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A substituent-constant analysis has been made correlating the relative activities of a series of 22 penicillin

derivatives by means of two parameters ¢ and .
experiments with two strains of Staphylococcus aureus.

We have recently found!.? that by using two substit-
uent constants ¢ and = the effect of substituents on the
biological activity of a parent molecule can be ration-
alized. This paper is concerned with the extension of
this approach to the excellent work of Gourevitch,
Hunt, and Lein® on substituted penicillins. These in-
vestigators studied the activity of derivatives of I.
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In I, X represents one or more substituents on the
phenoxy ring as indicated in Table I. The side chain
was varied from methyl (n = 0) to n-butyl (n 3).

It is assumed that substituents X in I might wmodify
the parent molecule in three primary ways: steric,
electronic, and lipophilic. The latter two effects can
be estimated by means of the Hammet! constant ¢ and
our recently developed!? constant =. ¢ is a measure
of the clectronie effect of X and = is defined as: =
log Px — log Py, where Px is the partition coefficient
between l-octanol and water of the given derivative,
and Py iz the partition coefficient of the parent com-
pound. TFor analysis of the penicillins we have used
values of = obtained from the phenoxyacetic acid.
We have assued that the rate at which biologically ac-
tive molecules make their way to the sites of action in a
particular cell in a given organism is highly dependent
on = and that the reaction at the site of action can be
treated as pseudo first order from the kinetic point of
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Correlations have been obtained for both 7n vitre and ¢n vive

From this analysis it is apparent that the primary effect
of side-chain substituents on biological activity results from a modification of the lipophilic character of the
penicilling. Electronic and negative steric effects appear to be of minor importance.
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view. With these assumptions and considering sterie
effects to be constant, we have developed®? eq. 1. In

log1/C = —kr? + k'r + po + £ (1)

eq. 1, C represents the concentration of drug giving an
equivalent biological response. In the present instance
this is the CDj with mice and the minimum inhibitory
concentration with the in ¢itro tests on bacteria.
Equations 2—4 were generated from a least-squares
fit of the data in Table Tto eq. 1. The correlation coef-

log 1/C = 0.053372 — 0.6107 + 0.01%¢ + ’ )

5,701 0918  0.192 (2)
log 1/C = 0.0557% — 0.613x + 3.756 0.918 0.187 (3)
log 1/C = —0.4457 + 5.673 0.909 0.191 (4)
ficient is vepresented by r and s is the standard devia-

tion. All of the points in Table I were used to derive
the constants except two. Compounds 21 and 22 in
Table I were omitted in deriving the numerical coef-
ficients in these equations. The 2-chloro-4-phenyl
derivatives was omitted because a precise value was not
given for its activity. The acetamido derivative was
omitted because it is quite susceptible to hydrolysis and
was therefore not expected to give consistent results in
the in vivo tests. The results of the regression analysis
as highlighted by Alog 1/C in Table I are, on the whole,
quite satisfying. Of the 22 derivatives, only the 4-
acetamido is badly predicted, and this was anticipated.
The correlation coeflicient of 0.91 for all of the com-
pounds except 21 and 22 is quite good considering the
uncertainties involved in the biological testing and the
necessary assuinptions made in deriving eq. 1.
Comparison of eq. 2 with eq. 3 in which the os-term
has been dropped shows the great advantage in the use
of the substituent constants = and ¢ to separate the
electronic effect of substituents. In this instance it is
quite clear that the electronic effects of the groups at-
tached to the phenoxy ring are not important except
in so far as they affect the partition coefficient of the
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TapLe 1
Errectivie CONCENTRATION FOR THE ACTIVITY OF
PeNwciLniN DERIVATIVES oN Staphylocorcus aieus IN MICE

