Structure—Activity Analysis of Tetrahydrofolate
Analogs Using Substituent Constants and
Regression Analysis

By ELINOR MILLER and CORWIN HANSCH

The binding to dihydrofolate reductase of a series of substituted pyrimidines and tri-
azines is shown to be dependent on the electron-contributing and lipophilic charac-

ter of the substituents, as expressed by the parameters r and o.

The configuration

of binding is variable, and is determined by the necessity of placing the most lipo-

philic substituent in a hydrophobic region of the enzyme.

When two or more

lipophilic substituents are present, competition between them for the hydrophobic
site is dominated by the more lipophilic group, while the less lipophilic group con-

tributes to hydrophobic bonding to a slight extent.

Suggestions are made for the

design of a new tetrahydrofolate analog with possible application as a nonclassical
antimetabolite.

RECENT WORK has shown that biological re-

sponse to congeneric drugs may be quanti-
tatively correlated with molecular structure by
means of substituent constants (1, 2). Two of
the more useful parameters are Hammett's ¢
constant for electronic effects of substituents, and
w, which is related (3) to the lipophilic character
of a substituent {(=x = log Px — log Py where
Py is the octanol-water partition coefficient of a
derivative and Py is that of the parent molecule).
The combination of ¢ and =, as well as the steric
parameter (4) of Taft (E,), has been applied to a
variety of compounds and systems, including the
action of penicillins on bacteria (5), the relative
sweetness of aromatic nitroamines (6), the bind-
ing of organic compounds by proteins (7, 8), the
inhibition of photosynthesis by amides (9), the
inhibitory activity of phosphate esters on cholin-
esterase (10), the microsomal demethylation of
tertiary amines (11), and the interaction of en-
zymes and substrates (12).

In the present paper substituent constants and
regression analysis are applied to series of sub-
stituted pyrimidines (13, 14) (Tables II and
111) and triazines (15) (Table IV). These results
come from the very interesting and extensive
work of Baker and his co-workers on analogs of
tetrahydrofolic acid designed to act as mnon-
classical antimetabolites (16) in the inhibition of
dihydrofolate reductase. Baker’s early studies
were concerned primarily with steric and func-
tional group requirements for enzyme binding
(17, 18), but it has recently become apparent
that hydrophobic bonding regions on the enzyme
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may also aid in binding the substrate (15). The
purpose of this report is to show that many of
Baker’s deductions can be treated in a quantita-
tive fashion, and in this way the relative impor-
tance of different substituent effects can be more
precisely delineated.

METHOD

If AF3; represents the free-energy change in some
biological response which can be attributed to a
single physical or chemical reaction, then as a
first approximation this free-energy change can be
factored as follows:

AFpe = AFE/H + AFeolect.
(Eq. 1)

In Eq. 1, ksz may represent a rate or equilibrium
constant, while AF;,; represents that portion of
the free-energy change which can be attributed to
hydrophobic bonding (19), AF,... represents the
electronic contribution, and AFg.; represents the
spatial demands of reactants and products on the
frec-energy change. The effect of substituents on
the change in free energy of a reference molecule
can then be represented as in Eq. 2:

8. AFpr = 51AF2/H + 8.4 Fe.
+ 8,8 Feric ~ 8, log kap

AFgeie ~ 1n kge

(Eq. 2)

Now substituent constants from model systems
can be utilized in an extrathermodynamic approach
(4) to evaluate substituent effects on kzr as shown
in Eq. 3.

%=k1r+pa

+ k'S + k' ~&.log kar (Eq. 3)

log BR = log

In Eq. 3, C, is the molar concentration of derivative
x causing an equivalent biological response under
standard conditions. w, ¢, and .S are extrathermo-
dynamic constants for the respective substituent
effects described in Eq. 2. The constants = and
¢ represent two parameters which are useful for
hydrophobic and electronic effects; others can be
used (3). This report will not attempt to evaluate
steric effects included in S.
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TABLE 1.—STRUCTURE-ACTIVITY CORRELATIONS FOR TETRAHYDROFOLATE ANALOGS?

