From 3D coordinates to
molecular surface
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i, _JWhat we are still orphans:

e Virtualize molecular topology (shape and volume);
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X-Ray
Crystallography
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 Let's go back to our Cartesian coordinate ...

0. 9760 0. 5530 0.1180 C
2.1810 1. 4240 0.1010 C
2.9110 1. 3580 -1.2420 C
2. 2460 1.6700 -2.0550 H
3. 2180 0. 3270 -1.4520 H
4.1000 2.2110 -1. 2400 N
3.8190 3. 1840 -1.1170 H
4. 5460 2.1620 -2.1560 H
2.8610 1. 1260 0.9100 H
1. 8740 2. 4560 0.3100 H
-0. 1610 0.9170 -0.5670 N
-1. 0220 - 0. 0510 -0.3510 C
-2. 0310 -0. 1010 -0.7380 H
- 0. 4920 -1. 0270 0. 4440 N
- 0. 9630 -1. 8680 0.7470 H
0. 7870 - 0. 6560 0.7530 C
1. 4290 -1. 2620 1.3760 H

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy

S. MORO - PSF - 2018/2019




 Rendering!
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,But how can we restore physicality to our
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s Atomic radius... could be one?

The atomic radius of a chemical element is a
measure of the size of its atoms, usually the mean
or typical distance from the nucleus to the boundary
of the surrounding cloud of electrons. g@

Since the boundary is not a well-c,. ~ed physical
entity, there are various non-equivale, "efmltlons
of atomic radius. Three widely used

atomic radius are van der Waals radius, ioniC radius,
and covalent radius.
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Johannes Diderik van der Waals (23
November 1837 — 8 March 1923) was a Dutch
theoretical physicist and thermodynamicist
famous for his work on an equation of state for
gases and liquids.

His name is primarily associated with the van
der Waals equation of state that describes the
behavior of gases and their condensation to
the liquid phase. His name is also associated
with van der Waals forces (forces between
stable molecules), with van der Waals
molecules (small molecular clusters bound by
van der Waals forces), and with van der Waals
radii (sizes of molecules).

He became the first physics professor of the
University of Amsterdam when it opened in
1877 and won the 1910 Nobel Prize in physics. .

. i
van der Waals radius: in principle, half the e

minimum distance between the nuclei of two
atoms of the element that are not bound to the
same molecule.
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i A quick refresh...

Element radius (A)

Hydrogen 1.20 V — ﬂ T r3
Carbon 1.70 vdw 3 vdw
Nitrogen 1.65

Oxygen 1.62

Fluorine 1.47

Phosphorus 1.80 3
Sulfur 1.80 law = 3| Vigw —
Chlorine 1.75 4t
Copper 1.4
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i Why an atom has a spherical shape?
S P d

The images are 3D renderings of the spatial density distribution of ||*> with the color depicting the phase of 1. The spatial

distribution is smooth and vanishes for large radii. The cloud is a more realistic representation of an orbital than the more
common solid-body approximations.

Credits: https.//en.wikipedia.org/wiki/Electron#/media/File:Atomic-orbital-clouds_spd m0.png
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} From Cartesian coordinates to van der Waals
I spheres:

Robert B. Corey and Linus Pauling
“Molecular Models of Amino
Acids, Peptides, and Proteins.”
™ Rev. Sci. Instrum. 24, 621 (1953).

Abstract: A set of accurate scale models has been
developed for use in studies of the structures of
' amino acids, peptides, and proteins. Models
representing atoms or groups of atoms built from
hard wood to the scale 1 in. = 1A are connected by a
- clamping device which maintains desired molecular
/. configurations. These accurate models have been
__d used as substitutes for calculation in investigations
of the probable configuration of the polypeptide
chain in proteins. Analogous models constructed of
rubber-like plastic to the scale 1 in. = 2A and
connected by snap fasteners are designed for
qualitative studies of protein structure.
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) From Cartesian coordinates to van der Waals
2 spheres:

NOW AVAILABLE FOR THE FIRST TIME-THE LONG AWAITED, INEXPENSIVE
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Don’t forget this opportunity:

2 PRIMOPIANO

Cattedre vuote

Scuole al collasso
senza 1nsegnant1
Caccia ai supplentl
su sm e Whatsapp |

Cristiano Cadoni

PADOVA. Ora li cercano con sc

Whatsapp, un messaggino momento in cui si m&w& ;
lanmatonellechatdm genito-  supplenti, perché non ¢

ri con I'appello: “Se conosce-  sono, Tant’é che '

te qualcuno, segnalatelo”,
Prima ancora di questa mos-
sa disperata, avevano messo  inses
?&&’;“?‘i";“lmm"a della loro

€0 della resa, Cop £

M
M
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) Corey and Pauling models: put the flesh to

the bone V!
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CPK MODELS

(by Corey, Pauling and Kultun)

r. = covalent radius
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 From an informatics point of view, is it clear
1 how we can translate a CPK model?

0. 9760 0. 5530 0.1180 C
2.1810 1. 4240 0.1010 C
2.9110 1. 3580 -1.2420 C
2. 2460 1.6700 -2.0550 H
3. 2180 0. 3270 -1.4520 H
4.1000 2.2110 -1. 2400 N
3.8190 3. 1840 -1.1170 H
4. 5460 2.1620 -2.1560 H
2.8610 1. 1260 0.9100 H
1. 8740 2. 4560 0.3100 H
-0. 1610 0.9170 -0.5670 N
-1. 0220 - 0. 0510 -0.3510 C
-2. 0310 -0. 1010 -0.7380 H
- 0. 4920 -1. 0270 0.4440 N
- 0. 9630 -1. 8680 0.7470 H
0. 7870 - 0. 6560 0.7530 C
1. 4290 -1. 2620 1.3760 H
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A |At this point measure the molecular size is
1 _‘H jeasy... or at least so it seems to Arie Verloop!

Verloop A., Hoogenstraaten W., Tipker J. “Development and application of new steric substituent
parameters in drug design.” In Drug Design (Ed. Ariéns), vol.7, pp.165-207 (1976), New York: Academic
Press.
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My favorite example:

NOVITA OFFERTE PRODOTTI ¥ AMBIENTI ¥ IDEE RISTORANTE E BOTTEGA DOVE SIAMO

f E r,
.

