


	
	

ABSTRACT 

Structural Studies In Natural Product Biosynthesis And 
Structure Determination 

 by 

Lu Han 

Natural	 living	 organisms	 produce	 many	 natural	 compounds	 with	 diverse	

structures.	 They	 are	 one	 of	 the	 most	 productive	 sources	 of	 drug/bio-probe	

discovery	and	development,	biosynthesis	and	enzymology,	and	organic	synthesis.	So	

far,	more	 than	 40%	 of	 current	 commercial	 drugs	 are	 natural	 products	 or	 natural	

product	derivatives.	However,	given	the	highly	selective	modification	site	of	natural	

products,	de	novo	 chemical	 synthesis	 and	modification	 of	 natural	 products	 can	 be	

hard	to	design	and	sometimes	problematic.	To	better	exploit	nature’s	tool,	I	studied	

the	structures	of	biosynthesizing	enzymes	for	several	potential	drug	leads	by	X-ray	

crystallography.	 Specifically,	 I	 studied	 the	 loop	 dynamics	 of	 TDP-rhamnose	 3’-O-

methyltransferase	 (Cals11),	 an	 enzyme	 in	 calicheamicin	 biosynthesis.	 I	 also	

characterized	the	structure	and	mechanism	of	a	decarboxylase	(TtnD)	as	well	as	a	

non-heme	 FeII/α-ketoglutarate	 dependent	 hydroxylase	 (TtnM),	 both	 of	 which	 are	

involved	 in	 Tautomycetin	 biosynthesis.	 These	 results	 would	 provide	 us	 with	

guidance	to	engineering	more	efficient	enzymes	with	different	substrate	specificity.		

Also,	 the	 impact	 of	 natural	 products	 in	 bioactive	 probe	 and	 drug	 lead	

discovery	 has	 faltered	 in	 the	 last	 decade	 due	 to	 an	 inability	 of	 natural	 products	

discovery	technologies	to	keep	pace	with	new	advances	in	both	drug	screening	and	

library	 synthesis	 platforms.	 Importantly,	 this	 de-emphasis	 in	 natural	 products	



	
	

discovery	programs	correlates	with	an	overall	reduction	in	new	chemical	entities	in	

the	 development	 pipeline.	 Thus,	 technological	 innovation	 is	 needed	 to	 realign	

natural	 product	 discovery	 with	 next	 generation	 technologies.	 I	 proposed	 a	 new	

paradigm	for	rapid	unambiguous	natural	product	structure	elucidation,	which	will	

require	micrograms	of	target	natural	product	and	offers	the	potential	to	transform	

the	natural	products	discovery	process.	
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Chapter 1 

Introduction  

1.1. Natural	Products	

Since	200	years	ago,	when	morphine	was	purified	 from	opium	and	used	 to	

relieve	pain,	natural	products	have	been	one	of	the	most	important	sources	for	drug	

discovery.	 In	the	era	of	modern	medicine,	natural	products	continue	to	provide	us	

with	diverse	and	unique	structures.	By	the	year	2013,	more	than	38	percent	of	all	

FDA	approved	drugs	were	natural	products	or	natural	product	derivatives(Patridge	

et	al.,	2016).	Their	success	derives	 from	the	 fact	 that	 the	 folds	of	proteins	and	 the	

natural	products	they	bind	have	functionally	co-evolved.			

Due	 to	 the	 diversity	 of	 functional	 groups,	 it	 takes	 years	 to	 figure	 out	 total	

synthesis	 of	 natural	 products.	 Biosynthetic	 enzymes	 can	 selectively	 modify	

functional	 groups	 of	 complicated	 chiral	 substrates.	 Better	 understanding	 of	 these	
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enzymes	 in	 biosynthesis	 of	 natural	 compound	 can	 help	 us	 engineer	 this	 bio-

machinery	to	generate	derivatives	of	existing	compounds	and	expand	the	chemical	

space.	Understanding	 the	catalytic	mechanism	may	also	promote	 the	development	

of	biomimetic	synthetic	reactions.	Our	laboratory	is	also	developing	methods	to	use	

the	biosynthetic	 enzymes	 to	produce	 structurally	diverse	natural	products.	 In	 this	

thesis,	 I	 focused	on	the	biosynthetic	machinery	of	 two	anti-cancer	drugs	that	have	

potential	human	therapeutic	use.	

1.2. Calicheamicin	

1.2.1. Calicheamicin	Structure	and	Function	

In	1987,	a	touring	scientist	from	Lederle	Labs	collected	a	rock	in	Waco,	Texas.	

The	 bacterium	 Micromonospora	 echinospora	 spp.	 calichensis	 and	 a	 potent	 anti-

cancer	compound were	isolated	(Bardi,	2001)	from	this	rock.	This	extremely	potent	

anti-cancer	 compound	 is	 named	 calicheamicin	 (CLM)	 and	 it	 has	 a	 10-membered	

enediyne	structure	(PKS	“E”	in	Figure	1.1)	(Lee	et	al.,	1987a;	Lee	et	al.,	1987b).	CLM	

together	with	its	analogs	are	called	CLMs.		

The	 structure	 of	 CLM	 is	 composed	 of	 two	 parts:	 the	 aryl	 tetrasaccharide	

group	and	the	aglycone	group,	or	the	“warhead”	group,	colored	in	magenta.	The	aryl	

tetrasaccharide	 group	 is	 composed	of	 four	modified	 saccharides	 (yellow)	 and	one	

aryl	 group,	 the	 orsellenic	 acid	 (PKS	 “O”	 in	 Figure	 1.1	 colored	 in	 blue).	 The	 aryl	

tetrasaccharide	group	can	bind	with	DNA	site-specifically	in	the	minor	groove	(Drak	
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et	al.,	1991;	Sissi	et	al.,	1999;	Watanabe	et	al.,	2002).	Meanwhile,	the	aglycone	group	

consists	 of	 a	 functionalized	 10-membered	 enediyne	 core	 structure	 and	 an	 allylic	

trisulfide	serving	as	the	initial	trigger	for	aglycone	group	cycloaromatization	(Myers	

et	 al.,	 1994).	 After	 CLM	 binds	 DNA	 in	 the	 minor	 groove,	 the	 warhead	 structure	

undergoes	 the	 Bergman	 cyclization	 and	 generates	 a	 diradical	 species,	 1,4-

didehydrobenzene	 (Figure	 1.2).	 The	 diradical	 is	 very	 reactive	 and	 can	 abstract	

hydrogen	 atom	 from	 the	 deoxyribose	 backbone	 of	 DNA	 and	 causing	 site-specific	

oxidative	 double-strand	 scission	 on	 DNA	 strand	 (Lee	 et	 al.,	 1991;	 Walker	 et	 al.,	

1992).		

To	date,	two	CLM	antibody	drug	conjugates	(ADCs)	have	been	developed.	In	

2000,	gemtuzumab	ozogamicin	(Mylotarg),	a	CD33	IgF4	κ	antibody	linked	to	the	N-

acetyl	 dimethyl	 hydrazide	 Calicheamicin	 was	 approved	 by	 the	 Food	 and	 Drug	

Administration	 (FDA)	 for	 targeted	 therapy	 to	 treat	 non-solid	 tumor	 cancer	 acute	

myeloid	leukemia	and	B-cell	malignancy.	 It	 is	also	the	first	ADC	to	be	approved	by	

the	FDA	under	the	Accelerated	Approval	Program.	However,	in	2010,	this	drug	was	

withdrawn	voluntarily	 from	 the	market	due	 to	post-marketing	evidence	of	 lack	of	

efficacy	and	unacceptable	toxicity	(Alley	et	al.,	2010).	However,	some	people	think	

the	efficacy	and	toxicity	of	gemtuzumab	ozogamicin	is	debatable.	Some	clinical	trials	

that	 combine	 low-dose	 treatment	 of	 the	 first	 drug	 with	 chemotherapy	 are	 still	

ongoing	 in	 France	 (Castaigne	 et	 al.,	 2012)(Castaigne	 et	 al.,	 2012)(Castaigne	 et	 al.,	

2012)(Castaigne	 et	 al.,	 2012)(Castaigne	 et	 al.,	 2012)(Castaigne	 et	 al.,	

2012)(Castaigne	 et	 al.,	 2012)(Castaigne	 et	 al.,	 2012).	 The	 other	 CLM-ADC,	
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inotuzumab	ozogamicin,	 is	 still	 in	 phase	 III	 trails	 for	 treating	 acute	 lymphoblastic	

leukemia	(ALL).	So	far	it	is	proven	active	in	ten	clinical	trials	
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Figure	1.1	Structure	of	calicheamicin	γ1.		
Three	major	component	of	calicheamicin	is	colored	differently.	This	figure	is	
referenced	and	modified	from	article	(Ahlert	et	al.,	2002)	with	permission.	

	

Figure	1.2	The	mechanism	of	DNA	cleavage	by	calicheamicin.		
This	figure	is	referenced	from	(Dosio	et	al.,	2011)	with	permission.	
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	with	six	other	still	recruiting1.		

Despite	 its	 problematic	 toxicity	 and	 efficacy	 in	 cancer	 treatment,	 the	

complicated	 structure	of	 calicheamicin	and	action	mechanism	 towards	 cancer	 still	

makes	it	an	interesting	target	to	study.		

1.2.2. Synthesis	of	Calicheamicin	

1.2.2.1. Total	Synthesis	of	Calicheamicin		

Due	to	the	complexity	of	calicheamicin	structure,	it	took	K.C.	Nicolaou	and	his	

coworkers	 five	 years	 to	 achieve	 the	 first	 total	 synthesis	 of	 the	 calicheamicin	

(Nicolaou	 et	 al.,	 1992).	 The	 details	 of	 calicheamicin	 total	 synthesis	 have	 been	

published	in	1993	(Groneberg	et	al.,	1993;	Nicolaou	et	al.,	1993;	Smith	et	al.,	1993).	

A	 second	 total	 synthesis	 of	 calicheamicin	 was	 accomplished	 by	 the	 Danishefsky	

group	(Hitchcock	et	al.,	1994).		

1.2.2.2. Biosynthesis	Gene	Cluster	Calicheamicin	

Bioinformatics	 and	 experimental	 study	 identified	 the	 biosynthesis	 gene	

cluster	of	calicheamicin	and	identified	74	open	reading	frames	that	span	more	than	

90Kb	 (Figure	 1.3)	 (Ahlert	 et	 al.,	 2002).	 16	 genes	 are	 expected	 to	 involve	 in	 the	

polyketide	 chain	 construction	 or	 modification	 (O1-O6	 and	 E1-E10).	 9	 genes	 are	

																																																								

	

1	https://clinicaltrials.gov/ct2/results?term=Inotuzumab+ozogamicin	
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putative	 regulatory	 elements	 (R1-R9).	 	 	 7	 genes	 are	 associated	 with	 membrane	

transport	(T1	to	T7).	14	genes	are	consistent	with	the	expected	production	of	 four	

unusual	 activated	 nucleotide	 sugars	 (S1	 to	 S14).	 4	 genes	 are	 glycosyltransferase	

genes	 (G1	to	G4).	 There’s	 also	 one	 insertional	 element	 (IS),	 a	 resistance	 gene	 calC	

and	22	ORFs	(U1	to	U22)	of	unknown	function	(Ahlert	et	al.,	2002).	

	

Figure	1.3	The	calicheamicin	biosynthesis	gene	cluster	from	Micromonospora	
echinospora	spp.	calichensis.		
The	locations	of	the	main	domains	ketosynthase	(KS),	acyltransferase	
(AT),acryl	carrier	protein	(ACP),	ketoreductase	(KR),	dehydratase	(DH),	
phosphopantetheinyl	transferase	(PPTase)	of	CalE8	are	highlighed.	This	figure	
is	referenced	and	edited	from	article	(Ahlert	et	al.,	2002;	Liang,	2010)	with	
permission.	

1.2.2.3. Biosynthesis	of	Warhead	Group	

The	 biosynthesis	 of	 the	warhead	 group	 starts	 from	 an	 iterative	 polyketide	

synthase,	CalE8.	CalE8	 is	a	PKS	 type	 I	 that	would	 load	acetyl-coA	and	sequentially	

adds	 seven	malonyl-CoAs	 (Liang,	 2010).	 The	 growing	 polyketide	 will	 be	 reduced	
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and	 dehydrated	 by	 ketoreductase	 domain	 (KR)	 and	 dehydratase	 domain	 (DH)	

during	each	iteration.	The	resulting	15-carbon	polyene	is	then	modified	to	yield	the	

catalytic	core	of	calicheamicin	(Ahlert	et	al.,	2002;	Horsman	et	al.,	2010).	However,	

PKSs	 do	 not	 determine	 enediyne	 ring	 size.	 How	 these	 polyketide	 chains	 are	

biosynthesized	into	enediyne	ring	is	still	under	investigation	(Borman,	2010).	

1.2.2.4. Biosynthesis	of	Orsellenic	Acid	

The	synthesis	of	orsellenic	acid	of	the	aryl	tetrasaccharide	group	starts	with	

an	 iterative	PKS	CalO5.	 CalO5	 is	 also	 a	 type	 I	 polyketide	 synthase	 and	 contains	 at	

least	four	domains	(KS,	AT,	DH	and	ACP)	with	a	‘core’	domain	located	between	DH	

and	ACP	domains.	CalO5	loads	acetyl-coA	and	sequentially	adds	three	malonyl-CoA.	

The	lack	of	KR	domains	in	CalO5	indicates	that	the	nascent	polyketide	chain	remains	

reduced	(Liang,	2010).	The	predicted	cytochrome	P450,	CalO2,	 is	 likely	to	catalyze	

the	hydroxylation	of	the	polyketide	chain.	The	FADH2-dependent	halogenase,	CalO3,	

is	 likely	 to	 catalyze	 the	 iodination	 (Liang,	 2010).	 CalO1	 and	 CalO6	 are	 both	 O-

methyltransferases	 that	 are	 responsible	 for	 the	 installation	 of	 two	methyl	 groups	

(Chang	 et	 al.,	 2011a;	 Singh	 et	 al.,	 2014a).	 CalO2	 is	 a	 hydroxylase	 that	 acts	 on	

substrate	with	iodide	installed	but	the	timing	is	unclear	(McCoy	et	al.,	2009).	CalO4	

is	 a	 FabH/KS	 domain-like	 protein	 that	 catalyzes	 the	 formation	 of	 the	 thioester	

linkage	 between	 orsellenic	 acid	 and	 the	 neighboring	 sugar	 in	 the	warhead	 group	

direction	(McCoy	et	al.,	2009).	
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1.2.2.5. Biosynthesis	and	Modification	of	Sugars	

The	 four	monosaccharides	 in	 the	 aryltetrasaccharide	 of	 CLM	 are	 all	 highly	

modified	 deoxysugars	 that	 exhibit	 greater	 hydrophobicity	 compared	 to	 common	

sugars	(Liang,	2010).		CalS3,	CalS7-14,	CalE10	are	all	enzymes	responsible	for	sugar	

modification	(Johnson	and	Thorson,	2008;	Simkhada	et	al.,	2009a;	Simkhada	et	al.,	

2009b;	Singh	et	al.,	2015b;	Xie	et	al.,	2011).		

1.2.2.6. Assembly	of	CLM	by	Glycosyltransferases	

The	 last	 steps	 of	 CLM	 biosynthesis	 are	 the	 assembly	 of	 sugars	 onto	 the	

enediyne	 aglycone	 by	 4	 glycosyltransferases,	 CalG1-4.	 CalG3	 first	 catalyzes	 the	

installation	of	sugar	A	(Figure	1.1).	Then	CalG2	catalyzes	the	installation	of	sugar	B.	

CalO4	then	catalyze	the	addition	of	orsellenic	acid.	CalG1,	as	a	rhamnosyltransferase,	

is	responsible	for	installation	of	sugar	C	while	CalG4	as	an	aminopentosyltransferase	

is	responsible	for	 installation	sugar	D.	The	addition	of	sugar	C	and	D	may	occur	at	

random	 order.	 All	 four	 glycosyltransferases	 were	 reported	 by	 Thorson	 and	

coworkers(Chang	et	al.,	2011c).		

1.2.3. Self-sacrifice	Resistance	Mechanism	

CLM	displays	universal	toxicity	and	causes	DNA	damage	in	archaea,	bacteria,	

eukaryotes	and	viruses	(Whitwam	et	al.,	2000).	Thus,	the	CLM	producing	organism	

evolved	 self-resistance	mechanisms	 to	protect	 itself	 from	 the	highly	 reactive	CLM.	

So	far,	three	self-resistance	proteins	were	identified	and	they	are	CalC,	CalU16	and	
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CalU19.	 These	 proteins	 can	 inhibit	 DNA	 cleavage	 by	 sacrificing	 themselves	 as	

substrates	for	CLM.	Once	CLM	bind	with	these	proteins,	the	diradical	species	would	

abstract	a	hydrogen	atom	from	the	Glycine	residue	(Gly113	residue	of	CalC	(Singh	et	

al.,	 2006),	Gly128	 residue	of	CalU16	and	Gly177	 residue	of	CalU19	 (Elshahawi	et	 al.,	

2014))	and	resulting	in	deactivation	of	CLM,	breakage	of	CalC	protein	chain	and	CalC	

degradation	 (Figure	 1.4)	 (Biggins	 et	 al.,	 2003).	 All	 three	 self-resistance	 proteins	

share	 the	 STeroidogenec	Acute	Regulatory	 protein	 related	 lipid	 Transfer	 (START)	

domain,	which	is	mainly	known	to	bind	and	transport	lipids	(Elshahawi	et	al.,	2014).	

These	three	enzymes	localize	at	different	parts	of	the	cell	and	protect	different	cell	

component.	 CalC	 can	 bind	 DNA	while	 CalU16	 and	 CalU19	 cannot.	 They	 also	 have	

very	different	isoelectric	points	(Elshahawi	et	al.,	2014).	

1.2.4. Summary	

CLM	 is	 an	 enediyne	 containing	 anticancer	 compound.	 It	 is	 composed	 of	 an	

enediyne-containing	warhead,	 an	 orsellenic	 group	 and	 four	 sugar	moieties.	 In	 the	

biosynthesis	 gene	 clusters	 of	 CLM	 encodes	 14	 sugar	 related	 transferases	 (S1-S14)	

and	many	sugar	modifying	enzymes.		
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Figure	1.4	Proposed	mechanism	of	cycloaromatization	of	calicheamicin	and	its	
effect	on	DNA	scission	and	CalC	self-sacrifice	mechanism.	
This	figure	is	remade	based	on	mechanism	proposed	in	article	(Singh	et	al.,	
2006).		

1.3. Tautomycetin		

1.3.1. Discovery	and	Structure		

Tautomycetin	 (TTN)	 (Figure	 1.5)	 is	 a	 natural	 product	 produced	 by	

Streptomyces	 griseochromogenes,	 a	 gram-positive	 mycelia	 bacterium.	 It	 was	 first	

isolated	 in	 1989	 for	 its	 anti-fungal	 activity	 (Cheng	 et	 al.,	 1989)	 and	 then	

independently	 isolated	 in	 2002	 for	 its	 immunosuppressive	 activity	 (Shim	 et	 al.,	

2002).	 Soon	 after	 its	 first	 isolation,	 the	 structure	 of	 TTN	 was	 determined	 by	

chemical	degradation	and	spectroscopic	evidence	(Cheng	et	al.,	1990).	As	shown	in	

Figure	 1.5,	 TTN	 consists	 of	 a	 dialkylmaleic	 anhydride	 unit	 and	 a	 polyketide	 chain	

linked	by	an	ester	bond.		
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Figure	1.5	Structure	of	tautomycetin(TTM)	and	tautomycin(TTN).	

Tautomycin	(TTM),	another	polyketide	natural	product,	is	also	isolated	from	

Streptomyces	 spiroverticillatus	 and	 is	 an	 antifungal	 antibiotic	 (Cheng	 et	 al.,	 1987).	

The	dialkylmaleic	anhydride	unit	of	TTM	is	the	same	as	that	of	TTN	while	the	major	

difference	is	the	spiroketal	group	of	TTM	replaced	by	a	dienone	moiety	of	TTN	(Liu	

et	 al.,	 2011).	 This	 difference	 in	 structure	 also	 leads	 to	 different	 functions	 in	

biological	systems.	

1.3.2. Biological	Function	

TTN	 is	 an	 effective	 protein	 phosphatase	 type	 1	 inhibitor	 and	 a	 potential	

anticancer	 drug	 lead.	 Protein	 phosphatases	 (PPs)	 refer	 to	 enzymes	 that	 remove	 a	

phosphate	 group	 from	 a	 substrate	 protein.	 Together	 with	 phosphorylases,	 PPs	

regulate	 the	 phosphorylation	 states	 of	 proteins	 as	 well	 as	 their	 functional	 states.	
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Phosphorylation	 sites	 include	 serine,	 threonine,	 tyrosine	 and	 even	 histidine	 and	

aspartate	 in	 prokaryotic	 systems,	with	 decreasing	 order	 of	 frequency.	 The	 largest	

class	 of	 PPs	 is	 the	 phosphoprotein	 phosphatase	 (PPP)	 family	 and	 the	 protein	

phosphatase	 Mg2+	 or	 Mn2+-dependent	 (PPM)	 family.	 PP1	 (also	 known	 as	 PPP1),	

PP2A	(PPP2),	and	PP2B	(PPP3)	 from	PPP	 family	and	PP2C	(PPP2C)	 from	the	PPM	

family	 together	 are	 responsible	 for	 the	 majority	 of	 serine/threonine	 protein	

phosphatase	 activity	 in	 vivo	 (Barford	 et	 al.,	 1998).	 PP2A,	 PP2B	 and	 PP2C	 were	

classified	by	their	metal-ion	dependency.	PP2A	requires	no	metal	ion;	PP2B	can	be	

stimulated	by	calcium	divalent	ion;	PP2C	is	magnesium/manganese	dependent	and	

belongs	to	PPM	family.		

TTM	 and	 TTN	 were	 both	 found	 to	 have	 potent	 serine/threonine	 protein	

phosphatase	(PP)	inhibitory	activity	(MacKintosh	and	Klumpp,	1990;	Mitsuhashi	et	

al.,	2001).	Among	the	major	four	types	of	PPs,	TTN	shows	selective	inhibitory	effect	

towards	protein	phosphatase	type	1	(PP1)	and	protein	phosphatase	type	2A	(PP2A),	

with	IC50	values	being	1.6	and	62	nM,	respectively	(Mitsuhashi	et	al.,	2001).	This	40-

fold	higher	affinity	to	PP1	compared	to	PP2A	made	TTN	so	far	the	best	PP1	specific	

inhibitor.	Before	TTN’s	discovery,	the	lack	of	specific	inhibitor	for	PP1	had	hindered	

the	study	of	biological	role	of	PP1.	Thus,	TTN	has	been	used	in	many	studies	related	

to	 PP1’s	 biological	 functions.	 Before	 TTN	 was	 discovered,	 TTM	 was	 used	 in	 PP1	

related	 studies,	 even	 though	TTM	has	 smaller	difference	between	affinity	 towards	

PP1	and	PP2A.	The	IC50	values	(amount	required	to	inhibit	an	enzyme	by	50	percent)	
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of	TTM	towards	PP1	and	PP2A	were	0.21	and	0.94	nM,	respectively	(Mitsuhashi	et	

al.,	2001).		

PP1	 and	 PP2A	 are	 involved	 in	 many	 cellular	 processes	 including	 but	 not	

limited	to	regulation	of	cell	cycle	and	apoptosis	(Garcia	et	al.,	2003),	gene	expression	

(Schonthal,	 1995),	 glycogen	 metabolism	 (Hernández	 et	 al.,	 2010),	 cell	 transport	

(Darman	 et	 al.,	 2001),	 cell	 activation	 signaling	 pathway	 (Liu	 et	 al.,	 1992),	

microtubule	assembly,	and	neuronal	signaling	(Tian	and	Wang,	2002).		Many	human	

diseases	 are	 characterized	 by	 an	 altered	 interplay	 between	 phosphatases	 and	

kinases,	 such	 as	 cancer	 (Eichhorn	 et	 al.,	 2009;	 Li	 et	 al.,	 2003;	Magi-Galluzzi	 et	 al.,	

1997;	Sanli	et	al.,	2003),	Alzheimer’s	disease	(Martin	et	al.,	2013;	Sontag	and	Sontag,	

2014),	and	autoimmune	disease	(Liu	et	al.,	1992).	Therefore,	as	a	specific	inhibitor	

for	 PP1,	 TTN	 also	 has	 effects	 on	 the	 previous	mentioned	pathway	 and	disease.	 In	

fact,	 it	has	been	shown	that	TTN	can	 inhibit	growth	of	 several	 types	of	cancer.	 	 In	

2006,	at	by	150	nmol	concentration,	TTN	can	 inhibit	 the	growth	of	several	human	

colorectal	 cancer	 cell	 lines	without	 inducing	 apoptosis	 (Lee	 et	 al.,	 2006).	 In	 2009,	

TTN	 was	 shown	 to	 have	 inhibitory	 effect	 on	 neuroendocrine	 human	 medullary	

thyroid	 cancer	 cell	 line	 (Adler	 et	 al.,	 2009)	 and	was	 also	 found	 to	 induce	 human	

breast	cancer	cell	(MCF-7)	apoptosis	(Niu	et	al.,	2013)	while	showing	no	toxic	effect	

on	murine	fibroblasts	(Adler	et	al.,	2009).		

