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SUM MARY

Tiuis study is an attempt to use iuuolecular orbital (MO) calculations as an aid in cor-

relating cluemical structure witlu the ability of flue nuaterial to act as a choliluesterase
inhibitor. Several different carbamates and organophospluates were examined in this

fashion. Tiue interpretation of tlue results illustrates time utility of MO timeory in cor-
relation studies. In addition, it suggests a new way of looking at flue action of certain

inluibitors of chohinesterase.

Our previous work with a series of or-
ganophosphates as cholinesterase inhibitors

gave us an interest in flue area of structure-
activity relationshuips (1). Tluis interest

stimulated a desire for a closer look at flue

correlation that existed between flue struc-

ture of flue cheiu�ical and its biological ac-
tivity. A great deal of information is known

about time nature of the catalytic site in

cholinesterase. Tlue books by O’Brien (2)

and Heathu (3) as well as articles by Wilson

et al. (e.g., 4) give an excellent review of
this subject. What was needed was a tech-

nique for describing the structure of tlue
inhibitor in greater detail. With the advent
of luigh-speed computers, tluere luas been an

explosive growth in tlue utility of molecular

orbital (MO) calculations to problems of

biological interest (5). Consequently, thue

application of MO tlueory appeared to be

the best candidate for satisfying this need.

The Enzyme Model

The evidence we luave indicates two es-

sential sites for the enzyme molecule, these

are the anionic and the esteratic site. Not
much is known about the anionic site other
than tluat it is situated at an appropriate
distance from the esteratic site for maxi-
mum binding of flue acet.ylcholine substrate

(4). The esteratic site, on tlue otluer hand,

luas been investigated rathuer thoroughly. It

is not my purpose to examine all flue evi-

dence for or against any proposed model.
What I would like to do is to accept the

model that has received tlue strongest sup-
port and continue from timere [see flue book

by Heath (3) for a sumiuuary of tluis areal.

With this provision we see tluat flue esteratic

site consists of the serine iuydroxyl plus a
neighboring inuidazole group from histidine
(I). Tlue proximity of these two amino

acids is proi)ably a result of the tertiary
structure of flue protein (6) rather than of

being adjacent to each other on the peptide
backbone.

The only tluing we can say about tiue
anionic site is that it must be an area of

high electron density.

I

In a paper by O’Brien (7) it was sug-
gested that flue distance between flue ester-
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atic and the anionic site might vary de-
pending on the species fronu which the

cholinesterase was isolated. He then went
on and made some rough calculations as to
what these distances might be. The results

indicated that for fly head choiinesterase
the distance was 4.5-5.9 A and for erythro-
cyte choiinesterase it was less than 4.5 A.
Friess and Baldridge (8) arrived at a value

of 2.5 A for electric eel chohinesterase. Using

this as a lower limit and assuming the
values cited by O’Brien, Fig. 1 was con-

structed. The Dreiding-Stereomodels (dis-
tributed by 0. M. Instrument Co., Green-
ville, Illinois) were used to estimate the
maximuiui and minimum distances between

the starred atoms. Realizing the drastic as-

sumptions that were used in making this
figure, I still would like to use the graph in
the following discussion. Several interesting

implications result which suggest further
exploration. The use and interpretation of

the figure will be presented in later sections
of this paper.

(J�__O_�*_CH.

#{174}H3c-�-�O-�-cH3



HN��N’ �CH2

H20 k2� tk�

HO-C-R’

MOLECULAR ORBITAL CALCULATIONS 139

Mol. Pharmacol. 1, 137-144 (1965)

Action of the Enzyme on Substrate and

Inhibitor

Using the values in Table 1, Pullman and

Pullman (5) derived the following values

for the net charges of the critical atoms in

acetylcholine (II), the natural substrate
for the cholinesterase enzyme.

