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BINDING AFFINITY OF TRIPHENYL ACRYLONITRILES TO ESTROGEN
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ABSTRACT

Am: The quantitative structure-activity relationship approach was applied to understand
the relative binding affinity of triphenyl acrylonitriles to estrogen receptors.

MaTERIAL AND METHODS: A sample of previously studied triphenyl acrylonitriles was divided
into training (18 compounds) and test sets (7 compounds) using a stratified random ap-
proach. The molecular descriptor family on vertices cutting (MDFV) approach was used
in order to translate the structural information into descriptors. The relationship between
binding activity and structural descriptors was identified using the multiple linear regres-
sion procedure.

REesuLTs: An optimal three-parameter equation with a determination coefficient of 0.9580
and a cross-validation leave-one-out parameter of 0.9408 was identified. The optimal mod-
el was assessed on a test set and a determination coefficient of 0.9004 was obtained. The
MDFYV model proved not to be significantly different from the previously reported model
in terms of goodness-of-fit. In terms of information criteria (Akaike’s, Bayesian, Amemiya,
and Hannan-Quinn) and Kubinyi function, the MDFV model proved to perform better
than the previously reported model.

Concurusion: The optimal MDFV model was able to explain ~96% of the total variance in
the estrogenic binding relative affinity of triphenyl acrylonitriles and to have estimation
and prediction abilities. Although there were no significant differences in terms of good-
ness-of-fit, the MDFV model proved to exhibit better information parameters compared to
the previously reported model using the same number of molecular descriptors.

Keywords: estrogen receptors, relative binding affinity (RBA), triphenyl acrylonitriles (TPT);
structure-activity relationship (SAR), molecular descriptors family on vertices (MDFV)

INTRODUCTION A sample of hydroxylated and non-hydroxylated

The interaction of estrogens with tissues is accom-
plished through estrogen receptors (ER), a group of
receptors activated by the hormone 17B-estradiol.
Two receptors are known to date: ERa (expressed
mainly in uterus, stroma of prostate, theca cells of
ovary, Leydig cells of testes, epididymus, bone,
breast, brain, liver and white adipose?) and ERB
(expressed mainly in colon, epithelium of prostate,
testis, granulose cells of ovary, bone marrow, salivary
gland, vascular endothelium, brain®#).

A series of hydroxylated and non-hydroxylated
triphenyl acrylonitriles (TPEs) proved to have es-
trogenic activities.> The structure-activity approach
has been applied to link topological features of
estrogenic drugs and pharmacophoric properties®1°,
structural requirements of ER ligand*!, or reproduc-
tive toxicology.?

triphenyl acrylonitriles for binding to calf uterus
estrogen receptors has been investigated by using
quantitative structure-activity relationship approach.t
The best performing model after removing one out-
lier (the residual value exceeded twice the standard
error of estimate) is presented in Eq (1).

logRBA = 2.114(+0.243)l,, o, — 0.223(+0.059)S,
~ 0.147(% 0.050)S,, — 0.193(+ 0.052)N,

n =24, r=0919, r2 = 0.845, EV = 81.415%,
F = 27.284, s = 0.595,

AVRES = 0.450, PRESS = 10.021, SDEP = 0.646,
Pres,, = 0.515, Q% = 0.751 (1)

where logRBA = competition for [*H] 17-B-estradiol
binding, S, and S, are E-states of C, and C g
respectively, 1., 5, = presence or absence of —-OH

substitution in C,,, N, = number of free terminal

Correspondence and reprint request to:S. Bolboaca, “luliu Hatieganu” University of Medicine and Pharmacy

Cluj-Napoca; E-mail: sbolboaca@umfcluj.ro
13 Emilplsac, 400023 Cluj-Napoca, C{uj, Romania

Received 8 April 2010; Accepted for publication 7 July 2010 37



S. Bolboaca et al

atoms (excluding H) in C,,, n = sample size; r =
correlation coefficient, r? = coefficient of determina-
tion, F = F-values (significance level at 1%), EV =
explained variance, s = standard error of estimate,
AVRES = average of absolute value of residuals,
PRESS = predictive residual sum of squares, SDEP
= standard deviation of error of predictions, Pres,,
= average of absolute value of predicted residuals,
Q? = cross-validated variance.

