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Abstract
Motivation. Three—dimensional structure plays increasing role in the design of molecules with predefined
features. Therefore, further development of methods that give 3—D information is necessary. Many molecules of
interest are conformationally flexible and difficulties with interpretation of experimental (for example, Nuclear
Magnetic Resonance) data may occur. Computational methods are promising tools that can assist to eliminate
the above problems. To begin with, however, computational methods and computer programs must be developed
that are able to reproduce data for conformationally rigid molecules.

Method. The previously developed computer program CICADA was used to describe conformational Potential
Energy Surfaces (PESs) of selected molecules. The conformational flexibility of these molecules was deduced
from the PESs. Equations describing the NMR technique termed Nuclear Overhauser Enhancement (NOE) were
used to characterize NOE for different conformations.

Results. The computer program NOESIM for NOE enhancement calculation has been developed. This program

is implemented as part of the CICADA computer program package. Five different models have been
implemented, tested for relaxation rate calculation of methyl groups, and their results compared.

Conclusions. It is shown that NOESIM adequately predicts the experimental NOE effects for rigid molecules.
The effort in the future will be improve its performance also for use with flexible systems, for example,
Boltzmann distribution of conformers or flexibility of conformers.

Availability. The program is available upon request by E-mail from zdenek@chemi.muni.cz.

Keywords. Nuclear Overhauser Enhancement; computer simulation; molecular mechanics; single coordinate
driving method.

Abbreviations and notations

MM, Molecular Mechanics QM, Quantum Mechanics
NMR, Nuclear Magnetic Resonance SCD, Single Coordinate Driving
NOE, Nuclear Overhauser Enhancement
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1 INTRODUCTION

Molecular structure in solution may be elucidated by a variety of spectroscopic methods (UV—
VIS, IR, NMR), and the solid state molecular structure can be investigated by the X-ray
crystallography. X-ray crystallographic analysis only gives information about the “static” 3-D
structures of a molecule in the crystal. On the other hand, NMR measurements may be used to
explore the static as well as the dynamic properties of the molecule, which are of interest for many
purposes, e.g. the understanding of the interactions of molecules with biological receptors, leading
to drug design. However, studying the dynamic properties of molecules using NMR techniques is a
time consuming process, which in many cases is difficult to perform without molecular modeling.
Therefore, there has been an increasing effort in developing computer models simulating these
processes. Molecular structures may be studied by computational methods using a variety of
procedures, based either on quantum mechanics (QM) or force field methods in molecular
mechanics (MM) programs. For studying large molecules the programs using the MM methods for
energy calculations basically represent the only practically applicable methods. Comparison of
experimental values with those obtained by computational methods often proves the latter to give

surprisingly accurate information about the structure of the molecules.

The Nuclear Overhauser Enhancement (NOE) effect is an NMR technique that relies on the
relaxation phenomena of the magnetic nuclei and which has proven to be an indispensable tool for
probing interatomic distances. The magnitude of the NOE effect is directly proportional to 7 °,
where r is the spatial distance between two nuclei. The method has therefore found broad
application for obtaining information on the 3—D structure and the dynamic properties of molecules.
The standard formulation of the NOE theory may, however, only be applicable to molecules that are
rigid or moderately flexible in solution [1]. A few computer programs for NOE calculations have
been reported, such as CALCNOE [2, 3, 4], FIRM [5], CORMA and MARDIGRAS [6] and
MORASS [7].

2 METHODS

2.1 Conformational analysis. The program CICADA

CICADA is a computer program for the conformational analysis of organic molecules that has
been described elsewhere [8,9]. The CICADA suite consists of a number of programs: input (ROSE
[10]), analysis (PANIC [11], COMBINE [12], and conformational clustering VCLU, CCA
(unpublished software), FAMILY [13], together with several “in house” visualization and display
tools. The program CICADA is based on the Single Coordinate Driving (SCD) method [8,14] for
the exploration of the conformational potential energy (hyper) surface (PES), and generates

information about the essential critical points only, i.e., minima and conformational transition states
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of the PES low energy areas. When handling multidimensional conformational spaces, the
CICADA procedure has an advantage over most of the traditional strategies such as grid search
methods, as these in general generate vast amounts of useless surplus information. Using this PES
search procedure reduces the risk of a combinatorial explosion. With the critical points of the PES
in hand, all static as well as dynamic properties of a molecule may be fully described. Applying the
results from these analyses, for the first time a tool was developed for the quantitative estimation of
the flexibilities of molecules. The terms absolute and relative flexibility coefficients, were defined
[13,15], respectively, as well as the conformational softness jg [16]. The quantitative elucidation of
molecular flexibility is important as flexible molecules are much more abundant that rigid ones. The
quantitative flexibility analyses may prove valuable and useful in QSAR studies, although reports
dealing with this application of flexibility calculations, to the best of our knowledge, have not so far

appeared in the literature.