Home / Soggiorno / Scaffali

77 cm (30 %A") 39 cm (15 ")

=3 b 33 cm (3306)
(13%)

77 em (30 %")

(.ET)
(9'cg) wd g€

Credits: https.//www.ikea.coml/it/it/catalog/products/20275814/

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy

S. MORO - PSF - 2018/2019




Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy

S. MORO - PSF - 2018/2019




Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy

S. MORO - PSF - 2018/2019




Beware: as you have already guessed the
ASTERIMOL parameters are by definition
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S most common substituents:

L B, B, B, B,
3.00 1.52 1,90 1.90 2.04
4.11 1.52 1.90 1.90 2.97
6.17 1.52 1.52 1.90 4.42
4.11 2.59 2.86 2.86 2.97
6.28 2.30 2.30 2.83 2.83
4.62 1.52 3.11 3.11 6.02
2.74 1.35 1.35 1.35 1.93
3.98 1.35 1.90 1.90 2.87
3.53 1.59 2.56 2.80 2.80
3.44 1.70 1.70 2.44 2.44

L/B, e B,/B, ratios give as an indication of the substituent

sphericity.
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| CPK is a nice 3D shape representation... but
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M Do you remember the Ahydration shell
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The rolling ball algorithm developed by Shrake & Rupley in 1973: Environment and exposure to solvent of protein atoms.
Lysozyme and insulin”. J Mol Biol. 79 (2): 351-71.
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Michael Connolly

w
.

The van der Waals Surface (vdWS) is the exterior boundary of the union of van der Waals
spheres.

The Solvent Excluded Surface (SES, also known as Connolly surface) is the results of the
SAS erosion by the same probe.
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| s but, to transform this virtual experiment is an

j "9y useful experiments we need TWO smart
Ll ideas:

1. Remember Pollicino’s fairytale;
2.and...
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A bit of algorithm:
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SES or Connolly Surface
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vdW versus Connolly Surface
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SES or Connolly Surface
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' Do you understand the morphing?

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




Rolling Sphere method: choose a method of
installation Lightning

rolling sphere

", building

Crediits: https.//www.bornika.ir/en/Article/AR-52/Choose-a-method-of-installation-Lightning
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4 ) Geometric computation theory for morphological
# = filtering on freeform surfaces:

“The surface of a geometrical component is an interface limiting the body of the component and
separating it from the surrounding medium. It governs the functional behaviours of the product, whether
that be a mechanical, tribological, hydrodynamic, optical, thermal, chemical or biological property, all of
which are of tremendous importance to product performance. Many emerging products and devices are
based on achieving surfaces with special functionalities. Manufactured items such as micro- and
nanometre-scale transistors, microelectromechanical systems and nanoelectromechanical systems,
microfluidic devices, optics components with freeform geometry and structured surface products are
clear evidence of products where the surface plays the functional role.

B workpiece

workpiece surface profile |
erosion envelope
——=-opening envelope
rolling disc

Q.f
"i h’}}‘{
\“v

1 workpiece
——— workpiece surface profile
dilation envelope

=== closing envelope

rolling disc

/A
r 4‘0}'
\ (/li\

"‘
urs

»‘mm’fl m\ N

‘ﬁ ‘Q’&r

The dilation and closing envelope of an open profile by a The erosion and opening envelope of an open profile by a
disc. disc.

Credits: http.//rspa.royalsocietypublishing.org/content/469/2159/20130150
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| Tribology: the Study of Interacting Surfaces
| in Motion

WEAR MECHANISMS:

Surface Abrasion Adhesion Tribochemical

Fatigue Mi'ﬂrﬂ' Eﬂﬁﬂts Reactions

- -- ﬁ »‘9‘
e.g. Fractures eg. Grooves e.g. Material e.g. Particles
Transfer

Credits: https.//www.ggbearings.com/en/company/tribology
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| Tribology: the Study of Interacting Surfaces

| in Motion
| - ENERGY INITIATION: TRIBOLOGICAL STRESS

L
Il - ENERGY TRANSFORMATION

e, N D D
SENCRC

Adhesion Plastic Ploughing Elastic Hysteresis
kDE'fcnrmmiun and Damping }
M= Had * Hdef

Il - ENERGY DISSIPATION: THERMAL PROCESSES, ENERGY EMISSION, ENERGY DISSIPATION

Credits: https.//www.ggbearings.com/en/company/tribology
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CPK model:

Walter Koltun
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Michael Connolly
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VMEGPVPSRARVYTDVNTHRPREYWDYESHVVEWGNQDDY QL VRKLGRGKYSEVFEAI NI T
NNEKVVVKI LKPVKKKKI KREI KI LENLRGGPNI | TLADIZ/KDPVSRTPALVFEHVNNTD
FKQLYQTLTDYDI RFYMYEI LKALDYCHSMG MHRDVKPHNVM DHEHRKLRLI DWGELAE
FYHPGQEYNVRVASRYFKGPEL L VDYQWYDYSL DMABL GCM:ASM FRKEPFFHGHDNYD
QLVRI AKVLGTEDLYDYI DKYNI ELDPRFNDI L GRHSRKRWERFVHSENQHL VSPEAL DF
L DKL LRYDHQSRL TAREAI\/EHPYFYTWKDQARI\/GSSSI\/PGC;ST PVSSANMMSAE SSVPT
PSPLGPLAGSPVI AAANPL GVPVPAAAGAQQ "

From sequence to topology... from topology to function
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VMEGPVPSRARVYTDVNTHRPREYWDYESHVVEWGNQDDY QL VRKLGRGKYSEVFEAI NI T
NNEKVVVKI LKPVKKKKI KREI KI LENLRGGPNI | TLADIZ/KDPVSRTPALVFEHVNNTD
FKQLYQTLTDYDI RFYMYEI LKALDYCHSMG MHRDVKPHNVM DHEHRKLRLI DWGELAE
FYHPGQEYNVRVASRYFKGPEL L VDYQWYDYSL DMABL GCM:ASM FRKEPFFHGHDNYD
QLVRI AKVLGTEDLYDYI DKYNI EL DPRFNDI LGRHSRKRV\ERFVHSENQ%LVSPEALDF
L DKL LRYDHQSRL TAREAI\/EHPYFYTWKDQARI\/GSSSI\/PGGST PVSSANMMSAE SSVPT
PSPLGPLAGSPVI AAANPL GVPVPAAAGAQQ

1.where?