The study aimed to model the relationship be-
tween topological structures of a sample of triph-
enyl acrylonitriles with binding estrogen receptor
using the molecular descriptors family obtained
through vertex cutting (MDFV). The best perform-
ing model was compared with previously reported
model in order to identify the method with highest
performances.

MATERIAL AND METHODS

The sample of triphenyl acrylonitriles previously

studied by Mukherjee et al.’® was included in

analysis. The compound abbreviation, 2D structure
and estrogenic activity expressed as relative binding
affinity to the ER vis-a-vis E2 in logarithmic scale

(logRBA) are given in Fig. 1. The 2D structures

of the compounds were drawn using HyperChem

software (version 8.04). The molecular geometry
was constructed using HyperChem, and the molecule
was saved as *.mol file. The molecular geometry
was optimized using Molecular Modeling Pro

Plus: conformational analysis — moly minimizer —

makes moderate changes — refine (applied twice).

The molecule was then saved as *.hin file (to be

introduced in construction of molecular family on

vertex cutting), the compounds were validated and
the partial changes were computed whenever needed
using HyperChem.

The sample was split in two sets: training (used
to obtain the multiple-linear regression model
(MLR)) and test (used to test the MLR equation
obtained on training set). A number of 7 molecules
were assigned to the test set, using the following
approach:

» Construct of strata of the sample (25 compounds)
based on experimental logRBA values. Seven
strata were constructed and the frequency table
was obtained.

» Extraction randomly a predefined number of mol-
ecules from each strata whenever the frequency
was higher than 1 (there was one stratum with
a single compound; this was assigned to train-
ing set). One stratum with observed frequency
higher than 4 was randomly to provide 2 com-
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pound for inclusion in test set. The following

compounds were included in test set: triph024,

triph016, triph004, triph017, triph006, triph019,
and triph009.

The logRBA variance of the compounds included

in training set proved not to be statistically sig-

nificant different compared to the compounds

included in test set (F-test for variances = 1.28,

p-value = 0.4018); the same result was obtained

when the means were compared (t-value =

-0.0229, p-value = 0.9819).

* Normality test on observed logRBA for com-
pounds included in training set (EasyFit v. 5.1.):
Kolmogorov-Smirnov statistic'4 equal to 0.1243
(p = 0.9118); Anderson-Darling statistic'® equal
to 0.5128 (null hypothesis of normality accepted
at significance level of 1%); and Chi-Squared
statistic'® equal to 1.0122 (p = 0.6028).

The molecular descriptors (MDFV)! were calcu-
lated for each compound included in the analysis
by applying the following steps (using a series of
home-made programs):

+ Define the investigated set of compounds:
logRBA.

« Create the following tables: “triph_mdfv" table
(contains the named of molecular descriptors),
‘triph_data’ table (contains the *.hin file of
molecules prepared for modelling as describe
above), and “triph_prop™ (contains the experi-
mental logRBA values).

« Compute the values of molecular descriptors:
candidate fragments obtained by cutting of pairs
of vertices after matrix representation of the
molecular graph. The MDFV descriptors have
a name of 8 letters indicating how they were
generated (for details of MDFV see the paper
of Bolboacd and Jéntschi.')

» Validate the MDFV descriptors: 2387280 descrip-
tors were calculated for each molecule. 6059
descriptors proved to be valid and were used
in MLR analysis after applying three validation
criteria (Jarque-Bera value higher than critical
value for the observed activity, identity analysis
and inter-correlation higher than 0.99).

The MLR approach was applied in order to
identify the best link between MDFV descriptors
and logRBA. Statistica 8.0 software was used in
identification of best performing model.

The identification of the best performing MDFV
- MLR model on training set was performed ap-
plying the following criteria:

» Highest explanation of the observed logRBA
(highest values of significant correlation coef-
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Figure 1. General structure, abbreviation and logLBA (brackets) of triphenyl acrylonitriles.
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ficients between the observed and estimated

activity).

» Smallest number of descriptors in the model.

» Lowest standard error of estimate.

» Highest F-value and lowest p-value associated
to F-value (significance of MLR model).

» Absence of collinearity of descriptors in the
model.

