Biochemical Pharmacology, 1965, Vol. 14, pp. 1077-1084, Pergamon Press Ltd., Printed in Great Britain.

STUDIES OF THE RELATIONSHIP BETWEEN
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Abstract—A porphyria, induced in guinea pigs by means of 3,5-diethoxycarbonyl-1,4-
dihydro-2,4,6-trimethylpyridine (DDC) is known to be the result of an enhanced synthe-
sis of the enzyme, 3-aminolaevulic acid synthetase in liver cells. To further examine this
phenomenon several analogues of DDC (Ib) and the corresponding pyridine (IIb) have
been prepared and tested for porphyria-inducing activity. A study of the Fisher-Hirsch-
felder-Taylor models and the u.v. absorption spectra of these analogues indicated that
the 2-, 4-, and 6-methyl] substituents cause a twisting of the 3- and 5-ethoxycarbonyl
substituents out of the plane of the ring. The nonplanar relationship between the ethoxy-
carbonyl substituents and the ring appears to be necessary for optimal porphyria-
inducing activity

DRUG-INDUCED changes in the porphyrin metabolism of experimental animals, re-
sembling those seen in acute intermittent porphyria, were first observed in 1952 with
allylisopropylacetylcarbamide (Sedormid)! and subsequently with barbiturate de-
rivatives.2 These drugs are closely related in structure, and a study of structure-
activity relationships3—5 in this series revealed a high degree of structural specificity
for porphyria-inducing activity. The recent discovery of a series of structurally un-
related porphyria-inducing drugs was therefore unexpected.s-8

The studies of Granick and Urata?- 8 showed that the overproduction of porphyrins
and porphyrin precursors in the livers of animals fed porphyria-inducing drugs
resulted from an enhanced synthesis of the first enzyme in the porphyrin biosynthetic
pathway, viz., 3-aminolaevulic acid synthetase. On the basis of these studies, Granick
and Levere? suggest that there is a mechanism for the control of this enzyme by re-
pression of its formation and that the porphyria-inducing drugs interfere with the
repressor control mechanism. An important question that remains to be answered
concerns the nature of the cellular receptor with which the porphyria-inducing drugs
interact to interfere with the repressor control mechanism. Recent studies of the
molecular nature of drug-receptors are based on the assumption that small molecules
whose biological action is specific and structure-dependent have a molecular struc-
ture complementary to the site at which they act. A study of the structure-activity
relationship of porphyria-inducing drugs is therefore a means with which the chemical
nature of the drug-receptor may be explored. This consideration has led us to under-
take further studies of the structure-activity relationship in porphyria-inducing drugs.

* This investigation was supported by a grant from the Medical Research Council, Canada,
1077



G. S. MaRrks, E. G. HUNTER, U. K. TERNER and D. SCHNECK

1078

€99°1

089°1

00L‘1

069°1

069°1

0891

0ze's

o1€’e

0SE'E

oze’s

oze'e

sTe'e

SO-L

601 1S9

6L

ST-L

Iv-L

€0-8

0L

S-LLT

9¢¢

6v¢

6vt

ige

ELE

£9-01

80-61

791

091

(411

0-91

£6¢

6£¢C

(3%4

394

[4 %4

1€

80¢—L6l

S-LST
—69¢1

01911

0I1-801

4!
—§-8CI

V8I-SLT

0T

81

LT
* ST

«ST
91

ST

¢l

suipuAd|Ayyswp
-9‘Z-0IpAYIp

-¥* [-1A90RIQ-C'E
surptiAdijAuayd
-p-1AyPwip
-9‘Z-0IpAyIp
-p*1-1Auoqed
-Axoyier-¢e

surprikdjAdoid
-p-[AqrewIp
-9‘7-0IpAyIp
-p*[-[Auoqres
-Ax0U191q-§ ‘g

surptakdifyie
~p-1Ayewp
-9‘7-01pAyIp

-p' [-[Auoqred
-AxoyRIg-¢‘g
suIptIAdiAylouILn
~9‘‘T-01pAyIp
- [-]Auoqied
-AxoyIRIg-§‘g
suipuAdiAyoup
-9°T-0IpAYIp

- [-]Au0qIes
-&xoyg-se

Bl

o

PI

1

qI

L3t

Suux
auip

-ukg

dnoid
JAuoq
-1e)

swiwe
Axep
-u029g

wnodds paredjuf

-

g-0I X 3

XeW Y | ¢-0] X >

Xeul y

e-0T X 2

XBW y

wnnads 19jo1AR N

Do “d'q

D, “dw

0Ud
-10J0yg

punodwio))