CII,

CII, N�

CH3

11.0.032 O0369

C 0 C C H,

H +0.101 +0.272 -0.052

II

�Th�1us means 1�k, and’ he�i#{252}iis

m#{235}#{225}nsan excess, of electrons in thT�ir#{235}ient
�

gr�iind state of the molecule it can readIly
be visualized that an attacking nucleophile

such as OH will seek out the C of the car-
bonyl group as the best possible site. Once
interaction of the electron clouds has oc-

curred, there will be a general perturbation

of the entire system and the reaction

scheme shown in Fig. 2 will logically follow.

o 0
II

R-O-C--R R-O C-R

� ._�L.

,,%.H�\ �T
HN N CH2 I

I ____
I ________m

+ k3

,‘% ..H�#{176}\ -
H2

Foe. 2. Possible model for the action of cholin-
esterase and its substrate

The function of the imidazole group is to
activate the serine hydroxyl making the

oxygen a strong enough nucleophile to carry
out the attack on the incoming ester (III).

Once the ester linkage has been broken, we
have liberation of the alcohol in (V). This

makes the imidazole available to activate

water, causing the subsequent release of the

acyl group and the restoration of the active

site for further catalysis (VI). This is an
adaptation of the mechanism postulated by

Spencer and Sturtevant (9) for the action

of chymotrypsin.
Using this model for the action of the

enzyme on acetylcholine [where R =

(CH:,), WCH2CH2- and R’ = CII,-] the
organophosphates and carbamates (10, 11)
have been considered to act in a similar
fashion. One of the major differences be-

tween these two classes of inhibitors is the
rate of the reactivation step, k3. In the case

of the phosphorylated enzyme, k3 is very
slow while the carbamates are hydrolyzed
at a measurable rate (10, 11).

Molecular Orbital Calculations

The chemical reactions studied in bio-

chemistry are determined by the behavior

of electrons and the interaction of these
electron clouds between different molecules.

Furthermore, it is the mobile electrons in
the molecule, the so-called �r electrons, that

are responsible for many of the chemical

and physical properties. Our interpretation
of biochemical phenomena, consequently, is
going to be just as good as our ability to

describe the behavior of these ir electrons.
The best system that we have at present

for such a description is the MO method.
Using this technique, remarkable success
has been achieved in interpreting the bio-

chemical reactions of such molecules as the
purines and pyrimidines (5). In essence,

the method considers each mobile or �r elec-

ROH tron as occupying a molecular orbital �I’
extending over the whole framework. This
orbital is approximated by a linear com-
bination of all the available atomic orbitals

Ar (1).

�‘�CrXr (1)

These MO’s are eigenfunctions of the

Hamiltonian operator in the Schr#{246}dinger
wave equation (2).

(2)
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Substituting (1) into (2) and making

use of flue variation principle it is possibie
to find a set of coefficients Cr �vhiclu will

give the best value for thue energy of the
MO. From thuis calculation flue various elec-

tronic indices for each atom nuay be deter-
mined. In solving the secular deternuinaiut

that is generated by tlue use of flue variation
principle, certain values for the coulomb
and resonance integral must be used. Tlue

values used! in thue following calculations

were taken froiuu Pulinuan and Pullman (5)

except where indicated and are listed in

Table 1.

TABLE 1

‘I’he parameters used for heleioatoms in the

LCJ1 ()u calculations

Coulomb

Atom

integral

(5)b

Bond integral
(n)b

C=N- = 0.4 1

C-N-- = 1 0.9

C=N-� #{246}�=2 1

C==() = 1.2 2

C-O-- = 2 0.9

C_Clc Sci = 2 0.4

C,_C2�H,d = -0.1 nc-c, = 0.8

(C1 = aromatic C, �c2 = -0.2 fl�2�i, = 3

and C3�fl3 = = -0.5

methyl group)

LCAO = Linear Conubination of Atomic Or-
bitals.

