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ABSTRACT	

	

	

JENNY	HONG	PHAM	

STRUCTURE/FUNCTION	RELATIONSHIPS	OF	A	NOVEL	INHIBITOR	OF	3β-

HYDROXYSTEROID	DEHYDROGENASE	1	

Under	the	direction	of	JAMES	L.	THOMAS,	Ph.D.	

	

	

In	 women,	 3β-HSD1	 is	 selectively	 expressed	 in	 breast	 tumors,	 mammary	

glands,	 and	 placenta,	 whereas	 3β-HSD2	 is	 expressed	 in	 the	 adrenal	 glands	 and	

ovaries.	 As	 a	 novel	 approach	 to	 prevent	 spontaneous	 preterm	 labor,	 selectively	

inhibiting	 3β-HSD1	 may	 cease	 placental	 estradiol	 production	 when	 administered	

near	 term.	 Late	 in	 gestation,	 human	 placenta	 metabolizes	 large	 amounts	 of	 fetal	

adrenal	DHEA-S	 to	 produce	 increasing	 estradiol	 levels	 via	 a	 biosynthetic	 pathway	

catalyzed	by	various	enzymes,	including	3β-HSD1,	which	stimulates	the	expression	

of	 many	 estrogen-dependent	 molecules	 to	 promote	 uterine	 contractility.	 	 Since	

placental	 3β-HSD1	 also	 produces	 progesterone	 and	 androstenedione,	 17α-

hydroxyprogesterone	caproate,	a	 long-acting	tocolytic	progestin,	would	need	to	be	



ix	

co-administered	 with	 a	 3β-HSD1	 inhibitor	 to	 promote	 uterine	 quiescence	 until	

appropriate	fetal	maturation	is	attained.	

By	 exploiting	 previously	 identified	 key	 amino	 acid	 differences	 between	

human	 3β-HSD1	 and	 3β-HSD2,	 a	 selective	 inhibitor	 of	 3β-HSD1	 was	 designed	 to	

control	 placental	 estradiol	 production	 without	 significantly	 affecting	 adrenal	 or	

ovarian	 steroidogenesis.	 Our	 novel	 inhibitor	 2,16-dicyano-4,5-epoxy-androstane-

3,17-dione	 (DiCN-AND)	 was	 synthesized	 from	 androstenedione	 via	 a	 four-step	

process.	Inhibition	studies	with	DiCN-AND	resulted	in	the	competitive	inhibition	of	

3β-HSD1	 (Ki	 =	 4.7	 μM)	 and	 noncompetitive	 inhibition	 of	 3β-HSD2	with	 a	 6.5-fold	

higher	Ki	(30.7	μM),	which	was	similar	to	inhibition	profiles	for	trilostane	(3β-HSD1:	

Ki	=	0.1	μM,	competitive;	3β-HSD2:	Ki	=	1.6	μM,	noncompetitive).	For	 the	S194G-1	

mutant,	 trilostane	 inhibited	 noncompetitively	 (Ki	 =	 0.67	 μM),	 whereas	 DiCN-AND	

inhibited	 competitively	with	a	6.3-fold	higher	Ki	 (29.5	μM)	 than	measured	 for	3β-

HSD1	(Ki	=	4.7	μM).		

Since	 DiCN-AND	 noncompetitively	 inhibited	 3β-HSD2	 that	 has	 G194	 and	

P195	instead	of	S194	and	R195,	this	suggests	that	R195	in	3β-HSD1	and	S194G-1	is	

required	 to	 competitively	bind	DiCN-AND	 in	 the	 substrate-binding	 site.	Additional	

evidence	supporting	 the	 importance	of	R195	to	competitively	bind	 inhibitors	with	

greater	affinity	to	3β-HSD1	is	the	kinetic	data	obtained	for	R195P-1	with	DiCN-AND,	

which	resulted	in	a	similar	inhibition	profile	to	3β-HSD2	with	DiCN-AND	inhibiting	

noncompetitively	(Ki		=	41.3	μM).	This	new	data	presents	strong	evidence	that	R195	

in	3β-HSD1	 is	 essential	 to	 the	 shift	 from	competitive	 inhibition	 to	noncompetitive	
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and	 development	 of	 3β-HSD1-specific	 inhibitors	 that	 may	 lead	 to	 potential	 new	

treatments	to	prevent	spontaneous	preterm	labor.	
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CHAPTER	1	

INTRODUCTION	

	

3β-Hydroxysteroid	Dehydrogenase/Isomerase	

In	 mammals,	 3β-hydroxysteroid	 dehydrogenase/steroid	 Δ5-Δ4-isomerase	

(3β-HSD/isomerase	 or	 3β-HSD)	 is	 an	 enzyme	 responsible	 for	 the	 catalysis	 of	 an	

essential	 step	 in	 the	 biosynthesis	 of	 steroid	 hormones,	 particularly	 androgens,	

estrogens,	 glucocorticoids,	 mineralocorticoids,	 and	 progesterone.	 This	 enzyme	

catalyzes	the	production	of	3-oxo-Δ4-steroids	through	the	sequential	oxidation	and	

isomerization	 of	 3β-hydroxy-Δ5-steroids,	 permitting	 androstenedione,	

progesterone,	 17α-hydroxyprogesterone,	 and	 testosterone	 to	 be	 synthesized	

respectively	 from	 dehydroepiandrosterone	 (DHEA),	 pregnenolone,	 17α-

hydroxypregnenolone,	 and	 5-androstene-3β,17β-diol	 [1–12].	 Expression	 of	

mammalian	 3β-HSD/isomerase	 is	 typically	 abundant	 within	 the	 placenta,	 ovary,	

testis,	and	adrenal	gland,	which	are	classified	as	classical	steroidogenic	tissues,	but	

is	also	substantially	present	in	numerous	peripheral	tissues,	such	as	breast,	kidney,	

liver,	 and	 skin	 [1–7].	 At	 the	 subcellular	 level,	 3β-HSD/isomerase	 is	 bound	 to	 the	

membrane	of	the	endoplasmic	reticulum	(ER)	and	mitochondria,	specifically	within	

the	smooth	ER	and	mitochondrial	cristae	[1–3,5,9,13–15].	
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In	humans,	3β-HSD/isomerase	has	two	isoforms,	type	1	(3β-HSD1)	and	type	

2	(3β-HSD2),	that	are	important	for	steroid	hormone	biosynthesis.	The	two	3β-HSD	

isozymes	are	encoded	by	the	genes	HSD3B1	and	HSD3B2	that	exhibit	tissue-specific	

expression.	Both	human	3β-HSD	genes	are	located	on	chromosome	1p13.1	[1–4,7–

9,13].	3β-HSD1,	which	consists	of	372	amino	acids,	is	encoded	by	the	gene	HSD3B1	

and	 is	 predominantly	 expressed	 in	 the	 placenta,	 mammary	 gland,	 skin,	 prostate,	

endometrium,	and	breast	tumors.	Whereas,	the	gene	HSD3B2	encodes	3β-HSD2	that	

consists	of	371	amino	acids,	 and	expression	 is	practically	 exclusive	 to	 the	adrenal	

gland,	ovary,	and	testis	[1–4,6,8,9,12–21].	The	structure	of	each	gene	consists	of	four	

exons	and	three	introns	that	are	comprised	within	a	fragment	of	DNA	that	is	either	

7.8	kb	(3β-HSD1)	or	7.7	kb	(3β-HSD2).	When	comparing	the	nucleotide	sequences	

of	HSD3B1	and	HSD3B2,	 the	two	genes	were	discovered	to	be	77.4,	91.8,	94.5,	and	

91.0%	 identical	 for	 exons	 I-IV	and	84.0,	80.4,	 and	74.2%	 identical	 for	 introns	 I-III	

[2,3,8].	 As	 for	 the	 amino	 acid	 sequences	 for	 3β-HSD1	 and	 3β-HSD2,	 comparison	

indicated	 that	 the	 two	 isoforms	 are	 approximately	 93.5%	 homologous	 and	

considered	analogous	in	their	biochemistry	and	enzymatic	nature	[2,3,11,13].	

Isoforms	 of	 human	 3β-HSD	 are	 commonly	 known	 to	 be	 part	 of	 the	 short-

chain	 dehydrogenase/reductase	 (SDR)	 protein	 family,	 which	 all	 have	 a	 highly	

conserved	Y-X-X-X-K	catalytic	motif	within	the	Rossmann-fold	domain	with	a	β-α-β-

α-β-α-β	folding	pattern	that	correlate	with	the	dehydrogenase	activity	for	substrate	

and	cofactor	binding.	Especially	for	all	 isozymes	of	3β-HSD,	there	are	two	catalytic	

Y-X-X-X-K	motifs,	 154Y-X-X-X-K158	and	269Y-X-X-X-K273,	within	the	primary	structure	
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[3,8–10,12,13,15,18,20].	 Also,	 within	 the	 same	 Rossmann-fold	 domain	 of	 3β-HSD	

isoforms,	 there	 is	 a	 nucleotide-binding	 domain	 positioned	 towards	 the	 amino	

terminus	that	includes	a	β-α-β	fold.	Within	the	turn	between	the	first	β-strand	and	

α-helix,	 there	 is	 a	 glycine-rich	 segment,	 G-X-X-G-X-X-G,	 that	 forms	 a	 hydrophobic	

pocket	 for	 the	 interaction	 with	 the	 adenosine	 monophosphate	 (AMP)	 portion	 of	

cofactor	NAD+	[3,8].	

3β-HSD	 isozymes	 are	 also	 recognized	 as	 members	 of	 the	 short-chain	

oxidoreductase	(SCOR)	family	since	these	enzymes	act	on	the	hydroxyl	group	of	the	

substrate	 that	 serves	 as	 the	 electron	 donor	 with	 the	 cofactor	 being	 the	 electron	

acceptor	 [2,10,17].	 As	 shown	 in	 Figure	 1.1,	 the	 bifunctional	 enzyme	 3β-

HSD/isomerase	 catalyzes	 a	 two-step	 reaction	 by	 first	 oxidizing	 its	 substrate	

concurrently	 with	 the	 reduction	 of	 its	 cofactor,	 which	 is	 then	 followed	 by	 the	

isomerization	of	the	intermediate	upon	activation	of	the	secondary	enzyme	activity.	