The	above	listed	evidences	demonstrate	that	TTN	is	a	potential	drug	lead	for	

cancer	 therapy.	 However,	 the	 function	 of	 PP1	 is	 still	 unclear	 due	 to	 the	 lack	 of	 a	
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specific	inhibitor	until	TTN	is	discovered.	The	underlying	mechanism	of	TTN’s	anti-

cancer	effect	is	also	under	investigation.		

By	using	TTN,	scientists	were	able	to	identify	a	few	downstream	effectors	of	

PP1	that	play	a	role	in	growth	inhibition	and	apoptosis	induction.	For	example,	Raf-

1	 is	 a	 known	 serine/threonine-protein	 kinase.	 Inhibition	 of	 PP1	 by	 TTN	 can	

suppress	activation	of	Raf-1	and	result	 in	 specific	 inhibition	of	extracellular	 signal	

regulated	kinases	(ERK)	activation	(shown	using	COS-7	cells,	which	is	a	fibroblast-

like	cell	line	derived	from	monkey	kidney	tissue)	(Mitsuhashi	et	al.,	2003).	

Another	study	shows	that	TTN	can	inhibit	the	activation	of	IKK	and	resulting	

in	 suppression	 of	 TNFα	 /NF-κB	 pathway	 shown	 using	 both	monkey	 (COS-7)	 and	

human	(Hela)	cell	 lines.	The	detailed	mechanism	remains	unclear,	but	the	catalytic	

domain	 of	 PP1	 (PP1C)	 was	 involved	 in	 the	 IKK	 complex	 and	 PP1C	 might	 be	 the	

target	of	TTN	(Mitsuhashi	et	al.,	2008).		

In	 addition	 to	 the	 inhibition	 of	 PP1	 related	 pathway,	 TTN	 has	 another	

mechanism	 of	 action	 that	 involves	 the	 inactivation	 of	 Akt	 (protein	 kinase	 B)	 and	

GSK3	(glycogen	synthase	kinase	3)	signaling	cascade.	Akt	regulates	cell	survival,	cell	

cycle,	 and	 metabolism	 by	 binding	 and	 regulating	 downstream	 effectors.	 Akt	 can	

inhibit	 GSK3	 by	 phosphorylation	 of	 GSK3	 (Emamian,	 2012).	 Interestingly,	 it	 has	

been	 observed	 that	 TTN	 can	 also	 inhibit	 activation	 of	 GSK3	 in	medullary	 thyroid	

cancer	 cells	 (Adler	 et	 al.,	 2009).	 TTN	 can	 induce	 apoptosis	 by	 inactivating	 Akt	

protein	in	human	breast	cancer	cells	as	well	as	the	levels	of	downstream	targets	of	
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Akt	(Niu	et	al.,	2013).	This	suppression	of	Akt	signaling	pathway	is	independent	of	

protein	 phosphatase	 PP1	 inhibition.	 TTN	 may	 have	 other	 mechanisms	 to	 affect	

cancer	other	than	inhibition	of	PP1	(Niu	et	al.,	2013).		

Aside	 from	 being	 an	 anticancer	 drug	 lead,	 TTN	 is	 also	 a	 promising	

immunosuppressive	drug	 (Han	et	al.,	2003;	Shim	et	al.,	2002).	Immunosuppressive	

agent	can	be	used	to	suppress	or	reduce	the	strength	of	the	body's	immune	system	

to	 treat	 organ	 transplant	 rejection,	 autoimmune	 disease,	 and	 inflammations.	 The	

World	 Health	 Organization	 (category	 LO4)	 classified	 immunosuppressants	 into	

three	 families	 based	 on	 their	 different	 targets:	 intracellular	 ligands,	 cell	 surface	

ligands	 and	 anti-cytokines	 (Gonsette,	 2004).	 Immunosuppressants	 that	 target	

intracellular	 ligands	 are	 further	 classified	 into	 three	 subgroups:	 calcineurin	

inhibitors,	 such	 as	 Cyclosporin	 A	 (CsA)	 and	 Tacrolimus;	 antimetabolites	 that	

interfere	with	purine	or	pyrimidine	pathways	necessary	for	DNA	synthesis	and	cell	

multiplication,	 such	 as	 Azathioprine,	 Malononitrilamide,	 Mycophenolate;	

antiproliferative	 agents,	 such	 as	 Cyclophosphamide,	 Sirolimus	 and	 its	 derivative,	

Mitoxantrone.	 Immunosuppressants	that	target	cell	surface	 ligands	mainly	refer	to	

monoclonal	antibodies,	fusion	proteins	and	oligonucleotides,	such	as	Antithymocyte	

globulins,	 Basiliximab,	 Infliximab	 (Gonsette,	 2004).	 These	 are	 all	 effective	

immunosuppressive	 agent,	 but	 they	 are	 not	 free	 of	 problems.	Many	 of	 them	have	

side	 effects,	 such	 as	 toxicity	 of	 other	 tissues,	 reduced	 immune	 pressure	 towards	

cancer,	hyperlipidaemia,	hypertension,	etc.	Therefore,	there	remains	a	challenge	to	
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develop	 new	 immunosuppressants	 with	 minimal	 cytotoxicity	 outside	 immune	

system.		

In	 2002,	 TTN	 was	 identified	 as	 an	 activated	 T	 cell-specific	

immunosuppressor	with	 a	mechanism	 of	 action	 different	 from	 the	more	 common	

drugs	 CsA	 and	 tacrolimus.	 TTN	 can	 inhibit	 T	 cell	 proliferation	 and	 induce	 T	 cell-

specific	 apoptosis	 by	 blocking	 T	 cell	 receptor	 (TCR)	 induced	 tyrosine	

phosphorylation.	 Activated	 T	 cells	 are	more	 sensitive	 to	 TTN	 than	 normal	 T	 cells	

(Shim	et	al.,	2002).	At	a	100-fold	lower	concentration,	TTN	is	at	least	as	effective	as	

FDA	approved	drug	CsA	in	the	heterotopic	cardiac	transplant	animal	model.	This	is	

supported	 by	 a	 longer	 survival	 period	 of	 cardiac	 allografts	 in	 rats	 in	 TTN	 treated	

group.	The	level	of	cytotoxicity	of	TTN	on	various	organs	was	also	much	lower	than	

that	of	CsA	both	in	vitro	and	in	vivo	(Chae	et	al.,	2004;	Shim	et	al.,	2002;	Wee	et	al.,	

2010).	It	is	also	found	that	TTN	and	CsA	have	synergistic	effect	in	rat	islet	allograft	

model.	Combining	CsA	and	TTN	at	sub-therapeutic	doses	prolonged	survival	period	

of	 rat	 islet	 allograft.	 Although	 the	 same	doses	 of	 either	 immunosuppressive	 agent	

alone	had	no	beneficial	effect	on	rat	islet	allograft	survival.	This	synergistic	effect	is	

achieved	 through	 T	 helper	 2	 type	 cytokine	 and	 increase	 of	 Fox3-expressing	

(neuronal	nuclear	antigen)	cell	infiltration	in	the	graft	(Wee	et	al.,	2010).		

One	possible	targeting	pathway	of	TTN’s	immunosuppressive	effect	has	been	

identified.	 TTN,	 but	 not	 TTM,	 can	 directly	 block	 tyrosine	 phosphorylation	 of	

intracellular	 signal	mediators	 Src	 homology-2	 domain	 containing	 protein	 tyrosine	

phosphatase-2	(SHP2)	in	activated	T	cells.	As	a	positive	transducer	of	growth	factor	
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and	cytokine	mediated	signaling	pathways,	 SHP2	 is	essential	 for	 cell	proliferation,	

differentiation,	migration,	 and	 apoptosis	 (Mohi	 and	Neel,	 2007;	Neel	 et	 al.,	 2003).	

TTN	is	a	competitive	inhibitor	of	SHP2	with	IC50	value	being	2.9µM	(Liu	et	al.,	2011).	

SHP2	has	also	been	identified	as	an	oncogene	of	the	PTP	superfamily	and	represents	

an	 exciting	 target	 for	multiple	 cancers	 (Aceto	 et	 al.,	 2012;	 Lorenz,	 2009;	Xu	 et	 al.,	

2013).	

SHP2	 and	 TTN	 analog	 (TTN	 D1)	 complex	 structure	 was	 solved,	 providing	

potential	mechanism	 for	 the	 immunosuppressive	 activity	 of	 TTN.	 First,	 the	 diacid	

moiety	 is	 localized	at	almost	the	same	position	of	phosphorylated	Tyrosine	(pTyr)	

and	 the	 binding	 mode	 of	 TTN	 D1	 mimics	 that	 of	 pTyr	 peptide	 substrates.	 The	

structure	 also	 helps	 identify	 that	 steric	 clash	 between	 TTM’s	 rigid	 and	 twisted	

spiroketal	moiety	and	SHP2	binding	groove	residues	are	the	reason	why	TTM	and	

its	 analogs	 lack	 SHP2	 inhibitory	 activity.	 Second,	 TTN	 binds	 SHP2	 in	 an	 extended	

diacid	 form.	 Under	 neutral	 conditions,	 both	 TTM	 and	 TTN	 exist	 as	 equilibrating	

mixtures	of	two	interconverting	anhydride	and	diacid	forms	in	an	approximately	5:4	

ratio	at	pH	7.3.	 (Cheng	1987,	1990a,	1990b).	The	diacid	moiety	of	TTN	penetrates	

into	 SHP2	 active	 site	 and	 hence	 the	 diacid	 form	 of	 TTN	 is	 important	 for	 SHP2	

inhibition.	The	immunosuppressive	activity	was	correlated	with	anticancer	activity	

for	TTN	and	its	analog	compounds,	indicating	that	TTN	may	take	effect	through	the	

same	targets	for	its	immunosuppressive	and	anticancer	activities	(Niu	et	al.,	2012).		
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1.3.3. Chemical	Synthesis	and	Biosynthesis	of	Tautomycetin	

1.3.3.1. Chemical	Synthesis	

Since	the	TTN	structure	was	elucidated,	chemical	synthesis	of	dialkylmaleic	

anhydride	 segment	 of	 TTN/TTM	 were	 studied	 (Ueno	 et	 al.,	 1995).	 Chemical	

synthesis	of	two	large	segments	of	TTN	was	also	carried	out.	These	large	segments	

can	form	TTN	upon	aldol	assemblage	(Oikawa	et	al.,	1997).		

1.3.3.2. TTN	Biosynthetic	Gene	Cluster	ttn	

The	in	vivo	TTN	biosynthetic	gene	cluster	ttn	has	been	cloned,	sequenced	and	

identified	and	confirmed	by	gene	inactivation	and	complementation	experiments	by	

Shen	Lab	 (Li	 et	 al.,	 2009).	The	TTN	biosynthetic	 gene	 cluster	 tmc	 in Streptomyces	

CK4412	 (S.	 CK4412)	 was	 characterized	 by	 Kim	 Lab	 (Choi	 et	 al.,	 2007).	 The	 TTN	

biosynthetic	gene	cluster	is	localized	to	a	79-kb	DNA	region	and	consists	of	19	open	

reading	frames	as	shown	in	Figure	1.6.	A	biosynthetic	pathway	of	TTN	is	proposed	

based	 on	 functional	 assignments	 from	 sequence	 analysis,	 in	 vitro	 assays,	 in	 vivo	

gene	inactivation	experiments	and	supported	by	analogy	to	ttm	cluster	(Choi	et	al.,	

2007;	Li	et	al.,	2009;	Ubukata	et	al.,	1995).	The	upstream	boundary	of	ttn	cluster	is	

determined	 based	 on	 the	 fact	 that	orf(-1)	 encodes	 a	 putative	 transposase	 and	 the	

first	gene	after	 it	ttnQ	 is	a	positive	regulator	of	TTN	production	(Nah	et	al.,	2012).	

The	downstream	boundary	of	ttn	cluster	is	determined	since	deletion	of	orf1	has	no	

effect	on	TTN	production	while	ttnL	is	a	homologue	of	ttmL	that	has	been	confirmed	

to	be	essential	for	dialkylmaleic	anhydride	biosynthesis	(Li	et	al.,	2008).	Proposed		
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Table	1.1	Deduced	Functions	of	Open	Reading	Frames	in	the	Tautomycetin	
Biosynthetic	Gene	Cluster.	
orf(-1)	and	orf1	are	neighboring	open	reading	frames	of	ttn	cluster.	Table	is	
referenced	from	(Li	et	al.,	2009)	with	permission.	

	

function	for	each	open	reading	frames	are	summarized	in	Table	1.1.	In	summary,	ttn	

cluster	is	composed	of	two	modular	type	I	polyketide	synthases	(TtnAB),	one	type	II	

thioesterase	 (TtnH),	 one	 crotonyl-CoA	 reductase	 (TtnE),	 eight	 proteins	 for	

dialkylmaleic	 anhydride	 biosynthesis	 (TtnKLMNOPRS),	 four	 tailoring	 enzymes	

(TtnCDFI),	two	regulatory	proteins	(TtnGQ),	and	one	resistance	protein	(TtnJ)	(Li	et	

al.,	2009).		

1.3.3.3. Regulation	of	TTN	Biosynthesis	

TtnG	 homologue	 in	 S.	 CK4412,	 TmcN	 belongs	 to	 the	 large	 ATP-binding	

regulators	 of	 the	 LuxR	 protein	 family.	 Gene	 disruption	 and	 overexpression	

experiments	 demonstrate	 that	 TmcN	 is	 a	 pathway-specific	 positive	 regulator	 that	
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activates	transcription	of	the	TTN	biosynthetic	pathway	genes	in	S.	CK4412	(Hur	et	

al.,	2008).		

Production	of	TTN	in	S.	CK4412	was	enhanced	when	bacteria	were	cultured	

at	acidic	pH	(pH	4-5).	Study	of	SCO7832	is	an	acid-shock-induced	gene	that	encodes	

a	 Na+/H+	 anti-porter	 protein.	 Overexpression	 of	 SCO7832	 can	 stimulate	 TTN	

production	 via	 up-regulating	 the	 expression	 a	 positive	 regulatory	 gene	 of	 TTN	

biosynthesis,	TmcN	(Park	et	al.,	2009).		

1.3.3.4. Biosynthesis	of	Polyketide	Chain	

Deduced	by	sequence	homology	to	known	PKS	domains,	TtnA	and	TtnB	are	

two	 TTN	 polyketide	 synthase	 (PKS)	 encoded	 by	 members	 of	 ttn	 cluster.	 TtnA	

contains	 the	 loading	 module	 and	 extension	 modules	 1-5	 while	 TtnB	 contains	

extension	modules	6-9	and	has	a	C-terminal	thioesterase	(TE)	domain	to	release	the	

full-length	 polyketide	 chain.	 Inactivation	 of	 ttnA	 complexly	 abolished	 in	 vivo	 TTN	

production,	which	is	consistent	with	the	proposed	role	of	TtnA	(Li	et	al.,	2009).		

The	 loading	 module	 contains	 a	 mutated	 ketosynthase	 (KS),	 an	

acyltransferase	 (AT),	 and	 an	 acyl	 carrier	 protein	 (ACP)	 domain,	 and	 the	 nine	

extension	modules	are	minimally	characterized	by	ketosynthase	(KS),	AT,	and	ACP	

domains.	The	choice	of	the	loading	module	and	the	extender	unit	is	predicted	on	the	

basis	of	sequence	comparison	with	ATs	of	known	substrates	(Li	et	al.,	2009).		

Together,	 TtnA	 and	 TtnB	 catalyzes	 nine	 rounds	 of	 decarboxylative	

condensation.	Each	extension	module	is	characterized	with	additional	domains	such	
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as	ketoreductase	(KR),	dehydratase	(DH),	and	enoylreductase	(ER)	domains.	These	

domains	account	for	the	reductive	modification	of	the	β-keto	group	of	the	growing	

polyketide	intermediate	during	each	cycle	of	elongation	(Li	et	al.,	2009).		

TtnB-TE	 is	 a	 linear	 polyketide-chain-terminating	 TE.	 TmcB-TE,	 a	 close	

homolog	of	TtnB-TE	 in	S.	CK4412,	 is	 shown	 to	be	highly	 stereo-selective	at	 the	β-

hydroxy	position	of	TTN.	In	addition	to	the	TE	domain	at	the	C-terminus	of	TtnB,	a	

discrete	 type	 II	 TE	 (TEII),	 TtnH,	was	 also	 identified.	 TtnH,	 located	 remotely	 from	

TtnA	and	TtnB,	may	serve	as	an	“editing”	enzyme	to	fix	mis-primed	or	stalled	TtnA	

or	TtnB	PKS	during	polyketide	chain	elongation	(Li	et	al.,	2009).	

1.3.3.5. Biosynthesis	of	Dialkylmaleic	Anhydride	Moiety	

TtnKLMNOPRS	 are	 proposed	 to	 involve	 in	 dialkylmaleic	 anhydride	moiety	

biosynthesis	 on	 the	 basis	 of	 their	 homology	 to	 TTM	 biosynthetic	 genes.	 More	

detailed	role	of	each	enzyme	is	demonstrated	by	gene	 inactivation	(Li	et	al.,	2008;	

Wang	 et	 al.,	 2012).	 Reactions	 catalysed	 by	 TtnO,	 TtnP,	 TtnR,	 TtnM	 and	 TtnK	 are	

shown	 in	 Figure	 1.7.	 In	 addition,	 the	 inactivation	 of	 ttnP,	 ttnR,	 or	 ttnS	 completely	

abolished	the	production	of	TTN	as	well	as	the	production	of	polyketide	or	related	

metabolites.	 This	 result	 supports	 a	 linear	 pathway	 in	 which	 coupling	 of	 the	

dialkylmaleic	anhydride	to	the	TTN	polyketide	before	completion	of	the	full-length	

polyketide	backbone	and	its	liberation	from	the	PKS	as	shown	in	Figure	1.6	(Li	et	al.,	

2009).		
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Figure	1.6	Proposed	module	and	domain	organization	of	TtnA	and	TtnB	PKSs	
and	a	linear	model	for	TTN	biosynthesis.		
This	diagram	features	the	TTN	PKS	templated	assembly	of	the	TTN	polyketide	
backbone,	various	starter	and	extender	units,	coupling	of	the	dialkylmaleic	
anhydride	to	the	elongating	polyketide	intermediate	prior	its	reaching	to	full	
length,	and	other	key	tailoring	steps.	Figure	is	referenced	and	edited	from	(Li	
et	al.,	2009)	with	permission.	
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Figure	1.7	Proposed	partial	pathway	for	dialkylmaleic	anhydride	biosynthesis.		
Enzymes	involved	are	TtnO,	TtnP,	TtnR,	TtnM	and	TtnK.		Figure	is	from	(Li	et	
al.,	2009).		

1.3.3.6. Tailoring	Steps	of	TTN	biosynthesis	

After	 the	 assembly	 of	 dialkylmaleic	 anhydride	moiety	 on	 to	 the	 polyketide	

chain,	 a	 few	other	 tailoring	 steps	 are	needed	 to	 finish	 the	biosynthesis	 of	TTN.	 In	

order	to	figure	out	the	tailoring	process,	gene	inactivation	of	ttnC,	ttnD,	ttnF,	and	ttnI	

and	analysis	of	metabolite	profiles	of	the	resultant	mutant	strains	were	performed.	

TtnD,	a	UbiD	family	decarboxylase,	was	shown	to	catalyse	C-3”	decarboxylation	and	

its	 function	 is	 dependent	 on	 TtnF.	 TtnF,	 an	 L-carnitine	 dehydratase,	 is	 shown	 to	

catalyse	 the	 dehydration	 of	 C-1”	 (Luo	 et	 al.,	 2010).	 TtnC,	 a	 proposed	 flavoprotein	

decarboxylase,	seemed	to	play	no	essential	role	in	TTN	biosynthesis.	TtnI,	proposed	

P450	oxygenase,	was	shown	to	catalyse	the	C-5	oxidation.	The	reaction	catalysed	by	

TtnI	is	also	the	rate-limiting	step	for	TTN	biosynthesis,	since	overexpression	of	ttnI	



	 40	
	

Figure	1.8	Proposed	biosynthetic	pathway	for	TTN	in	S.	griseochromogenes	
featuring	TtnFDI-catalyzed	tailoring	steps.		
Figure	is	referenced	from	(Yang	et	al.,	2012)	with	permission.	

in	S.	griseochromogenes	 resulted	 in	 at	 least	 three-fold	 increase	 in	TTN	production	

(Yang	et	al.,	2012).	Sequentially,	TtnF	first	catalyses	the	dehydration	of	TTN	F1	at	C-

1”.	Then	TtnD	catalyses	the	decarboxylation	of	TTN	D1	at	C-3”.	Lastly,	TtnI	catalyses	

the	 C-5	 oxidation	 of	 TTN	 I1	 to	 form	 TTN.	 	 These	 proposed	 tailoring	 steps	 of	

biosynthesis	of	TTN	in	S.	griseochromogenesare	is	shown	in	figure	1.5.	

1.3.4. Summary	

The	broad	effects	of	PP1	and	PP2A	suggest	promising	potential	for	TTN	as	a	

drug	 lead.	 Beside	 the	 animal	 model	 study	 for	 the	 mechanism	 of	 TTN,	 it	 is	 also	

important	 to	 study	 the	 biosynthesis	 pathway	 of	 TTN	 in	 order	 to	 obtain	 a	 more	

complete	understanding	of	 its	 structure	and	 function	 relationship	of	 enzymes	and	

provide	insights	for	future	engineering	studies.		
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1.4. Natural	Product	Structure	Determination	

Historically,	 structure	 determination	 method	 of	 natural	 products,	 such	 as	

NMR,	mass	spectrometry	and	crystallography,	have	some	improvements	but	largely	

remained	unchanged	for	the	past	30	years.		

NMR	spectroscopy	has	advanced	both	in	terms	of	resolution	and	sensitivity	

such	 that	 nanomoles	 of	 natural	 products	 can	 now	 be	 analyzed	 almost	 routinely.	

Mass	 spectrometry	 has	 also	 notably	 advanced	 over	 the	 past	 decades	 making	

elemental	 compositions	 increasingly	 conclusive	 (Esquenazi	 et	 al.,	 2009;	Wu	 et	 al.,	

2013;	 Xin	 et	 al.,	 2011).	 With	 these	 advances,	 the	 planar	 structure	 of	 medically	

relevant	 natural	 products	 can	 often	 be	 determined	 using	 only	 NMR	 (Carlomagno,	

2012;	 Pauli	 et	 al.,	 2012).	 Nonetheless,	 a	 complete	 structure	 determination	 of	 a	

highly	 complex	 novel	 natural	 product	 containing	 numerous	 stereocenters	 and	

remote	chiral	 centers	 remains	a	complicated	and	 time-consuming	endeavor	prone	

to	 unavoidable	 pitfalls	 and	 physical	 limitations	 of	 spectroscopy.	 Here	 are	 two	

representative	 examples	 of	 the	 difficulty	 of	 structure	 determination	 by	 modern	

NMR	spectroscopy:	(1)	spirastrellolide	A	and	(2)	thailandamide	A	(Figure	1.9).	(1)	

Spirastrellolide	 A	 is	 a	 potent	 antimitotic	 isolated	 from	 the	 marine	 sponge,	

Spirastrella	 coccinea.	The	 first	 report	 of	 spirastrelloide	A	 in	2003	 (Williams	et	 al.,	

2003)	 has	 inspired	 chemical	 synthesis	 investigations.	 More	 than	 50	 publications	

was	 published	 to	 date	 (Paterson	 and	 Dalby,	 2009).	 Early	 attempts	 to	 define	 the	

stereochemistry	 were	 hampered	 by	 the	 small	 amount	 isolated.	 Subsequently,	 a	

larger	re-isolation	combined	with	FTMS	and	analysis	of	NMR	data	acquired	at	800	
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MHz	finally	led	to	the	correct	structure	and	assignment	of	the	relative	configuration.	