‘ou
punod
~wo)

SHAILVAIYAA ANIAINAd ANV IANIAIIAJOYAAHI(] " 978V ],



1079

PA[ISIP puE IS0 YHM Pa1se[[od sjonpord A[10 oY) pue Jy 7] 0) PISESIOUI Sem W) UONSedI 3Y) of] pue qI] Jo uoneredaxd oy 304 §

"JOURYID WIOA] PIZIJ[RISKID AI0M YDIYM S[RISAID MOJ[OA

-93UrIO PApRIA ‘IS UM ‘PaUIIqO [I0 SYI JO UONBIMLLL ‘PI[HSIP aNPISal 9Y) PUB PIAOWAI SBM [OUBYIS AU) *BIUOWWER YIM Uonn[os oy} Suneinyes 19)je
‘pue opAyap[e1soe Aq paorjdar sem spAYIPRULIO "QITf JO SISOYIUAS 3Y) 10J posojdwa sem eIT JO SISSYIUAS ay) 10} pasn arnpacold sy} Jo uonedyipow v |
*PI JO SISOYIUAS o) Ul opAYap[eIAIng AQ pue ] JO SisaqIuLs oY) ur opAyspreucidord Aq paoe[dal sem SPAYSPIRINDY ¢

wul §§-0 9] swipuAdiAyie

fog1 b ~p-1Agjouip
-9°T-1Auogieo
-AXOI9I(-5 ¢ oI

095°1 SILT 8t-¢ 69¢

$9¢°'1 STLY §T-€ 0LT Wt $-0 61 surpuAdiAyrowmin
/8¢€1 b -9°p°Z-1Au0qIed
-AXOyIRI(J-§'E qI1

S86°T STLT 1 72% 187 ¥6-€ €T a8 SET $TL-IL 141 swpLAdjLyjounp
-9‘Z-jAuoqies

-Axoypia-s'c | eIl

Porphyria-inducing activity

SL9T | ol¢'s 916 08¢ PS1 §ST | wwez-0 ! pSI-¢Sl ¢4 ourpukd

/891081 +0T ~JAYRWLI-9y'T
-01pAYIP-H°1
“IK0oeId-$°¢ | 91T

panupuoI—'1 1AV ],



1080 G. S. MaRrkS, E. G. HUNTER, U, K. TERNER and D. SCHNECK

Since 3,5-diethoxycarbonyl-1,4-dihydro-2.4,6-trimethylpyridine (DDC) is the most
active of the porphyria-inducing drugst it was chosen as the starting point for our
investigation, and in this paper a study of structure-activity relationships of analogues
of DDC is described.

EXPERIMENTAL

Ultraviolet absorption spectra were determined in absolute ethanol, in a Bausch
and Lomb Spectronic 505 spectrophotometer. The infrared spectra were obtained
with a Perkin Elmer 137 sodium chloride spectrophotometer; solid compounds were
mulled with Nujol, and liquid samples were used as liquid films. Melting points are
uncorrected.

Induction of porphyria in guinea pigs. Male or female guinea pigs were placed in
metabolic cages allowing separate collection of urine and faeces. To induce a porphy-
ria the guinea pigs were deprived of food on the first day, and during the following two
days were fed the drug under investigation once daily by gastric intubation. Solid
drugs were suspended in 0-25 M sucrose (1 g/12-5 ml) for intubation, and liquid drugs
were intubated directly. The weight of the animals and the dose of drug used in each
experiment are recorded in Table 1.

Determination of 8-aminolaevulic acid and porphobilinogen in urine. 8-Aminolaevulic
acid and porphobilinogen were determined in 24-hr samples. These metabolites were
separated by ion-exchange chromatography and estimated according to the procedure
of Mauzerall and Granick.10

Synthesis of compounds tested for porphyria-inducing activity. For the synthesis of
pyridine and dihydrophyridine compounds, standard methods or modifications of
standard methods were used. Details of the melting points, boiling point and u.v.
and i.r. spectra are recorded in Table 1.

For synthesis of diethyl S-methyl glutarate and diethyl o-methylsuccinate, the
di-esters were prepared by heating the corresponding di-acids with ethanol containing
sulphuric acid. Diethyl B-methylglutarate had b.p. 118°/14 mm; diethyl a-methyl-
succinate b.p. 102°/14 mm. Karrer and Lee!! record b.p. 121-122°/16 mm for diethyl
B-methylglutarate and Wojcik and Adkins!2 record b.p. 108-110°/16 mm for diethyl
a-methylsuccinate.