The information about the structural and dynamic properties of the molecule may be used to
elucidate and simulate a variety of observed properties, such as NOE effects, which depend on the
interatomic distances and the dynamics of the molecule. We wish here to report on the new
program, NOESIM, for the simulation of the NOE effect and its implementation into the CICADA

suite of programs.

f ) Calculation
Parameter file parameters
SEED.msc \ (noe.inp)
' N
CICADA ,| PES dgfe"g‘puon s NOESIM
A L )
Force field v ¥
parameters PANIC NOE values
(MM3,AMBER)

Scheme 1. Cooperation of used programs. The program CICADA is used for conformational analysis. Different force
field parameters can be used for description of the molecule’s behavior, c.f., MM3, AMBER. Necessary parameters for
calculations are stored in the file SEED.msc. The results of conformational analysis are used for flexibility calculations
carried out by the program PANIC. The program NOESIM calculates NOE values. Cartesian coordinates of low energy
conformers are used as input data and other necessary parameters are included in the noe.inp file.

2.2 Theory of the NOE
The Nuclear Overhauser Effect (NOE) is observed upon decoupling of, e.g., a proton resulting in

an enhancement of intensities of the resonances of nuclei in close spatial proximity to the irradiated
nucleus. The NOE is the result of dipolar relaxation induced by molecular motions in the solution.

The rotation of bonds in tumbling molecules induces fluctuating magnetic fields, arising from the
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magnetic moments rotating bonds is a rotating dipole. Provided molecular motions include
frequencies in the order of Larmor frequencies of a magnetic nucleus, transitions between spin
energy levels are induced by these motions. The magnitude of the NOE effect can be described and

modeled in a number of ways.
The NOE value has been defined by Noggle and Schirmer [1] as:
Ri'fi(k)—f_zcg/'fj(k):cik (1)

J#I
where fi(k) = NOE for proton i upon saturation of proton k, R; is the total dipolar relaxation rate of

proton i as expressed by:

R = 2?“ 7'h? Y [6J(2w) +3Jw) + J(0)] + R® ()

1
J#I

and o, is the cross relaxation rate between protons 7 and j defined as:

2

o, = '’ [6J(2w) — J(0)] 3)

i
where y is the proton gyromagnetic ratio, 7 is Plank’s constant over 2x, J(w) is the spectral density
function, which for a rigid molecule undergoing isotropic tumbling with a correlation time of ¢,
gives:

1

T
J(no) = < :
(rec) 1+n’w’t] 471-1"4./6 “)

where o is the Larmor frequency of protons and 1. is the isotropic rotational correlation time and r;
is the distance between protons i and j. The simultaneous equations (1) are solved by Gaussian

elimination [17].

When methyl groups are present, the internal rotation of these groups, characterized by rotational
correlation time 7,,, must also be taken into account. Five different approaches for calculation of the

NOE for molecules containing methyl groups are included in the program.

2.2.1 Static model

In this case the distance between protons of the methyl group and other protons is calculated as

the average distance over methyl protons [7]:

> )
a <",-,->

For a methyl/non—methyl proton pair, m = 3, and for an inter—methyl proton pair, m = 9. Rotation

1
m

correlation time is then replaced by the effective correlation 1. which is given by the expression:
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=t ©)

2.2.2 Pseudo—atom model

Methyl protons are substituted by one pseudo atom situated in the center of the plane defined by
the three methyl protons. Rotation correlation time is then replaced by the effective correlation 1,
according to Eq. (6).

2.2.3 N-site jump model

The simplification used in this model is to treat methyl protons as “jumping” between equivalent
sites [5,18]. For methyl protons undergoing rapid jumps between equivalent positions, the spectral

density function is given by:

1 T T
Jho)=—-[—— . 4+—r __.B
(ne0) 5[1+n2cozrf 1+n’0’t’ )
2
2 |\ M NY (O.,D.)
A= Zam X7 7]

2
(@)

o3| s sean)

where N is number of equivalent proton sites of a methyl group, M = 1 for interactions between a
single proton and methyl group and M = N for interactions between two methyl groups. Y, are
normalized spherical harmonics [5,18] and ® and ® are polar angles of the inter—nuclear vector in

the molecular coordinate frame. The spherical harmonics functions are given by:

5 3 1
Y,, =,— (=cos" ®——
"\ an G Y
Y, = ‘fl—s-sin(a-cos(@e@
8n (8)
Y, = 1,1—5~Sil’12®€2i®
2n

)IZ—m = (_l)m : ()72]11)

Usually N = 3 for methyl groups, but N approaches infinity for freely rotating methyl groups. In
the simplest case, where 1, << 1., the second term of Eq. (7) is negligible. In the N—site jump model,

the spectral density functions for interactions between protons of the same methyl group are [19]:

Jnoy= ey ©)
dn-r} |4 1+n’0’t. 4 1+n°w’t
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2.2.4 The Rowan model

Rowan et. al. [19-22] have developed expressions for the case where one nucleus of a methyl

group containing three equilibrium positions and a proton outside the methyl group are positioned
with equal distances between two of the methyl protons. In this case the quotient t, /ri/.6 in the

spectral density function (4) was replaced by the expression:

At +B-1,

where coefficients 4 and B are given by:

[(1-61% + 60" 3mom, +nn,) —1]

i AL A R T ]
Lo2f(2, 1) [a-eeer) 3mm, vnn)t -1 !
_9 1”6 21”6 ]"6 },.3},.3 ( )

! n L S n'f |

where 7 and r, are the distances between a non—methyl proton and most distant and the nearest
proton of a methyl group, respectively. Details are described in [21]. The coefficients I, 1, ms, m,,

ny, n, are directional cosines of 7, and ry.

2.2.5 The Heatley model

This model agrees with the Rowan et. al. approach, but is extended to the general case where the

three possible i—j distances of methyl protons i and non—methyl proton j are all different [23]. These

distances are denoted r;",~*,~¥, and B\ represents the angle between vectors . and r,” . The

coefficients T, /rl.j6 in the spectral density functions J(nw) are replaced by expression (12):

é[(A+2B)-'cC +2(4+ B)t,]
3

A= zl(ri;u))—é (12)
2

. ZZ% Beos™ B =1)- (1"r")”

The relaxation rate for protons of the same methyl group is as defined by Eq. (9).

NOE values are dependent not only on the spectrometer frequency, but also on the correlation
times. The correlation time t. describes the tumbling behavior of a molecule in a solvent and 1,, the
free rotation of the methyl groups. Because we are concerned with isotropic molecular tumbling, t.
is therefore related to the time it takes the molecule to rotate by 1 radian about any axis. t. can be

approximated to the rotational relaxation time given by Debye [24]:

3
TC:4 n-n-a (13)
3-k-T
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where 1 is the viscosity of the solvent and a is the radius of molecule. Using this approximation,
and using typical values for the viscosity for organic solvents, one can write a very approximate

estimate of t. as:

T, xM, 107" (14)

where My is the molecular mass.

Because of the small rotation barrier of the methyl group the rotation is extremely rapid and
correlation time is usually much smaller than t.. For the 1,, values the following approximation has
been used [23]:

. zi'eE“/RT (15)

where E, is the energy barrier of the rotation, % is Planck’s constant, 7 is the absolute temperature,

R the gas constant and £ is the Boltzmann constant.

3 RESULTS AND DISCUSSION

The ability of the program NOESIM has been first tested on a series of rigid molecules. The test
molecules were: 5—(2,4—dinitroanilino)penta—2,4—dienal, cis— and trans—crotonaldehyde, and
Apparicine. It will be shown that the computed NOE values for the protons of the rigid part of the

molecules are in good agreement with experimental values.

Conformational searches were performed by the program CICADA version 2002 [9] using the
MM3 molecular mechanics force field [25-28]. The dielectric constant for MM calculations was set
to 1.5 to mimic a nonpolar environment. All low energy minima with relative energies of less than
50 kcal/mol were taken into the conformational search. Rotation correlation times 1. were
calculated from molecular weights using Eq. (14). Internal correlation times for methyl groups were

arranged from rotational barriers using Eq. (15).

3.1 5-(2,4—dinitroanilino)penta—2,4—dienal
The molecule, with proton numbering, is shown in Figure 1.

25) (2) (17)
H H H NO,

N @®)
H H H

28) (24) (20)(10)(12) NO,

Figure 1. Proton numbering in the 5—(2,4—dinitroanilino)penta—2,4—dienal molecule.
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The CICADA conformational search shows three different conformations with Boltzmann
population 40.5 %, 12.0 %, and 6.8 %. Calculated Boltzmann weight-averaged interproton
distances are summarized in Table 1. The molecular weight of the structure is 260.02 grmol ',
which corresponds with the correlation time 1. = 0.26 ns. Because this structure has no methyl
group, results of all included methods for relaxation rate calculation and NOE values are the same.

Calculated and experimental NOE values published in [29] are summarized in Table 2.

Table 1. Calculated inter—proton distances (in A) for 5—(2,4—dinitroanilino)penta—2,4—dienal.
For atom numbering see Figure 1.