First,	 the	 rate-limiting	 dehydrogenase	 activity	 of	 3β-HSD/isomerase	 catalyzes	 an	

oxidation-reduction	reaction	that	involves	the	oxidation	of	a	3β-hydroxy-Δ5-steroid	

substrate,	such	as	DHEA,	via	the	conversion	of	the	hydroxyl	group	attached	to	C-3	of	

the	substrate	to	a	keto	group.	The	C-3	carbon	donates	its	hydride	ion,	producing	the	

C-3	ketone,	 to	 the	electron	acceptor	and	cofactor	NAD+	 for	 its	 reduction	 to	NADH.	

The	 same	 NADH	 subsequently	 binds	 to	 the	 cofactor-binding	 site	 of	 3β-

HSD/isomerase	 to	 induce	 a	 conformational	 change	 in	 the	 enzyme,	 initiating	 the	

irreversible	 isomerization	 of	 the	 enzyme-bound	 intermediate.	 Upon	 isomerase	

activation,	 the	 tightly-bound	 3-oxo-Δ5-steroid	 intermediate	 within	 the	 substrate-
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binding	 site	 is	 converted	 to	 a	 3-oxo-Δ4-steroid,	 e.g.	 androstenedione	 and	

progesterone,	through	the	isomerization	of	the	double	bond	between	C-5	and	C-6	of	

the	 B	 ring	 to	 the	 position	 in	 between	 C-4	 and	 C-5	 of	 the	 A	 ring	 [1–3,5,9–

11,13,17,19,21].	

	

	

	

	
	

	

	

The	Fetoplacental	Endocrine	Cascade	

From	implantation	to	parturition,	pregnancy	in	humans	comprises	of	various	

hormonal	 fluctuations	 concerning	 numerous	 endocrine	 systems,	 specifically	 the	

fetoplacental	 unit.	 The	human	 fetoplacental	 unit	 consists	 of	 the	placenta,	 the	 fetal	

adrenal	 glands,	 and	 the	 fetal	 liver	 that	 closely	 interact	 for	 the	 biosynthesis	 and	

Figure	1.1.	The	two-step	reaction	scheme	catalyzed	by	3β-HSD/isomerase.	Using	
dehydroepiandrosterone	 (DHEA),	 a	 3β-hydroxy-Δ5-steroid,	 as	 the	 substrate	 to	
synthesize	 androstenedione,	 a	 3-oxo-Δ4-steroid,	 is	 representative	 of	 human	3β-
hydroxysteroid	dehydrogenase	and	isomerase	activities	[10,19,21].	
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metabolism	of	steroid	hormones.	The	placenta	functions	as	the	biochemical	barrier	

between	 the	 fetus	 and	 mother	 and	 is	 also	 responsible	 for	 the	 production	 and	

secretion	 of	 numerous	 hormones,	 namely	 estrogen	 and	 progesterone,	 that	 are	

essential	 to	 fetal	 growth	 and	 development,	 as	well	 as	 parturition.	 The	 precursors	

utilized	 in	 the	 synthesis	 of	 placental	 steroid	 hormones	 are	mainly	 produced	 after	

the	 first	 trimester	 of	 gestation	 by	 the	 fetal	 adrenal	 glands,	 particularly	within	 the	

fetal	zone	[22–24].	

In	humans,	the	fetal	adrenal	glands	and	the	normal	adrenal	glands	present	in	

adults	differ	in	morphology	and	steroidogenic	function.	Classically,	mature	adrenal	

glands	 are	 separated	 into	 the	 outer	 cortex,	 which	 comprises	 of	 the	 zona	

glomerulosa,	 zona	 fasciculata,	 and	 zona	 reticularis,	 and	 the	 inner	 medulla.	 In	

contrast,	 the	adrenal	glands	of	the	fetus	predominantly	consist	of	the	fetal	adrenal	

cortex	 that	 is	 differentiated	 into	 three	 distinct	 steroidogenic	 zones,	 the	 definitive	

zone,	the	transitional	zone,	and	the	fetal	zone,	but	also	include	a	developing	medulla	

that	 is	not	acknowledged	as	a	significant	structure	during	gestation.	The	definitive	

zone,	 or	 neocortex,	 of	 the	 fetal	 adrenal	 cortex	 is	 known	 to	 produce	 aldosterone,	

while	the	transitional	zone	is	the	primary	site	of	cortisol	synthesis.	However,	for	the	

majority	 of	 pregnancy,	 the	 fetal	 adrenal	 is	 deficient	 in	 3β-HSD2,	 the	 enzyme	

required	 to	 initiate	 aldosterone	 and	 cortisol	 synthesis	 late	 in	 gestation,	 which	

subsequently	directs	steroid	biosynthesis	towards	the	production	of	DHEA-S	within	

the	fetal	zone	[7,23–25].	

Throughout	 the	 second	 and	 third	 trimesters,	 the	 fetal	 zone	 is	 the	principal	
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source	of	sulfated	Δ5-steroid	precursors,	such	as	DHEA-S,	 that	the	placenta	uses	 in	

the	biosynthesis	of	estrogen	[7,22–25]	and	also	accounts	for	approximately	85%	of	

the	human	fetal	adrenal	gland	[7,23,25].	The	development	and	function	of	the	fetal	

zone	is	heavily	dependent	on	the	circulating	concentrations	of	adrenocorticotropic	

hormone	(ACTH),	or	corticotropin,	secreted	from	the	anterior	pituitary	gland	of	the	

fetus.	ACTH	is	known	to	stimulate	fetal	adrenal	hypertrophy	and	the	production	of	

DHEA-S	and	cortisol	 in	 the	 fetal	adrenal	 cortex.	Secretion	of	ACTH	 is	 regulated	by	

corticotropin-releasing	 hormone	 (CRH)	 that	 is	 produced	 from	 either	 the	 fetal	

hypothalamus	 or	 the	 placenta.	 Following	 the	 first	 trimester,	 the	 placenta	 is	 the	

predominant	source	of	CRH,	and	as	gestation	advances,	concentrations	of	fetal	CRH	

elevate.	 In	 other	words,	 placental	 CRH	prompts	 for	 the	 release	 of	 ACTH	 from	 the	

fetal	pituitary	to	induce	fetal	adrenal	synthesis	of	DHEA-S,	which	can	also	be	directly	

stimulated	by	placental	CRH.	Within	the	placenta,	estrogen	precursor	DHEA-S	from	

both	 the	 fetal	 adrenal	 and	 maternal	 circulation	 is	 metabolized	 to	 synthesize	

estradiol.	 Fetal	DHEA-S	 can	 also	be	hydroxylated	within	 the	 fetal	 liver	 to	produce	

16α-hydroxy-DHEA-S	 (16OH-DHEA-S),	 which	 then	 sent	 to	 the	 placenta	 to	 be	

converted	into	estriol	[22–29].	

Late	 in	gestation,	 the	 transitional	 zone	of	 the	 fetal	 adrenal	 cortex	begins	 to	

express	3β-HSD2,	initiating	the	biosynthesis	of	cortisol.	Cortisol	is	fundamental	for	

the	 development	 of	 mature	 fetal	 organs,	 particularly	 the	 respiratory	 system,	 in	

preparation	 for	 extrauterine	 life	 after	 delivery	 [24,28,29].	 Fetal	 cortisol	 is	 also	

important	 in	 upregulating	 placental	 CRH	 secretion,	 which	 creates	 a	 positive	
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feedback	 loop	that	elevates	 the	rate	of	 fetal	adrenal	steroid	production	until	birth.	

As	 a	 result,	 the	 fetal	 adrenal	 glands	 respond	 to	 the	 influx	 of	 placental	 CRH	 by	

producing	vast	amounts,	around	200	mg	per	day,	of	DHEA-S	[15,24,25].	

Interestingly,	 cortisol	 secretion	 towards	 the	 end	 of	 pregnancy	 does	 not	

positively	 influence	 hypothalamic	 CRH	 but	 instead	 causes	 an	 adverse	 effect	 that	

depresses	 its	 secretion,	 exhibiting	 why	 fetal	 ACTH	 levels	 does	 not	 exponentially	

increase	with	the	surge	of	placental	CRH	near	term.	However,	it	has	been	confirmed	

that	 placental	 CRH	 also	 stimulates	 the	 expression	 of	 ACTH	 receptors	 (ACTHR)	

within	 the	 fetal	 adrenal	 cortex.	 Upregulation	 of	 ACTHR	 expression	 increases	 the	

sensitivity	of	the	fetal	adrenal	glands	to	ACTH,	which	further	promotes	the	synthesis	

of	fetal	DHEA-S	and	cortisol	[24].	

As	large	amounts	flood	into	the	placenta,	DHEA-S	is	sequentially	metabolized	

by	 steroid	 sulfatase,	 3β-HSD1,	 aromatase,	 and	17β-hydroxysteroid	dehydrogenase	

(17β-HSD)	 to	 synthesize	 estradiol,	 as	 presented	 in	 Figure	 1.2.	 Near	 term,	 rising	

levels	of	estradiol	stimulate	an	increase	in	the	concentration-dependent	expression	

of	 various	 estrogen-dependent	 molecules,	 such	 as	 placental	 oxytocin,	 oxytocin	

receptors	 in	 the	 myometrium,	 and	 placental	 prostaglandin	 synthase,	 to	 promote	

myometrial	 contractility	within	 in	 the	 uterus,	 leading	 to	 parturition	 [15,16,19,22–

30].	
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During	 gestation	 in	 humans,	 there	 is	 a	 dynamic	 balance	 between	 the	

opposing	forces	of	estrogen	and	progesterone	for	the	regulation	of	uterine	activity	

to	end	or	maintain	pregnancy,	which	is	also	influenced	by	the	equilibrium	between	

the	 forces	 that	 impede	 and	 stimulate	 cervix	 softening	 and	 dilation.	 	 Throughout	

pregnancy,	progesterone	promotes	uterine	quiescence	by	inhibiting	the	expression	

and	 production	 of	 estrogen-dependent	 molecules	 associated	 with	 inducing	

Figure	1.2.	Roles	of	the	tissue-specific	enzymes	of	the	fetoplacental	unit	expressed	
in	humans	 during	gestation.	 	Various	enzymes	catalyze	 the	 steroid	biosynthetic	
pathways	that	produce	cortisol,	 estradiol,	and	progesterone	 in	the	 fetoplacental	
unit	[15,16,19].	
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myometrial	contractility	 to	prevent	preterm	labor.	During	the	 first	seven	weeks	of	

pregnancy,	progesterone	is	secreted	by	the	corpus	luteum	but	is	later	produced	by	

the	 placenta.	 The	 synthesis	 of	 progesterone	 from	 its	 precursor	 pregnenolone	 is	

heavily	dependent	on	the	expression	of	the	placental	enzyme	3β-HSD1	(Figure	1.2).	