3. how long? %

y
From sequence to topology... from topology to recognition
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Michael Connolly

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




\: Come back to surface representations: are
(9% you able to calculate the volume of these
=<l objects?

SES or Connolly Surface
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| do you remember the frapezoidal rule ?

b o (@) + (D)
if(x)dx~(b a) >
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4 ) a 3D version of ourirapezoidal rule
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Nicholas Constantine Metropolis
and the Monte Carlo method

(N. Metropolis and S. Ulam. 1949. The Monte Carlo method. Journal of the
| American Statistical Association 44:335-341.)

The Monte Carlo method is one of the
ten algorithms that have had major
influence in the development of science
and engineering in the 20th century.
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‘ Here is the list!
1946: The Metropolis Algorithm for Monte Carlo. Through the use of random processes, this

algorithm offers an efficient way to stumble toward answers to problems that are too complicated
to solve exactly.

1947: Simplex Method for Linear Programming. An elegant solution to a common problem in
planning and decision-making.

1950: Krylov Subspace Iteration Method. A technique for rapidly solving the linear equations that
abound in scientific computation.

1951: The Decompositional Approach to Matrix Computations. A suite of techniques for
numerical linear algebra.

1957: The Fortran Optimizing Compiler. Turns high-level code into efficient computer-readable
code.

1959: QR Algorithm for Computing Eigenvalues. Another crucial matrix operation made swift and
practical.

1962: Quicksort Algorithms for Sorting. For the efficient handling of large databases.

1965: Fast Fourier Transform. Perhaps the most ubiquitous algorithm in use today, it breaks down
waveforms (like sound) into periodic components.

1977: Integer Relation Detection. A fast method for spotting simple equations satisfied by
collections of seemingly unrelated numbers.

1987: Fast Multipole Method. A breakthrough in dealing with the complexity of n-body
calculations, applied in problems ranging from celestial mechanics to protein folding.
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Monte Carlo Integration Method

r‘mol : r'tot

Vbox g r'mol I r'tot
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Monte Carlo Intearation Method

by Giulio Mattedi (2015/2016)
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Do you note where the difference is?
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' You have now a wonderful tool to estimate
<"S¥| the topological complementarity between a

Complementarity [ Vol 1, — VOljigand
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#_ 1 Do you remember:

»n -
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s+ . JWe cannot forget that under the real
Fsadisurface we surely find... charges!

6 protons
+ 6 neutrons

9 electron

Carbon atom
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i A Back when | was young...

“It Is generally accepted that receptor and substrate
molecules recognize each other at their molecular
surfaces. Therefore, the binding strength of a
receptor-drug complex depends on the shape of the
substrate surface and on the distribution of
certain_properties on _this surface. Any method
attempting to model biological activity should take
Into account this information and try to correlate it to
biological activity...”

by Johann Gasteiger et al J.A.C.S. 1995, 117, 7769-7775
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" i Considering that molecules are an ensemble
gﬂ:of electric charges... probably the
) distribution of their electrostatic potentials?

et T
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i We can surely start with him!

Charles Augustin de Coulomb (Angouléme, 14
giugno 1736 - Parigi, 23 agosto 1806).

Fo =Ko qﬁz

2
Coulomb'scostant k, =9x10° I\cl:rr;

=1

47E,

whereg, is theelectrigpermittivty of freespace
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W1 try to recite it:

“The magnitude of the electrostatic force of
interaction between two point charges is directly
proportional to the scalar multiplication of the
magnitudes of cnarges and inversely proportional

\‘ \‘ ‘ r— ] v r— ‘F/ N jj
to the square of

J’\J“f Yo'l Y% ~yir y “r‘ =
ne distance between them.”
e

How we can deal with the point charges concept

when, in the real world, we usually deal with charge
distributions?

(——
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Y Probably, using a very interesting physical
Mtnck

Ax=1.9 u=132D

- O 0

Xr=4.0 X y=2.1

q, partial atomic charge 9r  Qu

AX (9 a-)
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' Probably, using a very interesting physical

Introducing an atomic property, definite after the
formation of a chemical bond, called partial atomic

charge.

It is very important to underline that this property is
not a real physical atomic property but it is very
useful to use the Coulombic’s law!!

=@ &
Qr Oy ’ )

- ""/,::\
/Q ; J
S

R

)

=)

s
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| The formalism of Johann Gasteiger:

Ax=1.9

Q 9 Q4

Xe=4.0 X =21

AX (9 a-)

Xa=a,0, +b,qx
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vdW versus Connolly Surface
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» The partial atomic charges are punctiform
%L ambassadors of charge distribution!

= U
7 %
Dl
o |

qy=0.252
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§ JAccording to Cramer (2002), this earlier
wiclassification of methods involves the
I following four classes:

Class [: are those that are not determined from quantum
mechanics, but from some intuitive or empiric approach. These
approaches can be based on experimental data such as dipoles
and electronegativities.

Class /I: are derived from partitioning the molecular wave
function using some arbitrary, orbital based scheme.

Class //l: are based on a partitioning of a physical observable
derived from the wave function, such as electron density.

Class IV: are derived from a semiempirical mapping of a
precursor charge of type Il or Illl to reproduce experimentally
determined observables such as dipole moments.