Five	 years	 since	 2003,	 the	 absolute	 configuration	 of	 the	 macrolide	 core	 was	

determined	in	2007	by	Andersen	et	al..	(2)	The	structure	determination	process	of	

thailandamide	 A	 is	 a	 representative	 example	 for	 difficulty	 in	 determining	 multi-

chiral	centers	distantly	 located	within	 the	natural	product	(Ishida	et	al.,	2012).	To	

solve	 the	 structure	 of	 thailandamide	 A,	 Hertweck	 et	 al.	 used	 a	 combination	 of	

oxidative	 degradation	 followed	 by	 hydrolysis	 and	 chemical	 transformation	 to	

resolve	 two	 chiral	 centers.	 Additional	 centers	 were	 based	 upon	 bioinformatic	

analysis	 of	 the	 encoding	 gene	 cluster	 or	 precursor-directed	 biosynthesis	 and	

subsequent	 application	 of	 Mosher’s	 method.	 These	 examples	 serve	 as	 good	

reminders	 that	 even	 with	 state-of-the-art	 NMR	 spectroscopy,	 unambiguous	

structure	 determination	 for	 a	 single	 target	 molecule	 can	 take	 years	 of	 dedicated	

effort.		

X-ray	 crystallography	 has	 enabled	 the	 elucidation	 of	 a	 small	 percentage	 of	

new	 natural	 product	 structures.	 However,	 this	 systematic	 application	 of	 classical	

methods	 for	 natural	 product	 crystallization	 also	 suffers	 from	 limiting	 amounts	 of	

materials	and	unpredictability.	

Due	to	these	limitations,	the	potential	negative	ripple	effect	-	expenditure	of	

time	 and	 resources	 -	 from	 the	 dissemination	 of	 an	 incorrect	 natural	 product	

structure	can	be	striking.	Most	common	incorrect	structures	have	configurationally	

misassigned	 chiral	 center.	 For	 example,	 immense	 resources	 have	 been	 exhausted	

into	the	heroic	total	syntheses	of	some	incorrect	structures.	The	story	for		
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Figure	1.9	Representative	microbial	natural	products.		
Amphidinolide	A	structures	are	referenced	from	article	(Trost	et	al.,	2005)	
with	permission.		

amphidinolide	 A	 (Fig.	 1.	 10)	 was	 a	 good	 example.	 Trost	 et	 al.	 synthesized	 10	

diastereomers	of	 the	originally	proposed	structure	before	determining	 the	correct	

structure	of	amphidinolide	A	(Trost	et	al.,	2005).	

To	overcome	the	limited	amount	of	precious	material	and	unpredictability	of	

crystallization,	we	proposed	a	new	chaperone-assisted	crystallization	method.	The	

strategy	is	to	use	protein	or	organometallic	compounds	with	both	a	high	propensity	

to	 crystallize	 and	 an	 ability	 to	 ‘adsorb’	 a	 wide	 range	 of	 natural	 products/small	

molecules	as	the	template.	The	structure	of	the	natural	product	will	be	determined	

when	 the	 overall	 structure	 is	 solved.	 With	 known	 chaperone	 crystallization	

condition,	 this	 method	 reduced	 the	 unpredictability	 of	 traditional	 crystallization	

method	and	uses	little	amount	of	natural	products	per	experiment.	This	method	is	
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anticipated	 to	 be	 broadly	 applicable	 when	 chaperone	 protein	 can	 drive	 the	

formation	of	high-resolution	crystal.		

1.5. Summary	

Natural	products	contribute	more	than	50	percent	to	current	drug	discovery	

and	 are	 the	major	 sources	 for	many	 other	 researches.	 In	 this	work,	 I	 studied	 the	

crystal	 structures	 and	 structure-function	 relationships	 of	 three	 natural	 product	

biosynthesising	 enzymes.	 I	 also	 studied	 the	 interactions	 between	 several	

“chaperone”	 proteins	 with	 natural	 products	 and	 did	 preliminary	 studies	 for	

chaperone-assisted	crystallization	method.		
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Chapter 2 

Loop Dynamics of Thymidine 
Diphosphate-Rhamnose 3’-O-

Methyltransferase (CalS11), an 
Enzyme in Calicheamicin Biosynthesis2 

Structure	 analysis	and	 ensemble	 refinement	 of	 the	 apo-structure	 of	 thymidine	

diphosphate	 (TDP)-rhamnose	 3′-O-methyltransferase	 reveal	 a	 gate	 for	 substrate	

entry	 and	 product	 release.	 TDP-rhamnose	 3′-O-methyltransferase	

(CalS11)	catalyses	a	 3′-O-methylation	 of	 TDP-rhamnose,	 an	 intermediate	 in	 the	

biosynthesis	of	enediyne	antitumor	antibiotic	calicheamicin.	CalS11	operates	at	the	
																																																								

	

2	This	work	has	been	published	in	Structural	Dynamics	titled	Loop	dynamics	
of	thymidine	diphosphate-rhamnose	3’-O-methyltransferase	(CalS11),	an	enzyme	in	
calicheamicin	biosynthesis.	
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sugar	 nucleotide	 stage	 prior	 to	 glycosylation	 step.	 Here,	 I	 present	 the	crystal	

structure	of	the	apo	form	of	CalS11	at	1.89 Å	resolution.	I	propose	that	the	L2	loop	

functions	 as	 a	 gate	 facilitating	 and/or	 providing	 specificity	 for	 substrate	 entry	 or	

promoting	 product	 release.	 Ensemble	 refinement	 analysis	slightly	 improves	 the	

crystallographic	refinement	statistics	and	furthermore	provides	a	compelling	way	to	

visualize	 the	 dynamic	model	of	 loop	 L2,	 supporting	 the	 understanding	 of	 its	

proposed	role	in	catalysis.	

2.1. Introduction	

2.1.1. Biosynthesis	of	Calicheamicin	

Natural	 products	 remain	 invaluable	 sources	 for	 drug	 leads	 and	 bioactive	

probes	 (Li	 and	 Vederas,	 2009;	 Newman	 and	 Cragg,	 2012).	 Discovering	 new	

mechanisms	 for	 the	 biosynthesis	 of	 important	 natural	 products	 and	 exploiting	

knowledge	 of	 natural	 product	 biosynthesis	 enzymes	 could	 help	 produce	 new	

diversified	 biosynthetic	 or	 semisynthetic	 natural	 products	 for	 various	 purposes	

(Harvey	et	al.,	2015;	Shen	et	al.,	2003;	Tibrewal	and	Tang,	2014;	Walsh,	2015).	As	

part	of	 the	NIH	Protein	Structure	Initiative,	a	high-throughput	structural	genomics	

approach	has	been	employed	to	clone,	express,	purify	and	solve	structures	of	novel	

enzymes	for	natural	product	biosynthesis	(Chang	et	al.,	2011b;	Chang	et	al.,	2011d;	

Elshahawi	et	al.,	2014;	Lohman	et	al.,	2013;	Lohman	et	al.,	2014;	Singh	et	al.,	2013;	

Singh	et	al.,	2015a;	Singh	et	al.,	2014b;	Wang	et	al.,	2015;	Wang	et	al.,	2014;	Wang	et	

al.,	2013;	Weerth	et	al.,	2015).	
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One	 targeted	 pathway	 for	 this	 initiative	 has	 been	 that	 leading	 to	 the	

biosynthesis	of	calicheamicin	(CLM),	a	10-membered	enediyne	antitumor	antibiotic	

produced	by	Micromonospora	echinospora	(Lee	et	al.,	1987a;	Lee	et	al.,	1987b).	Upon	

bioreduction,	 CLM	 undergoes	 a	 Bergman-type	 cyclization	 reaction,	 the	 benzene	

diradical	 species	 of	 which	 lead	 to	 DNA	 backbone	 hydrogen	 abstraction	 and	

subsequent	irreparable	oxidative	DNA	strand	scission	(Zein	et	al.,	1989;	Zein	et	al.,	

1988).		

CalS11,	 a	 protein	 encoded	 by	 the	 calicheamicin	 biosynthetic	 gene	 locus,	

(Ahlert	 et	 al.,	 2002;	 Biggins	 et	 al.,	 2003)	 catalyzes	 a	 late-stage	 glycosyl-tailoring	

event	 (TDP-L-rhamnose	 3’-O-methylation)	 prior	 to	 glycosyltransferase	 (CalG1)-

catalyzed	transfer	to	complete	aryltetrasaccharide	assembly	(Figure	2.1).	(Singh	et	

al.,	 2013;	 Zhang	 et	 al.,	 2006)	 Like	 all	 prototypical	 class	 I	 methyltransferases	

(Liscombe	 et	 al.,	 2012),	 CalS11	 uses	 S-adenosylmethionine	 (AdoMet,	 SAM)	 as	 the	

methyl	 donor.	 However,	 CalS11	 is	 distinguished	 from	 other	 sugar	 O-

methyltransferases	 by	 virtue	 of	 its	 activity	 at	 the	 sugar	 nucleotide	 prior	 to	

glycosyltransfer	(Singh	et	al.,	2013;	Singh	et	al.,	2012).	
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Figure	2.1	Calicheamicin	structure	and	the	biosynthetic	pathway	of	TDP-
methoxy-rhamnose	in	M.	echinospora	en	route	to	calicheamicin	ϒ1I	production.	

2.1.2. Dynamics	of	Protein	

Structural	flexibility	and	dynamics	is	generally	key	for	protein	function(Alber	

et	 al.,	 1983).	 Functionally	 important	motions	 not	 only	 involve	 ordered	 secondary	

structures	but	more	commonly	involve	disordered	loop	structures.	As	shown	by	the	

study	 on	 CalS11	 and	 many	 other	 proteins,	 such	 as	 xylanase	 protein	 from	

Thermobacillus	 xylanilyticus	 (Paes	 et	 al.,	 2012),	 loop	 dynamics	 are	 important	 for	

substrate	 binding	 and	 product	 release.	 Loop	 dynamics	 are	 also	 important	 for	

allosteric	activation	of	enzymes,	such	as	kinases	and	tyrosine	phosphatases	(Kornev	

and	Taylor,	 2015).	 Loop	 dynamics	 are	 also	widely	 found	 in	 eukaryotic	 regulatory	

proteins	 involved	 in	 processes	 such	 as	 signal	 transduction	 and	 transcription,	

allowing	for	an	induced	fit	molecular	recognition	process.	
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2.1.3. Ensemble	Refinement	

However,	prevailing	static	models	are	simply	an	average	of	an	ensemble	of	

states	and	cannot	adequately	describe	the	dynamics	of	protein	molecules.	Ensemble	

refinements	have	been	developed	that	use	the	X-ray	diffraction	data	to	generate	an	

ensemble	 of	 models	 to	 represent	 a	 non-Gaussian	 distribution	 of	 positions	 and	

implies	the	corresponding	motions	of	the	protein	molecules.	This	concept	was	first	

proposed	two	decades	ago	by	Brunger	and	Kuriyan	(Brunger	et	al.,	1987)	and	was	

extended	and	tested	by	several	other	groups	of	scientists	(Burnley	et	al.,	2012;	Levin	

et	 al.,	 2007).	 Burnley	 et	 al.	 developed	 an	 implementation	

(phenix.ensemble_refinement)	as	part	of	the	Phenix	software	package	(Burnley	et	al.,	

2012),	 which	 lowers	 the	 barrier	 for	 others	 to	 use	 this	 approach.	 Starting	 from	 a	

well-refined	single	model,	 local	molecular	vibrations	and	rotations	are	sampled	by	

molecular	dynamics	(MD)	simulation	restrained	with	terms	incorporating	the	X-ray	

data	while	global	disorder	is	partitioned	into	an	overall	translation-libration-screw	

(TLS)	 model	 (Burnley	 et	 al.,	 2012).	 Large	 numbers	 of	 structures	 make	 up	 the	

ensemble,	 typically	 thousands,	 but	 in	 the	 end,	 a	 small	 number	 of	 structures	 that	

reproduce	the	best	Rfree	within	some	tolerance,	typically	0.1%,	are	kept	as	the	final	

representative	set	of	 structures	defining	 the	ensemble.	We	have	applied	ensemble	

refinement	techniques	(ER)	to	model	both	the	structure	and	dynamics	based	on	X-

ray	 diffraction	 data	 sets	 for	 both	 S-adenosylhomocysteine	 (SAH)	 bound	 and	 apo-

structures.	The	analysis	shows	the	L2	loop	is	indeed	highly	flexible	in	ways	that	are	
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consistent	with	enzymatic	turnover,	whereas	the	highly	conserved	loops	L1	and	L3	

have	dramatically	more	stable	structures.	

2.1.4. Summary	

We	previously	solved	and	reported	two	structures	of	the	SAH	bound	form	of	

CalS11	 (PDB	 entry	 3TOS,	 4GF5)	 (Singh	 et	 al.,	 2013)	 and	 have	 now	 solved	 the	

corresponding	 apo	 structure	 of	 CalS11	 at	 1.89Å	 resolution	 (PDB	 entry	 4PWR).	

Compared	 to	 its	 substrate	 bound	 structure	 (Singh	 et	 al.,	 2013),	 where	 loop	 L2	 is	

closed	over	the	SAH,	the	electron	density	for	loop	L2	in	the	apo-form	is	inadequate	

for	establishing	a	static	model,	reflecting	the	dynamic,	or	at	least	disordered	nature	

of	substructure	L2.	The	observed	structural	difference	in	in	the	states	of	CalS11	with	

and	without	SAH	bound	prompted	further	evaluation	of	the	structural	dynamics	of	

CalS11	in	its	catalytic	function.	

2.2. Materials	And	Methods		

2.2.1. Crystallization,	Data	Collection,	and	Refinement	

Protein	 cloning,	 expression	 and	 purification	 methods	 were	 performed	 as	

previously	 described	 (Singh	 et	 al.,	 2013).	 Apo	 CalS11	 crystals	 were	 grown	 with	

hanging	drop	vapor	diffusion	method	by	mixing	1	µL	of	protein	solution	(16mg/mL	

CalS11	 in	 25mM	 tris,	 pH	 8.0)	 and	 1	 µL	 reservoir	 solution	 (25%	PEG	 3350,	 0.2	M	

Li2SO4,	0.1	M	Bis-Tris	pH6.5).	The	crystal	was	flash	frozen	in	liquid	nitrogen	for	data	

collection	without	additional	cryoprotectants.	Diffraction	data	were	collected	at	APS	
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21-ID-D	beamline	and	were	processed	with	XDS	(Kabsch,	2010b).	The	apo	structure	

was	solved	by	molecular	replacement	using	phaser-MR	from	Phenix	suite	(Bunkoczi	

et	 al.,	 2013)	 with	 molecule	 A	 from	 CalS11	 complex	 structure	 (PDB	 4GF5)	 as	 the	

search	 model.	 The	 model	 was	 improved	 by	 alternating	 cycles	 of	 manual	 model	

building	using	Coot	(Emsley	and	Cowtan,	2004)	and	refinement	using	Phenix.	Visual	

analysis	 of	 the	 final	 difference	 maps	 and	 interpretation	 of	 the	 structure	 was	

performed	with	a	 collaborative	stereoscopic	 system	based	on	a	commodity	3D	TV	

(Yennamalli	et	al.,	2014).	The	final	model	was	validated	using	MolProbity	(Chen	et	

al.,	2010b)	and	deposited	in	the	Protein	Data	Bank	with	accession	code	4PWR.	

2.2.2. Ensemble	Refinement	

I	performed	refinement	using	the	scripts	within	Phenix.ensemble_refinement	

for	both	 the	 substrate	bound	 (PDB	3TOS,	4GF5)	 (Singh	et	 al.,	 2013)	and	unbound	

structures	 of	 CalS11	 (PDB	 4PWR).	 For	 the	 substrate	 bound	 structure,	 the	

downloaded	PDB	files	were	refined	using	TLS	refinement	before	being	used	as	input	

file	 for	 ensemble	 refinement.	 For	 the	 apo	 CalS11	 structure,	 after	 regular	

phenix.refine	 step,	 the	missing	 region	of	L2	was	arbitrarily	built	 in	manually	with	

correct	sequence	and	stereochemistry	and	was	subsequently	used	as	 input	 for	 the	

ensemble	refinement.	We	limited	the	number	of	models	to	be	used	to	prevent	over	

fitting	 of	 the	 data	 (Burnley	 et	 al.,	 2012).	Harmonic	 restraints	were	 applied	 for	 all	

amino	acids	with	visible	electron	density	at	a	 level	of	1σ	 in	the	2mFo-Dfc	electron	

density	 map	 using	 parameters	 weight=0.0001	 and	 slack=1.0,	 as	 suggested	 in	 the	

documentation.	
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2.3. Results	and	Discussion	

2.3.1. X-ray	Crystal	Structure	of	Apo	CalS11	

2.3.1.1. Overall	Structure	of	CalS11	

The	 structure	 of	 the	 apo	 CalS11	 crystal	 was	 determined	 at	 a	 nominal	

resolution	 of	 1.89Å.	 This	 structure	 belongs	 to	 space	 group	 C2,	 different	 from	

previously	reported	space	groups	of	CalS11,	P1.	The	 final	structure	was	refined	to	

Rcryst	 and	 Rfree	 of	 13.3%	 and	 16.8%	 (PDB	 entry	 4PWR)	 (Table	 2.1).	 Each	 CalS11	

monomer	 folds	 in	 the	same	way	as	 the	substrate	bound	form	(Figure	2.2B),	 into	a	

single	 globular	 domain	 comprising	 a	 Rossmann	 fold	 characteristic	 of	 all	 SAM-

dependent	 methyltransferases.	 Apo	 CalS11	 also	 forms	 a	 decamer	 of	 five	

interconnected	 dimers.	 Each	 asymmetric	 unit	 contains	 half	 of	 the	 functional	

decamer	 (Figure	 2.2A).	 In	 the	 search	 results	 for	 similar	 structures,	 NovP,	 the	

novobiocin	 L-noivose-4’-O-methyltransferase	 is	 the	 closest	 structure	 available.	

Different	from	CalS11’s	decameric	structure,	NovP	exists	as	dimer	in	solution.	The	C-

alpha	 coordinates	 r.m.s.d.	 of	 NovP	 aligned	 with	 CalS11	 is	 3.2Å	 for	 the	 bound	

structure	and	1.9Å	for	the	apo	structure.	The	sequence	identity	of	NovP	and	CalS11	

is	20%.	The	Rossmann	fold	part	of	the	structures	aligns	well	while	the	L2	regions	of	

these	two	structures	are	fairly	distinct.		
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Table	2.1	Data	Collection	and	Refinement	Statistics	of	Apo	CalS11	

Statistic	 4PWR	
Spacegroup	 C	1	2	1	
Wavelength	(Å)	 0.9787	

Unit	cell	parameters	 148.26	125.14	107.15	90.00	125.12	90.00	
Estimated	standard	deviation	of	cell	
parameters	 0.14			0.09			0.07			0.00			0.03			0.00	
Resolution	range	of	data	collection	(Å)	 47.85		-	1.793	(1.857		-	1.793)	
No.	of	reflections	(measured/unique)	 1098192/147725	(91275/13326)	
Completeness	%	(Å)	
Multiplicity	

99	(90)	
7.4	(6.8)	

Mean	I/sigma(I)	 10.25(1.39)	
Wilson	B-factor	 25.40	
R-mergea	 0.1316	(1.234)	
R-measb	 0.1415	(1.332)	
CC1/2	 0.997	(0.611)	
CC*	 0.999	(0.871)	
R-crystc	 0.146	(0.298)	
R-freed	 0.179	(0.317)	
Number	of	non-hydrogen	atoms	 11176	
				macromolecules	 9403	
				ligands	 25	
Protein	residues	 1162	
RMS(bonds)	 0.01	
RMS(angles)	 1.0	
Ramachandrane	favored	(%)	 97.0	
Ramachandran	outliers	(%)	 0.09	
Rotamer	outliers	(%)	 0.69	
Clashscore	 3.15	
Average	B-factor	 32.8	
				macromolecules	 30.7	
				ligands	 64.1	
				solvent	 43.24	
Values in parenthesis are for the highest resolution shell. 
aR-merge =∑hkl ∑j⎜Ihkl,j - <Ihkl>⎢/ ∑hkl ∑j Ihkl,j, where <Ihkl> is the average of symmetry related observation of a unique 
reflection. 
bR-meas =∑hkl 𝑛/(𝑛 − 1)∑j⎜Ihkl,j - <Ihkl>⎢/ ∑hkl ∑j Ihkl,j, which is redundancy independent version of R-merge. 

cR-cryst= ∑hkl ⎜|Fobs| - |Fcalc|⎢/ ∑hkl |Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes. 
dR-free was calculated as R-work using randomly selected 5% of the unique reflections that were omitted from the 
structure refinement. 
eRamachandran statistics indicate the percentage of residues in the most favored, additionally allowed and outlier 
regions of the Ramachandran diagram as defined by MOLPROBITY.  
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Figure	2.2	Overall	structure	of	CalS11.		
(a)	The	apo	form	of	CalS11	forms	a	decamer	in	solution.	Each	asymmetric	unit	
contains	half	of	a	decamer	(shown	with	colors).	(b)	Apo	CalS11	monomer	with	
secondary	structural	element,	L2,	labelled.	(c)	The	SAH/glutamate	complex	
CalS11	monomer	structure	(PDB	3TOS).	(d)	The	SAH	complex	NovP	monomer	
structure	(PDB	2WK1).	(e)	Superimposition	of	apo	(red)	and	complexed	(blue)	
CalS11	structures.	(f)	Superimposition	of	NovP	structure	(green)	and	CalS11	
complexed	structure	(blue).	

Out	of	the	257	residues	in	the	apo	form	of	CalS11,	6	N-terminal	residues	and	

the	 residues	 111-131	 are	 missing	 in	 the	 electron	 density.	 It	 is	 unlikely	 that	 this	

stretch	 of	 protein	 chain	 has	 been	 cleaved	 since	 these	 residues	 are	 visible	 in	 the	

substrate-bound	structures.	Thus,	the	most	likely	possibility	is	that	the	L2	region	of	

CalS11,	 residues	 111-131,	 undergoes	 large	 conformational	 changes	 when	 no	
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substrate	is	present.	The	L2	region	is	adjacent	to	the	substrate-binding	cavity.		It	is	

likely	that	the	dynamics	of	L2	facilitates	substrate	entry	and	product	release.	Large	

conformational	changes	of	L2	are	accommodated	despite	the	decameric	structure	of	

the	enzyme	as	this	loop	is	on	the	surface	of	the	decamer.		

2.3.1.2. Active	Site	of	CalS11	

The	CalS11	substrate	bound	structure	shows	that	the	SAM/SAH	binding	site	

of	CalS11	is	located	in	the	C-terminal	end	of	the	cleft	formed	by	the	central	β	strands.	

Interactions	between	CalS11	and	the	bound	SAH	as	well	as	the	substrate	surrogate,	

glutamate,	 are	mainly	provided	by	 residues	 in	 three	 loops	 (L1,	 L2,	 L3),	which	 are	

conserved	 in	 the	methyltransferase	 family.	 	The	conformation	of	 these	residues	of	

L1	(between	β1	and	α4)	and	L3	(between	β3	and	helix	α6)	in	the	apo	structure	are	

mostly	the	same	as	they	are	in	the	complex	structure,	including	the	putative	CalS11	

catalytic	base	Asp191	(Figure	2.3).	Though	many	residues	of	L2	(between	β2	and	α5)	

are	also	conserved,	residues	111-128	(or	residues	111-132	in	some	chains)	are	not	

visible	 in	 the	 apo	 structure.	 In	 2	 copies	 out	 of	 5	 in	 asymmetric	 unit	 of	 the	 apo	

structure,	 residues	 127-133	 of	 L2	 are	 shifted	 away	 from	 the	 SAM/SAH	 site	

compared	to	that	in	the	complex	structure	(Figure	2.2E).	In	the	other	3	copies	in	the	

ASU,	 only	 residue	 132-133	 are	 visible	 and	 they	 show	 same	 conformation	 as	 the	

complex	 structures	 do.	 This	 variability	 amongst	 the	 members	 of	 the	 decamer	

further	support	 the	hypothesis	 that	L2	 is	 flexible	and	 it	can	either	stay	close	 to	or	

move	away	from	SAM/SAH	site.		
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Figure	2.3	Active	site	of	CalS11.		
(a)	The	residues	involved	in	SAH	and	glutamate	binding	(substrates	in	yellow).	
The	apo	CalS11	structure	is	colored	red	(PDB	4PWR),	complex	structure	is	
colored	blue	(PDB	3TOS).	