- log 1/(-=—---  Alog
Tunetion o oy Obsd. Caled. 1.°¢
. H ) (1 586 567 0,14
2.0 4.1 0,25 .74 579 534 0.4)
3. 4-OCH; —0.27  —0.04 5.69  5.60 (.00
1. a-lit 0 (.50 B TR 551 0.09
A, 4-NO): 078 0. 06 5.5 56D (12
6. 2-Cl1 .23 .59 5.40 5. 41 0. 01
7. 3-CFy (). 42 1.00 BISh 5,10 0. 19
So25.ClL 060 1.3y a2t 507 017
9. «-Pr (i} 1.00 5. 03 5,23 (.20
10, 5.5-(CHy)s -0 14 1.02 503 522 0.19
1 3-CTy, N0, 1.26 115 J.05 0 516 0.13
12, «-Bu [} 1.50 5 01 5,01 0,00
13, 2,4-Cl (. 46 1.3 497 508 0.11
14, 2,4.Br, 0.46 1.77 .87 488 0. 01
15, 2,3,6-Cly 0,83 194 +.72  4.51 0,00
16, 4-Cyelohexyl —0.15 2.52 4.70 4.53 0.15
17. 4-t-Bu —0.20 1.71 .67 4.01 (.24
I, 85,4,5-(CHy) —0.31 1.54 4,65  4.99 (.34
19, 4-t-Amyl, -kt —0.20 2.71 4.57 447 0.10
20, Cl 1.43 .44 +.25  4.14 0.11
21, 4. NHCOCH; —0.02 —=0.749 482 6.02 1.20
22, 2-Cl, 4-C¢H. 0,22 250 <487 436 >0.19

moleecule in question. This would appear to mean that
the funection of the phenoxy side chain is that of af-
fording lipotropic character to the rest of the molecule.
It may also play an important role in sterically hinder-
ing hydrolysis of the lactam ring.

Another important consequence of the good corre-
lation obtained with eq. 3 is that steric effects of sub-
stituents on the phenoxy ring are shown to be of minor
hmportance, at least within the limits set by such sub-
stituents as phenyl, 4-f-amyl, and pentachloro. This
also appears to be true for the alkyl groups (CH;
through C.Hsg) on the side chain. Such a point is not
always easy to differentiate from other substituent ef-
fects and again illustrates the usefulness of the p~o—7
analysis.’

As we pointed out earlier,® when the compounds in a
given biologically active series have Zx-values which
are relatively far froni the ideal value, one can expect a
pseudo-linear relation between Zr and the logarithm of
the biological response. A comparison of eq. 3 and eq.
4 shows that in this case we are operating rather far
from the ideal Zx-value (the #* termr in eq. 3 is not sta-
tistically significant). Thus, eq. 4 can be taken as de-
scribing adequately the situation for these derivatives:
it is with this equation that the results in Table T were
obtaitel.

The mest interesting aspect of eq. 4 is the negative
coctlicient associated with =. This would indicate the
iuch move active derivatives could be obtained by
using substituents in I which have negative w-values.
Unfortunately only one such function was tested, the 4-
acetamido (7 for ~OCHj is too snall to be significant).
Of the groups one might consider to be suitable for de-
creaging the lipotropie character of I, a function of low
metabolie susceptibility, is CH;S0»- (x ~—0.5).!

A deerease in lipophilic character could also be accou-
plished by omitting the avomatie ring and employing
ingtead an aliphatic group with a highly branched side
chain. Such a branched chain as CH,0(CH,),C-
(CHs)s might have the added advantage of showing the
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hydrolysiz of both the amide side chain and the lactamn
ring. It has been recognized for some time that once of
the main weaknesses of the penicilling is their liability to
mactivation through the opening of the lactan: ring by
the penieillinage which is produced by the bacteria.
The side chain, CeH,OCH (CH;)~, considered by Goure-
viteh, et al.,® would have a w-value of about 2.5, The
above aliphatie chain with n = 1 would have a value of
abont 0.8 and a value of 1.3 with n = 2. Heterocyclie
functions such as pyridine could also be used to advan-
tage. Tt would seem well worthwhile to investigate
these as well as other hydrophilie functions.