Throughout	pregnancy,	progesterone	levels	continue	to	rise	to	downregulate	labor-

inducing	 factors.	 In	 order	 for	 parturition	 to	 occur,	 factors	 that	 induce	myometrial	

contractility	 must	 overcome	 the	 inhibitory	 effects	 of	 progesterone	 that	 sustains	

pregnancy.	 Hence,	 the	 increased	 activity	 of	 17β-HSD	 late	 in	 gestation	 triggers	 an	

estradiol	 surge	 that	 tampers	 with	 the	 hormonal	 balance	 between	 estrogen	 and	

progesterone.	 This	 event	 along	with	 the	 possible	 downregulation	 of	 progesterone	

receptors	 at	 the	 end	 of	 gestation	 likely	 activates	 the	 pathway	 for	 uterine	

contractility,	initiating	parturition	[19,22,25,26,28,29].	

Despite	 the	 availability	 of	 tocolytic	 therapies	 to	 delay	 delivery	 once	

parturition	 starts,	 none	 are	 reliable	 for	 the	 prevention	 of	 spontaneous	 preterm	

labor.	Interestingly,	spontaneous	preterm	labor	has	been	linked	to	elevated	levels	of	

placental	 estradiol	 [12,16,19,21].	 Thus,	 with	 consideration	 of	 the	 importance	 of	

placental	 estradiol	 during	 pregnancy	 for	 the	 stimulation	 of	 labor,	 hindering	 the	

estradiol	production	in	the	placenta	could	provide	an	innovative	means	to	prevent	

spontaneous	 premature	 births.	 In	 the	 placenta,	multiple	 enzymes	 are	 required	 to	

catalyze	 the	 synthesis	 of	 estradiol,	 namely	 3β-HSD1.	 Placental	 3β-HSD1	 is	

responsible	 for	 catalyzing	 the	 conversion	of	DHEA	 into	 androstenedione,	which	 is	

eventually	 metabolized	 into	 estradiol.	 In	 this	 study,	 the	 enzyme	 3β-HSD1	 was	
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targeted	 for	 inhibition	 to	 impede	 the	biosynthesis	of	placental	estradiol.	However,	

since	3β-HSD1	 is	 essentially	 identical	 in	 its	 biochemistry	 and	enzymatic	nature	 to	

3β-HSD2,	 an	 inhibitor	 that	 is	 selective	 to	 only	 3β-HSD1	 would	 be	 mandatory	 to	

decrease	estradiol	secretion	without	interfering	with	the	function	of	3β-HSD2	in	the	

fetal	and	maternal	adrenal	glands,	as	well	as	in	the	maternal	ovaries.	Yet,	inhibiting	

3β-HSD1	 presents	 another	 concern,	 the	 inhibition	 of	 progesterone	 synthesis,	

considering	 how	 3β-HSD1	 also	 catalyzes	 the	 conversion	 of	 pregnenolone	 into	

progesterone	 that	 functions	 to	maintain	uterine	quiescence.	To	effectively	prevent	

spontaneous	 preterm	 labor,	 a	 specific	 inhibitor	 of	 3β-ΗSD1	 should	 be	 co-

administered	 with	 a	 long-acting	 tocolytic,	 such	 as	 17α-hydroxyprogesterone	

caproate,	 to	 reduce	 estradiol	 production	 and	 promote	 uterine	 quiescence	 until	

appropriate	fetal	maturation	is	achieved.		
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CHAPTER	2	

STRUCTURE/FUNCTION	RELATIONSHIPS	FOR	A	NOVEL	INHIBITOR	OF	HUMAN	3β-

HYDROXYSTEROID	DEHYDROGENASE	1	

	

Introduction	

The	 selective,	 tissue-specific	 inhibition	 of	 3β-HSD1	 within	 the	 human	

placenta	 late	 in	 gestation	 could	 potentially	 prevent	 spontaneous	 preterm	 labor.	

Inhibiting	placental	3β-HSD1	would	decrease	the	rate	of	estradiol	production,	which	

would	fundamentally	delay	the	onset	of	parturition	without	affecting	the	activity	of	

3β-HSD2	 in	 the	 fetal	 adrenal	 cortex	 or	 maternal	 adrenal	 glands	 and	 ovaries.	

However,	 considering	 how	 the	 inhibition	 of	 placental	 3β-HSD1	would	 also	 hinder	

progesterone	 production,	 a	 tocolytic	 progestin,	 such	 as	 17α-hydroxyprogesterone	

caproate,	 would	 be	 necessary	 to	 maintain	 uterine	 quiescence	 and	 should	 be	 co-

administered	with	the	3β-HSD1	inhibitor.		

With	 the	 human	 3β-HSD1	 structural	 PDB	 file	 and	 the	 26	 structural	

differences	between	3β-HSD1	and	3β-HSD2	(Figure	2.1)	[1],	Autodock	3.0	was	used	

to	 dock	 3β-HSD1	 and	 its	mutants	with	 substrates,	 trilostane,	 and	 novel	 androgen	

steroid	 inhibitors.	 Previously,	 the	 proposed	 function	 of	 the	multiple	 key	 residues	

differentiating	 3β-HSD1	 and	 3β-HSD2	 have	 been	 studied	 using	 mutagenesis	 to	
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produce	 chimeric	 cDNA	 point	 mutations	 for	 3β-HSD1,	 such	 as	 the	 S194G-1	 and	

R195P-1	 mutants.	 The	 location	 of	 the	 targeted	 key	 residues,	 as	 well	 as	 other	

important	amino	acids,	are	presented	in	the	primary	structures	of	3β-HSD1	and	3β-

HSD2,	shown	in	Figure	2.1	[1–6].	

	

	

	

	
	

	

	

Figure	2.1.	Amino	acid	sequences	of	human	3β-HSD1	and	3β-HSD2.	The	26	amino	
acid	differences	between	 human	3β-HSD1	and	 3β-HSD2	are	 shown	 and	 labeled	
with	 position	 numbers.	 The	 boxed	 amino	 acid	 residues	 Ser194/Gly194	 and	
Arg195/Pro195	are	the	targets	of	this	study	[1–6].	
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The	predicted	 function	of	Arg195/Pro195	of	 3β-HSD1/3β-HSD2	was	based	

on	the	docking	results	obtained	with	the	structural	model	of	human	3β-HSD1,	which	

has	 been	 confirmed	 via	 mutagenesis	 with	 kinetic	 analyses	 and	 the	 proposed	

function	of	various	amino	acids	[2].	With	Autodock	3.0,	the	classic	3β-HSD	inhibitor	

trilostane	 (2α-cyano-4,5-epoxy-androstane-17β-hydroxy-3-one)	was	docked	 in	 the	

active	 site	 of	 the	 structural	 model	 of	 human	 3β-HSD1,	 as	 well	 as	 the	 chimeric	

R195P-1	 mutant	 of	 3β-HSD1	 that	 has	 a	 Pro195	 (as	 in	 3β-HSD2)	 instead	 of	 an	

Arg195.	The	results	suggested	further	studies	with	the	S194G-1	mutant	of	3β-HSD1	

to	assess	the	prediction	that	the	amino	acids	Ser194	and	Arg195	may	function	as	the	

key	 recognition	 residues	 involved	 in	 the	 specific	 inhibition	 of	 3β-HSD1.	 The	

important,	 contrasting	 amino	 acids	 that	 were	 found	 to	 be	 responsible	 for	 the	

observed	kinetic	differences	were	also	exploited	 for	 the	development	of	novel	3β-

HSD1	 inhibitors.	 In	 this	 study,	 the	 novel	 androgen	 2,16-dicyano-4,5-epoxy-

androstane-3,17-dione	 (DiCN-AND)	was	developed	and	synthesized	as	a	proposed	

competitive	inhibitor	specific	to	human	3β-HSD1	that	may	also	inhibit	3β-HSD2,	in	

addition	to	the	chimeric	S194G-1	and	R195P-1	mutants	of	3β-HSD1.		

Experimental	Procedures	

Synthesis	of	a	Novel	Trilostane	Analog	

To	exploit	the	amino	acid	differences	Ser194/Gly194	and	Arg195/Pro195	in	

3β-HSD1/3β-HSD2,	the	novel	trilostane	analog	2,16-dicyano-4,5-epoxy-androstane-

3,17-dione	 (DiCN-AND)	 was	 designed	 and	 synthesized.	 With	 consideration	 to	
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trilostane	 having	 only	 one	 cyano	 group,	 the	 trilostane	 analog	 DiCN-AND	 was	

designed	to	have	two	cyano	groups	for	stronger	binding.	The	novel	trilostane	analog	

DiCN-AND	 was	 synthesized	 from	 commercially	 available	 androstenedione	 (Sigma	

Chemical	Co.,	St.	Louis,	MO)	through	a	4-step	pathway	(Figure	2.2).	The	synthesis	of	

this	 novel	 trilostane	 analog	 utilized	 a	 bi-directional	 approach	 to	 install	 a	 key	

functionality	 on	 the	 A	 ring	 and	 D	 ring	 of	 DiCN-AND	 to	 mimic	 trilostane	 and	 for	

interact	with	the	residues	Ser194	and	Arg195	unique	to	3β-HSD1,	respectively.	