In	 the	 CalS11	 structurally	 related	 protein,	 NovP,	 the	 substructure	

corresponding	 to	 L2	 is	 a	 half	 helix-half	 loop	 structure.	 It	 is	 also	 proposed	 to	 be	

flexible,	 forming	 a	 lid	 over	 the	 co-substrate	 SAM	 serving	 as	 a	 gate	 (Figure	

2.2CD)(Gomez	Garcia	et	al.,	2010).	This	suggests	 that	L2	probably	serves	a	similar	

function	in	both	NovP	and	CalS11.	In	the	complex	structure,	L2	forms	a	hydrophobic	

lid	 near	 the	 ribose	 and	 adenine	 ring	 of	 SAH	 and	 stabilizes	 SAH	by	 van	 der	Waals	

forces	and	sterically	hinders	 the	release	of	SAH.	Thus,	 the	dynamics	of	 the	 loop	as	

observed	here	may	promote	SAH	release	to	complete	the	catalytic	cycle.	
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2.3.2. Ensemble	Refinement	

The	 ensemble	 refinement	 as	 applied	 here	 was	 performed	 using	 an	 X-ray	

data-restrained	 time-averaged	 molecular	 dynamics	 simulation	 to	 generate	 an	

ensemble	of	models	to	represent	the	special	distribution	and	implies	motion	within	

protein	molecules.	It	is	an	excellent	tool	to	study	structural	dynamics.	Application	of	

ensemble	refinement	method	to	all	three	CalS11	structures	improves	the	agreement	

between	 model	 and	 x-ray	 diffraction	 data,	 represented	 by	 decreases	 in	 Rfree	

compared	to	regular	refinement	(Table	2).	Application	of	the	ensemble	refinement	

to	apo	CalS11	structure	does	reduce	the	root-mean-square-deviation	(r.m.s.d.)	of	the	

mFo-DFm	difference	map	by	10%,	although	the	ways	the	absolute	scale	is	calculated	

is	 slightly	 different	 in	 the	 two	 methods	 and	 may	 or	 may	 not	 account	 for	 this	

difference.	Taken	together,	 these	results	provide	some	evidence	that	the	ensemble	

refinement	 improves	 model	 quality	 and	 supports	 the	 idea	 that	 an	 ensemble	 of	

models	somewhat	better	represents	the	structural	dynamics	of	CalS11	than	a	single	

static	model.	 	It	certainly	conveys	a	better	visual	description	of	the	conformational	

variability	than	does	simply	removing	parts	of	the	model.	
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Table	2.2		Statistics	of	Ensemble	Refinement	

PDB	
ID	

Resolution	
(Å)	

Number	
of	

models	
phenix.refine	 ensemble.refinement	(ER)	

ER	–	
phenix.refine	

	 	
	

Rcryst	 Rfree	 Rcryst	 Rfree	
Δ	

Rcryst	
Δ	
Rfree	

4PWR	 1.80	 25	 0.146	 0.179	 0.137	 0.171	 -
0.009	

-
0.008	

3TOS	 1.55	 20	 0.166	 0.195	 0.138	 0.172	 -
0.028	

-
0.023	

4GF5	 2.20	 20	 0.220	 0.219	 0.143	 0.199	 -
0.077	

-
0.020	

	

	

Figure	2.4	Comparison	of	ensemble	models	of	apo	CalS11	(PDBID	4PWR)	and	
tertiary	complexes	CalS11	(PDBID	3TOS	and	PDBID	4GF5).		
	(a)	The	L2	region	of	apo	CalS11	shows	large	displacements,	while	the	most	of	
the	structure	shows	small	displacements.	(b)	and	(c)	Ensemble	models	of	
complexed	CalS11	(PDBID	3TOS)	and	CalS11	(PDBID	4GF5)	show	small	
displacements,	including	the	L2	region.	These	results	show	that	the	substrate	
binding	site	is	more	solvent	accessible	when	no	substrate	is	bound.	All	
structures	are	shown	in	ribbon	form,	with	substrates	shown	in	lines	using	
PYMOL.	
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The	ensemble	refinement	results	for	product	bound	structures	are	consistent	

with	 the	 standard	 structure	 determinations,	 with	 L2	 staying	 in	 the	 closed	 state	

(Figure	 2.4b,	 2.4c).	 However,	 in	 the	 ensemble	 refinement	 results	 for	 the	 apo	

structure,	 L2	 is	 spatially	 distributed	 between	 closed	 and	 open	 conformations	

(Figure	 2.4a).	 The	 ensemble	 of	 L2	 conformations	 did	 not	 form	 a	 contact	 with	

neighbouring	unit	cell.	This	indicates	that	the	space	displacement	range	of	L2	is	not	

an	artifact	due	to	crystal	packing.	The	active	site	is	more	exposed	to	solvent	than	in	

the	 SAH	 bound	 structure	 as	 a	 result	 of	 L2	 movement	 (Figure	 2.5).	 Residues	

involving	hydrophobic	interactions	with	SAH	(residues	111-113	and	residues	128-

133)	show	both	main	chain	and	side	chain	conformation	changes.	

This	mobility	of	L2	that	we	see	in	CalS11	appears	to	minimize	the	activation	

energy	for	substrate	binding,	as	the	loop	rearrangements	open	the	conformation	for	

substrate	 access.	 The	 loops	 interactions	 with	 the	 substrate	 may	 also	 provide	

specificity	for	the	substrate	through	enthalpic	interactions	in	intermediate	states.	If	

the	energy	landscape	of	a	loop	is	very	broad,	loop	variability	can	also	contribute	an	

entropic	component	 to	 the	overall	 free	energy	of	binding	 that	 trades	specificity	or	

tightness	 of	 binding	 of	 products	 with	 conformational	 entropy.	 This	 entropic	

component	of	the	free	energy	is	then	recovered	as	the	product	leaves	the	active	site.	



	 60	
	

	

Figure	2.5	Active	site	accessibility	comparison	of	three	structures	of	CalS11:	
4PWR	(a),	3TOS	(b),	and	4GF5	(c).		
In	all	three	panels,	two	subunits	were	coloured	pink	and	cyan,	separately.	L2	
of	the	pink	subunit	is	highlighted	in	hot	pink.	When	substrate	is	bound	(PDBID	
3TOS,	4GF5),	L2	covers	the	majority	of	the	active	site	leaving	little	opening.	
When	substrate	is	not	bound	(a),	the	cavity	can	be	completely	exposed	to	
solvent	in	many	conformations.	

	

2.4. Conclusions	and	Future	Directions	

Dynamics	of	loops	may	confer	advantages	over	highly	fixed	folded	proteins	in	

substrate	binding	(Mittag	et	al.,	2010).	The	free	energy	flow	can	trade	off	attractive	

forces	 for	 the	 substrate	 bound	 form	 with	 the	 entropy	 of	 a	 loop,	 allowing	 for	

specificity	but	retaining	a	reasonable	equilibrium	constant	for	product	release.		The	

diffusive	motions	of	a	loop	in	thermal	equilibrium	with	the	environment	might	also	

help	‘pull’	off	the	substrate	from	its	post-transition	state	like	environment.	Many	of	

these	 functionally	 important	dynamics	 are	 retained	 in	 the	 crystalline	 forms	of	 the	

protein	as	well.	Their	motions	are	 just	averaged	by	 the	nature	of	 the	analysis	and	

are	 not	 well	 represented	 by	 a	 single	 model	 built	 based	 on	 standard	 practices.	
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Compared	 to	 other	 methods	 of	 characterizing	 the	 energy	 landscape	 of	 a	 large	

dynamic	 molecule,	 ensemble	 refinement	 is	 an	 easier	 way	 of	 analyzing	 currently	

available	structure	data	 in	protein	databank	and	representing	protein	dynamics	 in	

atomic	detail	with	enhanced	support	from	experimental	data.	

The	general	fold	of	CalS11	is	stable	in	structures	with	or	without	SAH	bound.	

Loop	 L2	 of	 CalS11	 shows	 enhanced	 mobility	 in	 the	 absence	 of	 substrate.	 This	

mobility	 is	 visualized	 by	 ensemble	 refinement,	 which	 generated	 an	 ensemble	 of	

models	 by	 a	 restrained	 molecular	 dynamics	 simulation	 that	 includes	 the	 X-ray	

diffraction	 data.	 Ensemble	 refinement	 results	 of	 three	 structures	 showed	 that	 L2	

conformations	 are	 distributed	 between	 closed	 and	 open	 states.	 Ensemble	

refinements	provide	us	with	a	better	representation	of	the	mobile	part	of	a	protein	

structure,	both	statistically	and	visually.	It	helps	us	identify	the	spatial	distribution	

of	L2	for	CalS11,	presents	a	sampling	of	the	conformational	landscape	and	provides	

evidence	of	dynamics	of	L2	supporting	its	function	in	promoting	substrate	binding	

and	product	release.	
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Chapter 3 

Structure and Mechanism of 
Decarboxylase, TtnD, from	

Streptomyces griseochromogenes in 
Tautomycetin Biosynthesis 

3.1. 	Introduction	

Tautomycetin	(TTN)	is	an	important	drug	lead	compound	because	it	has	both	

anticancer	and	 immunosuppressive	activities.	Structural	derivatives	of	a	drug	 lead	

compound	 are	 typically	 good	 source	 materials	 for	 understanding	 the	 working	

mechanism	 of	 the	 lead	 compound	 as	 well	 as	 for	 designing	 new	 compounds	 with	

better	 efficacy	 and	 fewer	 side	 effects.	 A	 better	 understanding	 of	 the	 biosynthetic	

machinery	for	TTN	may	help	us	to	engineer	the	machinery	and	diversify	derivatives	

of	TTN.	
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3.1.1. Function	of	TtnD	

As	part	of	TTN	biosynthetic	gene	cluster,	the	ttnD	gene	encodes	a	protein	of	

485	 amino	 acids	 in	 length.	 TtnD	 is	 grouped	with	 1607	other	 sequences	 from	790	

species	 in	 the	 UbiD	 protein	 family	 or	 PF01977	 family	 in	 PFAM	 (Bateman	 et	 al.,	

2002).	Genes	that	code	UbiD	family	proteins	can	be	found	in	all	three	domains	of	life,	

Archaea,	Bacteria	and	Eukarya.	The	representative	protein	in	this	family,	UbiD	from	

E.	 coli,	 catalyses	 the	 decarboxylation	 of	 3-octaprenyl-4-hydroxybenzoate	 during	

ubiquinone	biosynthesis.	The	structures	of	four	members	of	UbiD	family	have	been	

solved	and	they	are	all	decarboxylases	involved	in	different	biosynthesis	processes.			

Both	sequence	analysis	and	in	vivo	assay	prove	that	TtnD	is	a	non-oxidative	

decarboxylase	and	catalyses	the	decarboxylation	of	TTN	D-1	at	C-3”	to	form	TTN	I1	

(Figure	3.1).		

Modifications	on	the	right	hemisphere	of	TTN,	including	the	decarboxylation	

catalysed	by	TtnD,	have	various	 impacts	on	TTN	bioactivity.	The	TTN	biosynthetic	

intermediates	 accumulated	 in	 the	 ΔttnD	 mutant	 strain	 SB13014	 were	 isolated	 as	

TTN	D-1,	TTN	D-2,	TTN	D-3,	TTN	D-4	(Figure	3.2A).	Their	PP1	and	PP2	 inhibition	

activities	are	all	reduced	(Figure	3.2B).	In	terms	of	in	vivo	anticancer	activity,	TTN	

D-1	 and	 TTN	 D-2	 are	 inactive	 while	 TTN	 D-3	 and	 TTN	 D-4	 show	 significant	 but	

reduced	activity	(Figure	3.2C)	(Luo	et	al.,	2010).	These	isolates	were	tested	against	

three	human	cancer	cell	lines:	Du145,	MCF7,	and	HCT115.	
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Figure	3.1	Reaction	catalyzed	by	TtnD	

	

Figure	3.2	TtnD	biosynthetic	intermediates	structures	and	their	bioactivity.	
This	figure	is	remade	with	data	from	article	(Luo	et	al.,	2010)	with	permission.	
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3.1.2. Kinetics	of	Decarboxylation	Reaction	Catalysed	by	TtnD	

TtnD	has	been	 functional	 characterized	by	 Jeffery	Rudolf	 and	 coworkers	 in	

Scripps	 Research	 Institute,	 Florida	 before	 the	 identification	 prenylated	 flavin	

mononucleotide	(prFMN).	A	preliminary	reaction	with	TtnD	(~50	μM)	and	TTN	D-1	

(100	 μM)	 in	 buffer	 supplemented	 with	 MgCl2	 (5	 mM)	 showed	 that	 after	 a	 3	 h	

incubation	 at	 28	 °C,	 TTN	 D-1	 was	 converted	 to	 TTN	 I-1.	 A	 reaction	 with	 heat-

inactivated	TtnD	shows	that	decarboxylation	is	TtnD-dependent.	

The	 reactions	 conditions	 for	 TtnD	 were	 optimized	 using	 TTN	 D-1	 as	 the	

substrate	 and	 HPLC	 for	 analysis.	 In	 the	 conditions	 tested,	 TtnD	was	 active	 at	 pH	

values	 of	 5.5-8.0	with	 highest	 activity	 at	 pH	 7.0	 in	 50	mM	bis-tris	 propane	 (BTP)	

buffer.	Incubation	of	~50	µM	TtnD	with	100	µM	TTN	D-1	in	the	presence	of	5	mM	

MgCl2	for	10	h	at	28,	37,	and	42	°C	revealed	TtnD	has	a	higher	turnover	rate	at	37	°C		

than	28	 °C,	 and	 that	28	or	37	 °C	 are	preferred	 reaction	 temperatures	 as	TTN	D-1	

degrades	 at	 higher	 temperatures.	 However,	 TtnD	 begins	 to	 lose	 activity	 when	

incubated	at	37	°C	prior	to	addition	to	the	reaction	mixture.		

A	 time	 course	 of	 TtnD	 decarboxylation	 of	 TTN	 D-1	 was	 performed	 to	

determine	 the	 amount	 of	 time	 necessary	 to	 detect	 product	 accumulation.	 TTN	 I1	

production	become	visible	after	1	h,	but	at	a	value	of	<5%;	a	3	h	incubation	yielded	

~12%	conversion.	

Finally,	 the	 decarboxylation	 reaction	 was	 tested	 for	 divalent	 cation	

dependence	by	incubation	with	various	divalent	metals	at	a	concentration	of	10	mM	
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including	MgII,	CoII,	MnII,	CaII,	CuII,	FeII,	and	ZnII,	as	well	as	demetalized	TtnD	(using	

EDTA).	Metal-free	TtnD	was	not	active	and	 introduction	of	MgII,	CoII,	MnII,	and	CaII	

rescued	activity	(CaII	at	a	slower	rate).		

Due	to	the	slow	nature	of	the	decarboxylation	reaction	of	TTN	D-1,	we	tested	

TtnD	(~50	μM)	with	TTN	D-4	and	TTN	F-1	(100	μM)	in	decarboxylation	reaction.	No	

product	was	detected	after	an	incubation	of	12	h.	Thus,	TTN	D-1	is	likely	the	native	

substrate	for	TtnD.		

An	amino	acid	sequence	alignment	of	TtnD	with	 two	UbiD	homologues	and	

one	TtnD-like	decarboxylase,	SmdK,	revealed	several	conserved	amino	acids	(Figure	

3.3).	Using	 this	alignment	and	the	putative	active	site	of	UbiD2	 from	Pseudomonas	

aeruginosa	 (UbiD2_Pa)	 (PDB	 4IP2),	 we	 chose	 four	 residues	 for	 site-directed	

mutagenesis.	For	each	residue,	we	constructed	two	mutants;	an	alanine	mutation	for	

“knockout”	 and	 a	 functional	 group	 conservation	mutation	 for	 “complementation.”	

The	eight	mutants	constructed	were	R169A,	R169K,	E228A,	E228D,	E272A,	E272D,	

E277A,	 and	 E277D.	 The	 decarboxylation	 activities	 for	 each	mutant	 were	 assayed	

using	 the	 standard	 TtnD	 reaction	 conditions	 and	 each	 mutant	 completely	 lost	

catalytic	 activity,	 expect	 E272D.	 E272D	 retained	 activity,	 albeit	 at	 a	 significantly	

decreased	rate.	Each	residue	selected	 for	site-directed	mutagenesis	 is	required	 for	

catalytic	activity.	
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                                                            TtnD_S.griseochromogenes
   1       10        20        30        40        50       

TtnD_S.griseochromogenes           R     L             D  LE              A                      YL V     DV  I   V     A AA R   E   P  M   L G  ...MKRLKDL E  A  EAHQ  RE DEP  PH   G  A WTY NRG  L LND T TG

SmdK_S.himastatinicus             R     L             D  LE              A                      YL A     DL  I   V     I AI R   E   P  L   V G  ...MNHLSSL D  D  AKLD  RV DDE  AE   G  A YAT HRA  H LSR R FT

PA0254_P.aeruginosa               R     L             D  LE              A                      FV       DL  V   V     I AI R   E   P  L   I    ..MNRSALDF H  DH RRQG  VD HTE  AN   G  T RVY RRA  P FHN RDSL

Fdc1_A.niger                      R     L             D  LE              A                      FV A     DL  I   I     A AI R   E      L   L G  MSAQPAHLCF S  E  KVDN  VE NTP  PN   A  T RVC TNDK P FNN I MK

UbiD_E.coli                       R     L             D  LE              A                      FL L     EL  I   V     I  I         P  L     G  MD.AMKYNDL D  T  EQQG  KR TLP  PH   TE ADRTLRAGG  L FENPK YS

consensus>70 ..........R.%...L....#l..!...!D..LE..ai.r...e...pA.$..n..g..�
                                                        TT  UbiD_E.coli             

          TT     TT            .        TT                  TtnD_S.griseochromogenes
   60        70                80        90       100       

TtnD_S.griseochromogenes           P                      A                               RIL A   L                R V     L      HEIVD L  A    P.RF.C   A  AG STIPGSP....L...A .  LSLG DVSATA     S AA RTRE 

SmdK_S.himastatinicus             P                      A                               RVL A                    R V     L        LLD L  A  A P.PG.F   T  AAYSSVPDTP....Y...A .  LSLG DPDTRPLR   G VA QS A 

PA0254_P.aeruginosa               P                      A                               RVL A   L                R L     L      RDIV  L  A  A P.PG.A   G  AG RADRARA....H...S .  LHFG PEHSGP    AM RA MR E 

Fdc1_A.niger                      P                      A                               RIL A   L                R L     L      REILD M  A  M P.NGLF   G  GS RKSSADR....Y...G .  RHLA PPTASM     K LS SD P 

UbiD_E.coli                       P                      A                                L      V                K L            RDL D L     V  MPVLCN FGT KR AMGMGQEDVSALREVG L  FLKEPEPPKGF   F K PQFKQ LN

consensus>70 .....ril.aP...................r..A....l.......e..d.$..a....p�
      TT                                   TT               UbiD_E.coli             

                                TT                TT        TtnD_S.griseochromogenes
110       120       130       140       150       160       

TtnD_S.griseochromogenes          P            L   P       D      T G      P         V P  V    CQDNVL G DA   R  APLLH   GG YL  W   IV T D  FTNW I A VV DSA       L D  N D F      EG   P  N   TI  S   GS    A 

SmdK_S.himastatinicus            P            L   P       D      T G      P         I P  V    CQENVL G DAD TR   PLLH   GG YV      VL S D  WTNW L P VT ASG       L A      F F    HG   R  N I TF  R   RR    G 

PA0254_P.aeruginosa              P            L   P       D      T G      P         I P  L     QENV  G  VD TR  VPLLH   GG Y   Y   VV T D  W SW V A RR ERG V    WL EQ     F      EQ   R FG   FH  Q   GS D  S 

Fdc1_A.niger                     P            L   P       D      T G      P         I P  V    C EN L   E D T   VPLIH   GG YI  Y   IV S D  WTNW I P TI PTG  K  S DDS F   EL      KS   K  Q   MH  Q   GT    S 

UbiD_E.coli                      P            L   P       D      T G      P         M    L    CQ  IV G DVD NR  I           L  W   V        QN  I PTKR RGA   QK  S D      I  MTCWPE AAP. I   LT TRG HKER  LG 

consensus>70 i.p......Pcq#nv..g.#.#L.r.P.pl.h..Dgg.y..T.G..!...Pd....nw.i�
                                TT                          UbiD_E.coli             

                                                           TTtnD_S.griseochromogenes
170       180       190         200        210       220    

TtnD_S.griseochromogenes  R                         W     G    P     G  P          P   VM  D  RM    I  QHL  I               FAIV      I  V  MPL DA   KI GK  TGTF PT   GQ RKL DN..L Q.PM     Q TE G PF AS     

SmdK_S.himastatinicus    R                         W     G    P     G  P          P   AML D  RM       QHI  I               FALV  A  AV  V  M L EA    H SH  ATFTGSP   GV DDM RE..R E.RT     L  E   PF ST S   

PA0254_P.aeruginosa      R                         W     G    P     G  P          P   LML D   L    I  QHI  I               WAMA  A  AA  A  MPL EG    V RNT AGPT PT   GI REQ RR..L K.PT     L  P   LA AG     

Fdc1_A.niger             R                         W     G    P     G  P          P   AMV D  HL    I  QHI  I               WALA  V  AA  A  MPI DA    H KN  TGLV PP   WQ HQM KK..E RSDV     F  P   IM SS     

UbiD_E.coli              R                         W     G    P     G  P          P     L    KL    L                         VA  A  A       PV DY QQ IGKN  IMRW SHRGGALDYQE CAAHP E.RF VS  L  D  TILGAVT    

consensus>70 .R.m..d...$.......qh...i.q.W.....G....P.a...G..Pa......mp.P#�
                                                           TUbiD_E.coli             

T                            TT                             TtnD_S.griseochromogenes
   230       240       250       260       270       280    

TtnD_S.griseochromogenes    E    G   G   E V      L VPA  EIV EG         EGP G   GY    I  V FL A     L L R  T D     S    I   V    TA      E      PG E  G    YF EP     AK V  L    A      H MPGR  V   M  YA  Q. 

SmdK_S.himastatinicus      E    G   G   E V      L VPA  EIV EG         EGP G   GY    V  A YL A     V L R  T D     T    I   I   E I      E      PE D  A    YY RP     CR V  E    A      Y NHD L P   M  FA  I. 

PA0254_P.aeruginosa        E    G   G   E V      L VPA  EIV EG         EGP G   GY    V  A YV A     V V R  T       N    L   I   ETA      E      PG S  G    LV EP     TQ NG W    T      E SLD   L   M  YH  SF 

Fdc1_A.niger               E    G   G   E V      L VPA  EIV EG         EGP G   GY    V  A YV A     L L K  T D     T    L   L   ET       E      PG T  G    MT SS     CD N  Y    S      T SIS  GP   F  MH  IF 

UbiD_E.coli                E    G   G   E V      L VPA  EIV EG         EGP G   GY    L    FA L       V K  S D     S    L   I   ETA      D       T S YA    LR TKT    CI N  E    A      Y EQG   P   Y  HT  YNE

consensus>70 .v.E..%.Ga..G...E.V...t.dL.VPA..EIV.EG.i...et..EGP.G#..GY..p�
T                            TT                      TT     UbiD_E.coli             

                                                            TtnD_S.griseochromogenes
    290       300       310       320       330       340   

TtnD_S.griseochromogenes           V     R   I      G    E     G                           P Y    IT  D    PI     P D  HTA   V  A    LL    LPV   RHTSMQ E V DA  Y  DP W  SVA E V  T   W L TA EALA  RAAK   ATA

SmdK_S.himastatinicus             V     R   I      G    E     G                           P Y    IT  D    PV     P D  HTL      A     L    LPI   DWQVEL A T TA  H  DP M  VCA K V  D   V LTHS RWTHY REAG   AAS

PA0254_P.aeruginosa               V     R   I      G    E     G                           P F    LS  D    PI     P E  HTI   M  A    VA    LPV   IGKP.Q L H HA  F  QP L  CVA T P  N   W T IS QLLD  QNAG   DMV

Fdc1_A.niger                      V     R   I      G    E     G                             Y    IT       PM       D  HTM   L  A    L     LPI   GDTHLGAK K NR  Y NNA M  SSC RLT  T   I S AA EIRK CQQND   TDA

UbiD_E.coli                       V     R   I      G    E     G                           P F    IT  E           P D    L   A       IL      I   ..VDSF V T TH  Q  DA YHSTYT R P  PAV . V LNEVFVP  QKQFPE VDF

consensus>70 ......p.%.V..it.R##.I.p....G.p.#E.ht..G....a..........lp!...�
                 TT                  .                      UbiD_E.coli             

                                                        TT  TtnD_S.griseochromogenes
    350       360       370       380        390       400  

TtnD_S.griseochromogenes     E                                                    D  WM        LIV L           S      RI   L         M RV VL   VD  PF AAAHW   C TEDWRERMPGL RDGICL  SQV AATR.IEAM T  F  DD   

SmdK_S.himastatinicus       E                                                    D  WM        LAV V           S       I        H    V RIMVL   ID  IP TAVHV   T DRDWRERTGFT SEQLCRA GEACDAFP GGWW T     DH   

PA0254_P.aeruginosa         E                                                    D  W         AVL I                  RV   V    H    V KLILV   ID CSY AATCW   S DVQRLAA.LGTDAAAFAA  AET FGS. AGHL P     GN   

Fdc1_A.niger                E                                                    D  FA        VAL V           T      RV   V    K    I RLVLV   ID  PF SQVTW   R DTEKLRA.MKT SEGFRK  GDV FNH. AGYT H     GD   

UbiD_E.coli                 E                                                    D  YL        LAV             Q      RV   V    R       VIV    V   PP GCSYR   VT........IKK YAGHAK  MMG WSFL QFMYTKF   CDD  N

consensus>70 ....E............d...............r!.e...................dD!#�
               ........                                 TT  UbiD_E.coli             

                       .      TT                            TtnD_S.griseochromogenes
     410       420        430       440       450       460 

TtnD_S.griseochromogenes         W   TR  P                            G                D  ELA A            V        LA          G  PKAV   L      PS QT     IA  VS AHGRL .RHGMINP  GCYSAEERRL Y     LNG LPPMA.