The derivatives in Table T were also tested i threc
other in vitro tests in addition to the ¢n #ive mouse test.
I one, the Smith strain of Staphylococcus aureus was
used and in another the more resistant BLIC strain
of this orgamsin was employed. Usiug the constants
from Table I and the data in Table IT we have obtaied

TaBrw 11

Minimis INgIBITORY CONCENTRATIONS FOR in Vitro
ACTION OF PENICILLINS AGAINST Staphyloceccus aurens
Simith strain
with serum

BLX strain smith strain

~-log 1/C-- weelog 1/ Clvmn e -log 1/C-
Funetion Obsd. Caled.” Obsd. Caled.” Obsd. Caled.”
1. H 4.77 4.78  6.66 6.4 6.30 (.48
2. 4.0 480 478 T.00 6.77 6.40 G.08
3. 4-OCH, 120 4.71  6.09 6.46  6.39 (.51
4. a-kEt 508 474 667 6.67 6.07 6.22
3. 4-NO. H41 496 701 6.76  6.71 6.41
6. 2-Cl 450 479 700 6.74 6.40 6.106
7. 3-CFy 484 480 06.735 6.87 5.8 500
S 25-Cle 454 482 705 6.04 6.15 5.77
U a-Pr 510 4.700 630 6.75  5.50 A7
1, 3,5-(CHjy)e 510 4,67 638 6.72 0 550 D06
11, 3-CFs 4-N0): 4 .87 4,08 G.78 7.07 58RO N4
12, «-Bu 421 465 671 6.79 581 1273
5. 2.4-Cl 4.24 478 T.64 6,00 5.8 579
14, 2,4-Br. 402 4.73 712 6.0l 5.62 508
15, 20 SIS A4S0 6,47 7000 .07 544
16, 4-Cyeclohexyl 425 449 675 671 525 5028
17. 4-t-Bu 302 4058 6.72 6.75 HoR3 O AH.08
15, 3,4,5-(CHy Ho1l 457 6.71 6.72 581 5372
19, 4f-Amyv], «-Et 486 445 6.75 6,67 555 5.21
200 Cl 463 475 6083 6,02 4T3 4085
21, 4. NHCOCH; 453 481 6,42 6.26 6.42 6.9l
220 2.¢ly 4.CyH. 4058 458 T 07 6.8 528 52N

“‘Fhese values were obtained using eq. 7. " Obtained with eq.

5. ¥ Obtained with eq. 9.

eq. 5 and 6 for the Smith strain and eq. 7 and 8 for the

results with the BLEK strain.  Iu eq. 53-8, C'is the mini-
r N

log 1/C = ~0.0837% 4- 0.2927 +

0.2500 4+ 6.543 0430 0314 (5

log 1/ = 0.2300 + 6 724 0347 0310 167
log 1/C = —0.007r? — 0.0587 4

09450 + 4777 0344 0400 (7
log 1/€ = 0.180¢ + +.669 0233 0302 (N

mun inhibitory concentration for the in witro tests
using a heart infusion broth medium. The correlations
with these equations are extremely poor (see Table I11),
and about the only conclusions one can draw are that =
is of little consequence and that a positive value for o
might be of some iniportance.
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Tasre I

ComPARISON OF OBSERVED LoG (C’/C) WITH VALUES OBTAINED
FROM EqQuaTion 19

log C'/C AAlog

Funection Obsd. Caled. 1/C

1. H —0.30 —0.07 0.23
2, 4-Cl —0.60 —0.69 0.09
3. 4-OCH, +0.30 +0.05 0.25
4. o-Et —0.60 —0.45 0.15
5. 4-NO, —0.30 —0.34 0.04
6. 2-Cl —0.60 —0.38 0.02
7. 3-CF; —0.89 —0.96 0.07
8. 2,5-Clh —0.89 —1.16 0.27
9., a-Pr —0.89 —0.79 0.10
10.  3,5-(CHjy). —0.89 —0.76 0.13
11. o-Bu —0.89 —1.07 0.18
12. 3-CF3, 4-NO: —0.89 —1.23 0.34
13, 2,4-Cl, —1.80 —1.11 0.69
14, 2,4-Br. —1.49 —1.33 0.16
15. t-Bu —0.89 —1.11 0.22
16. Cyclohexyl —1.49 —1.43 0.06
17. 3,4,5-(CHa)s —0.89 —1.00 0.11
18, 2,3,6-Cl; —1.49 —1.51 0.02
19. 4~-Amyl, o-Et —1.19 —1.47 0.28
20. 4-C¢H;, 2-Cl —1.80 —1.53 0.27
21. Cl; —2.10 —2.07 0.03

In the third in vitro experiment, the heart infusion
broth was mixed with equal parts of a filtered sterilized
human serum. The results we find for the derivatives
in Table II are dramatically different from those ob-
tained without serumn.