Proton # 8 10 12 20 22 24 25 28
8 0.00 4.84 4.21 5.63 6.91 8.00 9.08 10.28
10 4.84 0.00 2.40 2.53 4.58 4.71 6.31 6.97
12 4.21 2.40 0.00 4.53 6.82 6.86 8.63 9.15
20 5.63 2.53 4.53 0.00 3.07 2.50 4.42 4.85
22 6.91 4.58 6.82 3.07 0.00 3.01 2.47 4.49
24 8.00 4.71 6.86 2.50 3.01 0.00 3.07 2.46
25 9.08 6.31 8.63 442 247 3.07 0.00 2.96
28 10.28 6.97 9.15 4.85 4.49 2.46 2.96 0.00

Table 2. Calculated and experimental NOE values (in %) for 5—(2,4—
dinitroanilino)penta—2,4—dienal. For proton numbering see Figure 1.
NOE enhancement Experimental value Calculated value

28 — 24 14.0 10.5
24 — 28 23.0 21.8
22 — 25 19.0 17.6
25 —22 - 18.2
24 — 20 - 11.8
20 — 24 14.0 10.5
20 — 10 23.0 18.2
10 — 20 20.0 12.2
10— 12 26.0 24.2

The reason for the largest deviation 20 — 10 and 10 — 20 is that the exchangeable proton
number 17 (NH group) was not included into the calculation. Protons of NH groups must be
specially parameterized for NOE calculation. This is a problem which will be addressed in a later

version of the program.

3.2 Crotonaldehyde

Two isomers of crotonaldehyde were chosen as a test example for the model of calculation of the
relaxation rate of the methyl group. Experimental data were published in [21]. Both isomers were
minimized using the quantum mechanics approach. Structure optimization was carried out using the
program Gaussian 98 [29], at the Hartree—Fock level of theory with the 6-31G* basis set. The
proton numbering is shown in Figures 2A and 2B. Calculated interproton distances are summarized
in Table 3.
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A B
(6-8)(11) ©) an
CH; H H H
AN N N

(}91) H ’ HC 0
6-8
(10) (6-5) (IHO)

Figure 2. Proton numbering in cis—crotonaldehyde (A) and frans—crotonaldehyde (B).

Table 3. Calculated inter—proton distances (in A) for cis—crotonaldehyde and for trans—crotonaldehyde.

cis—crotonaldehyde trans—crotonaldehyde
Proton 6 7 8 9 10 11 6 7 8 9 10 11
6 0.00 179 179 317 387 2.3 0.00 180 1.80 3.17 241 4.6
7 1.79 000 1.80 258 415 3.59 1.80  0.00 1.81 260 350 4.77
8 .79 180 0.00 258 4.15 3.59 1.80  1.81 0.00 260 350 4.77
9 3.17 258 258 0.00 238 393 317 260 260 000 3.11 250
10 387 415 415 238 0.00 320 241 350 350 311 0.00 3.20
11 213 359 359 393 320 0.00 476 477 477 250 320 0.00

Molecular weight of the crotonaldehyde is 70.09 grmol ', which corresponds to a t. value of
0.070 ns. The calculated rotation barriers for the methyl group are 0.6 kcal'mol' and the
corresponding correlation time for this group calculated by equation (15) is 0.476 ps. Calculated
NOE values using different relaxation rate calculation methods are summarized in Tables 4 for cis—

crotonaldehyde and 5 for trans—crotonaldehyde, respectively.

Table 4. Calculated NOE values (in %) for cis—crotonaldehyde using different methods for
relaxation rate calculation.” For details see the chapter 2.2.

Irradiated proton 11 Irradiated proton 10

Method 6 9 10 6 9 11
1 0.1 1.7 4.8 0.0 42.2 35.5

2 3.8 0.8 5.5 0.2 253 59

3 32 1.6 4.8 0.9 454 41.9
43y 0.2 1.7 4.8 0.0 422 35.9
4(6) 0.1 1.7 4.8 0.0 42.1 36.4
4(9) 0.2 1.6 4.8 0.0 41.9 35.5
4(12) 0.1 1.7 4.8 0.0 42.1 36.4
5 39 1.0 5.3 0.4 30.6 11.8
experiment 4.7 0.8 4.4 1.5 23.3 1.5

Irradiated proton 9 Irradiated proton 6

6 10 11 9 10 11

1 0.1 27.8 9.9 15.3 0.0 1.8

2 2.0 34.9 1.6 15.3 33 36.4

3 6.1 25.8 11.6 319 1.1 45.5
4(3) 0.1 27.7 10.1 0.3 0.0 2.4
4(6) 0.1 274 10.2 0.3 0.0 1.8
4(9) 0.2 27.8 9.9 0.6 0.0 29
4(12) 0.1 274 10.2 0.3 0.0 1.8
5 3.1 35.1 32 11.1 2.1 32.0
experiment 1.5 32.8 1.3 18.6 3.8 32.6

“ Method number 1 — static model, 2 — pure Rowan et. al. model, 3 — pseudoatom model,
4 — N-site jump model, 5 — Heatley et. al. model (for details see chapter 2.2).
’ Numbers in parentheses are step numbers in the N-site jump calculation method
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Table 5. Calculated NOE values (in %) for trans—crotonaldehyde using different methods for
relaxation rate calculation.” For details see chapter 2.2.

