, M1 is constructed to relate MEIV descriptors with the 
collision cross-sections by multiple linear regression (MLR) 
[14]
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Simultaneously, leave-one-out cross-validation (LOO CV) 
[15] is employed to validate the M1, with relative statistics 
presented in Table 5, indicating a favorable relation between 
MEIV and the collision cross-section. However MLR equa-
tion may usually include problems of multicolinearity and 
insignificant variables, a deep discussion is required here. 
Implementing regressive diagnosis against M1 by the soft-
ware SPSS 13.0, statistical value t and each of the variance 
inflation factor (VIF) for all the 10 MEIV descriptors are 
calculated, indicating that M1 is partially multicolinear (VIF 
>20) and that not all the variables are significant (| t |<2). 
Such a phenomenon can be ascribed to the unification of the 
MEIV calculating method, which may lend itself to some 
information overlap among different descriptors. To avoid 
this, two approaches available are adopted: (a) stepwise mul-
tiple regressions (SMR) are employed to select the variables; 
(b) Partial least square (PLS) regression is used to construct 
the model.

3.2 Stepwise multiple regression model (M2)

Stepwise multiple regression (SMR) [16], as a classical vari-
able selection method for linear models, introduce variables 
in turn according to significance test of variables to ultima tely 
determine their introduction or removal. Here, in combina-
tion with correlative coefficient q in LOO CV, which is taken 
as criteria-determining variable number, the plot of q and 
fitting correlative coefficient r of the model versus introduced 
variables is shown in Fig.  2 wherein the changing trend for 
the two ascending curves are found to be in an approximate 
agreement, with q achieving the maximum in case of seven 
variables. Besides, it was also found that in case variable 
number is more that 4, both r and q are not advanced obvi-
ously while when q (0.979) has been closely accessed to the 
maximum (0.980), thus the model with 4 variables is ulti-
mately generated to decrease complexities of the model 
(M2)
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Statistics related to M2 are listed in Table  5, and in contrast 
with M1, complexity of M2 has been found to be dramati-
cally decreased but not for r and q, and the prominence F of 
the overall variables remarkably increased. Then by regres-
sive diagnosis on this model, it is demonstrated that for the 
four variables participating in modeling, the |t| values are all 
above 2 (the smallest is 2.278) while VIF notably decreases 
(the maximum is 21.162), indicating that the model is robust. 
Here, the plot of the observed versus calculated values for the 
collision cross-section of 113 peptides is delineated in Fig.  3, 
the scatter plot of residual errors has been given out in Fig.  4, 
demonstrating that approximately no outliers are presented 
and only three residue values slightly exceed the positive-
negative double root mean squares (P2RMS) but dramati-
cally smaller than P3RMS. Besides, as is well employed to 
test outliers, Cook’s distance is deemed to be well reflecting 
the influence of samples on modeling and their deviations 
from normal states, and thus the plot of Cook’s distance to 

Fig. 2 Plot of r/q versus the number of SMR-introduced variables

Fig. 3 Plot of calculated versus observed collision cross-sections of 
113 singly protonated peptides by M2

centered leverage is delineated in Fig.  5. The fact that all 
sample points are distributed in a small scope in the lower left 
corner of Fig.  5 (Cook’s distance <0.1, centered leverage 
<0.13) indicates no prominent outliers here. However, as 
shown by Tropsha et al. [17−19], modeling stabilities are 
underdetermined only by q value, so 13 out of the 113 sam-
ples are selected out into the test set. This is further employed 
to validate the modeling predictabilities to the external 
samples, and the remaining 100 samples are served as the 
training set, constructing a regressive model. The selection 
rule is as follows: (a) to meet the demand of randomness and 
uniformity, two peptides at each length rank are randomly 
introduced into the test set; (b) each amino acid at each 
position in the test set should also be present at that position 
in the training set; (c) the collision cross-section range of the 
test set should not exceed that of the training set; (d) more 
peptide is added into the test set from the rank of longest 
peptide length, making up 13 test samples because it may be 