T 8
log 1/C = 0.02372 — 0.534r —
00420 + 6.476  0.859 0.280 (9)
log 1/C = 0.0197% — 0.5267 + 6.466 0.858 0273 (10)
log 1/C = —0.468x + 6.437 0.857 0267 (11)

Equations 9-11 come from the work using the Smith
strain and serum. Here the correlation coefficient is
reasonable although not as good as for the in vivo ex-
periments. The coefficients in eq. 9-11 are rather close
to thosein eq. 2-4 and thus indicate parallel mechanisms
of action for the in vivo and in vitro experiments,

The role of the serum raises immediate interest and
we have attempted to evaluate this from the substitu-
ent constant point of view.

It is apparent from the date of Goureviteh, et al.,?
that a higher concentration of the penicillins was almost
always needed to bring about the minimum inhibitory
effect in the presence of serum. As they pointed out,
this would indicate that the penicillins were adsorbed
onto serum protein which thus reduced the effective
concentration. It is well known? that serum albumin
has a great affinity for molecules and ions of all sorts.
If this is true, such adsorption should be susceptible to
substituent-constant analysis. The equilibrium be-
tween adsorbed and unadsorbed penicillin can be for-

mulated as in eq. 12, The equilibrium constant for the
penicillin + serum protein _ > penicillin-serum protein (12)
Pe Sp Pe-SP

adsorption of a given penicillin, X, on serum protein
could be expressed as in eq. 13. Assuming the sites

Kx = [Pe-SP]/[Pe] [SP] (13)
for the adsorption of penicillin on serun: protein to be

(5) J. T. Edsall, Advan. Protein Chem., 8, 463 (1947).
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in large excess over the number of penicillin molecules,
[SP] can be assumed constant and eq. 13 can be written
as

Kx' = [Pe-SP]/[Pe] (14

For the case with serum, let C = [Pe-SP] + [Pe] =
[Pe—SP]. The justification for assuming that C =
[Pe—SP] is that eq. 9-11 give high correlations while
eq. 5 and 6 do not.

For the case without serum, let ¢’ = [Pe’]. If we
represent equivalent biological response by R, then

R = Rpe + Rpe-sp = Rpe’ (15)

—

Assuming that response is proportional to concentra-
tion, we can define response in each of the systems as
follows.

Rpe’ = alPe’] = al’
Rpe = a|Pe] (16)
Rpe-sp = b[Pe-SP] =< b(

Substitution of eq. 16 into 15 yields
alPe] + b[Pe-SP] = a[Pe’]
alPe] + bC = a(’ (17)

[Pe]=£—bc=("—%v
a a

Taking the logarithm of eq. 17 and 14 and substituting
log [Pe] from 17 into 14 gives rise to eq. 18 (assuming
C = [Pe-SP)).

log Kx’

I

, by _ C
log € — log (C —7)—10g e

|

1 ' b 1 b '
logK\j, = log (? - c_z) or log (I?\-’ + &) = l()gF

Subtracting eq. 5 from eq. 9 we obtain

log (C'/C) = 0.10672 — 0.8267 — 0.293¢ — 0.067 0.911 (19)

Equating expressions 19 and 18 gives eq. 20. In eq.

log (L + 9) = 0.10672 — 0.8267 — 0.293¢ — 0.067
Kx a

(20)

—log (-1—, + l—)) = —0.10672 4+ 0.8267 + 0.293¢ + 0.067
Kx a

20, b/a can be regarded as the ratio of two activity coef-
ficients and Kx’ asa binding constant. The correlation
of 0.911 is better than that obtained with eq. 9 (0.839).
This is the best justification for the wvalidity of sub-
tracting eq. 5 from eq. 9. The very poor rationaliza- -
tion of the variance in the data by eq. 5 (2 = 0.2)
causes one to hesitate in using this equation as a base
from which to estiniate the effect of substituents on
Kx'. The good correlation coefficient appears to
justify the effort. The importance of the various terms
in eq. 19 or 20 are illustrated in eq. 21-23. An F