SmdK_S.himastatinicus           W   TR  P                            G                D  DVL              V        LM          G  P VL   L      PT LR    GFA  SH TTGIH LPDTAIMH  VCYTDAERET R  T  FDC RE....

PA0254_P.aeruginosa             W   TR  P                            G                E   VV A            A        MV          G  GRLV   L      VT IDQ    LA  AH LHDHF FPQIRDFP  PYLDAEDKAR S     INC YPEQFA

Fdc1_A.niger                    W   TR  P                            G                E  DVL A            L        LI             GKVV   L      VY GK     FS  CR GMDET FEDVRGFP  PYMGHGNGPAHR     SDA MPTEYT

UbiD_E.coli                     W   TR  P                            G                D  DVI A            L         I          G   KM           AR WN     IT  MD ARDTV VENTP.... DYLDFASPVS L S  GLDATNKWPGE

consensus>70 ..#..#v.Wa..TR..P........d.....l.......e...g.G.....#.l......�
                                  TT TT   TT                UbiD_E.coli             

                                                            TtnD_S.griseochromogenes
         470       480                                      

TtnD_S.griseochromogenes          F   YP  V  RV                                      ..ERSRRSS RHT  EP RQ  IELLA.............                    

SmdK_S.himastatinicus            F   YP  V  R                                       ..DDLNIAS AEN  QA QE TRQLLAGARPLGDVL....                    

PA0254_P.aeruginosa              F   YP  L  RV                                      GQMRAATAS RHA  TA RR  EERWSDYG.FGDA.....                    

Fdc1_A.niger                     F   YP  L  KV                                      TGRNWEAAD NQS  ED KQ  LDNWTKMG.FSNLE....                    

UbiD_E.coli                              V  HI                                      TQREWGRPIKK...DPD VA  DAIWDELAIFNNGKSALE                    

consensus>70 .........f...yp......v.e.........d......�
                                                            UbiD_E.coli             

α1 β1 α2 β2 
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Figure	3.3	Amino	acid	sequence	alignment	of	TtnD	with	selected	UbiD	family	
members.		
Blue	triangle	highlights	metal	coordinating	residues.	Red	triangle	highlites	
residues	that	were	choosen	for	mutation	inactivation	test.	

3.1.3. Biological	Decarboxylation	Mechanism	

Given	the	structure	of	TTN	D-1,	 the	nature	of	TTN	D-1	decarboxylation	 is	a	

non-oxidative	 decarboxylation	 off	 an	 enoic	 acid,	 which	may	 pass	 through	 a	 vinyl	

anion	 intermediate.	 Decarboxylation	 is	 a	 very	 common	 reaction	 in	 nature.	 Due	 to	

the	 high-energy	 barrier	 of	 carbanion	 intermediate,	 decarboxylation	 is	 difficult	 to	

achieve	at	ambient	conditions	(Payne	et	al.,	2015a).	To	overcome	this	energy	barrier,	

many	 carboxylases	 utilize	 cofactor,	 such	 as	 flavins,	 pyridoxal	 phosphate	 (PLP),	

thiamine	pyrophosphate	(TPP)	or	divalent	metal	ions.	Only	a	few	carboxylases	were	

shown	to	catalyse	with	no	cofactor.		

The	well-known	orotidine	5’-monophosphate	(OMP)	decarboxylase	is	one	of	

the	best	examples	of	a	decarboxylation	reaction	involving	a	vinyl	anion	intermediate.	

                                                            TtnD_S.griseochromogenes

TtnD_S.griseochromogenes    1           R     L             D  LE              A                      YL V     DV  I   V     A AA R   E   P  M   L G  ...MKRLKDL E  A  EAHQ  RE DEP  PH   G  A WTY NRG  L LND T TG

SmdK_S.himastatinicus       1           R     L             D  LE              A                      YL A     DL  I   V     I AI R   E   P  L   V G  ...MNHLSSL D  D  AKLD  RV DDE  AE   G  A YAT HRA  H LSR R FT

PA0254_P.aeruginosa         1           R     L             D  LE              A                      FV       DL  V   V     I AI R   E   P  L   I    ..MNRSALDF H  DH RRQG  VD HTE  AN   G  T RVY RRA  P FHN RDSL

Fdc1_A.niger                1           R     L             D  LE              A                      FV A     DL  I   I     A AI R   E      L   L G  MSAQPAHLCF S  E  KVDN  VE NTP  PN   A  T RVC TNDK P FNN I MK

UbiD_E.coli                 1           R     L             D  LE              A                      FL L     EL  I   V     I  I         P  L     G  MD.AMKYNDL D  T  EQQG  KR TLP  PH   TE ADRTLRAGG  L FENPK YS

consensus>70 ..........R.%...L....#l..!...!D..LE..ai.r...e...pA.$..n..g..�
                                                        TT  UbiD_E.coli             

          TT     TT            .        TT                  TtnD_S.griseochromogenes

TtnD_S.griseochromogenes   58           P                      A                               RIL A   L                R V     L      HEIVD L  A    P.RF.C   A  AG STIPGSP....L...A .  LSLG DVSATA     S AA RTRE 

SmdK_S.himastatinicus      58           P                      A                               RVL A                    R V     L        LLD L  A  A P.PG.F   T  AAYSSVPDTP....Y...A .  LSLG DPDTRPLR   G VA QS A 

PA0254_P.aeruginosa        59           P                      A                               RVL A   L                R L     L      RDIV  L  A  A P.PG.A   G  AG RADRARA....H...S .  LHFG PEHSGP    AM RA MR E 

Fdc1_A.niger               61           P                      A                               RIL A   L                R L     L      REILD M  A  M P.NGLF   G  GS RKSSADR....Y...G .  RHLA PPTASM     K LS SD P 

UbiD_E.coli                60           P                      A                                L      V                K L            RDL D L     V  MPVLCN FGT KR AMGMGQEDVSALREVG L  FLKEPEPPKGF   F K PQFKQ LN

consensus>70 .....ril.aP...................r..A....l.......e..d.$..a....p�
      TT                                   TT               UbiD_E.coli             

                                TT                TT        TtnD_S.griseochromogenes

TtnD_S.griseochromogenes  108          P            L   P       D      T G      P         V P  V    CQDNVL G DA   R  APLLH   GG YL  W   IV T D  FTNW I A VV DSA       L D  N D F      EG   P  N   TI  S   GS    A 

SmdK_S.himastatinicus     108          P            L   P       D      T G      P         I P  V    CQENVL G DAD TR   PLLH   GG YV      VL S D  WTNW L P VT ASG       L A      F F    HG   R  N I TF  R   RR    G 

PA0254_P.aeruginosa       109          P            L   P       D      T G      P         I P  L     QENV  G  VD TR  VPLLH   GG Y   Y   VV T D  W SW V A RR ERG V    WL EQ     F      EQ   R FG   FH  Q   GS D  S 

Fdc1_A.niger              112          P            L   P       D      T G      P         I P  V    C EN L   E D T   VPLIH   GG YI  Y   IV S D  WTNW I P TI PTG  K  S DDS F   EL      KS   K  Q   MH  Q   GT    S 

UbiD_E.coli               120          P            L   P       D      T G      P         M    L    CQ  IV G DVD NR  I           L  W   V        QN  I PTKR RGA   QK  S D      I  MTCWPE AAP. I   LT TRG HKER  LG 

consensus>70 i.p......Pcq#nv..g.#.#L.r.P.pl.h..Dgg.y..T.G..!...Pd....nw.i�
                                TT                          UbiD_E.coli             

                                                           TTtnD_S.griseochromogenes

TtnD_S.griseochromogenes  168  R                         W     G    P     G  P          P   VM  D  RM    I  QHL  I               FAIV      I  V  MPL DA   KI GK  TGTF PT   GQ RKL DN..L Q.PM     Q TE G PF AS     

SmdK_S.himastatinicus     168  R                         W     G    P     G  P          P   AML D  RM       QHI  I               FALV  A  AV  V  M L EA    H SH  ATFTGSP   GV DDM RE..R E.RT     L  E   PF ST S   

PA0254_P.aeruginosa       169  R                         W     G    P     G  P          P   LML D   L    I  QHI  I               WAMA  A  AA  A  MPL EG    V RNT AGPT PT   GI REQ RR..L K.PT     L  P   LA AG     

Fdc1_A.niger              172  R                         W     G    P     G  P          P   AMV D  HL    I  QHI  I               WALA  V  AA  A  MPI DA    H KN  TGLV PP   WQ HQM KK..E RSDV     F  P   IM SS     

UbiD_E.coli               179  R                         W     G    P     G  P          P     L    KL    L                         VA  A  A       PV DY QQ IGKN  IMRW SHRGGALDYQE CAAHP E.RF VS  L  D  TILGAVT    

consensus>70 .R.m..d...$.......qh...i.q.W.....G....P.a...G..Pa......mp.P#�
                                                           TUbiD_E.coli             

T                            TT                             TtnD_S.griseochromogenes

TtnD_S.griseochromogenes  225    E    G   G   E V      L VPA  EIV EG         EGP G   GY    I  V FL A     L L R  T D     S    I   V    TA      E      PG E  G    YF EP     AK V  L    A      H MPGR  V   M  YA  Q. 

SmdK_S.himastatinicus     225    E    G   G   E V      L VPA  EIV EG         EGP G   GY    V  A YL A     V L R  T D     T    I   I   E I      E      PE D  A    YY RP     CR V  E    A      Y NHD L P   M  FA  I. 

PA0254_P.aeruginosa       226    E    G   G   E V      L VPA  EIV EG         EGP G   GY    V  A YV A     V V R  T       N    L   I   ETA      E      PG S  G    LV EP     TQ NG W    T      E SLD   L   M  YH  SF 

Fdc1_A.niger              230    E    G   G   E V      L VPA  EIV EG         EGP G   GY    V  A YV A     L L K  T D     T    L   L   ET       E      PG T  G    MT SS     CD N  Y    S      T SIS  GP   F  MH  IF 

UbiD_E.coli               238    E    G   G   E V      L VPA  EIV EG         EGP G   GY    L    FA L       V K  S D     S    L   I   ETA      D       T S YA    LR TKT    CI N  E    A      Y EQG   P   Y  HT  YNE

consensus>70 .v.E..%.Ga..G...E.V...t.dL.VPA..EIV.EG.i...et..EGP.G#..GY..p�
T                            TT                      TT     UbiD_E.coli             

                                                            TtnD_S.griseochromogenes

TtnD_S.griseochromogenes  284           V     R   I      G    E     G                           P Y    IT  D    PI     P D  HTA   V  A    LL    LPV   RHTSMQ E V DA  Y  DP W  SVA E V  T   W L TA EALA  RAAK   ATA

SmdK_S.himastatinicus     284           V     R   I      G    E     G                           P Y    IT  D    PV     P D  HTL      A     L    LPI   DWQVEL A T TA  H  DP M  VCA K V  D   V LTHS RWTHY REAG   AAS

PA0254_P.aeruginosa       286           V     R   I      G    E     G                           P F    LS  D    PI     P E  HTI   M  A    VA    LPV   IGKP.Q L H HA  F  QP L  CVA T P  N   W T IS QLLD  QNAG   DMV

Fdc1_A.niger              290           V     R   I      G    E     G                             Y    IT       PM       D  HTM   L  A    L     LPI   GDTHLGAK K NR  Y NNA M  SSC RLT  T   I S AA EIRK CQQND   TDA

UbiD_E.coli               298           V     R   I      G    E     G                           P F    IT  E           P D    L   A       IL      I   ..VDSF V T TH  Q  DA YHSTYT R P  PAV . V LNEVFVP  QKQFPE VDF

consensus>70 ......p.%.V..it.R##.I.p....G.p.#E.ht..G....a..........lp!...�
                 TT                  .                      UbiD_E.coli             

                                                        TT  TtnD_S.griseochromogenes

TtnD_S.griseochromogenes  344     E                                                    D  WM        LIV L           S      RI   L         M RV VL   VD  PF AAAHW   C TEDWRERMPGL RDGICL  SQV AATR.IEAM T  F  DD   

SmdK_S.himastatinicus     344     E                                                    D  WM        LAV V           S       I        H    V RIMVL   ID  IP TAVHV   T DRDWRERTGFT SEQLCRA GEACDAFP GGWW T     DH   

PA0254_P.aeruginosa       345     E                                                    D  W         AVL I                  RV   V    H    V KLILV   ID CSY AATCW   S DVQRLAA.LGTDAAAFAA  AET FGS. AGHL P     GN   

Fdc1_A.niger              350     E                                                    D  FA        VAL V           T      RV   V    K    I RLVLV   ID  PF SQVTW   R DTEKLRA.MKT SEGFRK  GDV FNH. AGYT H     GD   

UbiD_E.coli               355     E                                                    D  YL        LAV             Q      RV   V    R       VIV    V   PP GCSYR   VT........IKK YAGHAK  MMG WSFL QFMYTKF   CDD  N

consensus>70 ....E............d...............r!.e...................dD!#�
               ........                                 TT  UbiD_E.coli             

                       .      TT                            TtnD_S.griseochromogenes

TtnD_S.griseochromogenes  403         W   TR  P                            G                D  ELA A            V        LA          G  PKAV   L      PS QT     IA  VS AHGRL .RHGMINP  GCYSAEERRL Y     LNG LPPMA.

SmdK_S.himastatinicus     404         W   TR  P                            G                D  DVL              V        LM          G  P VL   L      PT LR    GFA  SH TTGIH LPDTAIMH  VCYTDAERET R  T  FDC RE....

PA0254_P.aeruginosa       403         W   TR  P                            G                E   VV A            A        MV          G  GRLV   L      VT IDQ    LA  AH LHDHF FPQIRDFP  PYLDAEDKAR S     INC YPEQFA

Fdc1_A.niger              408         W   TR  P                            G                E  DVL A            L        LI             GKVV   L      VY GK     FS  CR GMDET FEDVRGFP  PYMGHGNGPAHR     SDA MPTEYT

UbiD_E.coli               407         W   TR  P                            G                D  DVI A            L         I          G   KM           AR WN     IT  MD ARDTV VENTP.... DYLDFASPVS L S  GLDATNKWPGE

consensus>70 ..#..#v.Wa..TR..P........d.....l.......e...g.G.....#.l......�
                                  TT TT   TT                UbiD_E.coli             

                                                            TtnD_S.griseochromogenes

TtnD_S.griseochromogenes  461          F   YP  V  RV                                      ..ERSRRSS RHT  EP RQ  IELLA.............                    

SmdK_S.himastatinicus     460          F   YP  V  R                                       ..DDLNIAS AEN  QA QE TRQLLAGARPLGDVL....                    

PA0254_P.aeruginosa       463          F   YP  L  RV                                      GQMRAATAS RHA  TA RR  EERWSDYG.FGDA.....                    

Fdc1_A.niger              468          F   YP  L  KV                                      TGRNWEAAD NQS  ED KQ  LDNWTKMG.FSNLE....                    

UbiD_E.coli               463                  V  HI                                      TQREWGRPIKK...DPD VA  DAIWDELAIFNNGKSALE                    

consensus>70 .........f...yp......v.e.........d......�
                                                            UbiD_E.coli             
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OMP	utilizes	both	 transition	state	 stabilization	and	substrate	distortion	 to	achieve	

1017-fold	 rate	 enhancement	 of	 the	 decarboxylation	 reaction	 (Callahan	 and	Miller,	

2007).	Stabilization	of	the	vinyl	anion	intermediate	by	a	conserved	lysine	residue	in	

the	 catalytic	 site	 is	 the	 significant	 factor	 for	 the	 catalysis(Miller	 and	 Wolfenden,	

2002).	The	distortion	of	the	carboxyl	group	off	the	aromatic	pyrimidine	ring	plane	of	

OMP	also	helps	lower	energy	barrier	for	the	reaction	(Fujihashi	et	al.,	2015).	

However,	TtnD	show	low	identity	and	no	homology	to	OMP	decarboxylases.	

Instead,	 bioinformatics	 analysis	 showed	 that	 TtnD	 belongs	 to	 the	 UbiD	 family	 of	

decarboxylases	(Payne	et	al.,	2015a)	sharing	38%	identity	and	57%	similarity	with	

UbiD2_Pa	 (PDB	 4IP2)	 from	 Pseudomonas	 aeruginosa.	 UbiD	 from	 E.	 coli	 is	 the	

representative	member	 of	 UbiD	 decarboxylase	 family.	 Specifically,	 UbiD	 and	UbiX	

are	involved	in	biosynthesis	of	ubiquinone,	a	ubiquitous	lipid	soluble	redox	cofactor	

essential	 for	 electron	 transfer	 chains	 (Rangarajan	 et	 al.,	 2004).	 They	 catalyse	 the	

decarboxylation	of	the	3-octaprenyl-4-hydroxybenzoate	precursor	in	E.	coli	(Aussel	

et	 al.,	 2014;	 Gulmezian	 et	 al.,	 2007;	 Gulmezian	 et	 al.,	 2004).	 Moreover,	 Pad1	 and	

Fdc1	 from	eukaryotic	Aspergillus	niger	 are	homologs	of	UbiX	and	UbiD	separately.	

They	 are	 responsible	 for	 decarboxylation	 of	 a	wide	 range	 of	 aromatic	 substrates,	

including	ferulic	acid	(Bhuiya	et	al.,	2015;	Payne	et	al.,	2015a)	(Figure	3.4).	UbiX	and	

UbiD	 or	 the	 related	 Pad1	 and	 Fdc1	 have	 been	 shown	 to	 be	 responsible	 for	 non-

oxidative	reversible	decarboxylation	of	aromatic	substrates.	

Various	 attempts	 to	 detect	 in	 vitro	 decarboxylase	 activity	 of	 individual	

enzymes	have	failed.	Although	X-ray	crystal	structures	were	reported	for	four		
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Figure	3.4	Decarboxylation	reaction	catalyzed	by	UbiX/UbiD	and	Pad1/Fdc1.	
This	figure	is	referenced	from	(Payne	et	al.,	2015a)	with	permission.	
	

	
Figure	3.5	Proposed	mechanism	of	prFMN	formation	and	oxidation.		
Proposed	reaction	of	DMAP	and	FMNH2	catalyzed	by	either	UbiX	or	Pad1	to	
yield	aprenylated	flavin	cofactor(prFMN).	prFMN	is	oxidized	into	the	active	
form	prFMNiminium.	Figure	is	referenced	from	a	review	article	(Baunach	and	
Hertweck,	2015)	with	permission.		

members	of	UbiD	protein	family	members,	the	mechanism	of	catalysis	is	revealed	in	

2005	by	the	discovery	of	a	new	cofactor	bound	structures.	With	this	new	cofactor,	

two	 enzymes	were	 found	 to	 catalyze	 decarboxylation	 through	 a	 1,3-cycloaddition	

reaction.	

UbiD	 and	 Fdc1	 are	 responsible	 for	 a	 decarboxylation	 reaction	 and	 can	 be	

activated	by	a	cofactor	produced	by	UbiX	and	Pad1.	This	new	cofactor	is	prenylated	

flavin	 mononucleotide	 (FMNH2).	 UbiX	 or	 Pad1	 link	 a	 dimethylallyl	 moiety	 to	 the	

Almost four decades later, the structure of the cofactor
has been elucidated by Payne et al. with the help of
crystallography and high-resolution structure determination
of Fdc1 or, more precisely, Fdc1UbiX, which was obtained by
coexpressing either ubiX or pad1 with fdc1 in E. coli[3b] .
Unlike Fdc1 (produced in the absence of UbiX or Pad1),
Fdc1UbiX is able to catalyze the decarboxylation of model
substrates in vitro. Distinct spectral characteristics of Fdc1UbiX

compared to Fdc1 hinted at a heavily modified flavin
mononucleotide (FMN), and eventually, crystal structures of
three different variants of Fdc1UbiX revealed that the cofactor
is an FMN derivative featuring an additional isoprene-
derived ring (prFMN; Scheme 2 C).

With this information in hand, the precise role of UbiX in
FMN modification was investigated by White et al., but yet
another hurdle still had to be overcome: Although UbiX
appeared to be a prenyltransferase, dimethylallyl pyrophos-
phate (DMAPP) and isopentenyl pyrophosphate (IPP), the
typical C5 terpene building blocks, were not accepted as
substrates. Most surprisingly, spectroscopic evidence for
cofactor modification could only be obtained when UbiX
was incubated with oxidized FMN and dimethylallyl mono-
phosphate (DMAP). Kinetic crystallography, biochemical
studies, spectroscopy, and computational calculations were
employed to elucidate the unusual prenylation–cyclization
mechanism. According to the current model, the p-electron-
rich active-site environment assists in cleaving the phosphate
group of DMAP and promotes N5 prenylation. After reor-
ientation of the dimethylallyl moiety, nucleophilic attack by
the isoalloxazine group on a transient carbocation yields the
additional ring.[3a] UbiX is thus a new member of the growing
family of noncanonical prenyl transferases that can also act as
cyclases.[8]

This sophisticated mechanism raises the question of why
nature makes such huge efforts to alter the structure of
a flavin cofactor. Flavin coenzymes are versatile heterocycles
that enable enzymes to catalyze an enormous range of redox
transformations in biosynthetic pathways. The catalytic
repertoire of these cofactors includes both two- and one-
electron transfers that allow flavoenzymes to facilitate sub-
strate oxidations and reductions.[9] Typically, N5 of the FMN
isoalloxazine ring has a very special role as a site of hydride
addition or ejection, as well as transient covalent addition of

substrate carbanions. N5-alkylation of FMN thus impedes
conventional flavin catalysis, which is very surprising. But as is
so often the case, when one door closes, another one opens:
when oxidized to the corresponding flavo-N5 iminium adduct
(prFMNiminium), prFMN is easily transformed into an azome-
thine ylide (Scheme 3). This well-known 1,3-dipole can react
with diverse dipolarophiles in [3++2] cycloadditions. From
in vitro decarboxylation experiments using several cinnamic
acid derivatives and from structural data, a reaction mecha-
nism was deduced in which the decarboxylation is promoted
by a transient covalent pyrrolidine adduct.[3] The styrene
product would be released after the formation of another
pyrrolidine adduct, and the remaining prFMNiminium would
then be transformed back into the azomethine ylide
(Scheme 3).[3b] Although no direct evidence for a con-
certed reaction was given, this is a plausible scheme for an
enzyme-catalyzed biological equivalent of a [3++2] cyclo-
addition.