Fig. 4 Scatter plot of residue distribution by M2 (The dashed is 
double root mean square error)

Fig. 5 Plot of the Cook’s distance vs. the centered leverage values
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difficult to express and predict long peptides. A 4-variable 
regressive model on the 100 training samples is ultimately 
given out with relative statistics as r = 0.978, RMS = 6.420, 
F = 520.026, q = 0.976, RMSCV = 6.749 and FCV = 468.141, 
and the four variables used are the same as the four MEIV 
descriptors in M2. Using such a model to predict 13 test 
samples, satisfying results are generated with rext = 0.997 
and RMSext = 2.761, indicating the MEIV model is well 
preformed to be stable and generalized on peptide collision 
cross-section.

3.3 Partial least square regression model (M3)

Partial least square (PLS) [20,21] regression is a widely used 
data analyzing method in fields of analytical, physical and 
medicinal chemistry. Using the software Simca-p 10.0, a PLS 
model (M3), is constructed to relate each peptide MEIV 
descriptor (10 descriptors) with corresponding collision 
cross-section. The number of principal components (PCs) 
is determined unless the cross-validation leave-one-out q 
reaches the maximum, and the resulting three significant PCs 
comprise 97.0% information content of the original variable 
matrix X, explaining 96.0% variance of Y and 95.7% by 
cross-validation (Table  5). For a further exploration, the 
scoring scatter for 113 peptides at the top two PCs is 
contoured (Fig.  6), demonstrating that most samples fall into 
the Hotelling T 2 confidence ellipse with a 95% confidence 
level except for #105 and #109, which are structurally intri-
cate and dramatically different from the others at the same 
rank (both belong to the rank of longest peptide length of 10). 
In addition, it is also found that according to length, the pep-
tide sequences are obviously distributed from left to right as 
shown in Fig.  6, indicating a good reflection of peptide struc-
tural characteristics by the PLS PC space. Loading distribu-
tions of the 10 variables are presented in Fig.  7 wherein all 
the MEIV descriptors are positively related to the dependent 
variables Y at the first PC, suggesting a consistent changing 
trend between the collision cross-section and the peptide 
sequence length. Amongst, the variables νHH, νHC and νCC con-
tribute considerably to the top two PCs (loadings >0.3), rep-
resenting the dominant C―H interactions as H―H, C―H, 
and C―C to the peptide structures. By a further external 
validation (100 samples as the training set and 13 as the test 
set),  the resulting 3-PCs PLS model (r = 0.977, RMS = 6.569, 
q = 0.974, RMSCV = 6.798) obtains a series of good results 
on the 13 test samples with its rext = 0.996 and RMSext = 
2.919.

Table 5 Statistical data in M1, M2 and M3

Model Method n m r RMS F q RMSCV FCV

M1 MLR 113 10 0.983 5.944 293.256 0.979 6.575 293.256
M2 SMR 113  4 0.981 6.124 687.779 0.979 6.366 628.481
M3 PLS 113  3 0.980 6.245 / 0.978 6.417 /

Fig. 7 Loading plot for distributions of 10 MEIV descriptors at the 
first and second principal components of M3

Fig. 6 Scoring plot for 113 samples scattered at the first and second 
principal components in M3 (Sequences of different lengths are 
highlighted by different symbols)

4 Conclusions

Excellent molecular structure descriptors should be potent 
not only to a strong characteristic extraction and property 
correlativity, but also to simple operation and easy calcula-
tion. Seeing that, MEIV, expressing the electrical topological 
properties for organic compounds, is developed from two 
dimensional invariants of molecular sketches. Three robust 
linear QSSR models for the 113 peptides are derived, obtain-
ing satisfactory results. Dividing atoms in terms of groups 
in the periodic table of elements, the MEIV is proved to be 
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effi cacious to structural representation and activity predic-
tions for drug and biomolecules. However, its idea is waited 
for a further improvement, including pattern recognition [22], 
multivariate analysis, variable combination with our proposed 
vectors [23–28] like molecular electronegative distance 
(MED) vector.
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