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Abstract: The quantitative structure—activity relationship (QSAR) approach is
used for finding the relationships between molecular structures and the activity
of peptide drugs. In this work, the stepwise multiple regression method was
employed to select the optimal subset of descriptors that have significant
contributions to the drug activity of 21 oxytocin analogues, 48 bitter tasting
threshold activities and 58 angiotensin-converting enzyme inhibitors. A new
set of descriptor, SYWGM, was used for the prediction of the activity of the
peptide drugs and then were used to build a model by the partial least squares
method, The stability and generalization ability of the model was strictly anal-
yzed by both internal and external validations, by cross-validation and external
validation correlations.

Keywords. amino acids; peptide; quantitative structure—activity relationships;
partia least square; SVWGM.

INTRODUCTION

As one of the hottest topic, peptide drugs, which perform important rolesin
al living systems, have been widely debated.1:2 Most of experimental methods
on peptide drugs were inefficient and expensive and hence, computational
methods, such as quantitative structure—activity relationships (QSAR), which
involve not only the key idea of pharmacology, but also the foundation of drug
design, were brought into the spotlight. In a QSAR study of peptides, the major
information on structure and function for peptides is contained in their amino
acid sequence and hence it is crucia to characterize the sequence structure. The
pioneering work on amino acid descriptors was undertaken by Sneath et al.3 who
used semi-quantitative physicochemical data to derive descriptors for the 20
naturally occurring amino acids. Kidera et al.#=5 collected 188 properties of the
20 natural amino acids and employed factor analysis to obtain 10 orthogonal fac-
tors that were the most important for determining the three-dimensional structure
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of proteins. Soon afterwards, Hellberg et al.>7~12 extracted three principal com-
ponents (PCs), or z-scales, from 29 physicochemical properties of coded amino
acids by PC analysis (PCA). In recent years, a new series of amino acid indices
based on quantum topological molecular similarity (QTMS) descriptors213 were
proposed for peptide QSAR studies and good results were obtained. The study of
the structure-based approaches for peptides by Hou et al.14-17 achieved satis-
factory results. Since then, many quantitative descriptors for amino acid were
proposed and successfully used in practice.1819 They were then applied to pep-
tide QSAR analyses and showed good structural characterization ability.

PRINCIPLE AND METHODS
Molecular structural characterization

Molecular structural characterization (MSC) focuses on transforming molecular struc-
tural characteristicsinto a group of numerical codes, dedicated to minimizing information loss
during this process. In this study, 99 weighted holistic invariant molecular (WHIM) des-
criptors (obtained as statistical indices of the atoms projected onto the 3 principal components
obtained from weighted covariance matrices of the atomic coordinates, the meanings of which
arelisted in Table S-1 of the Supplementary material to this paper), 74 geometrical descriptors
(obtained from molecular geometry, the meanings are listed in Supplementary Table S-I1 of
the Supplementary material) and 160 3D-molecule representations of structures based on
electron diffraction (3D-MORSE) descriptors (calculated by summing atom weights viewed
by a different angular scattering function, the meanings of which are listed in Supplementary
Table S-111 of the Supplementary material) for each single amino acid were generated via
Dragon 5.4 software.

The original variable matrices Xygxg9 (Table S-1V of the Supplementary materia), Xoox7a4
(Table SV of the Supplementary material) and Xopx1e0 (Table S-VI of the Supplementary
material were submitted to PCA, autoscaling was always applied. The PCA scores (Table S-
-VII of the Supplementary material) were extracted for al those components that were
identified to be necessary to explain a minimum of 85 % of the total variance, also, the
corresponding eigenvalue > 1. A total of 18 PCs (Table S-V1I1 of the Supplementary material)
were selected from the PCA for each amino acid, which were treated as a new vector des-
criptor — SYWGM (principal component scores vector of WHIM descriptors, Geometrical
descriptors and 3D-MORSE descriptors) to characterize a peptide. PCA was implemented by
MATLAB R2010a software.