Whereas this model explains how styrenes and other off-
flavor compounds are produced during S. cerevisiae fermen-
tations, the mechanism for the decarboxylation of the
bacterial ubiquinone precursor, which clearly differs from
the cinnamate dipolarophile, has not yet been investigated.
However, from synthetic studies it is known that 1,3-dipolar
cycloadditions involving azomethine ylides may also involve
aromatic compounds, although aromaticity is lost in interme-
diary states. For the [3++2] cycloaddition with aromatic
dipolarophiles, it is favorable to use benzenes that are directly
tethered to the ylide, embedded in polycyclic aromatic
systems, or substituted with highly electron-withdrawing
moieties such as nitro groups.[10] It is conceivable that the
active site of UbiD provides the electronic and entropic
prerequisites for [3++2] cycloaddition of the p-hydroxy
benzoic acid derivative and prFMN azomethine ylide. In fact,
we noted that the active site of UbiD harbors basic residues
that might support the proposed reaction sequence (Sche-
me 3B; also see the Supporting Information).

In conclusion, biomimetic studies and biosynthetic con-
siderations have strongly suggested that [3++2] cycloadditions
occur in nature. However, the first example of a biocatalytic
1,3-dipolar cycloaddition was discovered during the inves-
tigation of an apparently simple enzymatic decarboxylation
reaction. Altogether these findings will stimulate the search

Scheme 2. Enzymatic acid decarboxylation in bacterial ubiquinone biosynthesis (A) and fungal production of off-flavor compounds (B).
C) Proposed reaction of DMAP und FMNH2 catalyzed by either UbiX (PDB ID: 4ZAX) or Pad1 to yield aprenylated flavin cofactor (prFMN), which
is oxidized into the active form (prFMNiminium).
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flavin	N5	and	C6	atoms	of	flavin	mononucleotide,	which	adds	a	fourth	non-aromatic	

ring	 to	 the	 flavin	 iso-alloxazine	 group	 (Figure	 3.5).	 Different	 from	 other	

prenyltransferases,	 UbiX	 and	 Pad1	 are	 metal-independent	 and	 require	

dimethylallyl-monophosphate	 (DMAP)	 as	 substrate,	 rather	 than	 commonly	 used	

dimethylally	pyrophosphate	(DMAPP)	and	isopentenyl	pyrophosphate	(IPP)	(White	

et	al.,	2015).	UbiX	is	a	new	member	of	the	growing	non-canonical	prenyltransferases	

family	(Baunach	et	al.,	2015).	

The	 reduced	 form	of	prFMNreduced	 is	 then	oxidized	 to	 form	prFMNketamine	 or	

prFMNiminium.		prFMNketamine		can	undergo	isomerization	step	in	the	oxidation	of	the	

reduced	 prFMN	 via	 a	 radical	 mechanism.	 The	 prFMNiminium	 is	 the	 catalytically	

relevant	 species	and	 it	has	distinct	azomethine	ylide	character	 (a	well-known	1,3-

dipole)	 (Figure	 3.5A).	 1,3-dipolar	 cycloaddition	 between	 the	 substrate	 and	 the	

prFMNiminium	 azomethine	 ylide	 form	 leads	 to	 a	 transient	 covalent	 substrate-

prFMNiminium	pyrrolidine	adduct,	establishing	covalent	bonds	with	both	C1’	and	C4a	

(species	 II).	 Then,	 Grob-type	 decarboxylative	 fragmentation	 of	 the	 pyrrolidine	

adduct	(species	II)	can	occur	coupled	to	breaking	the	beta-carbon-prFMN	C4a	bond.	

With	 the	 leaving	 of	 carbon	 dioxide,	 this	 leaves	 a	 single	 bond	 connecting	 the	

substrate	a-carbon	with	the	C1’	of	prFMNiminium	(species	IIIa/IIIb).	The	protonation	

by	 adjacent	 acidic	 residue	 (E282	 for	 Fdc1,	 D290	 for	 UbiD)	 concomitant	 with	

formation	 of	 a	 second	 pyrrolidine	 adduct	 (species	V)	 leads	 to	 product	 formation	

(species	VI).	Figure	3.5B	shows	the	mechanism	using	Fdc1	and	phenylacetaldehyde	

as	an	example	(Payne	et	al.,	2015a).		
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Figure	3.6	Insights	into	the	Fdc1UbiX	decarboxylases	mechanism.		
A.	Chemical	Structure	of	the	modified	FMN	bound	by	Fdc1UbiX	as	derived	from	
electron	density	map	and	mass	spepctrometry.	Atoms	derived	from	
dimethylallyl-monophosphate	are	shown	in	red.	The	azomethine	ylide	
resonance	form	is	shown.	B.	The	proposed	mechanism	for	Fdc1UbiX	catalysis	
and	phenylacetaldehyde	adduct	formation	of	the	prFMNimminium	form.		This	
figure	is	referenced	from	the	original	research	paper	(Payne	et	al.,	2015a)	with	
permission.	

The	new	modification	of	the	flavin	isoalloxazine	ring	through	prenylation	at	

N5	and	C6,	 followed	by	oxidation	strikingly	alters	and	expands	the	flavin	chemical	

repertoire.	 Both	 prFMNketamine	 and	 prFMNiminium	 have	 azomethine	 ylide	 character	

and	distinct	catalytic	potential.	Though	there	are	plenty	of	precedent	examples	for	

the	 [3+2]	 reaction	 (Ess	 and	Houk,	 2008;	 Pellissier,	 2007),	 Fdc1	 and	UbiD	 are	 the	

first	example	of	a	biological	[3+2]	reaction.	
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3.1.4. Summary		

In	 summary,	 both	 in	 vivo	 and	 in	 vitro	 experiments	 prove	 that	 TtnD	 can	

catalyse	 the	 decarboxylase	 of	 TTN	 D-1.	 This	 reaction	 is	 dependent	 on	 a	 divalent	

cation.	The	optimal	condition	for	reaction	is	pH	7.0	and	28˚C.	However,	the	reaction	

rate	of	TTN	D-1	decarboxylation	is	fairly	slow.	With	the	newly	discovered	cofactor	

prFMN	 and	mechanism	 for	 decarboxylases	 Fdc1	 and	UbiD,	we	 propose	 that	 TtnD	

may	also	use	prFMN	as	 cofactor	 for	 catalysis.	TtnC,	 a	homologous	protein	of	UbiX	

coded	in	ttn	biosynthetic	gene	cluster,	is	responsible	for	prenylation	of	FMN.	To	test	

our	hypothesis,	 I	 solved	 the	structure	of	TtnD	as	well	as	co-crystallized	TtnD	with	

FMN	and	MgII.	 If	our	hypothesis	is	shown	to	be	valid,	 it	would	be	another	example	

for	biological	1,3-dipolar	cycloaddition	and	provide	more	information	on	substrate	

specificity.		

3.2. Materials	and	Methods	

3.2.1. Cloning,	Expression,	Purification	and	Oligomerization	Test		

TtnD	was	 amplified	 by	 PCR	 from	 cosmid	DNA	 of	 S.	griseochromogenes	 and	

cloned	into	pCDF	Duet-1.	Transformation	of	the	resultant	plasmid	into	BL21	(DE3)	

and	overproduction	of	protein	by	IPTG	induction	at	18	°C	produced	soluble	protein.	

TtnD	was	 purified	 by	 nickel	 affinity	 chromatography	 and	desalted	 using	 a	HiPrep	

26/10	desalting	column.	TtnD	was	then	purified	by	size	exclusion	chromatography.		
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Figure	3.7		Schematic	illustration	of	a	protein	crystallization	phase	diagram.	
	Adjustable	parameters	include	precipitant	or	additive	concentration,	pH	and	
temperature.	The	four	major	crystallization	methods	are	represented:	(i)	
microbatch,	(ii)	vapor	diffusion,	(iii)	dialysis	and	(iv)	FID.	The	filled	black	
circles	represent	the	starting	conditions.	Two	alternative	starting	points	are	
shown	for	FID	and	dialysis	because	the	undersaturated	protein	solution	can	
contain	either	protein	alone	or	protein	mixed	with	a	low	concentration	of	the	
precipitating	agents.	The	solubility	is	defined	as	the	concentration	of	protein	
in	the	solute	that	is	in	equilibrium	with	crystals.	The	supersolubility	curve	is	
defined	as	the	line	separating	conditions	under	which	spontaneous	nucleation	
(or	phase	separation	or	precipitation)	occurs	from	those	under	which	the	
crystallization	solution	remains	clear	if	left	undisturbed.	This	figure	is	
referenced	from	article		(Chayen,	2004;	Chayen	and	Saridakis,	2008)	with	
permission.	
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3.2.2. Crystallization	and	Optimization	

With	homogeneous	 and	 concentrated	protein	 sample,	we	 can	grow	protein	

crystals	 for	X-ray	diffraction.	The	principles	of	protein	crystallization	are	the	same	

as	 crystallization	 processes.	 When	 protein	 becomes	 saturated	 in	 solution,	 it	 can	

come	 out	 of	 solution.	When	 conditions,	 such	 as	 the	 degree	 of	 saturation,	 protein	

stability	and	protein	packing	surface,	are	suitable,	proteins	will	come	out	of	solution	

in	the	form	of	a	crystal.	

The	appropriate	condition	for	protein	crystallization	cannot	be	predicted.	In	

many	 cases,	more	 than	 a	 thousand	 conditions	 needs	 to	 be	 tried.	 Commonly	 used	

commercial	screens	are	Index,	Salt	Rx,	CrystalScreen,	and	Hampton	Research	PEGRx	

from	 Hampton	 Research;	 MIDASTM,	 Morpheus®,	 JCSG-plusTM	 from	 Molecular	

Dimentions;	 MCSG	 Suite	 from	 Anatrace	 (Former	 Microlytic);	 Wizards	 Suite	 from	

Rigaku.	Silver	Bullets,	Additive	Screen	from	Hampton	Research	are	used	optionally	

in	optimization	of	crystals.		

Our	 lab	 is	equipped	with	a	 liquid	handler	MosquitoTM	 from	TTP	Inc	(Figure	

3.8A).	 This	machine	 does	 precise	 and	 repeatable	 nanoliter	 liquid	 handling.	 It	 also	

uses	 disposable	 tips	 preventing	 potential	 contamination	 risks.	 By	 using	Mosquito,	

one	 can	 set	 up	 a	 96	 experiments	 within	 5	 minutes.	 MRC	 lab	 developed	 UV-

compatible	 (96	 well)	 2	 Well	 Crystallization	 Plate	 is	 suitable	 for	 sitting	 drop	

experiment	(Figure	3.8B,	C).	This	type	of	plate	manufactured	by	Swissci	was	used	in	

initial	crystal	screens.			
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TtnD	 at	 the	 concentration	 of	 18.6mg/ml	 in	 buffer	 containing	 10mM	

Tetramethylammonium	hydroxide	(TEAOH),	20mM	NaCl,	10mM	KCl,	pH	7.5	is	used	

to	 set	 up	 crystallization	 screens.	 In	 each	 experiment,	 we	 used	 50µl	 reservoir	

solution	 and	 mixed	 200µl	 of	 protein	 solution	 with	 1	 or	 1.5	 times	 of	 volume	 of	

reservoir	solution.	It	takes	several	hours	to	months	for	crystals	to	form.		

	

Figure	3.8	Crystallization	method.		
A)	Mosquito	Liquid	handler	by	TTP,	Inc.	B)	MRC	2	well	(96	well)	sitting-drop	
plate.	C)	Sitting	drop	mechanism	scheme.	

Crystal	size	and	quality	determines	diffraction	data	quality.	Some	crystals	are	

tiny	so	that	have	low	diffraction	power	and	result	in	low	signal.	If	one	increases	the	

X-ray	intensity	to	increase	signal,	these	crystals	can	be	damaged	by	radiation.	Some	

crystals	may	be	big	and	beautiful,	they	may	diffract	poorly	due	to	intrinsic	disorder.	

In	 these	 cases,	 optimization	 of	 crystals	 or	 rescreen	 for	 new	 crystallization	

conditions	 is	 needed.	 Variation	 of	 pH,	 salt	 concentration	 and	 precipitant	
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concentration	as	well	as	introducing	extra	reagents	such	as	organic	compounds	and	

polymers	are	both	used	in	optimization.	

3.2.3. Crystal	Manipulation		

We	use	CrystalWandTM,	magnetic	base	and	pins	 to	handle	 crystals.	Crystals	

are	frozen	in	liquid	nitrogen	(-80˚C)	during	data	collection	at	synchrotron	to	reduce	

radiation	 damage.	 However,	 this	 low	 temperature	 may	 lead	 to	 ice	 formation.	 To	

reduce	noise	 introduced	by	 the	 formation	 of	 ice	 by	water	 in	 solvents,	we	need	 to	

replace	 solvent	 around	 the	 crystal	 with	 solution	 containing	 cryo-protectants	 by	

soaking.	 To	 get	 complex	 crystal	 structure,	 one	 can	 either	 premix	 the	 ligand	 and	

cofactors	with	protein	or	soak	the	crystal	in	ligand	and	cofactors	containing	solution	

post	crystal	formation.		

To	reduce	the	osmotic	shock,	the	crystal	is	soaked	in	a	series	of	solutions	in	

an	 increasing	 order	 of	 substrate	 concentration.	 Cryo-protectants	 or	 additives	 are	

introduced	to	stabilize	and	protect	the	crystal.	Soaking	time	and	protectant	type	are	

crystal	dependent	and	often	requires	testing.	

3.2.4. Data	Collection	and	Structure	Solution	

The	liquid	nitrogen	frozen	crystals	are	shipped	in	a	dewar	to	synchrotron	for	

data	 collection.	 Several	 beam	 lines	 at	 Advanced	 Photon	 Source	 (APS),	 Argonne	

National	Laboratory	 (ANL)	are	used	 for	data	 collection	 in	 this	 study.	They	are	 the	

General	 Medical	 Sciences	 and	 Cancer	 Institutes	 Structural	 Biology	 Facility	 at	 the	
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Advanced	 Photon	 Source	 (GM/CA	 @	 APS)	 23ID-B	 and	 23ID-D;	 the	 Life	 Sciences	

Collaborative	Access	Team	(LS-CAT)	D	line,	F	line,	and	G	line;	and	the	Lilly	Research	

Laboratories	Collaborative	Access	Team	(LRL-CAT).	TtnD	dataset	was	indexed	and	

scaled	 by	 XDS	 (Kabsch,	 2010a)	 and	was	 solved	 by	 phenix_mr	method	 using	 PDB	

entry	 4IWS	 domains	 as	 search	models.	 A	 structural	model	was	 refined	with	 Coot	

(Emsley	and	Cowtan,	2004)	and	phenix.refine	 from	Phenix	software	(Adams	et	al.,	

2010).		

3.2.5. Ensemble	refinement	

Parameters	 used	 in	 phenix.ensemble_refinement	 of	 TtnD/FMN/MgII	 are	 as	

follows:	 ptls=0.7	 tls_group_selections='(chain	 A	 and	 resseq	 0:89)'	

tls_group_selections='(chain	 A	 and	 resseq	 90:314)'	 tls_group_selections='(chain	 A	

and	 resseq	 315:485)'	 secondary_map_cutoff_keep=1.0	 primary_map_cutoff=3.0	

secondary_map_cutoff_find=1.0	wxray_coupled_tbath_offset=2	 selections='(	 (resseq	

0:265	and	chain	A)	or	(resseq	290:485	and		chain	A)	or	(chain	B	or	chain	C	or	chain	

D))'	 weight=0.00001	 slack=1.0	 acquisition_block_n_tx=25	

ensemble_reduction=False	 number_of_acquisition_periods=1	

pdb_stored_per_block=25	tx=0.5	
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3.3. Results	

3.3.1. TtnD	Purification	and	Crystallization	

TtnD	is	purified	by	a	series	of	chromatography	experiments	by	Jeffery	Rudolf.	

The	purified	TtnD	at	18.6mg/ml	in	buffer	containing	10mM	Tetramethylammonium	

hydroxide	(TEAOH),	20mM	NaCl,	10mM	KCl,	pH	7.5	is	used	in	crystallization	screens.		

In	 each	 experiment,	 we	 used	 50µl	 reservoir	 solution	 and	 mixed	 200nl	 of	

protein	solution	with	1	or	1.5	times	of	volume	of	reservoir	solution.	TtnD	was	able	

to	 crystallize	 in	multiple	 conditions.	 In	particularly,	MIDAS	E4	was	optimized	 and	

yielded	good	crystal.	TtnD	was	soaked	with	mother	liquor	with	20%	glycerol,	5mM	

magnesium	 and	 5mM	FMN.	 Colourless	 crystal	 turned	 to	 yellow	 immediately	 after	

soaking.		

3.3.2. Structure	of	TtnD		

TtnD	polypeptide	chain	folds	into	a	three-domain	structure.	The	overall	dimensions	

of	 the	protein	 core	are	42x55x70Å	 (Figure	3.9).	The	N-terminal	2	domains	 tightly	

pack	with	each	other	and	forms	one	lobe	of	the	bi-lobal	protein.	The	N-terminal	α/β	

domain	 (residues	 1-105	 and	301-314)	 is	 built	 up	 of	 four-stranded	mixed-β	 sheet,	

flanked	 by	 α	 helixes	 at	 both	 sides.	 Part	 of	 the	middle	 domain	 (residues	 106-300)	

forms	before	completing	the	fourth	beta-strand	of	N-terminal	α/β	domain.	The	core	

of	middle	 domain	 is	 formed	 by	 a	 seven-stranded	 antiparallel	 β-sheet.	 Density	 for	

part	of	N-terminal	β	domain	(residues	266-289)	is	missing.	The	C-terminal	domain	
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(315-485)	 starts	with	 a	 long	 helix	 linking	 two	 lobes	 of	 the	 bi-lobal	 structure.	 The	

core	 of	 C-terminal	 domain	 is	 a	 central	 five-stranded-β-sheets	 flanked	 by	 two	 and	

one	helices	on	each	 side,	 respectively.	The	C	 terminal	 residue	 tail	 (460-485)	 from	

one	subunit	will	bind	with	a	neighbouring	subunit.			

The	overall	fold	of	TtnD	subunit	is	very	similar	to	its	homologs,	Fdc1	from	A.	

niger,	UbiD2_Pa	from	P.	aeruginosa,	and	UbiD	from	E.	coli	 (Figure	3.10),	with	DALI	

(Holm	 and	 Rosenstrom,	 2010)	 Z-score	 of	 50.5,	 48.4,	 and	 37.5,	 respectively.	 The	

superimposition	of	subunits	of	these	proteins	results	in	r.m.s.d	value	of	2.2Å,	2.4Å,	

2.9Å,	respectively.	The	alignment	of	structures	show	that	the	major	differences	exist	

in	conformation	of	several	 loop	region	and	result	 in	a	different	angle	between	two	

lobes	of	each	subunit.	Predicted	low	frequency	normal	modes	of	TtnD,	calculated	by	

elNémo	(Suhre	and	Sanejouand,	2004a,	b),	show	little	variation	in	bi-lobal	angle.	As	

the	active	site	 is	 located	between	the	two	lobes,	 the	difference	in	 lobe	angle	might	

also	affect	the	shape	of	the	binding	pocket.	

3.3.1. Quaternary	structure	of	TtnD	

Analytical	gel	filtration	suggests	that	His6-TtnD	exists	as	tetramer	in	solution.	

In	comparison	with	molecular	weight	standards,	TtnD	(monomer	MW	=	52.9	kDa)	

had	a	molecular	weight	of	~200	kDa,	consistent	with	a	tetramer.			
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Table	3.1	Data	Collection	and	Refinement	Statistics	of	TtnD		

Dataset	Description	 TtnD	(1)	 TtnD	(2)	 TtnD+FMN+MnII	
Crystallization	
Condition	 Morpheus	A3	 MIDAS	E4	 MIDAS	E4	
Wavelength	 0.9785	 0.9787	 0.9794	

Resolution	range	
47.35		-	2.59	(2.69		-	

2.59)	
42.75		-	1.83	(1.89		-	

1.83)	
48.23		-	2.84	(2.94	-	

2.84)	
Space	group	 P	21	21	21	 I	2	2	2	 I	2	2	2	

Unit	cell	 53.22	137.12	284.08	52.35	114.39	194.35	
51.90	115.90	

192.90	

	
90	90	90	 90	90	90	 90	90	90	

Total	reflections	 512055	(48691)	 383754	(37063)	 137810	(12535)	
Unique	reflections	 65710	(6355)	 52013	(5095)	 14124	(1322)	

Multiplicity	 7.8	(7.7)	 7.4	(7.3)	 9.8	(9.5)	
Completeness	(%)	 1.00	(0.98)	 0.96	(0.99)	 1.00	(0.96)	
Mean	I/sigma(I)	 14.99	(1.68)	 18.71	(1.32)	 14.40	(2.73)	
Wilson	B-factor	 50.13	 25.89	 44.84	

R-merge	 0.152	(1.31)	 0.0786	(1.70)	 0.179	(0.956)	
R-meas	 0.162	(1.4)	 0.0845	(1.82)	 0.189	(1.01)	
CC1/2	 0.997	(0.613)	 0.999	(0.579)	 0.995	(0.79)	
CC*	 0.999	(0.872)	 1	(0.856)	 0.999	(0.939)	

R-work	 0.237	(0.333)	 0.179	(0.342)	 0.205	(0.304)	
R-free	 0.256	(0.351)	 0.213	(0.369)	 0.238	(0.337)	

CC(work)	 0.927	(0.689)	 0.956	(0.813)	 0.938	(0.814)	
CC(free)	 0.878	(0.636)	 0.931	(0.791)	 0.907	(0.668)	

RMS(bonds)	 0.004	 0.005	 0.004	
RMS(angles)	 1	 0.96	 0.99	
Ramachandran	
favored	(%)	 94	 97	 96	

Ramachandran	
allowed	(%)	 4	 2.6	 3.7	
Ramachandran	
outliers	(%)	 2	 0	 0	

Rotamer	outliers	(%)	 3.7	 0.79	 2.4	
Clashscore	 7.14	 1.23	 0.69	

Average	B-factor	 68.12	 42.74	 43.79	
						macromolecules	 68.3	 42.56	 43.84	

						ligands	 58.65	 58.4	 39.4	
						solvent	 49.16	 42.17	 36.88	
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Manual	 inspection	of	 crystal	 packing	 and	 analysis	 of	 PISA	 server	 (Krissinel	

and	 Henrick,	 2007)	 showed	 that	 the	 intermolecular	 interface	 are	 similar	 in	 both	

crystal	 forms.	 The	 buried	 interface	 area	 between	 two	 subunits	 A	 and	 B	 and	 the	

dimers	 AB	 and	 CD	 are	 calculated	 to	 be	 2882.3Å2	 and	 1699.4Å2.	While	 the	 buried	

interface	 area	 between	 neighbouring	 tetramer	 would	 be	 4	 x	 22.3	 Å2,	 which	 is	

unlikely	to	 form	stable	assembly.	The	tetramer	structure	of	TtnD	is	not	planar	but	

more	like	a	“butterfly”	shaped	arrangements	as	shown	in	Figure	3.11.	

The	total	interface	area	of	each	subunit	that	become	buried	upon	assembly	is	~3732	

Å2,	which	accounts	for	36%	of	the	solvent	exposed	surface	area	of	each	subunit.	The	

interactions	between	subunits	are	mainly	mediated	through	C	terminal	domains	and	

the	N-terminal	α/β	domains.	The	interactions	between	the	subunit	A	and	B	involve	

the	 helix	 α12,	 which	 pack	 against	 the	 β-sheet	 of	 the	 C-terminal	 domain	 from	 the	

second	 subunit	 (residues	 406-427,	 348-353,	 391-393	 and	 462-482).	 Additional	

interactions	 are	 formed	 by	 the	 C-terminal	 helix	 α14,	 interact	 with	 N-terminal	

domain	(residues	22-49	and	310-314)	and	middle	domain	(residues	138-141)	of	the	

neighbouring	 subunit.	 Multiple	 hydrogen	 bonds	 and	 salt	 bridges	 formed	 via	 ~75	

amino	 acids	 from	 each	 subunit.	 The	 interactions	 between	 dimers	 AB	 and	 CD	 are	

mediated	 by	 the	 helix	 α13	 of	 C-terminal	 domain	 (residues	 368-383),	 which	 pack	

against	the	side	of	β-sheets	(residues	423-427	and	438-447)	of	the	C-terminal	
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Figure	3.9	Overal	structure	of	TtnD.		
TtnD	is	composed	of	three	domains:	α/β	domain,	middle	domain,	and	c-
terminal	domain	are	colored	in	blue,	pink,	hot	pink,	saparately.	FMN	is	located	
between	middle	domain	and	c-terminal	domain.		Left	panel	is	a	cartoon	while	
the	right	penal	is	a	spacefilling	model	of	TtnD	structure.	

domain	 in	 the	 neighbouring	 subunit.	 Eight	 hydrogen	 bonds	 are	 involved	 in	 the	

formation	 of	 tetramer,	 mediated	 by	 23	 amino	 acids	 from	 each	 subunit.	 Many	

residues,	 involved	 in	 interactions	 between	 subunit	 A	 and	 B,	 are	 conserved	 in	

sequences	 of	 other	 decarboxylases	 suggesting	 that	 this	 interface	 is	 preserved	 in	

UbiD	family.		