The #{244}and n values were values by which the

corresponding coulomb and bond integrals for the

heteroatoms are iimcreased or decreased as compared

to the values for carbon and time C=C bond.
In additioim, an auxiliary iimductive parameter is

included for time attacimed carbon. Tilis is given a

value of 0.2 for the coulomb integral. All these values
were taken from Streitweiser (12).

d Tluese values were taken from Streitweiser (12).

The MO calculations will be confined to

those groups that are aromatic in nature.
The reason for tluis selection is twofold:
(a) by far the greatest number of inhibitors

are represented by tluis group and (b) at

the present time these are the easiest
materials on which to make the calcula-
tions. One more w’ord of explanation; since

many of time substituted aromatic groups
are common to boflu time organophmosphates

and carbanuates, it was decided to make the
calculation on thue corresponding alcohol
rather thuan on flue entire ester. \Vimile time

perturbations in flue electron cloud caused
by a cluange iiu time H group will have some

influence on both tlue carbonyl and time

phospimorus groups, our present fimeories are

not selusitive to such an effect. Conse-

quently, the net cluarges calculated for the

alcohol will be essentially thue same for the

corresponding ester. Table 2 gives the re-

sults of a series of such calculations along
witlu flue corresponding pK of the phenol.

Figure 3 is a plot of flue sum of the electron

.l3O

5 6 7 8 9 0

PK -

Fia. 3. The correhution between the pK 00(1 the

ca!cuhzted electron deficiency at the C-O centers

for various substituted phenols

deficiency at the C (phenyl) and 0 atoms
(a measure of the ease with which the

phenol dissociates) and the pK (experi-
mentally determined value of tlue same

phenomenon).
In examining thuese data, I would like to

make a few comments regarding the hyper-

conjugation effect of the methyl group. The
parameters chosen for this calculation are
those listed by Streitweiser (12) which

probably overemphasize the magnitude of



the effect. However, as Streitweiser points
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TABLE 2

Ca!culation of net electron charge on a series o.f substituted phenols. The experimentally determined pK is given

?n the last column

Net electron charge

Substituent
R

(These res ults were c alciilated by The Dow Compi itation I.aboratory)

C, C2 C’� C4 C� C6 0 R pK

3-Cl
+0.056

+0.055

-0.049

-0.029

+0.003

-0.063

-0.036 +0.003 -0.049

-0.016 +0.002 -0.037

+0.076

+0.076 +0.015

9.9

9.2

2-Cl +0.076 -0.116 +0.024 -0.037 +0.015 -0.050 +0.079 +0.014 8.4
2,4diCl +0.0S7 -0.117 +0.044 -0.103 +0.035 -0.05! +0.081 +0.014#{176} 7.7

2,4,5-tn Cl +0.0S6 -0.105 +0.043 -0.084 -0.031 -0.030 +0.080 +0.015” 7.2

2-CH, +0.039 -0.005 -0.018 -0.035 -0.01 -0.04 +0.075 -0.04 10.2

3-CH, +0.057 -0.062 +0.045 -0.055 +0.004 -0.070 +0.076 -0.04 10.1

2-NO2 +0.090 -0.05#{176} +0.030 -0.035 +0.031 -0.050 +0.084 +0.2S7c 7.2

2,4diNO2 +0.117 -0.049 +0.058 -0.037 +0.064 -0.048 +0.090 +0.2SS� 4.0

a Both cimlorines Imave net charge of +0.014.

All tlmree cimlorines have net charge of +0.015.

Tluis figure refers to net charge on the nitrogen.

d Both nitrogens have similar net charge.

out, the luyperconjugation of �r-� conjuga-
tion becomes a significant energy factor in

excited state. Suffice it to say that time cal-
culations for time ground state of time mole-

cule may be exaggerated; imowever, tluey
indicate the potential and the direction of

the effect when flue molecule enters an

excited state.