	

	

	

	
	

	

	

In	 the	 first	 step,	 conditions	 were	 established	 to	 stimulate	 a	 double	

formylation	 on	 androstenedione	 at	 the	 2	 and	 16	 positions.	 The	 product	 2,16-

Figure	2.2.	 The	 synthesis	of	 the	 novel	 trilostane	analog	2,16-dicyano-4,5-epoxy-
androstane-3,17-dione	(DiCN-AND).	The	novel	compound	DiCN-AND	(compound	
in	lower	left	corner)	is	synthesized	from	androstenedione.		
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diformyl-4,5-epoxy-androstane-3,17-dione	 was	 then	 converted	 into	 2,16-di-

isoxazole	 upon	 treatment	 with	 an	 excess	 of	 hydroxylamine	 hydrochloride	

(NH2OH⋅HCl).	 Epoxidation	 under	 basic	 peroxide	 conditions,	 followed	 by	 base-

catalyzed	 isoxazole	 ring	 openings,	 produced	 the	 desired	 2,16-dicyano-4,5-epoxy-

androstane-3,17-dione,	 or	 16-cyano-17-keto-trilostane.	All	 novel	 compounds	were	

fully	characterized	with	1H	NMR	and	13C	NMR.	Catherine	Will,	Mercer	MUBS	student	

(2015–2017),	 performed	 all	 of	 the	 chemical	 syntheses	 in	 this	 study.	 Dr.	 Kevin	

Bucholtz,	Associate	Professor	of	Chemistry,	Mercer	University,	devised	the	synthetic	

pathways.	

Docking	Wild-Type	and	Mutant	3β-HSD1	Enzymes	

As	previously	described	by	Pletnev	 et	 al.	 [2],	 the	 three-dimensional	human	

3β-HSD1	model	has	been	developed	based	on	the	X-ray	structures	of	the	two	related	

enzymes	of	the	ternary	complex	of	E.	coli	UDP-galactose	4-epimerase	(UDPGE)	with	

an	NAD+	cofactor	and	substrate	(PDB	AC:	1NAH)	and	the	steroid-binding	region	of	

the	ternary	complex	of	human	17β-hydroxysteroid	dehydrogenase	(17β-HSD1)	with	

NADP+	 and	 androstenedione	 (PDB	 AC:	 1QYX)	 [7,8].	 The	 N-terminal	 sequence	

(residues	1–153)	 in	 this	 spliced	model	 that	 comprises	of	 the	NAD+	binding	 site	of	

3β-HSD	shared	52%	homology	with	that	of	UDPGE.	The	substrate	portion	of	the	3β-

HSD	active	site	 (residues	154–255)	shared	55%	homology	with	 that	of	17β-HSD1,	

which	 also	 shares	 a	 steroid	 ligand	 specificity	 and	 hydroxysteroid	 dehydrogenase	

function	with	 3β-HSD	 [2].	 To	 align	 the	 amino	 acid	 sequences,	 CLUSTAL	W	 (1.81)	
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multiple	sequence	alignment	was	used	[9].	 In	Autodock	3.0	(The	Scripps	Research	

Institute,	 http://autodock.scripps.edu)	with	 the	 PDB	 file	 for	 3β-HSD1,	 the	 steroid	

ligand	was	 removed,	 leaving	 the	 cofactor	NAD+	 remaining	 in	 the	 active	 site.	 Polar	

hydrogens	 were	 added	 to	 the	 PDB	 file,	 and	 non-polar	 hydrogens	 were	 merged.	

Through	Autodock	3.0,	 solvation	parameters	were	 added.	Grids	were	 centered	on	

the	3β-HSD	with	a	grid	spacing	of	0.375	Å	and	were	large	enough	to	cover	the	entire	

binding	region,	as	well	as	a	substantial	portion	of	the	enzyme.	Using	a	grid	spacing	

of	0.100	Å	and	covering	a	more	focused	area	of	the	binding	site,	a	second	set	of	grids	

was	 examined.	 Similar	 results	were	 produced	 by	 both	 sets	 of	 grids.	 For	 all	 of	 the	

docking	 reported,	 the	 larger	 grid	 spacing	 of	 0.375	 Å	 and	 grid	 size	 were	 utilized.	

Through	 Spartan	 ’04	 (Wavefunction	 Inc.),	 PDB	 files	 of	 trilostane	 and	 its	 analogs	

were	 generated.	 Using	 Autodock	 3.0,	 rotatable	 bonds,	 Gasteiger	 partial	 atomic	

charges,	 solvation	 parameters,	 and	 flexible	 torsions	 were	 added	 and	 defined	 for	

trilostane.	For	all	docking	experiments,	the	Genetic	Algorithm	with	Local	Searching	

in	AutoDock	3.0	was	used.	DeepView	Swiss-PDBViewer	4.1	was	used	to	produce	the	

three-dimensional	graphic	representation	of	the	enzyme	docked	with	trilostane	and	

other	 inhibitors,	 which	 was	 labeled	 through	 Adobe	 Photoshop	 Elements.	 These	

docking	 studies	 were	 performed	 by	 several	 Mercer	 students	 (most	 recently	 Matt	

Halbert)	in	collaboration	with	Dr.	Kevin	Bucholtz	(Department	of	Chemistry,	Mercer	

University)	[10–13].	
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Site-Directed	Mutagenesis	

To	produce	pGEM-3βHSD,	cDNA	encoding	human	3β-HSD1	or	3β-HSD2	was	

ligated	 into	 pGEM-3Z.	 Using	 pGEM-3βHSD	 as	 the	 template	 for	 Klentaq	 DNA	

polymerase	 [14]	 with	 the	 primers	 presented	 in	 Table	 2.1,	 double-stranded	 PCR-

based	site-directed	mutagenesis	was	performed	using	the	Advantage	cDNA	PCR	kit	

(BD	 Biosciences	 Clontech,	 Palo	 Alto,	 CA)	 to	 produce	 mutant	 cDNA	 that	 encodes	

S194G-1	and	R195P-1	of	human	3β-HSD1.		

	

	

	

	
	

	

	

For	each	mutant	cDNA,	 the	codon	 for	 the	 targeted	amino	acid	was	changed	 to	 the	

codon	for	the	substituted	residue	in	the	forward	mutated	primer,	as	well	as	 in	the	

overlapping	reverse	primer.	The	mutated,	double-stranded	pGEM-3βHSD	was	then	

purified	from	the	wild-type	pGEM-3βHSD	template	via	the	Dpn	I	restriction	enzyme	

Table	2.1.		Oligonucleotide	primers	used	for	site-directed	mutagenesis.	

Mutation	 Direction	 Nucleotide	Sequence	of	Primer1	

S194G	 Forward	 5’–TATCTATGGGGAAGGAGGCCGATTCC–3’	

	 Reverse	 5’–GAAAGGAATCGGCCTCCTTCCCCATAG–3’	

R195P	 Forward	 5’–AGGAAGCCCATTCCTTCTGCTAG–3’	

	 Reverse	 5’–AAAGGAATGGGCTTCCTTCCCCATAG–3’	

1	The	mutated	codons	are	underlined.	
 



22	

	

that	 cuts	 only	 the	methylated	parental	DNA.	 	 To	 verify	 the	 integrity	 of	 the	 coding	

region	post-PCR-based	mutagenesis,	as	well	as	the	presence	of	the	mutated	codon,	

the	automated	dideoxynucleotide	DNA	sequencing	service	(MC	Lab,	San	Francisco,	

CA)	was	used	[1,3,4,6,10,12–17].	

Expression	of	Wild-Type	and	Mutant	3β-HSD1	Enzymes	

The	mutant	3β-HSD1	cDNA	was	cut	from	the	pGEM-3βHSD1	template	using	

EcoR1/PspA1	 and	 then	 ligated	 into	 the	 baculovirus	 transfer	 vector	 pVL1392	

(Invitrogen,	 San	 Diego,	 CA).	 To	 produce	 the	 recombinant	 baculovirus,	 Spodoptera	

fungiperda	(Sf9)	insect	cells	were	transfected	with	linearized	AcMNPV	DNA	and	the	

plasmid	 DNA	 pVL1392-3βHSD,	 which	 was	 confirmed	 by	 plaque	 assay	 [14,18].	

Infections	involved	the	use	of	log-phase	Sf9	cells	that	were	at	least	98%	viable.	The	

chimeric	 mutants	 were	 expressed	 by	 adding	 the	 recombinant	 baculovirus	 to	

suspension	cultures	of	1.5	×	109	Sf9	cells	(1	L)	at	a	multiplicity	of	infection	of	10.	The	

recombinant	baculovirus-infected	Sf9	cells	were	harvested	after	an	infection	period	

of	4	days.	To	verify	if	the	expression	was	successful,	the	expressed	mutant	and	wild-

type	 enzymes	 was	 separated	 via	 SDS-polyacrylamide	 (12%)	 gel	 electrophoresis,	

probed	with	anti-3βHSD	polyclonal	 antibody,	 and	detected	using	 the	ECL	western	

blotting	 system	 with	 antigoat,	 peroxidase-linked	 secondary	 antibody	 (Novus	

Biologicals,	Littleton,	CO)	[1,3,4,6,10,12–18].		
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Purification	of	Wild-Type	and	Mutant	3β-HSD1	Enzymes	

Mutant	 enzymes	 of	 3β-HSD1	were	 purified	 from	 the	 100,000	 ×	 g	 pellet	 of	

recombinant	 baculovirus-infected	 Sf9	 cell	 homogenates	 (4	 L)	 via	 the	 published	

method	by	Thomas	 et	 al.	 [19,20],	which	 involved	 cholate	 solubilization	 and	DEAE	

ion-exchange	with	the	use	of	 Igepal	CO	720	(Rhodia,	 Inc.,	Cranbury,	NJ).	 Igepal	CO	

720	is	a	polyoxyethylene	phenyl	ether	nonionic	detergent	with	phenyl	groups	[21],	

which	 eluted	 the	 enzyme	 from	 the	DEAE	 ion	 exchange	 column	with	 a	 very	 sharp	

peak	during	purification.	The	quality	of	each	expressed	and	purified	mutant	enzyme	

was	 then	 verified	 via	 SDS-polyacrylamide	 (12%)	 gel	 electrophoresis	 (SDS-PAGE),	

which	should	produce	a	single	major	protein	band	(42.0	kDa)	that	co-migrated	with	

the	purified	human	3β-HSD1	enzyme	that	served	as	 the	control.	To	determine	 the	

protein	 concentration	 for	each	enzyme,	 the	Bradford	method	was	performed	with	

bovine	serum	albumin	as	the	standard	[1,3,4,6,10,12–17].	