Variable selection and modeling

The selection of molecular descriptors most relevant for acute drug activity is a key
problem involved in QSAR, as is the choice of a proper technique for the construction of
models. At present, the stepwise multiple regression (SMR) method is an interesting and
widely used variable selection method.?® SMR was implemented by SPSS software for
Windows 16.0.

The partial least squares (PLS) method was employed for developing a reliable and
predictive QSAR model and for an estimation of its stability, which was strictly analyzed by
the cross-validation correlation coefficient (Q%o ) and correlation coefficient (R, ). The
PL S analyses were implemented using SIMCA-P 12.0 software.
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RESULTS AND DISCUSSION
QSAR model for oxytocin

Oxytocin (OT), a neurohypophyseal hormone, stimulates contraction of the
uterine myometrium at parturition and contracts myoepithelia cells during
lactation. Twenty-one oxytocin analogues?! varying at positions 2, 3 and 8 are
often utilized to test the effectiveness of diverse kinds of amino acid descriptors
for its oxytocin-activity denoted by OA (Table I). For each peptide, its structure
was first quantified by 3x18 SVWGM scales. In order to prove the validity and
stability of the model, the whole data set was systematicaly divided into two
subsets. The dataset (n = 21) was divided into a training set of 18 samples and a
test set (highlighted with “*” in Table 1) of 3 samples. The training sets were then
used for developing QSAR models employing the PLS technique, while the cor-
responding test set was utilized to evaluate the predictive ability of the obtained
model.12 In the PLS regression analysis, the Qo values (Table S-IX of the
Supplementary material) changed with the SMR-introduced variables, achieving
the maximum (0.864) at the fifth step, meanwhile, the value of the correlation
coefficient (R4,m) reached up to 0.944. The optimum PLS model with 5 vari-
ables (Vo4, V17, V36, V51 and vo3) was then obtained, wherein only two PLS com-
ponents were sufficient to account for 97.2 % of the variances of the Y variables.
A plot of the observed values for OT vs. the predicted ones (listed in Tablel) is
presented in Fig. 1, from which it could be seen that the points were minutely
scattered about the through the origin-passing diagonal and the model possessed
a strong fitting capability. The results obtained from the PLS models using the
SVWGM descriptors are given in Table 11, which were superior to those from the
literature (Table I1). A scoring distribution scatter of the 21 samples in the first
and second PLS principal component spaces is shown in Fig. 2, from which it
could be seen that most samples fell within the Hotelling T2 confidence
ellipse?2.23 with a 95 % confidence interval, with the exception of 7%,

The distance to the PLS model in the X space is described in Fig. 3. It can be
seen that the normalized distance to X for none of sample was beyond the critical
value of 2.148 (significance level = 5 %).

TABLE I. Amino acid sequences of 21 OT and their observed and predicted activities; Obs —
observed values, Pred — predicted values, * —test set

No. Peptide Obs Pred | No. Peptide Obs Pred | No. Peptide Obs Pred
YYL 200 254 |8 SIK 100 1.03 | 15 YFL 430 422
FFL 352 360 |9 YWK 100 082 | 16 YIl 546 512
YWL 160 190 | 10 FIK 300 352 |17 YFK 370 313
YLL 465 527 | 11 YIR 488 511 |18 YYK* 100 145
YVL 477 495 |12 YFH* 318 3.09 | 19 FFK 248 251
YIV* 530 426 | 13 YIL 565 524 |20 YIK 489 415
FYK 100 083 | 14 FIL 450 462 | 21 YFR 430 4.10

~NOoO O~ WNPRE
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Fig. 1. Plot of predicted vs. observed values

for 21 OT by the PLS model.
TABLE II. Comparison between the different QSAR models of OT; — not determined
No. Descriptors Model A3 R&m ° Qoo © RMSEEC
1 SVRDF PLS 2 0.941 0.811 0.417
2 DISMAT 250 SMR 3 0.931 0.907 -
3 SVWGM PLS 2 0.944 0.864 0.459
4 SVRG PLS 2 0.955 0.908 0.368
5 SVRG PLS 3 0.968 0.931 0.317

aprincipal components, Pcumulative multiple correlation coefficient, Scumulative cross-validated, oot mean
square error

Fig. 2. Score scatter of the top two principle components for 21 OT, 48 BTT and 58 ACE.