Pyrimidines

Compd. Ref.
R, 1-16 (13) log 1
C
NZ By 1
X [ -6 (13) log
N
N
HN R, 1-16  (13) log L
C
R; = NH; 516 (13) log 15
R, = NHy, #(R;) = 0 516 (13) log &
R; = NHa, 7(Ry) = 0 516 (13) 1og1E
516 (13) log 1~
C
516 (13) log 1
C
516  (13) log -
C
R, = OH, R; = NH, 17-26  (14) 1og16
Omit Ry = ethyl, i-amyl 17-24 (14) log 16
Triazines
NHQ'HCl
N/l\N——Rl
H,N CH,
pigeon liver 28-39 (15) log 1
C
Omit R; = ethyl, i-amyl 28-37 (15) log 15
. 1
E. coli 27-36, (15) log =
38, 39 ¢

Eq. n? r° s.D.¢

= —5.002 — 5.162¢ 16 0.760 1.076
(Eq. 6)

= —1.970 4+ 0.302« 16 0.328 1.565
(Eq. 7)

= —6.951 4 0.457« — 16 0.903 0.741
5.8200 (Eq. 8)

= —7.326 + 0.4657+ — 12 0.885 0.723
6.301¢ (Eq. 9)

= —2.191 + 0.717x — 12 0.897 0.688
1.022¢ (Eq. 10)

= —10.806 + 0.5987 — 12 0.760 1.011
11.498¢ (Eq. 11)

= —8.144 + 0.8007xz" — 12 0.936 0.546
7.339¢ (Eq. 12)

= —6.686 + 0.5127,2 — 12 0.735 1.054
7.2600 (Eq. 12a)

= —7.928 4 0.251x, + 12 0.953 0.502
0.737m, — 7.2060
(Eq. 13)

= —12.350 + 0.424r — 10 0.764 0.917
8.703¢ (Eq. 14)

= —17.864 + 0.103r — 8 0.899 0.523

13.7240 (Eq. 15)

—2.488 4 0.962x —
2.3260 (Eq. 16)

= —2.215 4+ 0.861r —
1.724¢ (Eq. 17)

~2.223 4+ 0.716% —
2.941¢ (Eq. 18)

12 0.881 0.715

10 0.930 0.499

12 0.880 0.507

2 All compounds are assayed in a pigeon liver enzyme system unless otherwise noted.
435 D., standard deviation.

the regression. ¢ is the multiple correlation coefficient.

b 4 is the number of points used in
¢ C is the micromolar concentration

causing 509% inhibition. ! w, is the = value of the most lipophilic substituent. ¢ = is the x value of the second most lipo-

philic substituent.

The authors have taken ¢ from the compilation
of Jaffé (20), making the assumption that although
values for ¢ will change for substituents on a hetero-
cyclic nucleus, they will do so in a parallel fashion.
Using o+ or o, instead of ¢, did not give improved
correlations.

While considerable evidence has accumulated
to show that ¢ is an additive constant, an example
illustrating the additive character (3) of log P
and = is instructive. The experimental value of
log P for a well-known antihistamine! is 3.07.
Log P for diphenhydramine! can be calculated by

1 Marketed as Benadryl by Parke-Davis Co., Detroit,
Mich.

taking advantage of the additivity of log P und =
shown in I.

i

: [

' P i i 1 ey i CHy

. i ~JCHHO—CH4§—CHj—IN_ !

O/. ________ DLl D T CH
3.40 obs.

+ 4.26 + 0.30 -0.98 + 0.50 —0.95 =3.13 caled.
I
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In I, log P for benzene (21) is taken as 2.13. Hy- for each methyl group in the isopropyl! (= = 1.30)

drogen is 0. The trisubstituted CH is given the moiety. The value of CH; or CH; is 0.50. The
value of 0.30 which is obtained by subtracting 0.50 value of —0.98 is that for an aliphatic methoxy

TaABLE II.—DaTA UseEDp IN DERIVATION OF Egs. 6-11, 14-15 (TaBLE I)