The	total	interface	area	of	each	subunit	that	become	buried	upon	assembly	is	

~3732	 Å2,	 which	 accounts	 for	 36%	 of	 the	 solvent	 exposed	 surface	 area	 of	 each	

subunit.	The	interactions	between	subunits	are	mainly	mediated	through	C	terminal	

domains	and	the	N-terminal	α/β	domains.	The	interactions	between	the	subunit	A	

and	 B	 involve	 the	 helix	 α12,	 which	 pack	 against	 the	 β-sheet	 of	 the	 C-terminal	
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Figure	3.10	Comparison	of	PA0254,	UbiD	and	TtnD	structures.	

	

Figure	3.11	Quatenary	structure	of	TtnD.	
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domain	 from	 the	 second	 subunit	 (residues	 406-427,	 348-353,	 391-393	 and	 462-

482).	Additional	 interactions	are	formed	by	the	C-terminal	helix	α14,	 interact	with	

N-terminal	 domain	 (residues	 22-49	 and	 310-314)	 and	 middle	 domain	 (residues	

138-141)	 of	 the	 neighbouring	 subunit.	 Multiple	 hydrogen	 bonds	 and	 salt	 bridges	

formed	via	~75	amino	acids	from	each	subunit.	The	interactions	between	dimers	AB	

and	 CD	 are	mediated	 by	 the	 helix	 α13	 of	 C-terminal	 domain	 (residues	 368-383),	

which	pack	against	 the	side	of	β-sheets	 (residues	423-427	and	438-447)	of	 the	C-

terminal	domain	in	the	neighbouring	subunit.	Eight	hydrogen	bonds	are	involved	in	

the	 formation	 of	 tetramer,	mediated	 by	 23	 amino	 acids	 from	 each	 subunit.	 Many	

residues,	 involved	 in	 interactions	 between	 subunit	 A	 and	 B,	 are	 conserved	 in	

sequences	 of	 other	 decarboxylases	 suggesting	 that	 this	 interface	 is	 preserved	 in	

UbiD	family.		

The	Quaternary	structure	of	TtnD	is	different	from	its	homologs	with	known	

structures.	 E.	 coli	 UbiD	 forms	 a	 hexamer	 in	 solution,	 where	 as	 P.	 aeruginosa	

UbiD2_Pa	(Jacewicz	et	al.,	2013)	and	S.	cerevisiae	Fdc1	(Ferulic	Acid	Decarboxylase)	

(Bhuiya	et	al.,	2015)	both	form	a	dimer	in	solution.	The	dimer	interface	in	PA0254	

and	 Fdc1	 are	 also	 seen	 in	 E.	 coli	 UbiD.	 E.	 coli	 UbiD	 exists	 as	 a	 trimer	 of	 dimers,	

related	by	three-fold	symmetry.		

A	 comparison	 of	E.	 coli	 UbiD,	P.	aeruginosa	 PA0254,	 S.	 cerevisiae	 Fdc1	 and	

TtnD	shows	that	the	angle	between	two	lobes	of	each	monomer	is	different	for	each	

of	 these	 proteins.	 This	 leads	 to	 structural	 differences	 in	 the	 orientation	 of	 helix	
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responsible	for	packing	of	dimers	into	hexamer	or	tetramer,	thus	results	in	different	

quaternary	structure	in	solution.		

3.3.2. Active	Site	of	Apo	and	FMN	Bound	TtnD	Structures	

Though	 apo	 TtnD	 structure	was	 solved,	 it	 does	 not	 tell	 us	much	 about	 the	

reaction	detailed	mechanism.	To	test	whether	TtnD	can	use	prFMN	as	cofactor	 for	

catalysis,	 I	 tried	to	cocrystallize	TtnD	and	FMN.	Here	I	used	FMN	as	a	surrogate	of	

prFMN,	since	prFMN	is	not	commercially	available	and	it	takes	time	to	purify	large	

amount	of	prFMN.	Upon	soaking	with	solution	containing	FMN	and	cryo	protectant,	

colourless	 TtnD	 crystals	 become	 fully	 yellow	 within	 seconds.	 Datasets	 collected	

from	these	crystals	were	solved	by	molecular	replacement.		

The	 structure	 of	 FMN	 bound	 TtnD	was	 similar	 to	 apo	 TtnD,	 with	 residues	

266-289	missing.	In	the	electron	density	map,	we	can	clearly	see	density	for	a	metal	

site	and	FMN	(Figure	3.12).	This	substrate	pocket	for	FMN	and	metal	are	located	in	

the	cleft	between	the	middle	domain	and	the	C-terminal	domain.	FMN	is	bound	 in	

complex	with	metal	ion,	similar	to	S.	cerevisiae	Fdc1	(Bhuiya	et	al.,	2015;	Payne	et	al.,	

2015b).		

Though	 MgII	 was	 added	 in	 the	 crystallization	 mix,	 refinement	 with	 MgII	 built	 in	

resulted	in	negative	peak	in	difference	map	indicating	there’re	less	electron	built	in	

than	there	actually	is.	After	refinement	with	MnII,	B-factor	of	MnII	(44.85)	is	similar	

to	the	B-factors	of	surrounding	residues	(43-48).	Since	it	has	also	been	shown	E.	coli	

UbiD	can	be	activated	by	MnII	and	an	unknown	cofactor	and	A.	niger	Fdc1	was	co-
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crystallized	with	MnII,	we	think	that	MnII,	co-purified	with	TtnD,	may	have	occupied	

some	of	the	metal	binding	site	even	with	the	presence	of	MgII	in	solution.	Previous	

activity	assay	 shows	 that	both	MgII	 and	MnII	 can	activate	TtnD	 to	 the	 same	extent	

when	there’s	no/little	cofactor	present.	Low	amount	of	cofactor	present	may	be	the	

limiting	 factor	 for	 reaction	rate	so	 that	 the	difference	 in	MgII	 and	MnII	 efficacy	did	

not	 affect	much	 of	 the	 reaction	 rate.	 In	 the	 structure,	MnII	 is	 bound	 in	 octahedral	

coordination	geometry	to	the	side	chain	of	N164,	H187,	E228,	oxygen	of	phosphate	

group	of	FMN	and	a	water	molecule,	with	one	coordinated-water	 invisible	 (Figure	

3.12).	 Blast	 and	 sequence	 alignment	 shows	 that	 E228	 is	 highly	 conserved	 while	

H187	and	N164	are	conserved	in	UbiD2,	a	subfamily	of	UbiD	(Jacewicz	et	al.,	2013;	

Payne	et	al.,	2015a).		

Superimposition	with	A.	niger	Fdc1	prFMN	bound	structure	shows	that	TtnD	binds	

FMN	 in	 a	 similar	 way	 as	 Fdc1	 binds	 prFMN.	 FMN	 forms	 hydrogen	 bonds	 with	

residues	N164,	 I167,	 R169,	 I183,	 Q186,	 H187,	 P221,	 and	 R386	 (Figure	 3.12C&D).	

The	bottom	of	the	pocket	is	hydrophobic.	Residue	R169	is	highly	conserved	in	UbiD	

carboxylase	 family	 while	 the	 rest	 residues	 are	 also	 predominantly	 conserved	 or	

semi-conserved.		

Near	 the	FMN/MnII	binding	pocket,	 there’s	 a	 groove	 that	 is	 likely	 to	be	 the	

binding	 site	 of	 substrate	 TTN	 D-1.	 In	 both	 apo-TtnD	 and	 TtnD/FMN	 complex	

structures	collected	so	far,	density	for	residues	266-289	are	missing.	This	indicates	

that,	 without	 the	 substrate	 TTND	 D-1,	 this	 loop	 is	 mobile.	 Structures	 in	 TtnD	
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homologs	corresponding	to	 this	missing	part	often	 form	two	anti-parallel	β-sheets	

linked	by	a	loop.	This	structure	extends	from	the	top	of	the	middle	domain	all	the	

	

Figure	3.12	Active	site	configuration	of	TtnD.		
A.	detailed	view	of	metal	coordination.	B.	Electron	density	of	FMN	(contoured	
at	1.0	σ	F2o-Fc).	C.	Detailed	view	of	FMN	coordination.	D.	Detailed	view	of	
prFMN	and	substrate	coordination	of	Fdc1	(PDB	ID	4ZA7).	
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way	to	near	the	FMN/MnII	binding	pocket	and	putative	TTN	D-1	binding	site	of	TtnD.	

Many	residues	in	this	missing	region	are	conserved	in	UbiD	carboxylase	family.	This	

loop	may	help	stabilize	TTN	D-1	when	bound	and	help	with	TTN	D-1	release.		

3.3.3. Ensemble	Refinement	of	TtnD	

As	discussed	 in	 section	2.3.2,	 ensemble	 refinement	 generates	 a	Boltzmann-

weighted	population	of	inter-related	structures	by	X-ray	data	restrained	molecular	

dynamics	 simulations.	 These	 structures	 can	 better	 model	 disorder	 than	 single-

structure	 model.	 To	 better	 characterize	 the	 motion	 and	 function	 of	 the	 loop	

connecting	β14-β15	(Lβ14,	 residues	266-289),	ensemble	refinement	was	applied	 to	

the	 TtnD/FMN/MgII	 structure	 and	 achieved	 similar	 Rfree	 compared	 to	 regular	

refinement.	 In	 the	 input	 model,	 the	 loop	 Lβ14	 is	 manually	 built	 in	 a	 similar	

conformation	 as	 the	 Fdc1	 structure.	 However,	 ensemble	 refinement	 calculation	

predicted	the	conformation	of	the	loop	Lβ14	to	be	in	an	open	conformation,	which	is	

different	from	that	of	Fdc1	substrate-bound	structure	(Figure	3.13).		

In	this	conformation,	the	active	site	for	product	binding	is	more	exposed	to	solvent	

than	the	substrate	bound	form	as	shown	by	its	homolog	Fdc1.	This	mobility	of	Lβ14	

also	 helps	 to	 minimize	 the	 activation	 energy	 for	 substrate	 binding,	 as	 the	 loop	

rearrangements	open	the	conformation	for	substrate	access.	The	loops	interactions	

with	the	substrate	may	also	provide	specificity	for	the	substrate	through	enthalpic	

interactions	in	intermediate	states	as	well	as	participate	in	the	reaction	as	a	proton	

donor.	
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3.3.1. TtnD	Activation	by	TtnC	and	UbiX	

TtnC,	 a	 biosynthetic	 gene,	 was	 initially	 proposed	 to	 involve	 the	

decarboxylation	reaction	in	TTN	polyketide	chain	m	odification.	Bioinformatics		

	

Figure	3.13	Comparison	of	phenix.refine	and	phenix.ensemble_refinement	
results	for	FMN	bound	TtnD	strucuture.		
A.	Fdc1	holo	structure.	B.	TtnD/FMN/MgII	structure.	C.	Enemble	refinement	of	
TtnD/FMN/MgII	structure.	Loop	region	are	all	highlighted	in	darker	color.	

analysis	 shows	 that	 TtnC	 is	 in	 the	 same	 flavoprotein	 superfamily	 IPR003382	 or	

family	PF02441	in	PFAM	(Bateman	et	al.,	2002)	as	UbiX	and	Pad1	does,	with	about	

250	 other	 proteins	 grouped	 in	 the	 same	 protein	 family	 (Rangarajan	 et	 al.,	 2004).	

Given	the	UbiX/UbiD	and	Pad1/Fdc1	cooperative	mechanism,	we	propose	that	TtnC	

is	responsible	for	producing	cofactor	and	activation	of	TtnD.	

Prenylated	 FMN	 is	 not	 commercially	 available.	 Thus,	 to	 test	 whether	 prFMN,	 a	

cofactor	 produced	 by	 UbiX,	 can	 activate	 TtnD	 without	 isolating	 prFMN,	 we	 co-
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expressed	 TtnD	 with	 TtnC	 and	 UbiX,	 separately.	 The	 conversion	 rate	 after	 same	

incubation	 time	with	 TtnD,	 TtnDTtnC	 and	 TtnDUbiX	 are	 shown	 in	 Figure	 3.14.	 TtnD	

indeed	shows	increased	reaction	rate	when	co-expressed	with	either	TtnC	or	UbiX.	

Thus,	both	TtnC	and	UbiX	can	activate	TtnD.	This	indicates	that	TtnC	can	produce		

	

Figure	3.14	LCMS	chromatograms	of	TtnD	reactions	containing	TTN	D-1.		
(I)	TtnD	alone,	EIC	m/z	575.5;	(II)	TtnD	alone,	EIC	m/z	619.5	(III)	TtnD	with	
TtnC,	EIC	m/z	575.5;	(IV)	TtnD	with	TtnC,	EIC	m/z	619.5;	(V)	TtnD	with	UbiX,	
EIC	m/z	575.5;	(VI)	TtnD	with	UbiX,	EIC	m/z	619.5.5;	(VII)	TTN	D-1	standard,	
EIC	m/z	619.5.	m/z	of	substrate	TTN	D-1	and	product	TTN	I-1	is	619.5	and	
575.5,	respectively.		

same	product	as	UbiX	does	and	that	TtnD	is	likely	to	be	activated	by	prFMN.	
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3.4. Summary	and	Discussion	

Homologous	to	Fdc1	from	A.	niger,	UbiD2	from	P.	aeruginosa	and	E.	coli,	TtnD	

catalyses	the	decarboxylation	of	TTN	D-1.	When	expressed	alone,	purified	TtnD	can	

catalyse	 this	 reaction	 at	 a	 slow	 reaction	 rate.	 Since	 ubiquinone	 is	 an	 essential	

component	 of	 respiration	 chain,	 ubiquinone	 biosynthesis	 machinery	 must	 be	

expressed	and	is	likely	to	generate	prFMN	in	the	process.	The	existence	of	prFMN	in	

cytoplasmic	may	result	in	co-purification	of	prFMN	with	TtnD	and	the	activation	of	

TtnD	reaction.	When	TtnD	is	co-expressed	with	TtnC	and	UbiX,	the	concentration	of	

prFMN	 would	 be	 elevated	 in	 cytoplasmic	 environment.	 Thus,	 high	 occupancy	 of	

prFMN	in	TtnD	may	result	in	the	increase	of	reaction	rate	catalysed	by	TtnD.	

TtnD	provides	another	example	of	prFMN-assisted	1,3-dipolarcycloaddition	

decarboxylation	 mechanisms.	 Different	 from	 Fdc1	 and	 UbiD,	 TtnD	 does	 not	 have	

aromatic	ring	but	it	catalyse	the	decarboxylation	of	a	dienoic	acid.	This	conjugated	

diene	 structure,	 instead	 of	 aromatic	 ring,	 helps	 with	 the	 reversed	 1,3-dipolar	

cycloaddition	step	and	with	the	release	of	product	(Figure	3.15).		

Attempts	 to	 crystalize	 purified	 TtnD	 with	 MgII	 and	 its	 substrate	 yielded	 a	

crystal	 structure	with	partial	 density	 in	 the	 catalysis	 pocket.	 This	 density	 is	 likely	

the	partial	density	of	partially	occupied	cofactor	of	TtnD,	since	increasing	substrate	

concentration	 in	 soaking	 solution	 resulted	 in	 less	 density	 in	 the	 binding	 pocket.	

After	we	discovered	that	the	cofactor	is	likely	to	be	a	modified	FMN,	lots	of	attempts	

to	 co-crystallize	 TtnD	 with	 MgII,	 FMN	 and	 its	 substrate	 were	 performed	 but	 no	
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substrate	 density	 is	 observed.	 A	 loop,	 located	 in	 proximity	 to	 the	 catalytic	 site	 in	

homolog	 structure,	 remains	 mobile	 in	 substrate	 soaked	 crystals.	 One	 proposed	

reason	 for	 failure	 to	 capture	active	 site	 snapshot	with	 substrate	 is	 that	 the	prenyl	

group	of	prFMN	may	be	important	for	substrate	binding	and	that	non-homogeneity	

of	cofactor	bound	in	crystal	structure	further	undermined	the	electron	density	of	the	

few	substrate	that	are	bound.		

	

Figure	3.15	Proposed	mechanism	of	reaction	catalyzed	by	TtnD.		

3.5. Future	Directions	

These	 results	 show	 that	TtnD	 can	bind	FMN	 in	 a	 very	 similar	way	 as	 Fdc1	

binds	prFMN.	 Increased	catalytic	 rate	of	TtnD	co-purified	with	UbiX	 indicates	 that	

TtnD	 also	 probably	 uses	 prFMN	 as	 a	 cofactor	 for	 the	 catalysis.	 Due	 to	 the	 lack	 of	
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purified	 prFMN,	 we	 weren’t	 able	 to	 measure	 the	 reaction	 rate	 of	 TtnD	 in	 the	

presence	of	abundant	cofactors.	Catalytic	parameters	for	this	reaction	need	to	be	re-

measured	 using	 optimal	 condition,	 including	 abundant	 prFMN.	 Although	 reaction	

mechanism	was	 proposed	 from	 FMN	 bound	 structure,	 structural	 snapshot	 of	 the	

catalytic	 site	 with	 both	 cofactor	 and	 substrate	 would	 provide	 more	 detailed	

information	about	the	structural	basis	of	reaction	mechanism.		
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Chapter 4 

Structure and Mechanism of FeII/ α-
Ketoglutarate Hydroxylase, TtnM, from	

Streptomyces Griseochromogenes in 
Tautomycetin Biosynthesis Pathway 

TtnM	 is	 an	 Fe(II)/α–ketoglutarate	 (αKG)	 dependent	 oxygenase	 involved	 in	

tautomycetin	 (TTN)	 biosynthesis.	 Specifically,	 TtnM	 is	 responsible	 for	 the	

biosynthesis	of	the	maleic	group	of	TTN,	which	play	an	important	role	in	interaction	

between	 TTN	 and	 its	 target	 protein	 SHP2.	 TtnM	 has	 low	 sequence	 identity	 to	

monooxygenases	 with	 known	 structure.	 In	 this	 study,	 I	 solved	 the	 X-ray	 crystal	

structure	of	TtnM.		



	 96	
	

4.1. Introduction	

4.1.1. TtnM	Function	and	Significance	

4.1.1.1. TtnM		Function	

Tautomycetin	 (TTN)	and	 tautomycin	 (TTM)	are	 two	compounds	containing	

the	 same	 dialkylmaleic	 anhydride	 moiety	 isolated	 from	 Streptomyces	

griseochromogenes	and	Streptomyces	spiroverticillatus	 separately.	 The	 biosynthetic	

gene	clusters	of	TTM	and	TTN	each	contains	eight	genes	proposed	to	be	responsible	

for	 the	 biosynthesis	 of	 the	 dialkylmaleic	 anhydride	 moiety	 (TtnKLMNOPRS/	

TtmKLMNOPRS).	Among	 the	eight	proteins,	TtnM	and	TtmM	share	77%	sequence	

identity	 and	were	 both	 predicted	 to	 be	 non-heme	 iron	 α-ketoglutarate	 (αKG,	 also	

known	 as	 2-oxoglutarate	 and	 2OG)	 dependent	 oxygenases	 that	 catalyze	 the	

hydroxylation	at	C-3’	during	TTM/	TTN	biosynthesis	(Li	et	al.,	2008;	Li	et	al.,	2009).	

The	 function	 of	 TtmM	 was	 confirmed	 by	 in	 vivo	 gene	 inactivation	 experiments	

which	led	to	isolation	of	three	3-deshydroxyl	TTM	analogs	(Ju	et	al.,	2009).	Thus,	It	

is	 highly	 possible	 that	 TtnM	 catalyzes	 the	 hydroxylation	 of	 2,5-dihydro-4-methyl-

2,5-dioxo-3-furanpropanoic	acid	at	C-3’	during	TTN	biosynthesis	(Figure	4.1).	This	

reaction	 was	 proposed	 to	 be	 the	 last	 modification	 step	 before	 the	 coupling	 of	

dialkylmaleic	 anhydride	 moiety	 onto	 the	 polyketide	 backbone	 of	 TTM	 or	 TTN	

(Figure	1.8).	
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Figure	4.1	Hydroxylation	reaction	catalyzed	by	TtnM.	

TtnM	is	a	37.7	kDa	protein	with	339	amino	acids	in	length.	The	calculated	pI	

of	this	protein	is	5.31.	Recently,	unpublished	work	has	confirmed	TtnM’s	function	by	

both	in	vivo	and	in	vitro	 inactivation	assay	and	has	characterized	kinetics	of	TtnM	

catalyzed	reaction	(unpublished	work	by	Shen	and	coworkers).		

In	the	study	of	TtmM	function,	all	3’-deshydroxy	TTM	analogs	show	reduced	

cytotoxicity	by	1	order	of	magnitude.	This	is	evidence	that	the	C3’	hydroxyl	group	is	

significant	 in	 cytotoxicity	 (Figure	 4.2A).	However,	 all	 three	 3’-deshydroxy	 analogs	

show	 1000	 time	 reduction	 in	 inhibition	 effect	 towards	 both	 PP-1	 and	 PP-2A,	

although	 they	were	still	more	effective	at	 inhibiting	PP-1	 than	PP2A	(Figure	4.2B)	

(Ju	et	al.,	2009).		This	difference	in	impact	in	cytotoxicity	and	PP	inhibition	indicates	

that	PP	inhibition	is	not	the	sole	means	by	which	TTM	exerts	its	anticancer	activity.	

4.1.1.2. State	of	Dialkylmaleic	Moiety	in	TTM	and	TTN	

It	 is	 known	 that	 dialkylmaleic	 anhydride	 can	 undergo	 tautomerization	

between	the	anhydride	form	and	the	diacid	form	and	usually	exists	in	a	mixture	of	

anhydride	and	diacid	 forms.	At	neutral	pH,	 it	exists	 in	a	mixture	of	anhydride	and	

diacid	form	at	a	ratio	of	5:4	at	pH7.3.	At	pH>8,	the	anhydride-diacid	equilibrium	will	
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Figure	4.2	Biochemical	assay	results	of	TTM.	
A.	Structure	of	TTM	and	its	analogs.	B.	Cytotoxicity	data	of	TTM	and	its	analogs.	
C.	PP	inhibition	assays	of	TTM	and	its	analogs.	Panels	A,	B	and	C	are	made	with	
data	from	article	(Ju	et	al.,	2009).	

favor	 the	 anhydride	 form	 (Sugiyama	et	 al.,	 1996).	 It	was	 reported	 that	 the	 IC50	 of	

TTM	for	PP-1	and	PP-2A	inhibition	is	slightly	smaller	at	pH	7.5	compared	to	pH	8.4.	

This	may	be	a	result	of	 from	7.5	-8.5	the	equilibrium	is	 in	stationary	phase,	which	

suggests	that	the	diacid	form	is	the	relevant	form	for	both	PP-1	and	PP-2A	inhibition	

of	TTM.	

At	the	same	time,	TTN	was	shown	to	bind	with	SHP2,	a	tyrosine	phosphatase,	

in	diacid	form	(Liu	et	al.,	2011).	SHP2	is	a	ubiquitously	expressed	protein	that	plays	

an	 important	role	 in	signalling	pathway	of	multiple	growth	factor	receptors	and	 is	
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indicated	 to	play	 a	 role	 in	 human	breast	 cancer	development	 (Aceto	 et	 al.,	 2012).	

Thus,	the	diacid	form	of	TTN	is	a	functionally	relevant	form.	Whether	the	anhydride	

form	of	TTN	and	TTM	is	functional	relevant	or	not	remains	a	question.	

4.1.2. Non-Heme	Iron,	α-Ketoglutarate	Dependent	Oxygenases	

4.1.2.1. Functions	 of	 Non-Heme	 Iron,	 α-Ketoglutarate	 Dependent	

Oxygenases	

Regio-	and	stereo-	functionalization	of	inert	C-H	bonds	in	complex	molecules	

is	a	common	challenge	in	synthetic	organic	chemistry	(Bruckl	et	al.,	2012;	Wu	et	al.,	

2016).	 In	 nature,	 these	 transformations	 are	 catalyzed	 by	 a	 variety	 of	 enzymes.	