Irradiated proton 11 Irradiated proton 10
Method 6 9 10 6 9 11
1 0.0 28.3 17.6 0.5 6.7 6.9
2 0.1 18.6 7.3 2.2 3.6 7.6
3 0.0 29.7 21.1 1.8 7.2 6.7
43y 0.0 29.4 20.6 0.1 7.4 6.7
4(6) 0.0 29.3 20.6 0.1 7.4 6.7
409) 0.0 29.4 20.0 0.2 7.3 6.7
4(12) 0.0 29.3 20.6 0.1 7.4 6.7
5 0.3 21.9 11.3 2.2 4.5 7.3
experiment 2.1 17.4 2.4 3.8 -2.0 2.3
Irradiated proton 9 Irradiated proton 6
6 10 11 9 10 11
1 0.7 21.0 333 2.1 53 0.1
2 2.2 6.3 32.1 14.2 29.4 1.6
3 0.3 25.0 32.0 23.0 45.7 1.3
4(3) 0.1 24.6 322 0.2 0.8 0.0
4(6) 0.1 24.6 322 0.2 0.7 0.0
4(9) 0.2 23.9 324 0.4 1.9 0.0
4(12) 0.1 24.6 32.1 0.2 0.7 0.0
5 2.2 8.0 31.6 9.9 20.7 1.6
experiment 0.6 4.0 25.7 11.6 24.2 0.1

“ Method number 1 — static model, 2 — pure Rowan et. al. model, 3 — pseudoatom model,
4 — N site jump model, 5 — Heatley ef. al. model (for details see chapter 2.2)
’ Numbers in parentheses are step numbers in the N-site jump calculation method

3.3 Apparicine

Apparicine has been chosen as the next representative of a relatively rigid molecule with a
conformationally constrained methyl group. The structure of Apparicine with proton numbering is

shown in Figure 3.

(27,28)

(12) (17,19)

Figure 3. Structure and proton numbering of Apparicine. (The numbering is same as used in the program CICADA.)

The conformational search was performed for all torsions in the tricyclic part of the molecule.
Two low energy conformations with Boltzmann populations of 97.2 % and 2.8 % were found. The
calculated energy barriers for interconversion between the conformations were between 2.6 and 7.9
kcal'mol . The superimposition of both low energy conformations is shown in Figure 4. Boltzmann

averaged interproton distances are summarized in Table 6.
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Figure 4. Superimposition of the low energy conformations of Apparicine found by the program
CICADA. The global minimum is colored black.

Table 6. Calculated averaged interproton distances in (A) for the Apparicine molecule. Proton numbering is same as in

the program CICADA.

Proton # 1 9 10 12 17 19 23 24 27 28 29 31 32 34 35 37 38 39 40
1 00 25 42 49 59 60 78 85 61 44 71 69 62 79 82 72 87 93 80
9 25 00 24 42 60 63 84 94 83 67 88 84 71 87 95 88 95 104 89
10 42 24 00 24 46 50 73 84 87 82 64 77 89 86 86 98 83 49 43
12 49 42 24 00 22. 27 50 60 74 66 69 64 44 55 68 69 78 65 59
17 59 60 46 22 00 18 34 41 63 61 54 47 26 34 48 58 54 68 59
19 60 63 50 27 18 00 23 35 60 59 49 51 36 41 49 47 38 53 42

23 78 84 73 50 34 23 00. 18 59 64 42 50 42 38 39 38 21 37 34
24 85 94 84 60 41 35 18 00 55 64 35 39 37 28 25 40 31 41 45
27 61 83 87 74 63 60 59 55 00 18 21 33 49 56 40 34 62 59 59
28 44 67 75 66 61 59 64 64 18 00 35 41 50 62 52 43 69 68 63
29 71 88 87 69 54 49 42 35 21 35 00 25 40 42 24 24 46 45 48
31 69 84 82 64 47 51 50 39 33 41 25 00 24 27 18 48 62 71 64
32 62 71 64 44 26 36 42 37 49 50 40 24 00 18 3.0 55 60 70 6.6
34 79 87 77 55 34 41 38 28 56 62 42 27 18 00 23 58 57 67 67
35 82 95 89 68 48 49 39 25 40 52 24 18 3.0 23 00 43 51 55 6.0
37 72 88 86 69 58 47 38 40 35 43 25 48 55 58 43 00 31 26 26
38 87 95 86 65 54 38 21 31 62 69 46 62 60 57 51 31 00 18 93
39 104 98 78 68 53 37 41 59 68 45 66 7.1 70 67 55 26 1.8 00 1.8
40 80 89 43 59 59 42 34 45 59 63 48 64 66 67 60 26 93 18 0.0

Table 7. Comparison of calculated and experimental NOE values for Apparicine. Proton numbering is same as in
Figure 3. The numbers of conformers are the same as used in the CICADA program. Heatley et. al. and the N—site jump
model (N =9, values in parenthesis) models were used for NOE calculation of methyl protons.