» Highest value of correlation coefficient in
leave-one-out cross-validation.

The ability of the best performing MLR model
identified in training set was test on test set.

A comparison analysis was carried on to com-
pare the best performing MDFV-MLR model with
previously reported model with higher correlation
coefficient using the following statistics: Akaike’s
and related information criteria’® (the smallest the
value the better the model was); Kubinyi function
(FIT)1920 (the highest the value the better the
model is) and Z test for comparing two correla-
tion coefficients?!,

RESULTS

The best performing MDFV model in terms of
goodness-of-fit is presented in Eq (3).

¥ yoey = 65.11(+ 10.35) - TASAAFDL*9.18(+
1.4) + GLCACPDL*(6.69-10°1)(+ 1.62.10°1) +
GMHAAIDR*(7.84-105)(+ 1.86-10°5) ®)

where Y-, = estrogenic activity estimated by the
model, the numbers in round brackets represent the
parameter needed to compute the confidence intervals
for the slope parameters; TASAAFDL, GLCACPDL,
and GMHAAIDR = the MDFV members.

Statistical characteristics of the model from
Eq(3) are give in Eq(4).

Nyaining = 18 Tyaining = 0-9788 (95%CI [0.9427 —
0.9922]),

r2training = 0'9580’ r2aldj-training = 0'9489’ CVtraining =
0.8660

Se = 0.33, F-value (p-value) = 106 (7.16-101)
t;.. (p-value) = 13.49 (2.06-10°9), tyosanrp. (P-Value)
= -13.72 (1.65-10°9),

toLcaceoL (P-value) = 8.84 (4.18:107), tuyiuaainR
(p-value) = 9.02 (3.30:107)

TASAAFDL: T = 0.941, VIP = 1.063
GLCACPDL: T = 0.926, VIP = 1.080
GMHAAIDR: T = 0.903, VIP = 1.108

12, = 0.9408, s, = 0.39, F, = 74 (7.88:10) (4)

loo

where training = training set, n = sample size; r

= correlation coefficient; r2 = determination coef-
2

ficient; Lot = adjusted determination coefficient;
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CV = coefficient of variation; s, = standard error
of estimate; F-value = Fisher statistic of the MLR
model; T = tolerance (collinearity diagnostic)); VIF
= variance inflation factor (collinearity diagnostic);
rloo2 = determination coefficient obtained in leave-
one-out analysis; s, = standard error of predicted;
Floo = F-value obtained in leave-one-out analysis.
The model presented in Eq (3) was validated
through its application on test set. Statistical char-
acteristic are presented in Eq (5).
N =7, T

et = T gy = 0.9489 (95%CI [0.6860 — 0.9926]),
2, =0.9004, s =053, F,_ (P,e) =43 (1.21:10%) (5)

The values of MDFV descriptors used by model
(Eq (3)), estimated and predicted logRBA, and
residuals are presented in Table 1.

The goodness-of-fit of the model obtained on
training set and its application on test set is pre-
sented in Fig. 2.

The best performing MDFV model (Eq (3))
was compared to the model previously reported
(Eq (1), in terms of information criteria (Table 2)
and of goodness-of-fit (Z test). The goodness-of-fit
of the model from Eq(3) was compared with the
goodness-of-fit of the previously reported model
(Eq (1)) and a value of 0.795 (p-value = 0.2133)
was obtained.

DISCUSSION

The linear relation between topological structures
of triphenyl acrylonitriles and binding estrogens
receptors was successfully modelled. The MDFV
approach that implements the fragmentation of ver-
tices in the molecular graph proved able to estimate
activities.!”?2 Seven information criteria and three
weights were computed in order to compare the
MDFV model with the model previously reported
by Mukherjee et al.l’

The best performing model was selected ac-
cording to Hawkins principles?3: highest correla-
tion coefficient, highest Fisher parameter, lowest
standard error of the estimate, and smallest possible
number of significant parameters (n = 5-v, where
n = sample size, v = number of variables in the
model). The model with the highest correlation
coefficient, the highest Fisher parameter, the lowest
standard error of estimate, and the smallest possible
number of significant parameters was considered to
be the best performing model (Eq (3)). This model
is able to explain ~96% of the total variance in
the estrogenic binding relative affinity of triphenyl
acrylonitriles. The Fisher-value and its associated
significance sustain the significance of the model
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Table 1. Values of descriptors, observed, estimated / predicted logRBA and residuals in training and test sets