Kinetic	Studies	

After	 purification,	 the	 kinetic	 constants	 for	 the	 inhibitors,	 substrates,	 and	

cofactors	could	then	be	accurately	determined	for	the	activity	of	3β-HSD	separately	

from	 the	 activity	 of	 isomerase.	 The	 Michaelis-Menten	 constants	 for	 the	 3β-HSD	

substrate	 were	 determined	 for	 each	 purified	 enzyme	 in	 incubations	 including	

dehydroepiandrosterone	 (DHEA,	 3–100	 μM)	 plus	 NAD+	 (0.2	 mM)	 and	 purified	

enzyme	(0.04	mg)	at	27	°C	in	0.02	M	potassium	phosphate,	pH	7.4.	To	measure	the	

activity	 of	 3β-HSD,	 the	 slope	 of	 the	 initial	 linear	 increase	 in	 absorbance	 at	 340	
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nm/min	 (due	 to	NADH	production)	was	used.	As	 for	 the	 isomerase	 substrate,	 the	

kinetic	 constants	 were	 also	 determined	 at	 27	 °C	 in	 incubations	 of	 5-androstene-

3,17-dione	 (20–100	 μM),	 with	 or	 without	 NADH	 (0.05	mM)	 and	 purified	 enzyme	

(0.02	mg)	in	0.02	M	potassium	phosphate	buffer,	pH	7.4.	The	isomerase	activity	was	

determined	 via	 the	 initial	 increase	 in	 absorbance	 at	 241	 nm	 that	 was	 due	 to	 the	

production	of	androstenedione	as	a	function	of	time.	Blank	assays	without	enzyme	

and	 substrate	 guaranteed	 that	 the	 specific	 isomerase	 activity	 was	 measured	 as	

opposed	 to	 non-enzymatic,	 “spontaneous”	 isomerization	 [19].	 Changes	 in	

absorbance	 were	 measured	 using	 a	 Varian	 (Sugar	 Land,	 TX)	 Cary	 300	 recording	

spectrophotometer.	 The	 Michaelis-Menten	 constants	 (Km,	 Vmax)	 were	 calculated	

from	Lineweaver–Burk	 (1/S	vs.	1/V)	plots	and	verified	by	Hanes–Woolf	 (S	vs.	S/V)	

plots.	 From	 the	 Vmax	 (nmol/min/mg),	 the	 kcat	 (min–1)	 was	 calculated	 and	

represented	 the	maximal	 turnover	 rate,	which	 is	 the	 nmol	 of	 product	 formed	per	

minute	for	every	nmol	of	enzyme	dimer.	

For	 the	 cofactor	 of	 3β-HSD,	 the	 kinetic	 constants	were	 determined	 for	 the	

wild-type	and	mutant	enzymes	at	27	°C	 in	 incubations	containing	NAD+	(10	–	200	

μM),	 DHEA	 (100	 μM),	 and	 purified	 enzyme	 (0.03	 mg)	 in	 0.02	 M	 potassium	

phosphate,	 pH	 7.4,	 using	 the	 spectrophotometric	 assay	 at	 340	 nm.	 The	 kinetic	

constants	 for	 the	 isomerase	 cofactor	 as	 the	 allosteric	 activator	 were	 determined	

using	the	spectrophotometric	assay	at	241	nm	in	incubations	of	NADH	(0–50	μM),	5-

androstene-3,17-dione	 (100	 μM),	 and	 purified	 enzyme	 (0.02	 mg)	 in	 0.02	 M	
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potassium	 phosphate	 buffer,	 pH	 7.4	 at	 27	 °C.	 Blanks	 without	 the	 cofactor	 were	

utilized	as	previously	described	for	the	substrate	kinetics.		

The	inhibition	constants	(Ki)	were	determined	for	the	inhibition	of	3β-HSD1,	

3β-HSD2,	 S194G-1,	 and	 R195P-1	 by	 trilostane	 and	 DiCN-AND	 utilizing	 conditions	

that	were	 appropriate	 for	 each	 enzyme	 species	 based	 on	 the	 substrate	Km	values.	

For	3β-HSD1,	 the	 incubations	at	27	°C	comprised	of	sub-saturating	concentrations	

of	substrate	DHEA	(2.0	or	4.0	μM),	NAD+	(0.2	mM),	purified	human	3β-HSD1	enzyme	

(0.03	mg),	 and	DiCN-AND	 (0–20.0	μM)	 in	0.02	M	potassium	phosphate	buffer,	 pH	

7.4.	For	the	S194G-1	and	3β-HSD2,	similar	incubations	were	used	with	the	exception	

of	 DHEA	 (8.0	 or	 20.0	 μM)	 and	 DiCN-AND	 (0–50.0	 μM).	 Incubations	 for	 R195P-1	

were	 similar	 to	 those	 for	 S194G-1	 and	 3β-HSD2	 but	 the	 DiCN-AND	 (0–60.0	 μΜ)	

differed.	 Dixon	 analysis	 (I	 vs.	 1/V)	 was	 used	 to	 determine	 the	 type	 or	 mode	 of	

inhibition	(competitive,	noncompetitive),	as	well	as	calculate	the	inhibition	constant	

(Ki)	values.	The	Ki	value	indicates	the	inhibitor	concentration	that	reduces	maximal	

enzyme	activity	by	50%	and	is	considered	as	a	measure	of	the	affinity	of	the	enzyme	

for	the	inhibitor.	A	decrease	in	Ki	implies	an	increase	in	affinity.	The	duplicate	(Km)	

and	 triplicate	 (Ki)	 determinations	 of	 the	 kinetic	 constants	 utilized	 highly	 purified	

mutant	and	wild-type	enzymes	to	provide	very	reliable	results	with	little	variation	

between	the	replicate	values	[1,3,4,6,10,12–17].	
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Results	

Prediction	of	the	Function	of	Ser194	and	Arg195	Residues	in	3β-HSD1	via	Docking	

Analysis	

Based	on	 the	docking	 results	 obtained	with	 the	 structural	model	 of	 human	

3β-HSD1,	 predictions	 were	 made	 for	 the	 functions	 of	 Ser194	 and	 Arg195	 of	 3β-

HSD1.	As	predicted	by	the	structural	model,	the	function	of	the	catalytic	residues,	as	

well	 as	 the	 key	 residues	 associated	 with	 substrate	 and	 cofactor	 binding,	 were	

confirmed	 with	 site-directed	 mutagenesis	 by	 the	 Thomas	 laboratory	 in	 previous	

studies	[2–4,16,22].	Using	Autodock	3.0,	trilostane	was	docked	in	the	active	site	of	

the	 structural	model	 of	 human	3β-HSD1	and	 the	 chimeric	R195P-1	mutant	 of	 3β-

HSD1	 that	 has	 a	 Pro195	 (as	 in	 3β-HSD2).	 The	 docking	 result	 that	 had	 the	 lowest	

binding	energy	of	–9.81	kcal/mol	and	a	predicted	Ki	of	0.072	μM	for	trilostane	that	

was	comparable	to	the	actual	measured	Ki	of	0.10	μM	was	used.	Presented	in	Figure	

2.2A,	 the	 17β-hydroxyl	 group	 of	 trilostane	 was	 proposed	 to	 interact	 with	 the	 R-

guanidinium	group	of	Arg195	in	wild-type	3β-HSD1	with	a	bond	distance	of	4.0	Å.	

However,	 when	 docked	 with	 the	 R195P-1	 mutant,	 the	 17β-hydroxyl	 group	 of	

trilostane	does	not	interact	with	the	Pro195,	suggesting	that	this	residue	in	3β-HSD2	

does	 not	 function	 as	 a	 recognition	 residue	 for	 trilostane,	 as	 shown	 in	Figure	2.2B	

[10,12,13].	 The	prediction	 that	Arg195	 in	 3β-HSD1	 functions	 as	 a	 key	 recognition	

residue	for	the	high-affinity	inhibition	of	3β-HSD1	by	trilostane,	as	well	as	substrate	

utilization,	 was	 evaluated	 via	 the	 creation,	 expression,	 purification,	 and	
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characterization	of	the	chimeric	R195P-1	mutant.	

	

	

	

	
	

	

	

The	substrate	DHEA,	as	well	as	the	novel	trilostane	analog	2,16-dicyano-4,5-

epoxy-androstane-3,17-dione	 (DiCN-AND),	 were	 docked	 in	 the	 active	 site	 of	 the	

structural	model	of	human	3β-HSD1	using	AutoDock	3.0.	Illustrated	in	Figure	2.3A,	

Figure	2.2.	Docking	of	trilostane	with	the	structural	model	of	human	3β-HSD1.	(A)	
The	proposed	interaction	between	the	17β-hydroxyl	group	of	trilostane	and	the	
R-guanidinium	group	of	the	Arg195	residue	of	the	wild-type	3β-HSD1	(4.0	Å),	as	
well	as	the	proximity	of	the	catalytic	hydroxyl	group	of	the	Tyr154	residue	to	the	
2α-cyano	 group	 of	 docked	 trilostane	 (4.3	 Å),	 are	 shown.	 (B)	 Compared	 to	 the	
orientation	of	trilostane	when	docked	with	wild-type	3β-HSD1,	a	binding	shift	of	
the	 inhibitor	 is	 presented	when	 trilostane	 is	docked	with	 the	R195P	mutant	of	
3β-HSD1	that	has	a	Pro195	instead	of	an	Arg195	[10,12,13].	
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the	interaction	of	the	substrate	DHEA	with	the	Ser194	and	Arg195	residues	of	wild-

type	 3β-HSD1	was	 predicted	 to	 be	 due	 specifically	 to	 the	 17-keto	 group	 of	DHEA	

interacting	with	the	hydroxyl	group	of	Ser194	with	a	bond	distance	of	5.4	Å	and	the	

R-guanidinium	 group	 of	 Arg195	 with	 a	 bond	 distance	 of	 3.0	 Å.	 Utilizing	 this	

prediction,	numerous	steroid	inhibitors,	particularly	analogs	of	trilostane,	have	been	

designed	and	developed	to	competitively	inhibit	wild-type	3β-HSD1.	