NOE Conformer number Average Experimental
enhancement 1 (population 2.8%) 3 (population 97.2%) structure value
17—-32 2.1(1.7) 3.6 (0.9) 3.1(1.0) 4.0
17—12 23(2.4) 2.9 (6.6) 2.8(6.5) 4.0
19—12 1.6 (6.0) 10.3 (8.9) 8.2 (8.9) 4.0
19—24 4.1(1.3) 3.2(2.0) 3.4(2.0) 3.0
12—17 2.1(6.2) 2.9(6.2) 2.7(6.2) 4.0
12—19 0.6 (2.0) 22(2.2) 1.6 (2.2) 4.0
31—34 3.6(1.3) 3.4(1.7) 3.5(1.6) 3.5
3129 6.8 (8.2) 52 (8.1 5.8(8.2) 5.0
3124 2.4 (1.0) 3.5(1.6) 3.2(1.5) 4.0
35532 3.5(3.0) 3.4(2.5) 3.4(2.5) 3.0
35-34 4.6 (1.7) 53(1.7) 5.1(1.7) 4.0
29—31 3.1(0.7) 3.8(1.1) 3.7(1.1) 4.0
29—35 2.4(2.0) 2.3(1.4) 23(1.4) 2.0
29—27 0.4 (0.1) 0.4 (0.3) 0.4 (0.3) -1.4
29—28 4.8 (3.8) 5237 5.1(.7) 5.0
37—24 3.5(2.9) 4.5(2.0) 44 (2.0 4.0
23—35 1.2 (1.0) 2.0(1.9) 1.9 (1.8) 2.0
65

BioCHEM Press

http://www.biochempress.com



A Computer Program for the Simulation of the NOE Effect in NMR Spectroscopy
Internet Electronic Journal of Molecular Design 2003, 2, 55-69

The molecular weight of Apparicine is 264.37 g'mol' which corresponds to the rotation
correlation time 1. = 0.264 ns. Computed energy barriers for the rotation of the methyl group is 0.7
kcal'mol ™. Using the approximate formula (15), we obtained a value for the methyl group rotation
correlation time t,, =0.6 ps. NOE values were calculated for both low energy conformers and for
Boltzmann distribution weight—average structure. The calculated results and experimental values

published in [22,30] are summarized in Table 7.

It is seen that the NOE values calculated from Boltzmann weighted—average structure
correspond well with experimental data. The large differences between calculated and experimental
values for protons 12, 17, 19 may be explained by the “flipping” of the molecule on this part of the
molecule which is seen in Figure 4. It indicates that intramolecular motion must be included in the

modification of the t. values.

3.4 Summary

The accuracy of calculated data was tested using calculation of absolute and relative variations.

The results of the tests are summarized in Table 8.

Table 8. Accuracy of calculated data.

Method “
1 2 3 4(3) 4(6) 4(9) 4(12) 5
Molecule 1 (7 NOE values)
Absolute variation -24.0 — - — - - - -
Relative variation —3.43 — — — — — — —
Molecule 2A (12 NOE values)
Absolute variation 12.4 8.2 79.0 -1.4 -1.9 -1.4 -1.9 12.8
Relative variation 1.03 0.68 6.58 -0.12 -0.16 -0.12 —-0.16 1.07
Molecule 2B (12 NOE values)
Absolute variation 345 37.2 105.8 34.1 33.9 344 33.9 23.5
Relative variation 2.88 3.10 8.82 2.84 2.83 2.87 2.82 1.96
Molecules 2A + 2B (24 NOE values)
Absolute variation 46.9 454 184.8 32.7 32.0 33.0 32.0 36.3
Relative variation 1.95 3.78 7.70 1.36 1.33 1.37 1.33 1.51
Molecule 3 (17 NOE values)
Absolute variation - - - - — — -10.9 2.5
Relative variation - - - — — — —0.64 0.15

“ Models used for methyl proton interactions: 1 — static model, 2 — pure Rowan et. al. model, 3 — static model,
4 — N—site jump model (number in parenthesis are steps in calculations), 5 — Heatley et. al. model.