Carba lila tes

The first group of inimibitors that will be

discussed are taken from time paper by Kol-
bezen et al. (13). These are a series of
N-methyl carbamates and are shown in

Table 3 along witlu tlue inimibitor constants
as calculated by timese workers. Assuming
that timese compunds carbamylate flue en-
zyme in a nuanner described by Wilson et

al. (10, 11) then time rate of reactivation
(k3, Fig. 2) will be identical for time entire

series. It follows from timis identity that time
difference in potency of these various car-
bamates must reside in flue variation of

either k,, or the efficiency with wimicim the
intact molecule binds to time enzyme, or

both. In examining time first four coiumpounds

TABLE 3

Anticholinesterase actirity of a series of

Ps -methy!carba mates of various phenols”

N-Methylcarbamate Itmhibitor Constant”

1. o-Methylphenyl 1 .0 X 10�

2. p-Methyipiueimyl 1 .0 X 10�

3. Phenyl 2.0 X 10�

4. m-Methylphenyl 8.0 x 10-6

5. o-Nitropheiuyl 5.0

6. o-tert-l�tttylpimeiuy1 6.0 X 10-6

7. m-tert-Butylphenyl 4.0 X 10�

8. nz-Dinuethylaminoplmenyl 1 .6 X 10-8

methiOdi(Ie

a Data taken from a paper by Kolbezen eta!. (13).

Molar concentrations for 50% inhibition of fly-

brain chohinesterase.

in Table 3 it appears reasonable to assume
that compound 4, time 3-nmetluyl phenyl

derivative, will imave an increased activity
over flue other three because of time simi-
larity of this structure to acefylcimoline;

i.e., time distance between time 3-iumethyl and

the carbonyl carbon is flue same as time
methyl group and carbonyl carbon in

acetylcholine. It is iumost encouraging to
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examine the i\I0 calculations in Table 2
which indicate that the 3-methyl pimenol

has a positive charge on C-3. This gives

compound 4 (Table 3) an electronic simi-
larity as well as a structural similarity to
the natural substrate. As we have said
before, the parameters used in the MO
calculations probably overemphasize the

effect in the ground! state of time nuolecule.
However, it is conceivable that the enzyme

inhuibitor conuplex perturbs the ground state
of the molecule, making the effect even
more pronounced than the calculations

would indicate. Regardless of tlmis, it dem-
onstrates the validity of using MO calcu-

lations as an adjunct with other physical
measurenments in nuaking correlation stud-

ies. Thuis validity is further demonstrated
witlu a nitroderivative (compound 5, Table
3), wlmicim is a poor inhibitor of cluolin-

esterase. Time diata iim Table 2 and Fig. 3
indicate timat time 2-nitroplmenol has a di-

positive charge on time C-O atoms which

enhances time stability of time anion and
results in a greater ease of lmydrolysis of time

CorrespOn(lilmg ester as conupared to the
phenol ester, wimere this di-positive cimarge

is immuch snmalier. This situation must lead

to the following sequence of events. Once
the carbanmate has settled on time catalytic
site, time ester is imydrolyzed giving the
carbanmyiated enzyme wimichm yields the in-

tact enzyiume through time step controlled by

k3 in Fig. 2. The explanation for time de-

creased activity of the nitro dlerivative re-

sides in time fact fiuat Ic, is greater for conu-
pound 3 thaim for time other derivatives
listed in Table 3, witim time result that time
intermediates (IV) and (V) are formed

whicim decoimmpose to (VI). In view of this

observation, any substituent on tlmese car-
baimmates wimiclu lowers Ic1 and provides a
better fit on the enzyme will give a Imiglmer
inimihition constant.