C. J. Cramer (2002). Essentials of Computational Chemistry: Theories and Methods. Wiley. pp. 278-289.
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Y Partial atomic charges derived from
s i electronegativity values (Class |):

s gt 0|40
21 Electronegativity .. SpMEE
B |25
—{ Be 20 LI He
ﬁ; Li| 15 15- A E
) L ATl L (21 Br [l Ne
1 kb Fe [Co | Ni [C e ]
5 : = e [Co |Ni|[Cul7 :
S [T | Y |5 M0l 10 110]19 | 7% “al7g |20 e
Cal13|15 (Te | Ru [Rh [ Pd [Ag anl5p | e 2.5
L0 7 |Nb|Mol 1612212222 J1e [Cd [ In | P8 | 20127 Kr
Y 16181 Aulll? |17 . :
e il o re |95 [ 15 | 2t |22 [og T po [ Bi | Po | 2 W x
» ' . : - F e
=T F’fi ifg ] il A 10 |18]19] 19|20
708110 e R N ke

Pauling (1932): Xa — Xn = (V) "*\/Ea(AB) — [Eq(AA) + Ea(BB)|/2
Mulliken (1934): (= 087(E; + ) + 017
Allred-Rochow (1958): (= 03597 40744,

Sanderson (1983): o
Allen (1989): (= et

Ng+ My
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iPartial atomic charges derived from
5 electronegativity values (Class |):

H-H H-F H-CI H-Br

Ax =0 Ax=1.9 Ax=0.9 Ax =0.7
au(Hz)  aqu(HF) a4 (HCI) qn (HBr)
qr (HF) dc (HCI) qg (HBr)

The mission is very clear: find the optimal values
of g to accurately calculate values of Ay !
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IPEOE formalism (Partial Egqualization of
10rbital Electronegativities), Gastaiger 1980:

In this formalism the electronegativity X of an atom A, is described as a

quadratic function of its partial atomic charge ({, where a e b
parameters have being calculated:

x* (LEN

Xa=a,0, +b,q:

v

S. MORO - PSF - 2018/2019
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IPEOE formalism (Partial Egqualization of
10rbital Electronegativities), Gastaiger 1980:

For the determination of 4 and O parameters, we can follow this

consideration:
— 2
X A AqA T bAqA

When the value of the partial atomic charge g its equal to its possible

formal charge (+1 or -1) then the electronegative value X must be
coincident with the jonization energy (l.E. for a formal charge equal to
+1) or to the electron affinity (E.A. for a formal charge equal to -1)

g, — +1 allora y, - |.E.
g, — —1 allora y, - E.A

Beware of units of measurement!!

M SDept, . Confidential and Property of ©2005 Molecular Modelirg Section S. MORO — PSE — 2018/2019
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+f JPEOE formalism (Partial Equalization of
# . DlOrbital Electronegativities), Gastaiger 1980:

Now could be much easier to calculate them:

|.E..» La,+h,

E.A,, [ —a,+h,

S. MORO - PSF - 2018/2019
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IPEOE formalism (Partial Egqualization of
10rbital Electronegativities), Gastaiger 1980:

Considering two atoms A e B:

0, +0z =0
O DAY =Xa—Xe

Q= -0 ; Q= Xa=ay0a+Dby0y  Xp =850s + Mok

Ay =a,q,+ bAqi —ag(s — beé
Ay =a,g,+ bACIi TapQ, Tt bei

Ay =(a,+ag)q, + (b, +by)d2

-\ N\
~0
\_— Do youremember how to solve it?

S. MORO - PSF - 2018/2019
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IPEOE formalism (Partial Egqualization of
™ «o10rbital Electronegativities), Gastaiger 1980:

H-H H-F H-CI H-Br

Ax =0 Ax=1.9 Ax=0.9 Ax=0.7
du(Hy)  dy(HF) qu (HCI) du (HBr)
qr (HF) dc (HCI) qg (HBr)

+0.267 +0.145 +0.113
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+@ JPEOE formalism (Partial Equalization of
B SlOrbital Electronegativities), Gastaiger 1980:

C-H (CH,) C-H (CH;F)

Ax =0.3 AXen=10.3

AXC-F o '1 .6
=4
Ao = A dc =3d4 * q¢

qc=-0.078  9c=0.079

gy =0.019 an = 0.058
qF - ‘0.253
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IWhy the Class | methods are very popular in
calculating partial atomic charges... even if

The calculations of partial atomic charges are very easy to
compute for small and big molecular structures!!!
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4+ jButalso in this case there is the other side of
¥ Slithe medal ...

C-F (C;H,F))
AXC-F - '1 .6

qF - '0.246 qF - '0.246

Qe = -0.246

qr = -0.246

As you suspected, PEOE-driven partial atomic charges
are conformation independent... this is a pity!!!
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4+ jLook what’s happened using type ll or lll...
.?.;:-:j

C-F (C;H,F))
AXC-F o ‘1 .6

g =-0.369 qe =-0.427

g =-0.428

EPS charges (RHF/AM1)
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s The field produced by multiple point charges : the

, w:electric field of two or more point charges is equal to
sum vector of the electric fields of each of these

+
taken separately. ,H (x,y,2)

Confidential and Property of ©2005 Molecular Modelirg Section

M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




ido you remember?

The work to move a particle from A to B is, in the case of
conservative forces, equal to the potential energy change
sign changed.

B B 1 q
Vy ==[Fyxds=~| dr =
" AT, T
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WV, =0
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and do you appreciate the meaning of

» FﬂthPOlOQiCG' and electrostatic

BB complementarities?

WV, =0
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WV, =0

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




i...up to the most intriguing from a chemical
%1 point of view!

O

4
(1

'-‘._'H_ st
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new molecular
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example: new molecular

Volume (A3)
ASA (A2)
ASA+ (A2)
ASA- (A2)
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a possible molecular

----- A J"”. .
]

L] ] ] [} |
e e s s A A B A 2] Bt e g
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'Molecular Fields: a possible molecular
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.Molecular Fields: a new age view of
%, Ppharmacophoric hypothesis ?
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.Before moving on, | need a good idea... how

L Py can we evaluate/measure the s/imilarity
% ‘

b ) between these two objects?

Try to answer: when are they identical?
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.How you can do it?
Z 4

Find the roto-traslation that:
1. .~ Minimize the difference of volumes between A

y < and B, and
"2.  Maximize the overlap between and
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phobicity
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. l/45'/=
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and this is understandable!