The positive values of variations in Table 7 indicate that the calculated values are larger than the
experimental ones, and vice versa. It is seen that the best methods for calculation of the NOE
enhancement are models by Heatley et. al. and the N—site jump model. The analysis also shows that
in majority of cases the values calculated by all methods are larger than the experimental values,

especially in the case of values near 0.0.
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4 CONCLUSIONS

A new computer program, NOESIM, for the calculation of Nuclear Overhauser Enhancement in
NMR spectroscopic studies of organic compounds has been developed. The program is
implemented as a part of the CICADA computer program package. Five different models for
relaxation rate calculation of methyl protons have been implemented and tested. We may conclude
from the results presented above that the best models for methyl proton relaxation rate calculation
are the Heatley et. al. and the N-site jump models. It has been shown that NOESIM adequately
predicts the experimental NOE effects for rigid molecules, but fails to predict the effect for nuclei
positioned in the flexible parts of molecules. It will be one effort in the near future to eliminate this
disadvantage. Another direction we will follow in the near future is to calculate Boltzmann
probability using free energy instead of potential energy, which will make the simulation more
realistic. The last direction will be to include the flexibility of the fragments of molecule in the NOE

calculations.

Acknowledgment

The authors would like to thank Mr. Roger Turland for language corrections. A part of this work has been
financially supported, in the case of one of the authors (Z. K.), by The Research Council of Norway. The project has
also partially been supported by the Ministry of Education of the Czech Republic, grant No: LNOOAO16. These
institutions are gratefully acknowledged.

5 REFERENCES

[1T J. H. Noggle and R. E. Schirmer, The Nuclear Overhauser Effect,Chemical Applications, Academic Press, New
York 1971.

[2] A. Imberty, V. Tran, and S. Perez, Relaxed Potential Energy Surfaces on N-Linked Oligosaccharides: The
Mannose—a(1—3)-Mannose Case, J. Comp. Chem. 1989, 11,205-216.

[3] J. R. Brisson and J. P. Carver, Solution Conformation of aD(1-3)— and aD(1-6)-Linked Oligomannosides Using
Proton Nuclear Magnetic Resonance, Biochemistry 1983, 22, 1362—-1368.

[4] D. A. Cumming and J. P. Carver, Virtual and Solution Conformations of Oligosaccharides, Biochemistry 1987,
26, 6664—6676.

[5] S. P. Edmondson, NOE R—Factors and Structural Refinement Using FIRM, an Iterative Relaxation Matrix
Program, J. Magn. Reson. 1992, 98, 283-298.

[6] B. A. Borgias and T. L. James, MARDIGRAS—-A Procedure for Matrix Analysis of Relaxation for Discerning
Geometry of an Aqueous Structure, J. Magn. Reson. 1990, 87, 475-487.

[7] C.B. Post, R. P. Meadows, and D. G. Gorenstein, On The Evaluation of Interproton Distances for 3—Dimensional
Structure Determination by NMR Using a Relaxation Rate Matrix Analysis, J. Am. Chem. Soc. 1990, 112, 6796—
6803.

[8] J.Koca, Computer Program CICADA — Travelling Along Conformational Potential-Energy Hypersurface, J. Mol.
Struct. (Theochem) 1994, 114, 13-24.

[9] J. Koca, M. Ludin, S. Perez, and A. Imberty, Single—Coordinate—driving Method in Molecular Docking, J. Mol.
Graphics and Modeling 2000, 18, 108—118.

[10] J. Koc¢a and P. H. J. Carlsen, ROSE, A Computer Program for Automatic Generation of Probable Conformations,
J. Mol. Struct. (Theochem) 1992, 89, 131-141.

[11] J. Koca, Potential Energy Hypersurface and Molecular Flexibility, J. Mol. Struct. (Theochem) 1993, 291, 255—
269.

[12] J. Koca, Computer Simulation of Conformational Movement Based on Interconversion Phenomena, J. Mol.
Struct. (Theochem) 1995, 343, 125—-132.

[13] Z. Kiiz, P. H. J. Carlsen, and J. Koca, Conformational Features of Linear and Cyclic Enkephalins. A

67
BioCHEM Press http://www.biochempress.com



A Computer Program for the Simulation of the NOE Effect in NMR Spectroscopy
Internet Electronic Journal of Molecular Design 2003, 2, 55-69

Computational Study, J. Mol. Struct. (Theochem) 2001, 540, 231-250.

[14] J. Koca, Travelling Through Conformational Space: An Approach for Analyzing the Conformational Behavior of
Flexible Molecules, Progress Biophys. Mol. Biol. 1998, 70, 137-173.

[15] E. Fadrna and J. Koca, A Combination of Driving Method with Simulated Annealing to Search Conformational
Space, J. Mol. Struct. (Theochem) 1997, 398, 523-528.

[16] J. Koca and P. H. J. Carlsen, DAISY, A Computational Method — A Novel Tools for the Study of the
Conformational Behavior of Flexible Molecules, J. Mol. Struct. (Theochem) 1992, 89, 105-130.

[17] M. J. Forster, Comparison of Computational Methods for Simulating Nuclear Overhauser Effects in NMR—
Spectroscopy, J. Comp. Chem. 1991, 12, 292-300.