P T Obs.l" Caled.
Compd. R Re Rs Zx So S R LT
1 CH; CH;NH(CH,); OH 2.29 —0.70 R R —2.90®> —1.83¢
2 CH; CsH;NH(CH.); H 2.90 —-0.34 v .. —2.68 —3.65
3 CH, CeHy(CHy)s OH 402 —0.70 ... U a7 —1l04
4 CsHs CeHs5(CHo,)s H 5.76 —0.17 .. - —-3.58 —3.33
5 CH; CeH;(CHz)s NH; 3.48 —1.00 2.98 —0.65 1.57 0.46
6 CH; CeH;NH(CH_;); NH, 1.7 —1.00 1.25 —-0.65 —0.34 —0.33
7 CsHs CeHg(CHa)g NH, 5.11 —0.83 2.98 0.98 —0.04 0.22
8 CsH; CeH;NH(CH,); NH: 3.38 —0.83 1.25 0.98 0.06 —0.58
9 CH; H NH, -—-0.65 —0.83 —1.15 —0.65 —3.04 -2.42
10 CeH; H NH, 0.98 —0.66 —1.15 0.98 —2.20 —2.66
11 CH; n-CqH, NH, 1.35 —0.99 0.85 —0.65 —0.30 —-0.57
12 CeHs n-CsH, NH: 2.98 —0.82 0.85 0.98 —1.46 —0.82
13 $-CeH;CeHy H NH, 3.1 —-0.66 -—1.15 3.11 —1.46 —1.67
14 n-CsHy CeHy(CH,)s NH:; 4.48 —0.96 2.98 0.35 1.68 0.69
15 CeHsCH: CoH;NH(CH,)s NH, 3.8 —0.83 1.25 1.48 —0.58 0.24
16 CsH;CH, CsH5(CHo,)y NH, 5.61 —0.83 2.98 1.48 0.47 1.03
17 OH CsH;(CHz)4 NH, 2.37 —1.19 . e —0.92¢ —1 28¢
18 OH CeH;(CH.); NH, 1.87 —1.19 A . —-1.78 —1.34
19 OH H NH, —-1.76 —1.02 —4.11 -—4.05
20 OH n-CsHy; NH, -—-0.26 -—1.15 e —2.656 —2.11
21 OH n-CHy NH, +40.24 —1.18 —1.60 —1.64
22 OH 7-CeHia NH. 1.24 —1.18 —1.48 —1.54
23 OH n-CgHyr NH, 2.24 —1.18 —1.68 —1.44
24 OH (CH;).C=CHCH,; NH, 0.24 —1.15/ ... .. —1.23 —2.06
25 [6)3) C:Hs NH;, -0.76 —1.156 —4.23 —2.67
26 OH 1-CsHyy NH, 0.54 —1.18 —0.60 —1.95

8 (' is the micromolar concentration causing 509, inhibition, b Calculated from data in Reference 13. ¢ Calculated from
Eq. 8. %Calculated from data in Reference 14. ¢ Calculated from Eq. 15. / Value estimated.

TaBLE III.—DaTA USED IN DERIVATION OF Egs. 12, 12a, aAND 13 (TABLE I)

R,
R,
3
N
HN~ N °R,
Most
Lﬁ.?l?c 1 1
Compd. Ri R: Rs PR 78 Obs.log = Caled. log
5 CH; CeHs(CH,), NH, R; 4.13 1.57 1.38
6 CH, CHNH(CH,)s  NH, R, 2.40 —0.34 0.06
7 CgHs C5H5(0H2)4 NH2 Rz 4 . 13 —-O . 04 0 . 17
8 CHs CHNH(CH); NH: R; 2.40 0.06 —1.15
9 CH; H NH; Ry 0.50 —3.04 —2.59
10 CiHs H NH, R 2.13 —2.20 —2.56
11 CH;, n-CaH, NH, Re 2.0 —0.30 —0.32
13 p-CoHCoHe H NH; Ry 4.26 —1.46 —0.94
14 n-CsHy CoH(CH, ) NH, Re 4,13 1.68 1.09
15 CeHy;CH, C:H;NH(CH,); NH; R; 2.63 —0.58 —0.26
16 CsHsCH: CeHs(CHa)s NH, Ry 4.13 0.47 0.88