CH,

CH, cH,
| o
SO
@ﬂ H

N
H

€

log P=-0.26 log P =0.90 logP =2.17 log P =2.94

@O ,

log P =3.31 log P =3.84

A\

'
-
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Regions of the molecular
surface in proximity to
bonds with low polarity
(AEN L 0) can mediate only
weak interactions with our
charged probe!
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| Back to our “white” potential surface:

In organic chemistry, we have a family of
compounds characterized by bonds with AEN (10

HYDROCARBONS

and they are surely phobics!!!
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{Back for a moment to the real world: beyond
i to electrostatic interaction...

tosH

S. MORO - PSF - 2018/2019
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Charge-dipole interactions:

0.1 nm
—e +e u=4.8 Debye
O+H — Cld - 1.08 D

o+H C=Noé- 298D
e o 1.85D

Formally, we can decompose the charge-dipole
interaction in two charge-charge interactions...
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¥ And even worst:
dipole-dipole interactions

I I unfavourahle
I I favourahle

+—>» <«—} unfavourable

+—>» +—>» favourable

ala

V(r,0) =k [62(:039 cosd, —sing sind, )

r, J
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¥ And even even worst:

ion-dipole and dipole-dipole interactions are
temperature dependent!!!

_k2 ql ILIJ
3 kBTri.

_kZ/’II ILIJ

charge-dipole interactions:  \/ (r) = —

dipole-dipole interactions: V (r) = —

M S Confidential and Property of ©2005 Molecular Modelirg Section
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4@ jremember:
W o8

no temperature, no time,
...no dipoles interactions
honest computation!!!
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he mystery of Temminteractions:

¢ Q <o,

[1-2.5 kcal/mol

T-shaped Parallel-dispaced

r
|
I

Sandwich
|
C-1.5 kcal/mol
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Sandwich
[1-1.5 kcal/mol

Not only electrostatic moves the
molecular world!!
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... In primis, ask to IUPAC!

hyvdrophobic interaction

The tendency of hydrocarbons (or of lipophilic hydrocarbon-like groups
in solutes) to form intermolecilar aggregates in an aqueous medium, and
analogous ntrameolecular interactions. The name arises from the attribution
of the phenomenon to the apparent repulsion between water and hydrocar-
bons. However, the phenomenon ought to be attributed to the effect of the
hydrocarbon-like groups on the water-water interaction. The musleading
alternative term ‘hydrophobic bond™ 1s discouraged.

1994, 66, 1123

2nd Edition (1997)
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.. this is the only sentence that we salve!

hvdrophobic interaction

________________________________ 1 The misleading|

I : - c 1.

jalternative term “hydrophobic bond’ 1s discouraged I

— e ey e mmm mme pEm mmy pmm s, S EEm e e S EEm EEm Mmm e M EEm Emm Mmm R R EEm REm R M mmm M S M e e M M e mm mm o4
1994, 66, TT23

IUPAC Compendium of Chemical Terminology 2nd Edition (1997}
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q How we can address in the real world
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Hydrophobicity and partition coefficient

:u( phase2) = lu(o phase2) - RT Inl_C( phaseZ)J
At the equilibrium:
H phaset)y = H{ phase2)

Honaseny = RT In[C( phasel)] = Hipnasez) ~ RT IN|C e |

Hiphaseny ~ Hprasezy = RT '”lq phasel)J‘ RTIN|C praser).
C
_ ( phasel)
:u(ophasel) _lu(ophaseZ) =RT In|: & :|

(phase?)
|: C( phasel)

C( phase2)

Phase 1 (organic)

Hphaseny = Hpnaseny = RT In[C( phasel)]

&

} = P partition coefficient
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Hydrophobicity and partition coefficient

C
) 1= P Ppartition coefficient

B C(HzO) _

We can define: “hydrophobic’ a compound with P > 1;
“hydrophilic’ a compound with P <1.

C( phasel)

log =logP

5 C(Hzo) _

We can define: “hydrophobic’ a compound with logP > 0;
“hydrophilic’ a compound with logP < 0.

&
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iJust a bit of thermodynamics

from the van’t Hoff isotherm:

AG =2.303RT logP
AG =AH - TAS
AH

AS

logP =-2.303—+2.303—

RT

@

R
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Hydrophobicity and partition coefficient

How we can choose the second phase: g@@ ap

HO. _~_"~_"~_~ Mroctanol

m cyclohexane

@

«“Similarity” with biological membrane;
simmiscible in water even if 27% of water
dissolves init... so the first region of hydration
of the solute is preserved;

*UV transparent;

*Low vapor pressure.

Immiscible in water and very low amount of
water dissolves in it... so also the first region
of hydration of the solute is lost.
The differences between the logP values in n-
octanol and cyclohexane is a measure of the
de-hydration energy of a solute.
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X%

Phospholipid
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§. | From thermodynamics to molecule:

T B

The brlliant idea of Corwin Hansch!
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The fragments method of
Hansch-Fujita.

(J Am. Chem. Soc. 1964, 86, 5175)

Deec. 5, 1964 SUvasTITUENT CONSTANT, 7, FROM PARTITION COEFFICIENTS 175

[CoMTRIBUTION FROM THE DEPARTMENT oF CHEMISTRY, PouMows COLLEGE, CLAREMONT, CALIF.]
A New Substituent Constant, », Derived from Partition Coefficients

By TosHio FujiTa,'s JungicH! Iwasa,'™ axp Corwiv HanscH
EeceiveEn FERRUARY 15, 1064

The partition coeflicients between l-octanol and water have been determined for 203 mono- and disubstituted
benzenes, From these values a substituent constant, =, bas been calculated for 67 fumctional groups. The
constant = is defined as: = = log Py — log Py where Py is the partition coeflicient of a derivative and Py is
that of the parent ecmipourd.  « hias been derived for many of the funetions from eight different systems: ben-
zene, nitrobenzene, amiline, phencl, benzyl aleohol, benzoie acid, phenylacetic acid, and phenoxyacetic acid
It is found thet, although » varies continuously for a given function depending on its electronic environment,

the range over which it varies ¢ not grest.  In certain of the systems, r-values are related by a simple linear
expression.