RESULTS AND DISCUSSION

The ability of DDC analogues to induce an increased synthesis of 8-aminolaevulic
acid synthetase in guinea pig liver was determined by feeding these compounds to
guinea pigs and estimating the amount of é-aminolaevulic acid and porphobilinogen
excreted in the urine (Table 2).

Studies of structure-activity relationships of porphyria-inducing chemicals in the
whole animal suffer from the fact that a distinction cannot be drawn between the
effects of structural variations at the site of action and on the dynamic phenomena
(absorption, distribution, metabolic destruction, and excretion) that control drug
concentration at that site.22 This distinction can be drawn by means of a recent elegant
method developed by Granick.®? The method consists in adding porphyria-inducing
chemicals to chick embryo liver cells, cultured on cover slips, and measuring the

t S. Granick, personal communication ; G. S. Marks and D. Schneck, unpublished observations.



1081

activity

.

a-indu

0y

Porp

‘aanjeraduwa)l Apoq Jo SuI0M0|

PadIeul € 01 SUIMO “A[JUS[OIA PAISAIYS PUR Yeom AI0A oWwesaq Aa1)) 10ye] "s81d BouIng oy) Ul POAIdSqO Sem s8] PUIY Y JO SSOUNLdM PUB JOWIN) PayIewl v |

‘spunodwod 10§ 1 9[qe], %08 4}

*Pajodsep oq jou pinod usBouljigoydsod fpunoj sem (Z1-0-v0-0) N7 §0-0 P1oe oljnasejouiue-g ‘s81d vouIng jewniou ¢ Jo suum Iy-pg 03 ( SYI U]

©T-ID 1 {§2-0-£0-0) ST-0 50 {0€L~58S)
£L9 S B g

- 1-1:0) L0 6-0-1-0) $0 9-0 (b15-L9€)
Py ¥ q11

(€5-0-T1:0) 0£-0 (€£1-0-40-0) 800 SLO F1H-02€)
9. 14 i

(8:0-5-0) L0 (8:1-9-0) €1 SL0 (99%-2LE)
917 £ BIII

(€£1-0-+0-0) 80-0 (€1-0-10-0) 800 -0 (SYE-91¢)
62€ s a1

(€-6¥-591) L-ST (T E€E-L0) b1 (I-L-5€-0) 8T (€-L2-0) LOT SLO (§TL-009)
799 < p1

(L-L1-€01) 941 6691 §9 €0 1€ 0$-10) 1T SLO Or-919)
1324 S o1

0¢-70) 81 €1-L0) 60 877091 60-80) 60 $60 Ler92e)
253 £ q1

(L 1-£-0) 060 (I-1-4-0) 180 SLO (STY-06¢)
£l £ L) |

(sojowr) (so[owir)
pioe ploe @) (8)
waBouriqoydiod DINASRIOUILUY ~Q usgounjiqoydiog OINADBJOUIUIY~Q skep z/Aep spewrue pasn
/pay 8rup Jo s[ewrue jo }rou
suun I14-gy 01 $ ul jusuodwo) UL Iy-$7 01 () Ul yusuodwo)) Jo "y o8eroAy "ON punodwoyy

*$o8oYJuAred Ul USAIS oIe SOTJRA SUWIDIIXD Y],

£SAVA 7 904 SINDOTVNY ¥0 D dd4 $DId VININD 40 INTEN dN0H-8 ANV -4 40 SASATYNY ' 918V L



1082 G. S. Marks, E. G. Hunter, U. K. TerNER and D. SceNECK

porphyrin accumulation by means of fluorescence microscopy. We are greatly in-
debted to Dr. Granick for having supplemented our studies in guinea pigs with tests
of the DDC analogues in his in vitro system. The results obtained by Dr. Granick are

recorded in Table 3.

TABLE 3. PORPHYRIN ACCUMULATION IN CHICK EMBRYO LIVER CELLS,
INDUCED BY DDC AND STRUCTURAL ANALOGUES AND
MEASURED BY FLUORESCENCE MICROSCOPY

The liver from a 17-day-old chick embiyo was treated with trypsin to obtain
a cell suspension. Approximately 3 x 10° liver parenchyma cells were inoculated
into a vial (18 x 60 mm) containing a cover slip and 1 ml of Eagle's medium
supplemented with 109 bovine foetal serum (Microbiological Associates Inc.).
After 24 hr of growth in an atmosphere of 5% COx in air, at 37°, the medium
was replaced by 1 ml of fresh medium, and DDC or structural analogue dissolved
in 1A of ethanol was added. Fluorescence intensity was scored as follows:
+3, most colonies fluoresce intensely; -+2 most colonies fluoresce partially;
+1 some colonies fluoresce partially (cf. Granick®).