% 7, = = value of most lipophilic substituent; f.e., the largest = value. b C is the micromolar concentration causing 509,
inhibition predicted by Eq. 12.
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TABLE IV.—Data UsED IN DERIVATION OF E@s. 16-18 (TaBLE I)

NH,-HCI
NZ “N—R,
g CH,
HN” N “CH,
log [
(o}
——Pigeon Liver— — E. coli— —
Compd. Ry Obs. Caled.® Obs. b Caled.? F o¥
27 CeH; ~0.48 —1.00 2.13 0.10¢
28 CsH;CH, —0.52 —0.33 —1.53 —0.99 2.63 0.22
29 CeH;(CHz). 0.15 0.34 —0.58 —0.22 3.13 0.08
30 CeHs(CHs)s 1.52 0.88 1.22 0.31 3.63 0.02
31 CeHs(CHa )4 1.40 1.31 0.68 0.67 4.13 0.02¢
32 CH; —1.87 —1.78 —1.68 —1.87 0.50 0.00
33 n-CsHy —1.04 —0.72 —0.67 —0.80 1.50 —0.12
34 n-CyHy 0.44 —-0.27 —0.32 —0.41 2.00 —0.13
35 n-CgHiys 0.50 0.59 0.04 0.30 3.00 —0.13°
36 n-CgHyy 0.85 1.45 0.57 1.02 4.00 —0.13¢
37 CeHy(CqHg-n)-p 1.22 1.17 S N 4.13 0.10°
38 2 Hs —2.34 1.18 —1.79 —1.22 1.00 —0.10
39 -CsHyy 1.22 —0.01 0.16 —0.20 2.30 —0.13¢

@ C is the micromolar concentration causing 50% imhibition. ? Calculated from data in Reference 15.

Eq. 17. % Calculated from Eq. 18. ¢ Value estimated.

group (3). The figure of —0.95 is that for an ali-
phatic dimethylamino fragment (3). The good
agreement between observed and calculated log P
exemplifies the additive character of .

For the work in hand one does not have or need
to use log P for the pyrimidine or triazine umit.
Since 7 is an additive constant when strong group
interactions are absent, partition coefficients may
be estimated from previously determined values for
functional groups.

logP=m+m...+m

where ; represents logs of partition values for the
components of a molecule. In series of compounds
where a portion of the molecule is held constant,
that portion may be disregarded and T« for the
substituents is then used for the correlation. For
example, Zx for the molecule in IT (number 1 in
Table II) was calculated as shown in IT and Eqgs.

4 and 5.
CH,CH,CH,NH @

CH,
constant
II
Zx = #OH + log P CsHsNHz
+ 3xCH; + «CH; (Eq. 4)
Tx = —0.61 4 0.90

£3(0.50) + 0.50 = 2.29 (Eq. 5)

=0 was calculated for each molecule by adding
the individual ¢ values. = for the Hy;N group
was taken as —1.15. For groups such as
Cst,CHgCHchz— and CeHsNHCHzCHzCHz—
it was assumed that the phenyl and phenylamino

¢ Calculated from

functions would be sufficiently insulated from the
ring so that they played no electronic role. Taft’s
a* values (4) were used for the nonaromatic sub-
stituentsin Table IV. The use of ¢ from the benzene
system is an approximation which is particularly bad
for the OH group since in the nitrogen heterocycles
keto~enol tautomerism is so important. From the
data in Tables I, ITI, and IV the equations in Table
I have been derived by the method of least squares
using an IBM 360/40 computer.

DISCUSSION

Rather good correlations were found to result
using simple two-parameter equations employing
only 7 and ¢. In no instance did a significant im-
provement in correlation result when either a #?
or ¢? term or both z? and o? were added. This is
what one would normally expect (12) in an 4z vitro
system using purified enzymes.