POMONA
COLI EGE

POMONA COLLEGE (Claremont, California)
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The hydrophobic constant of substituent, Tt
@

0. 0. 0
4 ? log P=2.13
% g%
®

5 ¢

%”v 'v’v'
v"of”- Nn

log P=2.99 log P=2.69 log P=1.85 log P=1.48

Ty = log Peguex — 109 Peghg
g, = 0.86 Tcng = 0.56 Tho, =-0.28 15 =-0.67
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The hydrophobic constant of substituent, Tt

Substituent TTaromatic

0.14
0.71
0.86
1.12
-0.67
-0.02
0.61
CN -0.57
COOH -0.28
COOCH3 -0.01
COCH3 -0.55
NH> -1.23

N(CH3)2 -0.28

NO> -0.28
CHs 0.56

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




The hydrophobic constant of substituent, Tt

Substituent TTaromatic

0.14
0.71
0.86
1.12
-0.67
-0.02
0.61
CN -0.57
COOH -0.28
COOCH3 -0.01
COCH3 -0.55

NH -1.23
Ref. benzene : Ref. cyclohexane

log P=2.13 N(CH3)2 -0.28 log P=3.44
NO, -0.28

CHs 0.56
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The additive rule:

It works? Just check together:

‘-r’ 2.45

“"’ IMPRESSIVE!!!
.O.N‘ “ ¢
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The hydrophobic constant of substituent, 1T

2.40
2.38

...not too bad!!!
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The hydrophobic constant of substituent, 1T

But not so good...

CH,

NO,

.~.¢.~.¢’ op PCGHG - 2 13
* 0.56

N T[CH3 =
=-0.28

2.41
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The hydrophobic constant of substituent, 1T

again...
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3 Corwin... we have a problem!

Here is how he fixed the problem... as an engineer
usually done introduction the magic correction

factors !

Remember : a correction factor is any mathematical
adjustment made to a calculation to account for deviations in
either the sample or the method of measurement.
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The hydrophobic correction factors, ATt

Finally the log P calculated by Hansch-Fuijita:

ClogP=log P+ 2 11 + 2 ATt

Confidential and Property of ©2005 Molecular Modelirg Section
M Dept. Pharmaceutical and Pharmacological SciencesUniversity of Padova - Italy S. MORO - PSF - 2018/2019




Is this true?

But how we can demonstrate this is not true?
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¥ From Hansch’s tto Rekker’s f...

W A second nasty problem arose between
Hansch and me on the simplest conceivable
molecule: H,.

We
rejected the Hansch approach of the substituent
constant (the lipophilicity value of a group or
atom when it substitutes an H atom in a struc-
ture) and introduced our new concept, the hy-
drophobic fragmental constant: the proper
lipophilicity contribution of a constituent part of
a structure to the total lipophilicity.

Rekker, R., The Hydrophobic Fragmental Constant, Elsevier, Amsterdam (1977)
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| From Hansch’s 1tto Rekker’s f...

The idea:

f|._| — 1/2 |OgP|_|2 - 1/2 0.45 = 0-225

Clog P recalculated by Rekker:

ClogP=2ay 4+ 2 ATt

Rekker, R., The Hydrophobic Fragmental Constant, Elsevier, Amsterdam (1977)
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Substituent f Aliphatic f Aromatic
H 0.21 0.18

fCHz f(-JHz fCHz

-0.46 0.40
0.06 0.92
0.27 1.13
0.59 1.45
-1.51 -0.43
-1.27 -0.31
0.00 0.62
-1.01 -0.21
COOH -0.95 -0.03
CONH; -1.97 -1.11
NH> -1.43 -0.85
NO> -0.28 -0.85
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ClogP... a wonderfully precious molecular descriptor

(VS

Experimental log P

S. MORO - PSF - 2018/2019
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4/ Y Back to our molecular surface:

>0 n<O0
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¥ Back to our molecular surface:

o |

ASA 1304 A2

ASA_Hydrophobic (1160 A2
ASA_Polar 0144 A2

... another interesting molecular descriptor!
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»Back to our molecular surface:
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£ Y} Amino acids and hydrophobicity:
B

& ‘l_.-:-

-~ -3 [T

T | Octanol Scale w
g -2

- T

ﬂllphpt}t v’ 1
-]
c Q
fu
3 |
2
- 2
@
]
£ 3
]
< 4 WO Wimaley, T. F. Creamuer, & 5. H. White

Biochennstry 25:5108 (1698) :
5 L s 'l A 'l L i 'l e s L A '} 1l 'l
Aromatic Positive Amino Acid Residue

Hydrophobic
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. 1 A wonderful strategy to tune the residence time
%, of water molecules on the protein surface:
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ome PH=7.4 OMe

O
/ O ——F
H.C "
’ ACh 71% +HY 29%
Arecoline loaP=1.28
(PK, 7.8) ogr=1-

OMe OMe
H3C\ + -H* HSC\
H/N O ———» N @)
+ H*
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Partition (logP) vs. distribution (logD):

We can define “distribution coefficient (D)”:

C( phasel) =D
neutral ionized
 Cinoy TCH0)
and consequently the logD:
_ c _
( phasel) —
IOg Cneutral _l_Cionized _|OgD
| ~(H0) (H0)

neutral lonized | —
109C phaser) ~ 'OQ(C(HZO) *Cin.0 )— logD
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Partition (logP) vs. distribution (logD):

for a mono-protic acid:

ionized H~*
K = Cin,00 XCry0) Clonassy  _ D
a neutral neutral lonized
C C +C
(H,0) (H,0) (H,0)

logP - Iog[1+ 10¢PF 'pKa)] =logD
and for a mono-protic base:

logP - Iog[1+ 10 pKa'pH)] =logD
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LagD
3.721

2971

2.241

1.47 1

z
Ql
<
U
5

k

“HOMENT 200

-0.031

LagD
1.281

0.661

OMe

0.04 4

' ' H
12 14 P

3N @) 0,581

-1.82
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pKa=2.1
: ¥
: OH
v
N N\/\ O/\« "!.ogp(zwitterione) =-0.33
» O
C I \‘“ Ll:lg D “"0“»
PKa=6.2 Y S S R R VLY
=
epe o o 0,351
Citirizine
- 1™ (Zirtec®) 0.75:
WY
Ll 1.14]
-1.91 1
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#. JA short summary of useful molecular

_“‘“ﬂ i descrlptors described until now:

Sterimol

Molecular Volume

Accessible Surface Area

Accessible Surface Area - Negatively Charged
Accessible Surface Area - Positively Charged
Accessible Surface Area - Hydrophobic
Accessible Surface Area - Polar

Hydrophobic substituent parameter ()
ClogP
ClogD plot
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CIogP... the Iargely used molecular

Plot of frequency of
20 - occurrence against molecular

weight (MW) for 594 marketed
oral drugs:

=
(6]
|

frequency %

H
o
[

Molecular Weight
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Lipinski’s "Rule of Five”

Poor absorption or permeation, if ...
e Number of H-bond donors > 5 (OH & NH)
e Number of H-bond acceptors > 10 (O & N)
 Molecular weight > 500
elogP >5

Lipinski et al., Adv. Drug Deliv. 23 (1997) 3.