MDFV descriptor . )
Mol logRBA Y-logRBA Residuals
TASAAFDL GLCACPDL GMHAAIDR

Training set
triph018 7.440 1.693 1148.2 -2.000 -1.9825 -0.0175
triph022 7.296 -2.002 14537.0 -2.000 -2.0805 0.0805
triph023 7.408 -1.023 23340.0 -1.398 -1.7643 0.3663
triph001 7.194 -1.679 13358.0 -1.046 -1.0206 -0.0254
triph021 7.543 0.862 41710.0 -0.398 -0.3040 -0.0940
triph014 7.304 0.783 22956.0 -0.180 0.3677 -0.5477
triph003 7.270 0.772 19946.0 0.342 0.4362 -0.0942
triph025 7.350 -0.836 24907.0 -1.398 -0.9838 -0.4142
triph007 7.286 0.632 22890.0 0.785 0.4266 0.3584
triph013 7.304 0.670 29383.0 0.959 0.7962 0.1628
triph015 7.130 -0.685 24643.0 1.230 1.1164 0.1136
triph002 7.130 0.660 22774.0 1.556 1.8691 -0.3131
triph005 7.130 0.728 24238.0 1.792 2.0290 -0.2370
triph012 7.304 0.688 38360.0 1.892 1.5120 0.3800
triph011 7.130 0.752 20622.0 1.968 1.7616 0.2064
triph020 7.130 0.777 17342.0 2.033 1.5209 0.5121
triph008 7.304 1.804 39350.0 2.220 2.3352 -0.1152
triph010 7.130 -0.852 21011.0 0.398 0.7198 -0.3218
m 0.3751 0.3753" 0.2422
stdev 1.458 1.4269 0.2989
KS,, (p-value) 0.1070 (0.9721)
AD, (AD; 5, 0.1742 (2.5018)
Test set
triph024 7.479 -2.367 33110.0 -2.000 -2.5490 0.5490
triph016 7.332 -0.649 25257.0 -0.444 -0.6663 0.2223
triph004 7.211 -0.716 23290.0 0.519 0.2458 0.2732
triph017 7.130 -0.694 30176.0 0.806 1.5440 -0.7380
triph006 7.231 -0.858 39450.0 1.869 1.2339 0.6351
triph019 7.373 0.865 30626.0 0.531 0.3903 0.1407
triph009 7.130 0.734 23111.0 1.447 1.9446 -0.4976
m 0.390* 0.3062* 0.4366
stdev 1.286 1.5376 0.5151

KS,,, (p-value) 0.2585 (0.6489)

AD.__ (AD

res

crit 5%) 0.4025 (2-5018)

Y-logRBA = logRBA estimated by Eq(3) for training set and predicted logRBA for test set’
m = arithmetic mean; stdev = standard deviation;

Comparing means (significance level of 5%): T p = 0.9999; * p = 0.6828;

KS,., = Kolgomorov-Smirnow statistic applied to residuals (for testing normality);

AD,, = Anderson-Darling statistics applied to residuals for testing normality;

AD, i 5o, = critical value for Anderson-Darling statistics for a significant level of 5%.
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Figure 2. Goodness-of-fit of models: training versus test.
Table 2. Validation and comparison of the models
Parameter Model

Ea@) Eq(1)
AIC, (corrected Akaike information criterion) -104.49 -52.16
w;(AIC) 1.00 4.33.101?
AIC, (AIC based on determination coefficient) 1.94 2.96
w;(AIC,) 0.62 0.38
AIC, (McQuarrie and Tsai corrected AIC) -4.34 -0.86
w,(AIC)) 0.85 0.15
BIC (Bayesian information criterion) -99.48 -45.18
APC (Amemiya prediction criterion) 0.00 0.10
HQC (Hannan-Quinn criterion) -107.08 -53.02
FIT (Kubinyi function) 8.72 2.59

w; = Akaike weights for model i.
Parameters: Smallest the better excepting FIT

from Eq (3) while the t-values and associated
significance sustain the significance of the MDFV
descriptors used by Eq (3). The characteristics of
the descriptor’s contribution to the binding estro-
genic activity of triphenyl acrylonitriles revealed
the followings:

The interaction between structure and binding
activity proved to fulfill via bonds (topology - T)
and space (geometry - G).