A good statistical result often indicates a good robustness and high internal
predictive power of a QSAR model. The cross-validation coefficient between the
predicted and the observed values of the test set, Q2 , was used to verify the
external predictive ability of the PLS model. Recently, severa novel methods for
model validation were developed, such as the |leave-several-out (LSO),24
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Fig. 3. Distance to the PLS
model in X space of 21 OT, 48
BTT and 58 ACE.

Y-scrambling,2® self-organizing mapping of molecular objects,26 and external
validation using division of a dataset into training and test sets.25-27 In this work,

the external predictive ability of the PLS model was calculated according to Eqg.
(1):1225

Z (Yobs — Ypred)2
2 (Yobs — Y training )2

where Yops and Ypreq indicate, respectively, the values of observed and predicted
activities (the predicted values are listed in Table I), while Yirgning indicates the
mean activity value of the training set. The constructed model was then utilized
to predict the test set, which gave QZ,; value of 0.863. All the results showed that
the presented PLS model had an excellent prediction capability for drug design.

QSAR model for bitter tasting thresholds

As a classical sample set in QSAR studies, the 48 bitter tasting thresholds
(BTT) reported by Collantes,28 with their activities denoted by —og ICsg values
(Table I11), are often utilized to validate the efficiency of amino acid descriptors.
Accordingly, each BTT could be characterized with 2x18 SVWGM scales, and
using the same method, the 48 BTT were divided into 40 training samples and 8
test samples (highlighted with “*” in Table I11). The optimum QSAR models of
—og (ICsp) were created by the SMR—PL S method with 7 independent variables
(V32, V1, V34, V3, Vo5, Vg and vyo). The results showed that the established model
had a good predictive ability and strong robustness, with an Rg,m value of 0.911,
a Qoo Of 0.818 (Table S-X of the Supplementary material), and Q3,; of 0.825.
The plot of predicted value (predicted values are listed in Table 111) against the
observed data for BTT is presented in Fig. 4, from which it could be seen that

Qa =1- @)
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most samples were shown to be uniformly dispersed around the through the
origin-passing diagonal. The results obtained from the PLS models using
SVWGM descriptors are given in Table 1V, showing that the herein obtained
results were superior to those reported in the literature (Table 1V). The scoring
distribution scatter of the 48 samples in the spaces of the first and second PLS
principal component is presented in Fig. 2. It could be seen that all samples fell
within the Hotelling T2 95 % confidence ellipse. The distance to the PLS model
in the X space is shown in Fig. 3, from which it could be seen that the normalized
distance to X for most sample was smaller than the critical value of 1.742 (signi-
ficance level =5 %), except for sample 387,

TABLE Ill. Amino acid sequences of 48 BTT and their observed and predicted activities,
Obs — observed values, Pred — predicted values, * —test set