N.B. Like all rules they are there to be broken and a number of exceptions exist. | have personally
worked on a couple of well-absorbed drugs which broke this rule but as a general guide it works well.
Remember that you may have charge in your molecule so that LogD(7.4) or LogD(5.5) is really the
important parameter rather than Log P. Keeping LogD(7.4) around 2 seem generally good advice.
Manipulating the pKa can be a way of improving a molecule.
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O0<HBD<2

MW <500 L 2<HBA<9

HBD <5 2<RTB<8

HBA<10 1<RNG <4

Lipinski et al. Adv. Drug Deliv. Rev., 23 (1997) 3 OpreaTIl. Property distribution of drug-related chemical

databases.
J Comput Aided Mol Des 2000 Mar;14(3):251-64

Focused Library

M S Dept. P
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1§} But remember: logP needs to be optimized!!!
>

; 3 . ﬂ_ﬁ‘;’d | ®

Binding to Aqueous Binding to Absorption Binding to Binding to
|Og P enzymes solubility Pso through blood / tissue  hERG heart
receptor metabolising membrane  proteins — ion channel -
enzymes less drug free  cardiotoxicity
to act risk
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log(1/Cy)

Studies have found: (bear in mind these
may not apply to your class of chemicals)
Optimum CNS penetration around logP = 2
+/- 0.7 (Hansch)

Optimum Oral absorption around logP =
1.8

Optimum Intestinal absorption logP =1.35
Optimum Colonic absorption logP = 1.32
Optimum Sub lingual absorption logP = 1-5
Optimum Percutaneous logP = 2.6 (& low
mw)

SFormulation and dosing forms:

Low Log P (below 0) Injectable

Medium (0-3) Oral

High (3-4) Transdermal

Very High (4-7) Toxic build up in fatty
tissues
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Drug Clearance and Toxicity

Increasing LogD(7.4) above 0 will decrease
renal clearance and increase metabolic
clearance.

High LogD(7.4) compounds will tend to be
metabolised by P450 enzymes in the liver.

A high degree of ionization keeps drugs out
of cells and decreases systemic toxicity.

pKa in range 6 to 8 is advantageous for
membrane penetration.

Drsugs should be designed with the lowest
possible logP, to reduce toxicity, non-specific
binding, increase ease of formulation and
bioavailability. Drugs should also be as low
mw as possible to lower the risk of allergic
reactions. (See principle of minimum
hydrophobicity)
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TITLE Proge.ttazwne e SV’I’Iuppo
di un Farmaco

DIRECTOR Stefano Moro
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CoMFA (Comparative Molecular Fields
Analisys): un interessante strumento QSAR...
da maneggiare con cautela!

. | campi molecolari sono
conformazione
dipendenti;

. | campi molecolari sono
descrittori 3D esterni,
quindi per una
comparazione e
necessario pre-allineare
le strutture molecolari;

. | campi molecolari sono
costituiti da migliaia di
valori di potenziale di
campo
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quel bel ragazzo di Hammett... e le sue

v \ Louis Plack Hammett (April 7, 1894 — February 9, 1987 )

1940

Physical Organic Chemistry.
New York; McGraw-Hill.
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Dagli arbori della chimica fisica organica... ad una
interessante applicazione in chimica farmaceutica.

: Ln%-s/l’, HAMMETT Val. 59

|ConTRIBUTIf {Bou THE Dk RRT nR CwRuwreTEY, Carrdamiy TTepveesrry |

The EFLD of Strwciure lipon the Keadtidns of Orglistic GedpydAidfs. pKa = 4.20
25°C  Benzéne Derivatives

By Lome P. HaMMeETT
O~__OH O
_ effact of 2 substituent in the meta h\ﬁra & 35 4 Substitient cotistant, dependent upon the
PPT%JH of the benzene ring upon the rate or upon  substituent; p is & reaction constant, dependent
B

; qulibrivith of a reaction 1H§@1ﬂh ﬂ'll:rre{\hh-qr upon the reaction, the medium and the tempera-
g,mup jé in a SJdEFEiHer);ttﬂGhEﬂ.—t&‘—‘[ht Jg\;;i\ turLH3-§?nce_ the onli glat:32xhijah@- %@@a o 3.49

TE by a wmp]'e fn::-gmr@ whichis v lues of the sp product, it i3 necessary to mssign

1.1.'1t;n111 a nable precision in a surprising Q]pg.rb-trm value to some one ¢ or p. The
variety 'f"f cases. The formuls is choice of & value of unity for the p consgant in the
. , ~onization equilibrivm of substituted benzoic acids

O UCH + RT kY = 3K = 4/8 (5 THEART o
+ =4 @\B\ O in water solution ot 25°% was determimed by the

K is|a rate constant or an equilibriym constant for large amount of accurate data availabe from the

( ituted reactant, K° Jqé_} correspomcting  recent work of Dippy and co-workers.®  On this
pantity for the un ituted feactant, [AF is | bagis the difference between the logarithm of the
Jrr_'n enefgy l:_‘hmg-r? Eﬁs lhfete anzl _analog, | i mnutt'ihgg constant oA aniki@eéd g{u BenzdKaiT 3.42
disted from the substitue#OtF the rex and the logarithm of the ionization constant of