Dominant atomic properties were represented

42

and w; (where largest the better).

by electronic affinity (A), melting point (L), and
relative atomic mass (M).
The structure on activity scale is logarithm (L)
and reciprocal (L).
The binding estrogens receptor affinity of TPT
proved to be of geometric and topological nature. It
depended on compound electronic affinity, melting
point and relative atomic mass (Eq (3)).

The validity of a linear model is sustained by
the absence of collinearity within descriptors used

Folia Medica 2010; 52(3): 37-45
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by the model. The analysis of collinearity was
carried out for the model presented in Eq (3) by
computing two parameters: tolerance and variance
inflation factor. Tolerance, defined as the difference
between 1 and determination coefficient, show the
degree of instability in the regression coefficients.
The variance inflation factor gives the degree
to which the standard error of the predictor is
increased due to the predictor’s correlation with
the other predictors in the model. Values less than
0.10 for tolerance and values greater than 10 for
variance inflation factor indicates the presence of
multicollinearity.?*

The prediction ability of the model in Eq (3)
was analyzed in leave-one-out experiment (inter-
nal validation) and by applying the model on an
external set of compounds (test set, external vali-
dation). Internal and external validation analyses
must be conducted in SAR analysis since high
internal predictivity is not necessary related to high
external predictivity?> (effect known as Kibinyi
paradox?5).

The leave-one-out experiment, 17 experiments
were conducted with 17 compounds in training set
(for identification of MLR model) and 1 compound
in test set (the application of the identified MLR
model). The values of leave-one-out determination
coefficient (0.9408) proved to be close to the de-
termination coefficient of the model from Eq (3)
(0.9580) and indicates a good prediction ability
(~2% difference between these two determination
coefficients). The external validation of the model
presented in Eq (3) was carried out and the model
was applied on a sample of 7 compounds. The dif-
ference between determination coefficient obtained
in test set and the determination coefficient of
the model in Eq (3) proved to be of 4%. Thus,
the predictivity analysis (internal and external)
conducted for the model presented in Eq (3), re-
vealed that the model is reliable and could be use
to predict the relative binding affinity on estrogen
receptors of triphenyl acrylonitriles. Furthermore,
the reliability of the model presented in Eq (3)
is sustained by the absence of significant differ-
ence between the observed and estimated mean of
logRBA (training set), respectively observed and
predicted mean of logRBA (test set) (p > 0.6, sig-
nificance level of 5%).

A series of parameters were computed in order
to compare the best performing MDFV model (Eq
(3)) with the model identified by Mukherjee et al.
(Eq (1)). The MDFV model (Eq (3)) systematically
obtained the best expected values: the smallest

Folia Medica 2010; 52(3): 37-45
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values of information criteria (AICC, AIC,, AIC,,
BIC, APC and HQC), highest values of Akaike’s
weights (w;(AIC,), w;(AICL,), W;(AIC,)) and of the
Kubinyi function (FIT). According to the results
presented in Table 2, based on AIC values it could
be concluded that the model from Eq(3) is more
useful compared to model from Eq (1).

As far as the goodness of fit of the models on Eq
(1) and Eq (3) according to Z test was concerned,
these models were not statistically different (p =
0.2133). Even if the models are not statistically
different in terms of goodness-of-fit the MDFV
model proved to be better in terms of information
criteria and Kubinyi function.

The present study aimed to model the relative
binding affinity to estrogen receptors of TPT by
using information extracted from the matrix rep-
resentation of the compounds. A valid and reli-
able model with three descriptors was obtained.
The model proved its reliability in training and
test sets. The analyzed sample size is the main
limitation of the present research. Current research
in our laboratory aims to characterize activities /
properties of other classes of compounds by using
the MDFV approach.