No. Peptide Obs Pred |No. Peptide Obs Pred |[No. Peptide Obs  Pred
1 GV 1.13 096 |17 LL 2.35 255 [ 33 IS 1.49 1.59
2 GL 1.68 154 |18 LF 275 288 [34 IT 1.49 1.87
3 Gl 1.70 1.60 19 LW 3.40 3.12 35 PA 1.32 1.39
4 GP 135 142 |20 LY 2.46 267 |36 PL* 222 2.09
5 GF 1.80 1.87 21 1G 1.68 1.40 37 Pl 2.33 2.15
6 GW* 189 210 (22 1A 1.68 173 |38 PY 1.80 221
7 GY 1.77 166 |23 IV 2.05 185 |39 PF 2.80 242
8 AV 1.16 107 |24 IL* 2.26 242 |40 FG 1.77 1.75
9 AL 1.70 1.64 25 ] 2.26 2.48 41 FL 2.87 2.78
10 AF 1.72 1.97 26 IP 2.40 2.31 42  FP* 2.70 2.67
11 VG 1.19 1.24 27 W 3.05 2.99 43 FF 3.10 311
12 VA* 1.16 1.57 28 IN 1.49 1.69 44 FY 3.13 291
13 \YAY 1.71 169 |29 ID 1.37 146 |45 WE 156 1.50
14 VL 2.00 226 |30 I1Q* 1.49 117 |46 WW 3.60 3.36
15 LG 1.72 1.53 31 IE 1.37 1.13 47 YL 2.40 2.54
16 LA 1.72 1.86 32 IK 1.65 1.84 48 SL* 1.49 1.68
35 Riumzo,gll O training set

5 > A testing set ¢

2 R ,,=0.818 o

g 3.09 RMSEE=0.197 o

3 o 474

5 2.5 o® o

§ o Oa OQ

=207 o0 B0 A

" 8

% 1.54 A & 2

"ol T ot BTT

10 15 20 25 30 35
-lg(IC ") (observed value)
Fig. 4. Plot of predicted vs. observed valuesfor 48 BTT by the PLS model.
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TABLE IV. Comparison between QSAR models of BTT; — not determined

No. Descriptor Model A2 R&m ° R?00 ¢ RMSEEY
1 MEEV MLR 3 0.649 0.57 0.37
2 MS-WHIM PLS 3 0.704 0.633 -

3 MEEV MLR 10 0.711 0.475 0.34
4 MEEV MLR 3 0.735 0.677 0.32
5 MS-WHIM PLS 3 0.754 0.71 0.32
6 SVRDF PLS 1 0.766 0.86 0.209
7 MEEV MLR 10 0.773 0.588 0.33
8 z scale PLS 2 0.824 - 0.26
9 SSIA-HF PLS 2 0.844 0.798 0.25
10 T-scales PLS 2 0.845 0.786 0.39
1 c-scales PLS 3 0.847 0.863 0.195
12 ISA—ECI PLS 2 0.847 - -
13 SSIA-AM1 PLS 1 0.85 0.837 0.25
14 SSIA-DFT PLS 2 0.856 0.741 0.24
15 VSw PLS 2 0.868 0.696 0.24
16 VSw PLSd 2 0.873 0.751 0.23
17 VHSE PLS 3 0.881 0.843 0.22
18 SVGETAWAY PLS 2 0.887 0.753 0.216
19 SSIA-PM3 PLS 4 0.888 0.829 0.22
20 SZOTT PLS 2 0.908 0.736 0.2
21 SVRG PLS 3 0.91 0.863 0.195
22 SVWGM PLS 2 0.911 0.818 0.197
23 SVHEHS MLR 6 0.949 0.886 0.136
24 GRID PLS 1 - 0.78 -

3principal components, Pcumulative multiple correlation coefficient, ‘cumulative cross-validated, Yoot mean
square error

QSAR model for angiotensin-converting enzyme inhibitors

The angiotensin-converting enzyme (ACE) plays a critical physiological role
in raising blood pressure, the inhibition of ACE activity could lead to an overall
antihypertensive effect.29-31 Dipeptide sequences of 58 ACE inhibitors, a clas-
sical sample set for QSAR studies, with their activities expressed as log (1/1Cs)
values,10.32 was employed. The structure of each peptide was first quantified by
2x18 SVWMG scales. As shown in Table V, the dataset (n = 58) was divided
into atraining set of 49 samples and test set (highlighted with “*” in Table V) of
9 samples. The training set was then used for the development of QSAR models
using the PL'S technique, while the corresponding test set was utilized to validate
the external prediction power of the developed model. In PLS regression anal-
ysis, QEoo (Table S-XI of the Supplementary material) changed with the SMR-
-introduced variables, achieving a maximum (0.799) at the seventh step, mean-
while, the correlative coefficient (Q&,m) was up to 0.865. The optimum PLS
model with 7 variables (vo3, Va4, V6, Vog, V30, Vg and vp1) was then obtained,
wherein only two significant principal components were necessary to explain
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TABLE V. Amino acid sequences of 58 ACE and their observed and predicted activities;
Obs — observed values, Pred — predicted values, * —test set