In	 this	 current	 study,	 docking	 the	 DiCN-AND	 displayed	 the	 predicted	

interaction	of	this	trilostane	analog	with	the	Ser194,	Arg195,	and	Ser124	residues	of	

3β-HSD1	(Figure	2.3B),	which	was	predicted	to	bind	more	strongly	to	the	active	site	

of	 3β-HSD1	 than	 trilostane	 with	 more	 points	 of	 contact.	 The	 hydroxyl	 group	 of	

residue	Ser194	was	proposed	to	interact	with	the	16-cyano	group	of	DiCN-AND	with	

a	 bond	 distance	 of	 5.4	 Å.	 The	 R-guanidinium	 group	 of	 Arg195	 was	 projected	 to	

interact	with	the	16-cyano	group	of	DiCN-AND	(3.6	Å),	as	well	as	with	the	17-keto	

group	of	DiCN-AND.	Additionally,	Ser124	of	3β-HSD1	was	shown	to	interact	with	the	

2α-cyano	group	of	DiCN-AND	as	a	substrate	anchor	with	a	bond	distance	of	3.6	Å.	To	

assess	 the	 predicted	 interactions	 of	 the	 inhibitor	 DiCN-AND	 with	 wild-type	 3β-

HSD1,	the	chimeric	mutants	Ser194Gly	(S194G-1)	and	Arg195Pro	(R195P-1)	of	3β-

HSD1	 were	 created,	 expressed,	 purified,	 and	 characterized.	 These	 results	 would	

provide	additional	support	for	the	proposition	that	Arg195	of	3β-HSD1	functions	as	

a	 key	 recognition	 residue	 for	 the	 binding	 of	 substrate	DHEA,	 as	well	 as	 the	 high-

affinity,	competitive	binding	of	inhibitor	steroids	with	wild-type	3β-HSD1.	
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Site-Directed	 Mutagenesis,	 Expression,	 and	 Purification	 of	 Mutant	 3β-HSD1	

Enzymes	

The	cDNA	that	encode	the	mutant	3β-HSD1	enzymes	S194G-1	and	R195P-1	

were	 generated	 via	 double-stranded,	 PCR-based	 mutagenesis	 and	 inserted	 into	

Figure	2.3.	Docking	of	DHEA	and	2,16-dicyano-4,5-epoxy-androstane-3,17-dione	
(DiCN-AND)	 with	 the	 structural	 model	 of	 human	 3β-HSD1.	 (A)	 The	 proposed	
interactions	of	 the	17-keto	group	of	DHEA	with	the	R-guanidinium	group	of	 the	
Arg195	(3.0	Å)	and	the	hydroxyl	group	of	Ser194	(5.4	Å)	of	3β-HSD1,	in	addition	
to	 the	 proximity	 of	 the	 catalytic	 hydroxyl	 group	 of	 the	 Tyr154	 residue	 to	 the	
transferrable	 3-hydride	 group	 of	 docked	 DHEA	 (4.6	 Å)	 are	 shown.	 (B)	 The	
proposed	 interactions	of	 the	16-cyano	group	of	DiCN-AND	with	Arg195	 (3.6	Å)	
and	Ser194	(5.4	Å)	of	3β-HSD1	and	the	17-keto	group	of	DiCN-AND	with	Arg195	
(4.5	 Å)	 of	 3β-HSD1,	 as	 well	 as	 the	 anchoring	 hydroxyl	 group	 of	 the	 Ser124	
residue	to	the	2α-cyano	group	of	docked	DiCN-AND	(3.6	Å),	are	presented.	
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baculovirus.	 The	 locations	 of	 these	 targeted	 amino	 acids	 in	 addition	 to	 other	 key	

residues	are	presented	 in	 the	primary	 structure	of	3β-HSD1	and	3β-HSD2	 (Figure	

2.1).	 In	 Figure	 2.5,	 the	 western	 immunoblots	 indicate	 that	 the	 recombinant	

baculovirus	 system	 successfully	 expressed	 the	 mutant	 S194G-1	 and	 R195P-1	

enzyme	 proteins	 in	 Sf9	 cells	 with	 the	 wild-type	 3β-HSD1	 as	 the	 control.	 After	

purification,	 enzymatic	 assays	 were	 performed	 and	 spectrophotometrically	

measured	 the	 isomerase	 activity	 via	 the	 production	 of	 androstenedione	 from	 5-

androstene-3,17-dione.		

	

	

	

	

Figure	 2.5.	 Western	 immunoblots	 of	 the	 expressed	 mutant	 and	 wild-type	 3β-
HSD1	 enzymes.	 The	 Sf9	 cell	 homogenate	 (0.2	 μg)	 that	 contains	 the	 S194G-1	 or	
R195P-1	mutant,	in	addition	to	the	purified	control	wild-type	3β-HSD1	(0.05	μg),	
was	separated	via	SDS-polyacrylamide	(12%)	gel	electrophoresis.	Using	the	anti-
3β-HSD	antibody,	the	42-kDa	band	of	the	enzyme	monomer	was	detected.	
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These	assays	determined	that	the	peak	binding	capacity	occurred	in	fractions	26–32	

for	S194G-1	(Figure	2.6A)	and	fractions	32–38	for	R195P-1	(Figure	2.6B),	signifying	

active	mutant	enzymes	within	these	fractions.	According	to	the	protein	bands	visible	

in	 the	 SDS-PAGE	 (Figure	 2.7),	 each	 expressed	 3β-HSD1	 mutant	 enzyme	 (42-kDa	

monomer)	was	highly	purified	(90–95%).	

	

	

	

	
	

	

	

Figure	2.6.	 The	 isomerase	 activity	 of	 the	 different	 fractions	 for	 the	mutant	 3β-
HSD1	enzymes	 purified	via	DEAE	 ion	exchange.	 For	 the	 S194G-1	 (panel	A)	 and	
R195P-1	(panel	B),	the	isomerase	activity	was	spectrophotometrically	measured	
by	the	androstenedione	production	from	5-androstene-3,17-dione.	
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Kinetic	 Analyses	 of	 the	 Inhibition	 of	 the	 Wild-Type	 Isoforms	 of	 3β-HSD	 and	 the	

Mutants	of	3β-HSD1	by	the	Novel	Trilostane	Analog	

Dixon	analyses	of	the	inhibition	of	wild-type	3β-HSD1	and	3β-HSD2,	as	well	

as	 S194G-1	 and	R195P-1,	 by	 trilostane	 and	 the	 novel	 trilostane	 analog	DiCN-AND	

produced	 a	 profile	 of	Ki	values	 and	 inhibition	modes	 presented	 in	 Table	 2.2	 that	

support	the	roles	of	Ser194	and	Arg195	in	the	competitive	inhibition	of	3β-HSD1	by	

trilostane	and	DiCN-AND.		

Figure	 2.7.	 SDS-polyacrylamide	 gel	 electrophoresis	 of	 the	 purified	 mutant	 and	
wild-type	 3β-HSD1	 enzymes.	 Each	 lane	 of	 the	 SDS-polyacrylamide	 (12%)	
electrophoresis	 gel	was	 over-loaded	with	 2.0	 μg	 of	 purified	 protein.	 The	 bands	
were	visualized	via	coomassie	blue	staining.	
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Trilostane	 inhibited	 wild-type	 3β-HSD1	 competitively	 with	 a	 Ki	 	 =	 0.01	 μM	 but	

noncompetitively	 inhibited	 3β-HSD2	 with	 a	 16-fold	 higher	 Ki	 =	 1.60	 μM.	 As	

illustrated	 in	Figure	2.8,	DiCN-AND	 inhibited	3β-HSD1	with	a	competitive	mode	of	

inhibition	and	a	Ki	of	4.7	μM	(Figure	2.8A)	but	noncompetitively	inhibited	3β-HSD2	

with	a	6.5-fold	higher	Ki	of	30.7	μM	(Figure	2.8B).		
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With	the	mutations	introduced	to	3β-HSD1,	 inhibition	by	trilostane	and	DiCN-AND	

provided	 results	 that	 can	 support	 the	 predictions	 conveyed	by	 the	 docking	 study.	

The	S194G-1	mutation	 caused	 for	 the	mode	of	 inhibition	 in	wild-type	3β-HSD1	 to	

change	from	competitive	to	noncompetitive	when	inhibited	by	trilostane,	as	well	as	

Figure	 2.8.	 Inhibition	 of	 human	 3β-HSD1	 and	 3β-HSD2	 by	 2,16-dicyano-4,5-
epoxy-androstane-3,17-dione	(DiCN-AND).	(A)	The	incubations	at	27	°C	included	
appropriate	sub-saturating	concentrations	of	DHEA	(Km	=	3.7	μM),	2.0	μM	(□)	or	
4.0	 μM	 (●),	 NAD+	 (0.2	 mM),	 purified	 human	 3β-HSD1	 enzyme	 (0.03	 mg),	 and	
DiCN-AND	(0–20.0	μM)	in	0.02	M	potassium	phosphate	buffer,	pH	7.4.	(B)	For	3β-
HSD2,	similar	incubations	contained	DHEA	(Km	=	23	μM),	8.0	μM	(■)	or	20.0	μM	
(○),	 and	 DiCN-AND	 (0–50.0	 μM).	 Each	 point	 on	 the	 Dixon	 plots	 (I	 vs.	 1/v)	
represents	 the	mean	 of	 duplicate	 determinations,	 and	 the	 error	bars	 represent	
standard	deviations.	Ki	values	were	calculated	from	the	intersection	of	the	Dixon	
plots	obtained	for	each	enzyme	preparation.	
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a	 6.7-fold	 increase	 in	 the	 Ki	 from	 0.10	 μM	 to	 0.67	 μM,	 as	 shown	 in	 Figure	 2.9A.	

Similarly,	inhibiting	R195P-1	with	trilostane	not	only	shifted	the	mode	of	inhibition	

to	noncompetitive	but	also	 significantly	 increased	 the	Ki	from	0.10	μM	 to	2.56	μM	

(Table	2.2).	