CONCLUSIONS

In the present study an alternative SAR model
relating the relative binding affinity on estrogen
receptors with the molecular structure of triphenyl
acrylonitriles by means of structural descriptors
with the multiple linear regression approach. The
best performing model proved to be able to explain
~96% of the total variance in the estrogenic bind-
ing relative affinity of triphenyl acrylonitriles and
exhibits better information parameter compared to
previously reported model with the same number
of molecular descriptors involved. The assessment
in test set of 7 triphenyl acrylonitriles not used in
identification of the best MDFV model suggests
that it performs predictively.
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CXOJICTBO CBS3BIBAHUSI TPUPEHMU.I
AKPUJOHUTPHUJIA C PEIHENTOPAMM
3CTPOI'EHA - 3ABUCHMOCTb MEXIY
XUMHUUYECKOM CTPYKTYPOM U CBOW-
CTBAMHU

S. Bolboacd, M. Marta, L. Jantschi

PE3IOME

LEns: Hccnedosamv omuocumenvioe cxo0Cmeo c6s3vl-
6aHUs MpUDeHul aKpulOHUMPULA C peyenmopamu
ICMPoO2ena ¢ NOMOWbIO AHANUZA 3A6UCUMOCTIU MENHCOY
XUMUYECKOU CMPYKMYPOU U C8OUCTNEAMU.

MutEPHAT 1 METOBI: Onpedenennoe KOMu4ecmeo yice
UCCTEe08AHHO020 MPUDEHUT AKPUTLOHUMPULA PA30ENEeHO
HA CAY4auHOM NpuHyune Ha ydeOHvle U Mecmogvie
xomniiekmol (coomsemcmeenno 17 u 18 coedunenuil).
C yenvlo npusecmu cmpyKmypHyl un@opmayuio 8
CMpPYKmMypHble O0ecKpUnmopbl asmopsl UCNONb306AIU
ananuz mMonexynapHou oeckpunmopuou epynnvt (MDFYV).
3asucumocmov cea3vI86aHUS peyenmopa ¢ CMpPYKMypHbIM
deckpunmopom onpeoenena ¢ HOMOWbIO NOIUMEPHO2O
JIUHENIHO20 pPecpecCUOHH020 AHAU3A.

PE3VIBTATBI: Bovieedeno onmumanvrnoe mpunapa-
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Mempuueckoe ypasHeHue ¢ 0emepMuHAyUOHHbIM KOIh-
Guyuenmom 0.9580 u ckpewgenHviM docmosepHbiM napa-
mempom 0.9408. OnmumanvHas mooens ucnpobosauna Ha
MecmogoM KOMNIEKme COeOUHeHUll, npu YeMm noayye-
Ha CMOUMOCMb OemepMUHAYUOHHO020 Ko3(ppuyuenma
0.9004. He ommeuena cucHuukaHmuas pasHuyd
medncdy MDFV moodenvro u yoce usyueHHOU MoOenvio
NnO OMHOWEHUIO K CIMAMUCIMUYECKOMY COOMHOULEHUIO.
B omnowenuu ungopmayuonnvix kpumepues (kpumepuu
Akaike, Bayes, Amemiya, and Hannan-Quinn) u ¢ynxyuu
Kubinyi modeno MDFV okazanace ayuute, yem u3yueHHds
paHvuLe Mooeis.

34KMIOYEHHE: Onmumanvuas MDFV modenv yc-
neia obvacHums npubauzumensho 96% obweil Jduc-
nepcuu OMHOCUMENIbHO20 CXOOCMBA CEA3bIGAHUS MPU-
Genun akpuroHumpuia ¢ peyenmopamu ICmpozend,
Kpome mo2o OHA OeMOHCMPUpYem oyeHounble U Npoe-
HOCmuueckue ceoucmsea. Xoms u He ommeyeHvl CUueHupu-
Kanmmubvle pasHuybl 6 CMAmMuUCmMu4eckol adeKeamHocmu,
0Ka3ano0ch, YMo 95ma Mooeib umeem 0Oonee Xxopouiue
uHGOpMAYUOHHBIE NAPAMEMPbL, YeM Ydice U3VUeHHAsA
MoOenb, KOmopas UCHOAb3Yem Mo Jice CamMoe YUCLO
MONEKYNAPHBIX OECKPUNMOPOS.
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