ﬁr-uwlcu i s the dielectric constant of the m:imm betizoic acid gives the value of the ¢ constant for
il wh@g the resetion ocours, and the quu.:lui iy, that substituent. With the nucleus of ¢ values
A, By and B; are constants independent of tem- thus provided, p values have been derived by
1G] mm@mi aolvent. Of these 4 .:Iepeng} r_'.nlv.roltilst squares methods for other reactions, and
Bpo he substituent and its position in the¥fg Irom these in turn ¢ values have been obtained for
redatipe to the reacting group (with one exceptihn, Substitments whose effects wpon the jonization
alues necessary for thf-‘l-Rﬂl'ﬁ nitra Pl Comstant of benzoie acid are ynknown of inaccisr-
!::]e B, ?md B, degend ¢l %ﬂ.‘&f i-r.-n ately kppi. -’Li'-h:r

'lhe :I:-Lm @J" taired 5 ow HE iaiﬁv i’ @ 4.48

an“t F;ru.‘\_-t-lekfgﬂ&ure o Eq..ﬂl'/ A1 e WHE 118 (i} §] &1

tion (1) is the separation of the ffRetbf a subst quent p valwes, so that the order of the calcula-
-:n-t lé‘_)tﬁ'l twe mn_-;tanm, cun-e of which dfpend'goi_j” ticng, which is ﬂ:mt of the kev mumbers in the

Me [ ST T RN A L LT PR —

L.P. Hammett, The Effect of Structure upon the Reactions of Organic Compounds. Benzene Derivatives. J. Am. Chem. Soc. 1937, 59, 96-103 .
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Effetto elettronico del sostituente e costante o:

pKa per alcuni acidi benzoici sostituiti (H,0, 25°C)
e corrispondenti valori di o dei sostituenti.

Sostituente X pKa Oy
(XC¢H,COOH)

o, = pKa(C,H,COOH) - pKa(XC,H,COOH) | " 4.20 0
m-OCH, 4.09 0.11
m-F 3.86 0.34
o, =log Ka(XCH,COOH) m-NO, 3.49 0.71
Ka(C,H;COOH) p-NO, 3.42 0.78
p-CH, 4.37 -0.17
p-OCH, 4.48 -0.28
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Sostituente Om Op

NO, 0.71 0.78 . ’ . . .
~ o 1 Teoria dell’effetto dei sostituenti
CF3 0.43 0.54

CH3COO 0.39 0.31

> - — Effetto di risonanza (1=p o Te17):
CH3CO 0.38 0.48

CO,C,Hs 0.37 0.45 +R donazione elettronica verso il centro di reazione
Cl 0.37 0.22 (-OCH3, -OH, -NR2)

CHO 0.36 0.44

CoH 0.35 0.44 -R richiamo elettronico centro di reazione

I 0.35 0.28 (‘NO2, 'CN, 'COCH3)

F 0.34 0.06

c=CH 0.20 0.23 orto, para > meta

SCH; 0.15 =

OH 0.13 -0.38

OCHs 0.11 -0.28

CoHs 0.05 = Effetto induttivo

H 0 0 (polarizzazione ed effetto di campo)

o 2% o +| donazione elettronica verso il centro di reazione
CoHs -0.07 -0.15

CH(CHa), -0.07 -0.15 -| richiamo elettronico centro di reazione
C(CHs)s -0.10 -0.20

N(CHa), -0.15 -0.63

" 016 s orto > meta >para
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mm) Effetto di campo
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A ma sigma (o) e davvero una proprieta
B Y invariante del sostituente?
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Applicazione della costante o: dissociazione di acidi omo-benzoici

Hammett-plot
CH,COOH - = m-NO,
2 00 S .00} XCeHs ' COOH
H,0 Q
+ HO + HO" Q o©
25°C £ o0~ m
% v % -4.25 |- o P
& o XCgH4CH,CH,COOH
CH,CH,COOH CH,CH,COO " % -4.50- p=0.21 oy
X p-Cl
H,O 3 m-Cl
+ H,0 + H,0" o pW
25°C 4.75 P-Ch, 3
N N -4.4 -4.2 -4.0 -3.8 -3.6 3.4
log Ka(XCsHsCOOH)
Ka(XC¢H,CH,COOH) Ka(XC4H,COOH)
log = p log
Ka(C4HsCH,COOH) Ka(C,H;COOH)
Ka(XC¢H,CH,COOH)
log = p oy
Ka(C4HsCH,COOH)
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Effetto elettronico del sostituente e costante c:

Ma Hammett, di quale effetto elettronico stava
disquisendo mentre definiva la sua costante ¢?

o KAXCH,COOH)
. Ka(C.H.COOH)

0, = 0, + 00g
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Effetto elettronico del sostituente e costante c:

Ma e vera risonanza quella pesata dalla costante o di
Hammett?

O

R R
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Virtualizzazione del calcolo delle costanti di
- dissociazione acido-base:

Regola dell’additivita:
@) OH

C log Ka =log Ka,; + 2 O,

R1 R2

Regola della costitutivita:

C Iog Ka = |Qg Karif + Z ()'Ri + Z AO-Ri
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Inibizione Sterica della Risonanza

OH OH
H,C CH,
H,C CH,
NO, NO,

pK.=7.16 pK_=8.24

o 9 o ‘.
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» n
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Farmacocinetica e logP ( o ClogP!!

=)

solubilita |
¥l -
& Vex
extra ?
o
o
intra >
log P
Fin Modelli matematici:
1 lineare: log [A]=alog P+c
v parabolica: log [A]=-a (log P?+blog P+c

bilineare: log [A]=alog P-blog (BP+1)+c
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logP ( o ClogP!!) e... solubilita!

solubilita Per composti liquidi immiscibili in acqua:
F — Fex

la solubilita in acqua €
direttamente correlata al log P.

extra

Per composti solidi :

la solubilita in acqua dipende
anche dall’energia richiesta per
disgregare la struttura cristallina
intra o amorfa.

log P =-0.89 (log S) -0.015 MP + 6.5

by

dove “S” é la solubilita in acqua espressa in umoli/lt ed “MP” ¢ il punto di fusione
del composto solido. Di conseguenza, ci possono essere composti con piu alti
valori di logP che sono comunque piu solubili in virtu del loro basso punto di
fusione e viceversa. Cosi come, il medisimo composto (con il medesimo log P)
puo avere solubilita diverse in funzione di un diverso stato di aggregazione in

fase solida (amorfo vs cristallino, polimorfismi....).
Bannerjee, Yalkowsky and Valvoni (1980) Envir.Sci. Tech,14,1227
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