[18] S. P. Edmondson, Molecular Dynamics Simulation of the Effects of Methyl Rotation and Other Protein Motions
on the NOE, J. Magn. Reson. B 1994, 103, 222-233.

[19] D. E. Woessner, Nuclear Spin Relaxation in Ellipsoids Undergoing Rotational Brownian Motion, J. Chem. Phys.
1962, 37, 647-654.

[20] D. E. Woessner, Nuclear Magnetic Dipole — Dipole Relaxation in Molecules with Internal Motion, J. Chem. Phys.
1965, 42, 1855-1859.

[21] R. Rowan, J. A. McCammon, and B. D. Sykes, A Study of the Distances Obtained from Nuclear Magnetic
Resonance Nuclear Overhauser Effect and relaxation Time Measurements in Organic Structure Determination.
Distances Involving Internally Rotating Methyl Groups. Application to cis— and trans—Crotonaldehyde. J. Am.
Chem. Soc. 1974, 96, 4773-4780.

[22] D. E. Woessner, B. S. Snowden, and G. H. Meyer, Nuclear Spin—Lattice Relaxation in Axially Symmetric
Ellipsoids with Internal Motion, J. Chem. Phys. 1969, 50, 719-721.

[23] F. Heatley, L. Akhter, and R. T. Brown, Conformational-Analysis of Apparicine Using H-1 Nuclear Magnetic
Relaxation — Application of Transient Nuclear Overhauser Enhancemets, J. Chem. Soc. Perkin 2 1980, 6, 919—
924,

[24] D. Neuhaus and M. Williamson, The Nuclear Overhauser Effect in Structural and Conformational Analysis, VCH
Publishers, New York, 1989.

[25] N. L. Allinger, Y. H. Yuh, and J.—H. Lii, Molecular Mechanics. The MM3 Force Field for Hydrocarbons. 1 1989,
111, 8551-8566.

[26] J. —H. Lii and N. L. Allinger, Molecular Mechanics. The MM3 Force Field for Hydrocarbons. 2. Vibrational
Frequencies and Thermodynamics, J. Am. Chem. Soc. 1989, 111, 8566—8575.

[27] J. —=H. Lii and N. L. Allinger, Molecular Mechanics. The MM3 Force Field for Hydrocarbons. 3. The van der
Waals’ Potential and crystal Data for Aliphatic and Aromatic Hydrocarbons, J. Am. Chem. Soc. 1989, 111, 8576—
8582.

[28] N. L. Allinger, F. Li, and L. Yan, Molecular Mechanics. The MM3 Force Field for Alkenes, J. Comput. Chem.
1990, /1, 848-867.

[29] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M. C.
Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari, J.
B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head—Gordon, E.
S. Replogle, and J. A. Pople, Gaussian 98, Revision A. 9, Gaussian Inc., Pittsburgh, 1998.

[30] J. A. S. Cavaleiro, M. G. P. M. S. Neves, M. J. E. Hewlins, and A. H. Jackson, Reactions of Porphyrins with
Nitronium Tetrafluoroborate in Pyridine, J. Chem. Soc. Perkin T. 1 1986, 4, 575-579.

Biographies

Zdenék Kiiz is research assistant of chemistry at the National Centre for Biomolecular Research, Masaryk
University, Brno. He received his Ph. D. degree from Masaryk University in 1999. His research interests include
molecular modeling and molecular dynamics simulations focused on biologically interesting molecules, especially
peptides and proteins.

Jaroslav Koca is full professor of chemistry at the Masaryk University in Brno. His research interests include
molecular modeling and molecular dynamics simulations focused on the structure and dynamics of biologically
interesting flexible molecules (carbohydrates, peptides, oligonucleotides, proteins, biomolecular complexes), the
development of methodology (program CICADA and others), computer assisted organic synthesis (a general model
developed is called the "Synthon Model of Organic Chemistry"), computer studies of enzymatic reactions and
interactions, and also supramolecules. He is currently director of the National Centre for Biomolecular Research in
Brno.

68
Bi1oCHEM Press http://www.biochempress.com



Z.Kiiz, J. Koc¢a, and P. H. J. Carlsen
Internet Electronic Journal of Molecular Design 2003, 2, 55-69

Per H. J. Carlsen is full professor of chemistry at the Norwegian University of Science and Technology. He
received his M.Sc. from the University of Copenhagen in 1973 and his Ph.D. from the University of Buffalo in New
York in 1977. After a period as a post—doc at Stanford University, he worked from 1980 in Norwegian industry before
joining the staff at the Norwegian University of Science and Technology as an associate professor in 1985. He was
promoted to full professor in 1992. His research interests cover synthetic organic chemistry, new conducting polymeric
materials and computational chemistry.

69
BioCHEM Press http://www.biochempress.com