Compound 7 in Table 3 is umore active on
fly imead chohinesterase than compound 6

because of time better fit. This is substanti-

ated in Fig. 1 whuere it is seen that the
distance between the quaternary nitrogen

in the 3 position falls into time site separa-
tion of fly head cholinesterase whereas the
quaternary nitrogen in the 2 posit.ion should

be more potent on erythrocyte or electric

eel cholinesterase. Compound 8 is rather

interesting since the quaternary nitrogen

should facilitate the ease with which this
particular carbaniate hydrolyzes. Like the
nitro compound (5, Table 3), compound 8
should also be inactive. Since tlme opposite

situation is true, I would like to suggest
that the corresponding phenol, namely, the

3-trimethylaminophenol, blocks time enzyme

by binding at the anionic site through the
quaternary nitrogen and hydrogen bonding

between the phenolic hydroxyl and the
imidazole group on the esteratic site. The
inimibitors (VII, VIII) prepared by Friess

and Baldridge et al. (8) help support this
hypothesis.

CH3-N-GH3 OH

GH3

GH3-N-CH3 OH

CH3

�ta

Timese two compounds must act tlmrough

a mecimatmism involving binding at both the

anionic and esteratic sites since no hydrol-
ysis can occur.

Organophosphates

Time only organophosplmates tlmat will be

discussed are a series of plmosphoramidates

thuat were presented in an earlier paper (1).

Figure 4 is taken from that paper and
sluows time correlation between the cimolin-

esterase inhibit ion and time infrared stretch-
ing vibration of the pluenyl-O bond. As

w’e discussed! previously (1) the stretching
vibration gives an indication of tlue strength

of flue plmenyl-O bond and hence time ease
with which time material hydrolyzes. It will

be notedl that for time most part, MO cal-
culations agree witlu otluer plmysical meas-
urements as to wimich organophosphate is

the best enzynme inimibitor.
In contrast to time carbamates, reactiva-

tion of time phospluorylated enzyme is very
slow. Timis means tiuat those phosphate
esters whicim are susceptible to nucleophilic

attack make for the best inhibitors.
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The phospluoramidates possessing the 4-
tert-butyl, 2-Cl pimenyl, and the 3-tert-

butyl phenyl in Fig. 4 are exceptions and

accordingly are worthy of special mention.
These two materials are more potent as

inhibitors fluan flue strength of flue pimenyl-O
bond would predict. From Fig. 1 it seems

reasonable that a tertiary bufyl group in
the 4 position is too far renmoved from the
esteratic site for good binding. However,
the distance between the 2-Cl and time 4-

tert-butyl is just about right. Is it possible

that in this case the pimospimoramidate is a
vehicle for bringing the substituted phenol

to the active site and it is the 2-Cl, 4-tert-

butyl phenol which actually is the inhibitor?
The increased activity might be due to

phosphorylation of time esteratic site and
also the type of binding timat was previously
discussed for the trimethyl amino pimenyl

carbamafe. The activity of 3-tert-butyl

pho�;phoramidate would substantiate this

type of mechanism. In this case, it is the

3-tert-butyl pimenol whuicim imas time correct
dimension. Time fact that 4-tert-butyl pimos-

phoramidate dloes not possess enhanced ac-
tivity again confirms timis imypotimesis. Time

distance between flue 4-tert-butyl group
and the imydroxyl are just too great. It will

be interesting to compare tlmese conupounds

for their activity on chohinesterases from
different sources.

Conclusions

Timis paper imas Imad a tlmreefold puipose.
The first has been the dlenmonstration of the

validity of time simple H#{252}ckel Molecular

Orbital Theory as an aid in correlation

studies. If should be emphasized that MO
theory simould be used only in conjunction

with otimer methuods. Time second purpose of

this article has been to illustrate some

interesting relationshmips between iimiuihifors
of cholinesterase and timeir cimemical struc-
tures. The questions raised by timis investi-
gation are currently being investigated.
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Finally, the paper demonstrates the im-

portance of utilizing as many disciplines of
chemistry as possible in problems of bio-

logical importance. The combination of ap-
proaclues to such questions often yields new

concepts wimiclm can be very valuable in the

ultimate solution of the problem.
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