Baker and his colleagues have concluded (13)
that the dihydrofolate reductase inhibitors are bound
to the enzyme by the interaction of ring electrons
with an electron-deficient site, and by hydrophobic
interaction of one or more side chains. The equa-
tions in Table I strongly support these conclusions.
All of the equations have positive coefficients for ur,
indicating that the more lipophilic the side chain,
the more effective the compound is as an inhibitor.
The negative coeflicient associated with ¢ meansthat
the more electron-releasing the substituent (the
more it tends to increase the electron density on
the ring), the more effective the derivative is as an
inhibitor. The importance of the use of the two
parameters is best seen by considering Egs. 6-8
in Table I. The two single-parameter equations
account for only 589, (r2 = 0.58) and 119, of the
variance in the data, while the two-parameter
equation accounts for more than 819, of the vari-
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ance. In deriving these equations, only one com-
pound [Rs = OH, R:= C6H5( CH2)4, R1 = n-C3H7]
was not used because it gave a poor fit in relation
to the other data. The correlation obtained for
the other 16 different derivatives in which changes
were made in three different substituents is sur-
prisingly good, especially when one considers no
account has been taken of steric interactions of sub-
strate and enzyme which classical enzyme theory
has characterized as being so highly important (lock
and key theory).

In order to evaluate more precisely the role of
hydrophobic bonding, the 12 derivatives were
taken in which changes were made only in R, and
R:. Equation 9 gives the result, treating the sub-
stituents R; and R, in simple additive fashion.
First the hypothesis was tested that substituents in
only one of the positions (R; or Rs) could fit into
the hydrophobic area of the enzyme and thus con-
tribute to inhibitory power of the derivative. This
was done by setting R, equal to zero in Eq. 10, and R,
equal to zero in Eq. 11. The higher correlation ob-
tained with Eq. 10 would seem to confirm Baker’s feel-
ing (18) that the 8-position substituent is unable to
contact the hydrophobicbonding area. However,the
fact that one obtains essentially the same correlation
with Eqs. 9 and 10 seems inconsistent. If, in fact,
6-position substituents contribute nothing to bind-
ing, an equation which includes their = wvalues
would include a varying and meaningless addition
to = and should show a poor correlation, This
inconsistency makes doubtful the theory that only
one conformation is possible, but the relatively
high correlations obtained suggested that hydro-
phobic binding may be primarily controlled by the
larger lipophilic substituent. Inspection of the
groups in positions 5 and 6, as shown in Table II,
reveals that position 5 has more of the larger sub-
stituents. This could account for the fact that
Eq. 10 gives a better correlation than Eq. 11.
Equation 12 gives the best correlation. The hy-
pothesis underlying Eq. 12 implies that substituted
pyrimidines bind to dihydrofolate reductase in any
of several conformers and that the choice of con-
former is determined by the necessity of placing the
most lipophilic group in contact with the hydro-
phobic bonding region of the enzyme. The most
lipophilic group thus provides the dominating force
in determining the binding configuration. Equa-
tion 12 confirms this hypothesis by rationalizing 879,
of the variance in the data. Equation 12¢ shows
that the contribittion to the binding by the second
most lipophilic substituent correlates about 509,
of the variance in the data. However, when these
two terms are included in a single equation (Eq. 13),
the slight improvement in correlation is not statis-
tically significant ( F test).

Equations 14 and 15 correlate a series of tri-
substituted pyrimidines which differ from the
previous group chiefly in having an OH group in
place of the lipophilic function at R,. They appear
to be intrinsically less active (the intercepts are
more negative). Although this series appears very
similar in structure to that considered in Eqs. 6-13,
combining the two sets of data resulted in a very
poor correlation (r = 0.776), indicating that the two
series have different modes of binding. The coeffi-
cients of Eq. 15 indicate an increased dependence
on o and a decreased importance of x, which might
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result from a greater dependence on hydrogen bond-
ing. In Eq. 15 the ethyl and isoamyl groups which
were poorly correlated have been omitted. The
ethyl group was about 30 times less active than
predicted and the isoamyl was about 10 times more
active than predicted. Why these groups are not
adequately accommodated by the correlation is not
clear. However, a reasonable suggestion by Baker
(14) is that a conformational change may be caused
in the enzyme in proceeding from ethyl to n-butyl.
This brings out one of the great advantages of re-
gression analysis, however, since the spotting of
such exceptional structures indicates areas for
further research. This same characteristic of the
ethyl and isoamyl groups is apparent again in the
substituted triazine series.