	

	

	

	
	

	

Figure	 2.9.	 Inhibition	 of	 the	 Ser194Gly	 mutant	 of	 3β-HSD1	 (S194G-1)	 by	
trilostane	 and	 2,16-dicyano-4,5-epoxy-androstane-3,17-dione	 (DiCN-AND).	 (A)	
The	 incubations	at	27	 °C	 included	appropriate	 sub-saturating	 concentrations	of	
substrate	DHEA	(S194G-1	Km	=	12.4	μM),	8.0	μM	(■)	or	20.0	μM	(○),	NAD+	(0.2	
mM),	 purified	 human	 S194G-1	 enzyme	 (0.03	mg),	 and	 trilostane	 (0–1.0	 μM)	 in	
0.02	 M	 potassium	 phosphate	 buffer,	 pH	 7.4.	 (B)	 Similar	 incubations	 contained	
DHEA,	8.0	μM	(■)	or	20.0	μM	(○),	and	DiCN-AND	(0–50.0	μM).	Each	point	on	the	
Dixon	plots	(I	vs.	1/v)	represents	the	mean	of	duplicate	determinations,	and	the	
error	 bars	 represent	 standard	 deviations.	 Ki	 values	 were	 calculated	 from	 the	
intersection	of	the	Dixon	plots	obtained	for	each	enzyme	preparation.	
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Interestingly,	in	inhibition	studies	with	DiCN-AND,	S194G-1	was	inhibited	with	a	Ki	

(29.5	μM)	that	was	6.3	times	higher	than	measured	for	wild-type	3β-HSD1	(4.7	μM),	

although	 both	 enzyme	 species	 exhibited	 the	 same	 competitive	mode	 of	 inhibition	

(Figure	2.9B).	Considering	how	DiCN-AND	noncompetitively	inhibited	wild-type	3β-

HSD2	and	 competitively	 inhibited	wild-type	3β-HSD1	and	mutant	 S194G-1,	 it	was	

proposed	 that	 Arg195	 alone	 in	 3β-HSD1	 and	 S194G-1	might	 be	 required	 to	 bind	

DiCN-AND	in	the	substrate	binding	site	for	competitive	inhibition.	In	support	of	this	

proposition,	the	inhibition	of	R195P-1	by	DiCN-AND	exhibited	a	shift	in	the	mode	of	

inhibition	 from	 competitive	 to	 noncompetitive	 and	 had	 a	 Ki	=	 41.3	 μM	 that	 was	

about	8.79	 times	higher	 than	 the	Ki	measured	 for	wild-type	3β-HSD1	 (4.7	μM),	 as	

illustrated	 in	Figure	2.10.	These	results	seem	to	resemble	 the	 inhibition	profile	 for	

wild-type	3β-HSD2	with	DiCN-AND.	
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Conclusions	

In	 this	 study,	 the	prediction	 that	Arg195	 in	human	3β-HSD1	 functions	 as	 a	

recognition	residue	for	the	binding	of	steroid	inhibitors,	as	well	as	substrates,	was	

supported	 by	 the	 results	 of	 the	 docking	 studies,	 enzyme	mutagenesis,	 and	 kinetic	

analyses	of	the	mutant	enzymes.	In	the	docking	studies	with	the	substrate	DHEA,	as	

Figure	2.10.	 Inhibition	of	 the	Arg195Pro	mutant	of	3β-HSD1	(R195P-1)	by	2,16-
dicyano-4,5-epoxy-androstane-3,17-dione	(DiCN-AND).	The	incubations	at	27	°C	
contained	appropriate	sub-saturating	concentrations	of	substrate	DHEA	(R195P-
1	 Km=	 10.7	 μM),	 8.0	 μM	 (○)	 or	 20.0	 μM	 (●),	 NAD+	 (0.2	 mM),	 purified	 human	
R195P-1	 enzyme	 (0.03	 mg)	 and	 DiCN-AND	 (0-60.0	 μM)	 in	 0.02	 M	 potassium	
phosphate	buffer,	pH	7.4.	Each	point	on	the	Dixon	plots	(I	vs.	1/v)	represents	the	
mean	 of	 duplicate	 determinations,	 and	 the	 error	 bars	 represent	 standard	
deviations.	The	Ki	value	was	 calculated	 from	 the	 intersection	of	 the	Dixon	plots	
obtained	for	each	enzyme	preparation.	
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well	 as	 the	 classical	 3β-HSD	 inhibitor	 trilostane	 and	 its	 analog	 2,16-dicyano-4,5-

epoxy-androstane-3,17-dione	(DiCN-AND),	the	structural	model	of	human	3β-HSD1	

proposed	 that	 Ser194	 and	 Arg195	 may	 interact	 with	 the	 substrate	 and	 steroid	

inhibitors	and	suggested	 that	 these	 residues	might	be	essential	 for	binding	within	

the	 substrate/inhibitor	 binding	 site.	 These	 predictions	 were	 verified	 through	 the	

creation,	expression,	purification,	and	characterization	of	the	chimeric	S194G-1	and	

R195P-1	mutants	of	3β-HSD1.		

From	the	 inhibition	studies	with	 the	 trilostane	analog	DiCN-AND,	wild-type	

3β-HSD1	was	 competitively	 inhibited	 with	 a	Ki	of	 4.7	 μM,	 whereas	 wild-type	 3β-

HSD2	exhibited	a	noncompetitive	mode	of	inhibition	with	a	6.5-fold	higher	Ki	of	30.7	

μM	 (Table	 2.2,	 Figure	 2.8).	 This	 indicated	 that	 wild-type	 3β-HSD1	 had	 a	 6.5-fold	

higher	affinity	for	DiCN-AND	than	wild-type	3β-HSD2.	These	results	resembled	the	

isoenzyme-specific	 inhibition	 profiles	 for	 the	 classic	 3β-HSD	 inhibitor	 trilostane,	

where	trilostane	competitively	inhibited	3β-HSD1	with	higher	affinity	(Ki	=	0.10	μM)	

and	 noncompetitively	 inhibited	 3β-HSD2	with	much	 lower	 affinity	 (Ki	=	 1.60	 μM)	

(Table	2.2).		

To	 study	 the	 structure/function	 of	 the	 kinetic	 differences	 between	 the	 two	

3β-HSD	 isoforms,	 the	 chimeric	 S194G-1	 mutant	 of	 3β-HSD1	 was	 created	 by	 site-

directed	mutagenesis,	expressed	using	recombinant	baculovirus,	and	purified	with	

DEAE	ion-exchange	chromatography.	Trilostane	inhibited	S194G-1	with	a	Ki	of	0.67	

μM	(6.7-fold	lower	affinity	than	3β-HSD1	Ki	of	0.10	μM)	and	with	a	noncompetitive	
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mode	 of	 inhibition	 (Table	 2.2,	 Figure	 2.9A),	 as	 seen	 previously	 with	 3β-HSD2.	

However,	 in	 inhibition	 studies	with	DiCN-AND,	 S194G-1	was	 inhibited	with	 a	 6.3-

fold	higher	Ki	of	29.5	μM	(lower	affinity)	than	measured	for	3β-HSD1	(Ki	=	4.7	μM;	

higher	affinity)	but	exhibited	 the	same	competitive	mode	 for	both	enzyme	species	

(Table	2.2,	Figures	2.8A	and	2.9B).	

Since	DiCN-AND	noncompetitively	 inhibits	3β-HSD2,	which	has	Gly194	and	

Pro195	in	place	of	Ser194	and	Arg195	in	3β-HSD1,	this	suggests	that	Arg195	alone	

in	 both	 3β-HSD1	 and	 S194G-1	 is	 required	 to	 bind	 DiCN-AND	 in	 the	 same	

substrate/inhibitor	binding	 site	 for	 a	 competitive	mode	of	 inhibition.	 In	 trilostane	

studies	 with	 S194G-1	 and	 3β-HSD2	 that	 both	 had	 noncompetitive	 modes	 of	

inhibition,	 we	 have	 shown	 that	 both	 Ser194	 and	 Arg195	 were	 required	 to	 hold	

trilostane	 in	 the	 3β-HSD1	 substrate/inhibitor	 site	 for	 competitive	 inhibition.	 To	

further	 support	 this	 hypothesis,	 the	 chimeric	 R195P-1	 mutant	 of	 3β-HSD1	 was	

created,	expressed,	and	purified.	 Inhibition	studies	of	R195P-1	by	DiCN-AND	were	

conducted	 which	 resulted	 in	 a	 similar	 inhibition	 profile	 to	 3β-ΗSD2.	 DiCN-AND	

noncompetitively	 inhibited	R195P-1	with	 a	Ki	 of	 41.3	 µM	 (Table	 2.2,	Figure	2.10),	

signifying	low	affinity	for	the	inhibitor.	This	supports	the	significance	of	Arg195	in	

3β-HSD1	 for	 the	 competitive	 binding	 of	 inhibitor	 steroids	 with	 high	 affinity	 and	

identifies	Arg195	as	the	key	binding	target	for	the	rational	design	of	future	3β-HSD1	

inhibitors.	
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CHAPTER	3	

DISCUSSION	AND	FUTURE	DIRECTIONS	

	

Discussion	

In	 humans,	 3β-HSD	 is	 a	 tissue-specific	 enzyme	 that	 is	 responsible	 for	

catalyzing	 the	 oxidation	 and	 isomerization	 of	 3β-hydroxy-Δ5-steroids	 in	 the	

biosynthesis	of	steroid	hormones,	such	as	androgens,	estrogens,	and	progesterone.	

In	 women,	 3β-HSD1	 is	 predominantly	 expressed	 in	 peripheral	 tissues	 (placenta,	

mammary	glands),	whereas	3β-HSD2	is	typically	expressed	within	endocrine	tissues	

(adrenal	 glands,	 ovaries)	 [1–17].	 Exploiting	 the	 differences	 between	 the	 two	

isoforms	is	important	in	determining	the	structure/function	relationships	that	may	

lead	to	the	development	of	clinical	applications,	such	as	a	preemptive	treatment	for	

the	prevention	of	spontaneous	preterm	labor	and	birth.		