No. Peptide Obs Pred | No. Peptide Obs Pred | No. Peptide Obs Pred
1 VW 580 519 21 IG 292 293 | 41 GG 214 213
2 IW 570 558 22 Gl 292 272 | 42 QG* 213 227
3 Y 543 448 23 GM 28 262 | 43 SG 207 230
4 AW 500 5.09 24 GA* 270 254 | 4 LG 206 257
5 RW 480 528 25 YG 270 239 | 45 GD 204 241
6 VY* 466 4.08 26 GL 260 310 | 46 TG 200 231
7 GW 452 479 27 AG 260 236 | 47 EG 200 200
8 VF 428 372 28 GH 251 240 | 48 DG* 185 1.99
9 AY 406 391 29 GR 249 241 | 49 PG 177 178
10 IP 389 4.02 30 KG* 249 227 | 50 LA 351 298
11 RP 374 371 31 FG 243 245 | 51 KA 342 268
12 AF* 372 355 32 GS 242 292 | 52 RA 334 303
13 GY 368 367 33 GV 234 246 | 53 YA 334 280
14 AP 364 346 34 MG 232 293 | 54 AA* 321 278
15 RF 364 381 35 GK 227 183 | 5 FR 304 274
16 VP 338 363 36 GE* 227 200 | 5 HL 249 313
17 GP 335 322 37 GT 224 239 | 57 DA 242 241
18 GF* 320 332 38 WG 223 214 | 58 EA 200 241
19 IF 3.03 412 39 HG 220 217

20 VG 29 253 40 GQ 215 263

93.0 % of the variance of Y. The model exhibited good prediction ability and
stability, which was better than the models established by other methods (Table
V1). The plot predicted by the optimum QSAR models and observed values are
shown in Fig. 5 (the predicted values are listed in Table V1), where most samples
were shown to be uniformly dispersed around the through the origin-passing dia-
gonal and the model possessed a strong capability for fitting. The scoring distri-
bution scatter of the 58 samplesin the first and second PLS principal component
spaces is presented in Fig. 2. It could be seen that all samples fell within the
Hotelling T2 95 % confidence level ellipse, with the exception of 2# and 3. The
errors may be caused by the characterization method, experiment, or other
reasons. No matter what kinds of reasons, there are only two samples with large
errors, and the excellent results of this study should be recognized. The distance
to the PLS model in the X space was described in Fig. 3. It could be seen that the
normalized distance to X for most samples was smaller than the critical value of
1.713 (significance level = 5 %), except for sample 347,

In the optimum model, the external prediction power was evaluated using
Eqg. (1) and the ngt value reached 0.883. All the results showed that the pre-
sented PLS model could be effectively used to predict the acute activity of ACE.
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TABLE VI. Comparison between QSAR models of ACE; —: not determined