The coefficients in the best equations for pyrimi-
dines (Eq. 12) and for the triazines (Eq. 17) are
quite similar to each other. Hydrophobic bonding
in the triazines seems to be somewhat more im-
portant, as indicated by the larger coefficient of
w, and electronic bonding is somewhat less important
as indicated by the smaller coefficient of o. In
general, the 909, confidence limits on the ¢ terms
are much greater, no doubt because the differences
in o values are small compared to the experimental
error in measuring ¢. F tests also indicate lower
significance for ¢ terms in the triazines, Of the
more than 20 derivatives tested by Baker, the
authors have not been able to treat those in which
a phenyl group was attached directly to the ring
nitrogen because of the uncertainty in electronic
interaction. Delocalization of the lone pair elec-
trons on nitrogen by the phenyl ring can greatly
affect the lipophilic character (21) of the molecule,
as well as the electron density on the ring which
appears to react with an electron-deficient species.
For the substituents which were considered, species
differences in enzymes appear to be rather small
(¢f. Eqs. 16 and 18), although in some instances
Baker has found quite marked differences. The
species differences mentioned by Baker are, how-
ever, supported by the authors’ finding that response
for isoamyl and ethyl substituents are moderately
well predicted for the E. coli enzyme (Eq. 18) but
not for the enzyme from pigeon liver (Eqs. 14-17).

The equations in Table I should enable one to
design more active inhibitors. Greater activity
should result from compounds having larger positive
Z7 and more negative Z¢. To increase the electron
density on the ring, ome could move the amino
group Baker has incorporated into the side chain
to a ring position in the 5- or 6-position and attach
the largest possible lipophilic substituent to it.
The possibility in TII seems most logical.

NH;
NJ\:L
CHS\N/"\N NH(CH,)
CH3/ (CHy)y
I

II

In the variation of Baker’s general type of inhibitor
(II1), the authors have added the gquite lipophilic
cyclohexyl moiety to the phenyl ring, hoping, of
course, that the enzymic hydrophobic area is large
enough to accommodate it. Another approach
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would be to use a pentamethyl- or pentachloro-
phenyl group on the side chain. Placing methyl
groups on one of the amino groups would lower
affinity for the aqueous phase, even though hydro-
phobic bonding in the direct sense might not be
possible at this position. We have indicated at-
tachment of the side chain at the 6-position to make
maximum use of the electron-releasing effect of the
amino function. Since a better correlation was ob-
tained using o, rather than ¢, it is assumed that
it is the high electron density on the 1,3,5-positions
which is most important. This may not be the
case, however. Since so few strong electron-releas-
ing groups were tested, it is not possible to isolate
this factor, with confidence. In any case, it would
be advantdgi>us to separate the two functions so
that steric interactions do not twist either of the
nitrogen atoms out of the ring-plane and thus
prevent effective overlapping of p-orbitals.

While the above design might be very effective
in iz vitro work, such a highly lipophilic compound
would probably not make the best drug. For iz
vivo use, one would first have to determine =y (2)
and then work close to this value, making maximum
use of o, in designing derivatives. The problem
of penetration of the blood-brain barrier which
appears to be a limiting factor in the clinical use
of the tetrahydrofolate analogs, aminopterin and
amethopterin (22), could be circumvented by proper
lipophilic design of the drug (23).

The good correlations obtained for the structure-
activity relationships of these varied series of com-
pounds show that the additive nature of = makes
it a useful and reliable parameter in drug design.
The large reduction in variance obtained by using the
linear combination of ¢ with = confirms the valuc
of the use of ¢ constants in heterocyclic systems,
even though the values were obtained from benzene.
Although it is likely better correlations would be
obtained if pKa values for the drugs in question
could be used, the values of Jaffé’s o are probably
good enough for practical purposes. If one wished
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to isolate as precisely as possible the steric factors,
it would then be essential to determine pKa values,
The rather good mathematical correlation the
authors have obtained with the wide variety of
bulky substituents used by Baker is further evi-
dence for the importance of the role of flexibility in
enzyme action (24) which in recent years has be-
come so apparent. The authors’ correlations pro-
vide a mathematical basis for the essential con-
clusions of Baker’s studies and reinforce these con-
clusions by deriving them in an independent way.
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