Preterm	 birth	 is	 a	 major	 complication	 of	 pregnancy	 that	 is	 presently	 of	

utmost	concern	in	maternal	and	child	health.	It	is	responsible	for	more	than	85%	of	

perinatal	morbidity	and	mortality	and	about	35%	of	neonatal	mortality.		According	

to	 the	World	Health	Organization	(WHO),	preterm	(premature)	birth	 is	defined	as	

delivery	 occurring	 between	 20	 to	 37	 weeks	 of	 gestation.	 Each	 year,	 roughly	 13	

million	 cases	 are	 reported	 globally.	 In	 the	United	 States	 alone,	 about	 one	 in	 eight	
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deliveries	are	premature,	which	equates	to	approximately	10-12%	[18–26].	

Premature	 births	 caused	 by	 spontaneous	 preterm	 labor	 makes	 up	

approximately	 two-thirds	of	 all	preterm	births	 that	mostly	occur	 late	 in	gestation,	

whereas	 preterm	 labor	 early	 in	 gestation	 is	 usually	 caused	 by	 infections	 or	

inflammation	 [18,24,26].	 Numerous	 predisposing	 factors	 indicate	 a	 risk	 of	

spontaneous	 preterm	 labor,	 which	 includes	 a	 history	 of	 previous	 preterm	 labor,	

poor	nutrition,	a	 low	pre-pregnancy	body	weight	of	 less	than	110	lbs.	(50	kg),	and	

cervical	 shortening	during	pregnancy.	 Studies	have	 shown	 that	women	with	prior	

incidences	 of	 preterm	 labor	 or	 a	 shorten	 cervix	 in	 the	 midtrimester	 are	 the	

strongest	predictors	of	preterm	labor	and	can	be	used	to	devise	a	preemptive	plan	

for	 preterm	birth,	 using	 either	 short-acting	 tocolytics	 or	 long-acting	 progestogens	

[18,20,21,26].	

Therapeutic	interventions	with	tocolytics	are	used	to	delay	delivery	for	about	

24	 to	 48	 hours	 once	 the	 parturition	 begins.	 These	 short-acting	 drugs	 allow	

administered	corticosteroids,	such	as	betamethasone	and	dexamethasone,	adequate	

time	to	help	in	the	maturation	of	fetal	organs,	particularly	the	lungs,	for	extrauterine	

survival.	 Short-acting	 tocolytic	 agents	 classified	 as	 calcium	 channel	 blockers,	 non-

steroidal	 anti-inflammatory	 drugs	 (NSAIDs),	 or	 β-adrenergic	 receptor	 agonists	

specifically	suppress	uterine	contractions	to	prolong	pregnancy	for	up	to	48	hours,	

whereas	magnesium	sulfate	is	predominantly	used	for	fetal	neuroprotection	and	not	

solely	 for	 slowing	 or	 inhibiting	 myometrial	 contractions.	 Therefore,	 preventative	
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treatments	 with	 short-acting	 tocolytics	 would	 not	 be	 effective	 as	 the	 first-line	 of	

therapy	to	prevent	spontaneous	preterm	birth	nor	would	they	be	recommended	for	

this	purpose	due	to	the	negative	side	effects	and	risks	associated	with	prolonged	use	

[19,22].	

As	they	are	safer	for	long-term	treatment,	progestins	are	commonly	used	and	

utilized	the	most	 in	preventative	 interventions	for	spontaneous	preterm	labor	and	

birth.	Progestins	are	currently	available	in	two	forms,	natural	progesterone	and	the	

synthetic	 progestin	 17α-hydroxyprogesterone	 caproate	 (17-OHPC	 or	 Makena).	

Since	 its	 bioavailability	 is	 abundant	 within	 the	 uterus	 without	 initially	 traveling	

through	the	liver,	natural	progesterone	is	typically	administered	vaginally	on	a	daily	

basis	 due	 to	 its	 short	 half-life.	 In	 contrast,	 17α-hydroxyprogesterone	 caproate	 is	

administered	 intramuscularly	 on	 a	 weekly	 basis	 since	 the	 additional	 caproate	

molecule	 extends	 its	 half-life	 to	 around	 7	 days.	 To	 access	 their	 efficacy	 in	 the	

prevention	of	spontaneous	recurrent	preterm	births,	clinical	trials	have	studied	the	

effects	of	17-OHPC	and	natural	progesterone	on	women	with	a	history	of	preterm	

labor	 and	 a	 singleton	 gestation.	 Results	 indicated	 that	 the	 rate	 of	 spontaneous	

recurrent	preterm	births	was	drastically	 reduced	 for	all	 gestational	ages	 less	 than	

37	weeks	when	prophylactically	 treated	with	17-OHPC	on	a	weekly	basis	 starting	

around	 the	 second	 trimester.	 These	 women	 were	 also	 more	 likely	 to	 maintain	

pregnancy	 to	 the	 full	 term	 of	 42	 weeks.	 Progesterone	 was	 also	 successful	 in	

lowering	the	risk	of	spontaneous	preterm	delivery	in	women	at	risk,	but	the	results	
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were	 not	 as	 significant	 and	 promising	 as	 for	 17-OHPC.	Nonetheless,	 17-OHPC	has	

been	 shown	 to	be	 successful	 in	 roughly	33%	of	 all	 cases	 and	 is	 unfortunately	not	

consistently	 effective	 for	 preventing	 recurrent	 spontaneous	 preterm	 births	

[18,21,24–27].	

Currently,	none	of	 the	available	 tocolytic	 therapies	 that	delay	delivery	once	

parturition	 starts	 have	been	 consistently	 successful	 or	deemed	 safe	 for	prolonged	

use	 and	 is	 not	 recommended	 for	 the	 prevention	 of	 spontaneous	 preterm	 labor.	

Spontaneous	preterm	 labor	has	been	connected	 to	 the	elevated	 levels	of	placental	

estradiol	 late	 in	 gestation	 that	 promotes	 the	 expression	 of	 estrogen-dependent	

molecules	 linked	 to	 stimulating	myometrial	 contractility	 [8,12,15,17].	 To	 produce	

estradiol	 during	 pregnancy,	 DHEA-S	 from	 the	 fetal	 adrenal	 glands	 is	 metabolized	

within	the	placenta	through	a	biosynthetic	pathway	catalyzed	by	various	enzymes,	

namely	3β-HSD1	that	converts	DHEA	into	androstenedione	and	pregnenolone	 into	

progesterone	 [11,12,15,28–36].	 Therefore,	 to	 decrease	 estradiol	 production,	 the	

selective	 inhibition	of	3β-HSD1	 in	 the	human	placenta	 is	a	potential	 innovation	 to	

delay	 the	 spontaneous	onset	of	preterm	 labor,	 especially	when	administered	with	

17α-hydroxyprogesterone	caproate,	a	 long-acting	tocolytic	progestin.	In	this	study,	

the	 novel	 inhibitor	 DiCN-AND	 competitively	 inhibited	 mutant	 S194G-1	 (with	

Arg195)	 and	 noncompetitively	 inhibited	 mutant	 R195P-1	 (with	 Ser194).	 This	

provides	evidence	of	the	importance	of	the	Arg195	residue	in	3β-HSD1	to	the	shift	

in	 the	 mode	 of	 inhibiton	 from	 competitive	 to	 noncompetitive.	 Utilizing	 this	 new	
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structure/function	relationship	to	develop	a	specific	inhibitor	for	3β-HSD1	may	lead	

to	potential	new	treatments	for	the	prevention	of	spontaneous	preterm	birth.	

Future	Directions	

The	 results	 of	 this	 study	 suggest	 investigation	 into	 the	 roles	 of	 other	 non-

identical	amino	acids	between	3β-HSD1	and	3β-HSD2	that	may	be	associated	with	

3β-HSD	activity.	The	chimeric	mutants	for	the	study	of	these	amino	acids	of	interest	

include	 S194G,R195P-1	 (double	 mutant),	 G194S-2,	 G194S,P195R-2	 (double	

mutant),	 P195R-2,	H156Y-1,	 and	Y156H-2.	 These	3β-HSD	mutants	will	 be	 created	

via	 site-directed	 mutagenesis,	 expressed	 using	 recombinant	 baculovirus,	 purified	

with	DEAE	ion-exchange	chromatography,	and	characterized	kinetically.	The	novel	

inhibitor	 DiCN-AND	 that	 was	 synthesized	 in	 this	 study	 will	 also	 be	 utilized	 in	

proliferation	assays	with	MCF-7	3β-HSD1	and	MCF-7	3β-HSD2	cells.	

Upon	 the	 identification	 and	 verification	 of	 other	 important	 and	 exploitable	

amino	acid	differences	in	3β-HSD1	and	3β-HSD2,	more	inhibitors	of	3β-HSD1	will	be	

designed	accordingly.	Docking	studies	with	these	new,	rationally	designed	3β-HSD1	

inhibitors	will	also	be	performed.	The	promising	inhibitor	compounds	will	then	be	

synthesized	 and	 characterized	 via	 inhibition	 studies	 using	 the	 purified	 mutant	

enzyme	species	previously	mentioned,	as	well	as	the	MCF-7	3β-HSD1	and	MCF-7	3β-

HSD2	cells.		

It	has	been	proposed	that	higher	rates	of	spontaneous	preterm	births	may	be	

correlated	with	high	levels	of	second	trimester	serum	unconjugated	estriol	from	the	
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routine	 quadruple-screen	 test.	 If	 these	 quadruple-screen	 lab	 values	 are	 deemed	

useable	 for	 the	 prediction	 of	 spontaneous	 preterm	 labor,	 the	 use	 of	 a	 specific	

inhibitor	 of	 placental	 3β-HSD1	 with	 17α-hydroxyprogesterone	 caproate	 will	 be	

permitted	 to	prevent	 this	complication	 from	happening.	To	assess	 this	hypothesis,	

medical	 students	 and	OB-GYN	 residents	will	 obtain	 the	 pre-existing	 unconjugated	

estriol	 lab	values,	 in	addition	 to	human	chorionic	gonadotropin,	alpha-fetoprotein,	

and	inhibin	levels,	from	patients	delivering	at	a	local	hospital.	These	values	will	then	

be	used	to	determine	if	these	factors	can	be	utilized	to	predict	spontaneous	preterm	

birth.		
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