No. Descriptor Model  A®  R3," Reoo - RMSEE®
1 MEEV MLR 10 0.711 0.475 0.34
2 MEEV MLR 3 0.649 0.57 0.37
3 MS-WHIM PLS 3 0.657 0.541 -
4 MS-WHIM PLS 3 0.708 0.637 0.54
5 SSIA-DFT PLS 2 0.734 0.678 0.52
6 MEEV MLR 3 0.735 0.677 0.32
7 SSIA-AM1 PLS 1 0.769 0.699 0.49
8 z-scale PLS 2 0.77 0.723 —
9 VHSE PLS 1 0.77 0.745 0.48
10 MEEV MLR 10 0.773 0.588 0.33
11 SVTV PLS 1 0.789 0.767 0.45
12 VSTV PLS 1 0.789 0.767 0.46
13 SSIA-PM3 PLS 4 0.789 0.773 0.47
14 SSIA-HF PLS 2 0.797 0.76 0.46
15 T-scale PLS 2 0.845 0.786 0.39
16 HSEHPCSV PLS 1 0.846 0.835 0.396
17 \% PLS 2 0.849 0.783 04
18 VSW PLX 1 0.861 0.835 0.38
19 SVWGM PLS 2 0.865 0.799 0.386
20 VSW PLS 2 0.868 0.784 0.37
21 MHDV PCR 19 0.878 0.753 0.35
22 SVWG PLS 3 0.893 0.83 0.34
23 SZOTT PLS 2 0.894 0.828 0.331
24 SVEEVA PLS 2 0.894 0.839 0.332
25 SVHEHS MLR 8 0.936 0.854 0.259
3principal components, Pcumulative multiple correlation coefficient, ‘cumulative cross-validated, %oot mean
square error
61 .
Rcum:(). 865 © tralr}lng set /
15 A testing set o
5. Rlpo=0.799 / o
| RMSEE=0.386 ©

log(1/IC, ) (predicted value)

o ACE

2 3 4 5 6
log(1/1C ) (observed value)

Fig. 5. Plot of predicted vs. observed values for 58 ACE by the PLS model.
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CONCLUSIONS

In this study, a new set of descriptorsSVWGM was derived from principal
component analyses of 99 WHIM descriptors, 74 geometrical descriptors and 160
3D-MORSE descriptors of 20 natural amino acids. On applying the SYWGM
scales in the peptide QSAR studies for three kinds of classical peptide analogues,
the results were similar to, or better than those found in the literature. The satis-
factory results showed that the models had good prediction capability and favor-
able stability and the SYWGM descriptors could be well used to characterize
molecular structure information and express the QSAR of peptide drugs.

SUPPLEMENTARY MATERIAL

The meanings and values of descriptors are available electronically from http://
/lwww.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
QSAR CTYIWJA TIEITUIHUX JEOJUILEHA 3ACHOBAHA HA HOBOM JECKPHUIITOPY
AMHUHOKHCEITHMHA

JIAN-BO TONG, JIA CHANG, SHU-LING LIU u MIN BAI
Shaanxi University of Science & Technology, Xi'an, China

Mertona kBaHTHUTAaTHBHUX penaudja uamehy crpyxrype u axtuBHuctéd (QSAR) mpume-
IEHA je 3a HalaXemwe Be3e U3Mehy MOJIEKYJICKE CTPYKType M aKTUBHOCTH NENTHIHUX jenu-
Bewa. Y 0BOM paZly kopuirheHa je BUIllecTelleHa BHILECTpyKa perpecuja na du ce msadpao
ONTHUMAJTHU MOJCKYT NEeCKPUITOPA, KOjH UMajy 3HauajaH JOMPUHOC aKTUBHOCTH 3a 21 OKcHTO-
UUHCKU aHasor, 48 jemumerma ropKor ykyca u 58 MHXuOUTOpa aHTMOTeH3WH-KOHBepTyjyher
eHsuMa. IIpumemeH je HOBHU ceT neckpunrtopa SVWGM. ITomohy wux je nobuBeH mognen 3a
npezBuhame akKTUBHOCTH UCIIMTHUBAHUX CYTCTaHIM. Mozen je KOHCTpyHCcaH NMPUMEHOM MEeTofie
napuyjaJHUX HajMamUX KBajfipaTa, a 3aTUM je aHaJU3UpaH O[roapajyhum CTaTUCTHYKUM
TECTOBUMa.

(ITpumsbeHo 4. jyna, mpuxsaheHno 7. jyna 2014)
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