r

log (C'/C) = —0.5057 — 0.2440 — 0.233 0.891  (21)
= 0.07872 — 0.7747 — 0.140 0.879  (22)
= —0.535r — 0.258 0.868  (23)

test shows the w2-ternm in 19 to be significant at the 0.90
level and the o-term to be significant at the 0.95 level.
In comparing eq. 23 and 19, an F test indicates the sum
of the contributions of the =% and s-terms to be signif-
icant at the 0.99 level. The observed and calculated
values for log (C’/C) using eq. 19 are shown in Table I11.
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The problent of using in vitro tests on penieillin de-
rnvatives to evaluate them for in vivo use is quite com-
plicated because the penicillins induee the bacteria
to produce a peuicillin-destroying enzvme, penieil-
linase. The various derivatives cause various rates of
production of this enzyme and are themselves destroyed
at different rates; depending on thew structure™ To
further complicate the picture, bacteria also produce
proteinases capable of destroying the activity of peni-
cillinase.”

The poor correlations obtamed with the n ritro ex-
periments as shown by eq. 5-8 are, in part, surprising.
Iu the case of the BLK strain which produces penieil-
linase, the poor correlation is probably the result of
metabolism by thig enzyme. the rate of which wight he
quite dependent on sterie factors.  The problem with
the Swmith strain is different sinee this nonvesistant
organism does not produce penicillinase.  In this ex-
ample part of the poor correlation is due to the simall
amount of variauee in the biological response to be ex-
plamed by the regression analysis (8%, ; » = 0.104,
while for the in rivo experiments 87, | ¢ = 0.198).
However, this would not account for all of the unex-
plained varianee,  This unknown quantity wust be as-
eribed to unaccountable sterie or metabolie factors.

Gourevitel, et al.,® made the observation that the
linear correlation between log (¢ (') and the molecular
weight of the side chain was 0.644.  Although this ix
quite significant, it does not “explain™ most of the
variance in the data (»* = 0.42). It would appear that
in so far as the wolecular weight of substituents is pro-
portional to lipophilie character, the approacl of Goure-
viteh, ef al., 18 valid. However, a very great unprove-
ment in “explaining’’ the variance comes about with the
use of ¢q. 20, Ior this correlation * = 0.83. 1In the
former case 58%; of the variance is unaccounted for,
while in the latter cage only 179 is unexplained.

61 R Naoviek, Biockem. J., 83, 229 (1942,

7100 M. T Hamilton-Miller, 14id., 87, 200 119G3;:.
(81 ML Kognt, M, R. Polliek, and 13 I Tridgell, 144, 62, 391 {19565,

A point of particular interest i the taet? tiar when
the =ide chain attached to the amino group 2 1 is -
phenoxyethyl Iy instead of phenoxyinetlivi 111,

C.HOCHCH, - C.H.OCH, -
! 111

ane obtains a mare aetive derivative with IT than with
TII.  Thig would =ecn to be at odds with the fact that
IT has a higher r-value than 11T and should therefore
be less active according to eq. 4 or I1. The fact that the
activities for a-Et. a-Pr, and «-Bu are nicely accounted
for by eq. 4 and 11 malkes this substituent effeet one ot
considerable importance.

Siiee this positive effect canunot be rationalized by
considering its clectronie contribution <o is of very
httle consequence even for such groups as NO. and
C17), its lpophilic character (m), or its at to the sitc
of action, one 1= left with little to consider exceept meta-
holic effects,  Good evidence® has been obtaied to
show that branched side chains are mueh more resistant
ta metabolic action than normal ones.  Thus, m the
rase of side ehain TT, the expeeted decrease 3 activity
due to the added lipophilie character ot the methyl
group 1= apparcitly more than offset by the inerensed
nictabolie stability of the penteilling with branched
chains.

The close correspondence of ¢q. 24 witl: c¢. 911 -
dicates that the i eitro test with serun: 1= indeed o
wood model for predicting activity of penicillin n niee.
The faet that human serum was actually nsed ndicates
the similarity between the binding power of serumn pro-
tein 1 mice and hmmans for penieillins,
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