Compounds tested for Concentration Intensity of fluorescence
porphyria-inducing activity M x 10-8 observed 24 hr after
in chick-liver parenchyma addition of compound
cells
Ia 8 0
40 05
Ib 75 3
3-8 1
14 +trace
075 +trace
0-38
Ic 72 2
36 2
072 075
0-072 ~+trace
d 68 1-75
0-68 0-25
0-32 025
016 0
Hla 104 0
52 0
IITb 97 0
49 0
11a 8 4]
40 05
I1ib 7-5 1-5
3-8 1
19 ~+trace
075 0
Iic 72 2
36 1
19 ~+trace
0-72 0

* See Table 1 for compounds.
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The first analogue investigated, 3,5-diethoxycarbonyi-1,4-dihydro-2,6-dimethyl-
pyridine (Ia), differed from the parent, dihydropyridine (Ib), by the replacement of the
4-methyl substituent with a hydrogen atom. This modification in structure results in a
considerable loss in activity (Tables 2 and 3). A similar effect was noted in the corre-
sponding pyridine compounds Ila and IIb (Tables 2 and 3). It is noteworthy that
although the pyridine IIb, previously reported to be inactive,2® was only weakly
active in vivo (Table 2), considerable activity was found in the in vitro system (Table 3).
This difference, which is probably due to the influence of dynamic phenomena on
drug concentration at the site of action, demonstrates the superiority of the in sitro
method of testing for porphyria-inducing activity.

CH;
é (;)Czﬂs PC2H5
NN cC 1+ C
k ﬂ} 0 YAV AVEN
/ o % 9 O
Hs N2
CHs N1 CHyg
an @

FiG. 1. s-Cis configuration (II) of 2-methyl-acetylcyclohexene and the planar configuration ().

Since 2-methyl-acetylcyclohexene?? exists in the s-cis configuration (II) (Fig. 1} itis
probable that pyridine Ila, in which the ethoxycarbonyl substituents are conjugated
with the ring, will adopt the planar configuration (I}. Inspection of Fisher-Hirshfelder-
Taylor models of pyridines Ha and IIb reveals that a 4-alkyl substituent causes a
twisting of the ethoxycarbonyl substituents out of the plane of the ring. This steric
effect results in an inhibition of resonance which is reflected in the u.v. absorption
spectra (Table 1) of pyridines IIb and Ilc by a lowered extinction value and by a shift
of the absorption maxima to shorter wavelengths?® relative to pyridine I1a. The u.v.
spectral data (Table 1) indicate that the high activity of the 4-alkyl-substituted
dihydropyridines Ib, Ic, and Id relative to the dihydropyridine Ia is also due to the
steric effect of the 4-alkyl substituents. Apparently a requirement for optimal activity
in these compounds is a nonplanar relationship between the ethoxycarbonyl substi-
tuents and the pyridine or dihydropyridine ring.

The following observations support the idea that specifically oriented ethoxy-
carbonyl substituents are necessary for maximal activity. (1) The dihydropyridines
ITla and IIIb, containing acetyl substituents at positions 3- and 5- in place of ethoxy-
carbonyl substituents, are inactive. (2) Diethyl S-methylglutarate, which can adopt a
configuration such that the orientation and distance between its two ethoxycarbonyl
substituents is the same as in the active pyridines and dihydropyridines, has a low but
definite activity in the in vitro system. On the other hand diethyl e-methylsuccinate, in
which the distance between the two ethoxycarbonyl substituents is less than that
existing in the dihydropyridines and pyridines, is inactive. It is likely that removal of
the 2- and 6-methyl substituents of dihydropyridine Ib and pyridine IIb would result
in co-planarity of the ethoxycarbonyl substituents with the ring and therefore in
reduced activity. Experiments designed to test this idea are in progress.
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The experiments in guinea pigs indicated that the probable order of biological
activity of the dihydropyridines was Id > Ic > Ib » la, whereas the in vitro ex-
periments indicated the order Ic > Id > Ib > Ia. Interpretation of the in vitro
experiments is not complicated by dynamic phenomena and reflects more accurately
on the activity of these molecules at the receptor, The dihydropyridine Ie, which has a
4-phenyl substituent, is inactive (Table 2). This indicates the necessity for a substituent
in the 4-position large enough to exert a steric effect on the 3- and 5-ethoxycarbonyl
substituents but not so large as to inhibit interaction of the molecule with a receptor.
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