Besides,	the	well-studied	cytochrome	P450	monooxygenases	(CYPs)(McQuarters	et	

al.,	 2014),	 non-heme	 iron	 oxygenases	 can	 also	 catalyze	 a	 variety	 of	 reactions	

(Hewitson	et	al.,	2002;	Ploumakis	and	Coleman,	2015;	Simmons	et	al.,	2008b;	Wu	et	

al.,	2016).		

Non-heme	iron,	α-Ketoglutarate	(αKG)	dependent	oxygenases	superfamily	is	

one	of	the	largest	known	subgroup	of	non-heme	iron	enzymes.	They	are	widespread	

in	 bacteria,	 fungi,	 plants,	 and	 vertebrates.	 They	 can	 catalyze	 amazingly	 diverse	

energetically	 demanding	 oxidation	 reactions	 involving	 lipids,	 nucleotides	

(DNA/RNA),	proteins,	and	a	wide	range	of	small	molecules	(Hausinger,	2004).	They	

play	 an	 important	 role	 in	 biological	 processes	 including	 regulation	 of	 gene	

expression	 (Cloos	 et	 al.,	 2006;	 Klose	 et	 al.,	 2006;	 Tsukada	 et	 al.,	 2006),	 alkylated	

DNA	 repair	 (Falnes	 et	 al.,	 2002;	 Trewick	 et	 al.,	 2002),	 nucleobases	 metabolism	
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(Hausinger,	 2004),	 cellular	 sensing	 of	 oxygen	 (Hewitson	 et	 al.,	 2002;	 Lando	 et	 al.,	

2002),	and	biosynthesis	of	collagen	(Ploumakis	and	Coleman,	2015)	and	antibiotics	

(Wu	et	al.,	2016).	Among	these	different	reactions	catalyzed	by	this	protein	family,	

hydroxylation	 is	 the	 most	 common	 type	 and	 remains	 the	 only	 type	 reported	 in	

animals	(Tars	et	al.,	2010).	Particularly	in	mammals,	collagens,	elastins	and	several	

other	 proteins	 all	 require	 post-translational	 hydroxylation	 modification.	

Malfunction	of	these	hydroxylases	could	cause	Ehlers-Danlos	syndrome	(Hyland	et	

al.,	1992).	There	are	estimated	60-80	human	non-heme	iron	αKG	oxygenases	(Wu	et	

al.,	2016).	

4.1.2.2. Mechanism	 of	 Non-Heme	 Iron,	 α-Ketoglutarate	 Dependent	

Oxygenases	

Members	of	this	protein	family	show	little	overall	sequence	identity,	but	they	

share	similar	structural	folds	as	well	as	catalyze	reactions	using	similar	mechanisms	

(Clifton	et	al.,	2006).	They	use	 the	Krebs	cycle	 intermediate	αKG	as	a	 cosubstrate.	

Members	of	this	family	also	share	a	double-stranded	β-helix	fold	comprised	of	eight	

antiparallel	β-strands	that	fold	into	a	“jellyroll”	structure.	This	fold	brings	together	

the	important	residues	found	in	a	His-X-Asp/Glu-Xn-His	motif.		

The	 catalytic	 mechanism	 of	 this	 protein	 family	 was	 first	 proposed	 by	

Hanauske-Abel	 and	 Günzler	 in	 1982	 when	 studying	 prolyl	 4-hydroxylase	

(Hanauske-Abel	 and	 Gunzler,	 1982).	 In	 FeII	 bound	 hydroxylase,	 a	 “facial	 triad”,	

usually	 formed	 by	 two	 His	 and	 one	 Asp	 or	 Glu	 in	 a	 His-X-Asp/Glu-Xn-His	 motif,	
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weakly	bind	one	face	of	a	six-coordinated	FeII	(Hegg	and	Que,	1997;	Koehntop	et	al.,	

2005).	 The	 other	 faces	 of	 ion	 are	 coordinated	 by	 three	 water	 molecules	 (Figure	

4.3A).	When	αKG	is	present,	it	will	displace	two	water	molecules	and	coordinate	FeII	

in	 a	 bindentate	 fashion.	 The	 binding	 of	 αKG	 is	 stabilized	 by	 interaction	 of	 its	 C5	

carboxylate	with	other	amino	acids	in	the	protein,	often	including	a	conserved	Arg	

(Hausinger,	 2004)	 (Figure	 4.3B).	 The	 primary	 substrate	 does	 not	 directly	 interact	

with	 the	metal	 ion,	 but	 its	 binding	 leads	 to	 displacement	 of	 the	 remaining	water	

molecule	and	creation	of	an	oxygen-binding	site	(Figure	4.3C).	Reaction	with	oxygen	

most	likely	forms	a	FeIII	superoxo	species	(Figure	4.3D).	Oxidative	decomposition	of	

αKG	creates	a	FeIV	–oxo	intermediate	capable	of	abstracting	a	hydrogen	atom	from	a	

non-activated	 carbon	on	 the	primary	 substrate	 (Figure	4.3E).	 The	hydroxyl	 group	

rebounds	 as	 a	 radical,	 resulting	 in	 substrate	 hydroxylation	 and	 restoring	 the	 FeII	

form	of	the	enzyme	(Figure	4.3F)	(Simmons	et	al.,	2008a).		

The	use	of	 engineered	protein	 as	 an	alternative	 to	 traditional	metalorganic	

catalysts	 have	 been	 widely	 established	 (Bornscheuer	 et	 al.,	 2012;	 Keasling	 et	 al.,	

2012).	 The	 amazing	 catalytic	 ability	 of	 FeII-αKG	 depend	 oxygenases	 in	 carbon	

activation	 has	 been	 well	 demonstrated.	 Some	 application	 instances	 of	 FeII-αKG-

dependent	oxygenases	for	biocatalytic	purposes	have	also	been	reported.	One	good	

example	 is	 that	 by	 engineering	 proline	 4-hydroxylase,	 we	 now	 have	 enzymes	 to	

produce	 every	 possible	 monohydroxyl-L-proline	 (Houwaart	 et	 al.,	 2014;	 Huttel,	

2013;	 Mori	 et	 al.,	 1996;	 Shibasaki	 et	 al.,	 1999).	 Besides	 being	 biocatalysts	 in	

chemical	synthesis,	protein	engineering	combining	biosynthetic	pathway	
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Figure	4.3	General	mechanism	of	non-heme	iron	αKG	monooxygenase.		
This	figure	is	referenced	from	article	(Simmons	et	al.,	2008a)	with	permission.	

engineering	also	has	a	huge	potential	in	pharmaceutical	production.		

Undoubtedly,	 there	 are	 limitations	 to	 what	 can	 be	 achieved	 with	 limited	

number	of	characterized	enzymes.	Thus,	more	FeII-αKG-dependent	oxygenases	need	

to	 be	 identified	 and	 characterized.	 These	 structures	 will	 provide	 information	 on	

how	 to	 affect	 substrate	 and	 stereo-selectivity,	 enzyme	 instability,	 and	 catalytic	

efficiency	(Wu	et	al.,	2016).	

4.1.3. Summary	

TtnM	catalyze	hydroxylation	at	C-3’	of	DFA	at	 the	 last	 step	of	dialkylmaleic	

moiety	synthesis	before	it	is	added	onto	the	polyketide	chain.	The	hydroxygroup	at	

C-3’	 position	 is	 important	 for	 anti-cancer	 activity.	 Known	 proteins	 in	 this	 family	
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FeII/a-ketoglutarate-dependent hydroxylases uniformly possess a double-stranded b-helix fold with
two conserved histidines and one carboxylate coordinating their mononuclear ferrous ions. Oxidative
decomposition of the a-keto acid is proposed to generate a ferryl–oxo intermediate capable of
hydroxylating unactivated carbon atoms in a myriad of substrates. This Perspective focuses on a
subgroup of these enzymes that are involved in pyrimidine salvage, purine decomposition, nucleoside
and nucleotide hydroxylation, DNA/RNA repair, and chromatin modification. The varied reaction
schemes are presented, and selected structural and kinetic information is summarized.

1.0 Introduction

Ferrous ion and a-ketoglutarate (aKG)-dependent dioxygenases
comprise an enzyme superfamily with members present in animals,
plants, protists, fungi, bacteria and even viruses. Most represen-
tatives of this large group of enzymes couple the oxidative decar-
boxylation of aKG to various hydroxylation reactions (Fig. 1),
but others are capable of catalyzing desaturation, epoxidation,
halogenation, ring formation, or ring expansion reactions, which
allows them to fill a wide variety of biological roles including
antibiotic biosynthesis, hypoxic sensing, DNA repair, and various
types of metabolite transformations.1–3 Not surprisingly, the
primary substrates also are diverse and include proteins, lipids,
nucleic acids, and a myriad of small molecules that can be used for
synthesis or undergo degradation.

The sequences of FeII/aKG dioxygenases show little overall
identity, yet the diverse reactions all are catalyzed by proteins with
the same core fold and use similar chemistries.4 The hallmark
of these enzymes is their use of FeII to activate molecular oxygen
according to a mechanism (Scheme 1) first proposed by Hanauske-
Abel and Günzler in 1982 for prolyl 4-hydroxylase.5 (A) In the
absence of substrates, a “facial triad” (usually two His plus one
Asp or Glu occurring in a His-X-Asp/Glu-Xn-His motif) weakly
bind one face of the hexacoordinate metal.6,7 (B) The aKG co-
substrate displaces two waters and coordinates FeII in a bidentate
fashion with its C1 carboxyl and C2 keto oxygens. The binding
of aKG is stabilized by interaction of its C5 carboxylate with
other amino acids, often including a conserved Arg located about
a dozen residues beyond the second His of the motif.1 (C) The
primary substrate does not directly interact with the metal ion,
but its binding leads to displacement of the remaining water
molecule and creation of an oxygen-binding site. (D) Reaction with
oxygen most likely forms an FeIII–superoxo species. (E) Oxidative
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Fig. 1 General reaction of FeII/aKG hydroxylases.

Scheme 1 General mechanism of FeII/aKG hydroxylases.

decomposition of aKG creates an FeIV–oxo intermediate capable
of abstracting a hydrogen atom from a non-activated carbon
on the primary substrate. (F) The hydroxyl group rebounds as
a radical, resulting in substrate hydroxylation and restoring the
FeII form of the enzyme. The FeIV–oxo intermediate has been
directly observed for taurine/aKG dioxygenase (TauD),8–10 prolyl
4-hydroxylase,11 and a related halogenase,12 and is believed to form
in most if not all members of this family. Recent reviews provide
greater details regarding the general characteristics of this enzyme
family.1,2
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generally	 show	 low	 sequence	 identity.	 Nonetheless,	 they	 share	 similar	 catalytic	

mechanism.	It	is	the	catalytic	active	site	that	recognise	its	substrate.	Thus,	studying	

the	structure	of	TtnM	could	hep	us	better	engineer	TtnM	to	generate	diverse	TTN	

analogs.	

4.2. Materials	And	Methods	

4.2.1. Protein	Expression	and	Purification3	

Cloning.	ttnM	was	cloned	into	the	HindIII	and	EcoRI	sites	of	pET28a	vector.	

Thus,	36	additional	residues	were	added	to	the	N-terminal	of	TtnM	with	a	His6	tag	

and	 a	 thrombin	 cleavage	 site.	Native	 protein.	 His6-TtnM	was	 expressed	 in	E.	coli	

BL-21	 cells	 and	 purified	 by	 a	 nickel	 affinity	 column	 and	 monoQ	 anion	 exchange	

column.	 Purified	 protein	 was	 stored	 at	 a	 concentration	 of	 65.9mg/ml	 in	

crystallization	buffer	that	contained	10mM	TEAOH,	20mM	NaCl,	10mM	KCl,	pH7.5.	

Se-labelled	protein.	Selenium	labelled	His6-TtnM	(Se-TtnM)	was	expressed	using	E.	

coli	 B834-pRARE2	 string	 using	 auto-induction	 media.	 Expression	 was	 done	

following	 CESG	 large	 scale	 production	 of	 selenomethionyl-labeled	 protein	 v.3.0.1.	

TtnM	 is	 expressed	at	25	degree	 for	20	hours.	Protein	 is	purified	by	nickel	 affinity	

																																																								

	

3	The	cloning	of	ttnM	and	expression	of	native	TtnM	protein	were	performed	
by	Ming	Ma	and	coworkers	in	Ben	Shen	lab	at	the	Scripps	Research	Institute,	Florida.	
Expression	of	Se-labelled	TtnM	was	done	by	me.	
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column	and	Superdex	200	size	exclusion	column.	Purified	Se-TtnM	protein	stored	at	

24.3	mg/ml	 in	 buffer	 containing	50mM	Tris,	 10%	glycerol	 at	 pH	7.5.	 	 Se-labelling	

efficiency	was	measured	by	electrospray	ionisation	mass	spectrometry	(ESI-MS).	

4.2.2. Hydroxylation	Activity	Assay4	

Reaction.	 50	mL	 standard	 reaction	 solution	 consisted	 of	 50	mM	 NaH2PO4	

buffer,	pH	7.0,	100	mM	NaCl,	1	mM	ascorbic	acid,	1	mM	Na-aKG,	50	μM	Fe2+,	2.47	μM	

TtnM	 enzyme	 and	 1	 mM	 substrate	 (2,5-dihydro-4-methyl-2,5-dioxo-3-

furanpropanoic	 acid,	 CAS	 487-66-1)	 were	 incubated	 at	 30	℃	 for	 30	 min.	 The	

reactions	were	 initiated	 by	 the	 addition	 of	 TtnM	 and	 terminated	 by	 adding	 7	mL	

Trifluoroacetic	 acid.	 The	 reaction	 solution	 was	 evaporated	 to	 dryness,	 dissolved	

with	50	mL	CH3CN	and	15	mL	1.2	N	HCl,	centrifugated	at	13,000	rpm	for	10	minutes.	

Taking	20	mL	of	supernatant	subjected	to	HPLC	analysis.	

HPLC	analysis.	Materials:	Agilent	1260	HPLC,	Apollo	C18	column	(5	mm,	250	

×	 4.6	 mm,	 Grace	 Davison	 Discovery	 Sciences,	 Deerfield,	 IL).	 The	 linear	 gradients	

were	developed	 from	95%	A	(0.1%	formic	acid-water)	–	5%	B	(0.1%	formic	acid-

acetonitrile)	 to	 75%	 A	 (0.1%	 formic	 acid-water)	 –	 25%	 B	 (0.1%	 formic	 acid-

acetonitrile)	over	20	min.	The	 flow	rate	was	at	1.0	mL/min,	detection	wavelength	

was	at	254	nm.	A	new	peak	(Rt=11.5	min)	with	similar	UV	spectrum	to	the	substrate	
																																																								

	

4 	I	 did	 hydroxylation	 assay	 to	 confirm	 TtnM	 sample	 was	 active	 before	
crystallization.	
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was	detected.	Based	on	HPLC-MS	experiment,	 the	product	 is	deduced	 to	be	 the	3-

hydroxyl	product	of	substrate.	

4.2.3. Crystallization5	

Native	 protein.	 Both	 His6-TtnM	 and	 His6-removed	 TtnM	 were	 used	 in	

sitting-drop	 vapour-diffusion	 crystallization	 screens	 for	 both	 apo	 and	 complex	

crystals.	21.6	mg/ml	His6-removed	was	able	to	crystalize	in	several	conditions,	but	

only	one	crystal	 form	diffracts	better	 than	3Å	resolution.	His6-TtnM	 in	50mM	Tris	

pH	7.5	with	and	without	10%	glycerol	at	a	concentration	of	16.5mg/ml	was	used	for	

sitting-drop	 crystallization	 screen	 and	 crystals	 were	 found	 in	 several	 conditions.	

The	condition	that	produced	best	diffracting	crystals	 is	0.2M	MgCl2,	HEPES	pH	7.5,	

25%	 PEG3350	 solution.	 Se-labelled	 protein	 Both	 Se-labelled	 TtnM	 protein	 with	

and	without	His6-tag	was	used	in	sitting-drop	vapour	diffusion	crystallization	screen.	

For	 both	 forms	 of	 Se-labelled	 protein,	 crystals	were	 found	 in	multiple	 conditions.	

Optimization	 of	 these	 conditions	 was	 performed,	 but	 none	 of	 these	 conditions	

produce	 good-diffracting	 crystals.	 In	 the	 end,	 Se-labelled	 His6-TtnM	 was	 able	 to	

crystallize	in	similar	condition	as	the	crystallization	condition	that	produced	good-

diffracting	native	crystals	(0.2M	MgCl2,	Tris	pH	8.5,	25%	PEG3350).		

																																																								

	

5	Initial	 crystallization	 screen	 of	 native	 TtnM	 is	 performed	 by	 David	 Xu	 in	
Phillips	Lab.		
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4.2.4. Data	Collection	and	Processing	

All	 crystals	 were	 soaked	 in	 solutions	 containing	 20%	 glycerol	 added	 as	

cryoprotectant.	 Native	 TtnM	 were	 screened	 and	 collected	 at	 Advanced	 Photon	

Source	(APS),	Chicago.		Some	native	datasets	are	collected	remotely	at	LS-CAT	(Life	

Sciences	Collaborative	Access	Team,	21-ID-D,	F	and	G)	by	me.	Native	datasets	and	

iodide	 soaked	 datasets	 are	 collected	 automatically	 at	 LRL-CAT	 (Lilly	 Research	

Laboratories	Collaborative	Access	Team)	with	the	kind	help	of	scientists	at	LRL-CAT.	

Se-Labelled	TtnM	datasets	were	collected	at	GM/CA	beam	line	at	APS	at	Se	k-edge	

with	 the	help	 from	Craig	A.	Bingman.	The	 later	 crystal	diffracts	 to	2.2Å	resolution	

with	 good	 anomalous	 signal	 (3Å)(Table	 4.4).	 Datasets	 were	 processed	 using	 XDS	

(Kabsch,	2010a)	and	solved	by	using	Phaser	from	Phenix	program	suite	(Adams	et	

al.,	2010).	

4.2.5. Ensemble	Refinement	

Parameters	used	 inn	 ensemble	 refinement	 of	TtnM	are	 as	 follows:	 ptls=0.6	

tls_group_selections='(chain	A	and	(resseq	-2:10	or	resseq	61:69	or	resseq	101:151	

or	 resseq	 242:286))'	 tls_group_selections='(chain	 B	 and	 (resseq	 4:10	 or	 resseq	

61:69	 or	 resseq	 101:151	 or	 resseq	 242:286))'	 tls_group_selections='(chain	 A	 and	

(resseq	11:60	or	resseq	70:100)	)'	tls_group_selections='(chain	B	and	(resseq	11:60	

or	 resseq	 70:100)	 )'	 tls_group_selections='(chain	 A	 and	 resseq	 152:241)'	

tls_group_selections='(chain	B	and	resseq	152:241)'	 tls_group_selections='(chain	A	

and	 resseq	 287:338)'	 tls_group_selections='(chain	 B	 and	 resseq	 287:338)'	
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secondary_map_cutoff_keep=1.0	 primary_map_cutoff=3.0	

secondary_map_cutoff_find=1.0	wxray_coupled_tbath_offset=2	 selections='(	 (resseq	

-2:108	and	chain	A)	or	(resseq	4:108	and	chain	B)	or	(resseq	124:268	and	chain	A)	

or	(resseq	123:271	and	chain	B)	or	(	resseq	277:338	and	(chain	A	or	chain	B	))	or	

(chain	 C))'	 weight=0.00001	 slack=1.0	 acquisition_block_n_tx=25	

ensemble_reduction=False	 number_of_acquisition_periods=1	

pdb_stored_per_block=25	tx=1.0	

4.3. Results	and	Discussion	

4.3.1. Structure	Solution	and	Model	Quality	

To	 solve	 the	 TtnM	 structure,	 I	 first	 obtained	 native	 TtnM	 crystals.	 His6-TtnM	

crystals	diffracted	better	than	His-tag	removed	TtnM	crystals.	The	best	native	TtnM	

crystal	diffracts	to	2.1Å	and	is	in	space	group	P212121	with	two	copies	of	TtnM	chain	

in	each	asymmetric	unit.	The	corresponding	solvent	content	is	43.7%	(2.22Å3/Da).	

Due	 to	 the	 lack	 of	 a	 structure	with	 high	 sequence	 identity,	 the	 structure	 of	 TtnM	

can’t	be	solved	by	molecular	replacement	method.	Besides	molecular	replacement,	

single-wavelength	 anomalous	 diffraction	 (SAD)	 is	 another	 popular	 technique	 for	

solving	phase	problem	and	structure	determination.	To	get	heavy	atom	derivatives,	

we	can	either	soak	crystals	into	heavy	atom	containing	solution	or	express	protein	

with	covalently	labelled	amino	acids.		
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Table	4.1	Data	Collection	and	Refinement	Statistics	of	TtnM	Datasets	

	 Se-TtnM Native TtnM 

Wavelength 0.9794 0.9793 
Resolution range 42.3  - 2.2 (2.28  - 2.20) 46.86  - 2.10 (2.17  - 2.10) 

Space group P 21 21 21 P 21 21 21 
Unit cell 52.4 83.3 169.1 50.6 84.5 168.9 

 
90 90 90 90 90 90 

Total reflections 283164 (26974) 316497 (26920) 
Unique reflections 38466 (3663) 43293 (4007) 

Multiplicity 7.4 (7.4) 7.3 (6.7) 
Completeness (%) 0.94 (0.96) 0.99 (0.93) 

Mean I/sigma(I) 14.50 (0.85) 13.29 (1.75) 
Wilson B-factor 40.6 40.73 
R-merge

a 0.133 (3.28) 0.095 (1.31) 
R-meas 

b 0.143 (3.53) 0.102 (1.42) 
CC1/2 0.999 (0.483) 0.998 (0.728) 
CC* 1 (0.807) 1 (0.918) 

R-cryst
c 0.233 (0.479) 0.194 (0.338) 

R-free
d 0.260 (0.503) 0.236 (0.333) 

RMS(bonds) 0.013 0.004 
RMS(angles) 1.17 1.01 

Ramachandran 
favored (%) 97 98 

Ramachandran 
allowed (%) 2.3 1.6 

Ramachandran 
outliers (%) 0.8 0.16 

Rotamer outliers (%) 2.1 0.76 
Clashscore 4.99 1.84 

Average B-factor 52.18 48.47 
     macromolecules 52.36 48.48 

     solvent 47.01 48.3 
Values in parenthesis are for the highest resolution shell. 
aR-merge =∑hkl ∑j⎜Ihkl,j - <Ihkl>⎢/ ∑hkl ∑j Ihkl,j, where <Ihkl> is the average of symmetry related observation of a unique 
reflection. 
bR-meas =∑hkl 𝑛/(𝑛 − 1)∑j⎜Ihkl,j - <Ihkl>⎢/ ∑hkl ∑j Ihkl,j, which is redundancy independent version of R-merge. 

cR-cryst= ∑hkl ⎜|Fobs| - |Fcalc|⎢/ ∑hkl |Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes. 
dR-free was calculated as R-work using randomly selected 5% of the unique reflections that were omitted from the 
structure refinement. 
eRamachandran statistics indicate the percentage of residues in the most favored, additionally allowed and outlier 
regions of the Ramachandran diagram as defined by MOLPROBITY.  
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Figure	4.4	Overall	structure	of	TtnM	with	labeled	secondary	structure.	

With	the	native	crystal,	I	first	attempted	to	use	label	TtnM	crystal	with	heavy	

atom	 by	 soaking	 native	 crystals	 in	 heavy	 atom	 containing	 buffer.	 However,	 the	

heavy	 atom	 soaking	 process	 greatly	 reduced	 TtnM	 crystal	 quality	 (2.8Å)	 and	

showed	low-anomalous	signal	(5Å).	Then	I	labelled	TtnM	with	selenomethionine	in	

the	 expression	 step.	 The	 covalently	 labelled	 Se-TtnM	 crystals	 diffracted	 to	 2.2Å	

resolution	 and	 had	 strong	 anomalous	 signal,	 which	 enabled	 me	 to	 solve	 TtnM	

structure.	 Data	 collection	 and	 refinement	 statistics	 of	 two	 representative	 datasets	

are	shown	in	Figure	4.4.	The	structure	of	TtnM	was	solved	at	2.2Å	resolution	by	SAD	

phasing	 using	 phenix.phaser.	 Both	 native	 and	 Se-labelled	 TtnM	 crystallize	 in	 the	

same	space	group	P212121.		
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The	final	model	 includes	two	monomers.	Residues	109-123	and	269-276	of	

monomer	A	and	residues	1-3,	109-122	and	272-276	of	monomer	B	are	missing	 in	

the	 final	 structure.	The	N-terminal	 tag	 is	 completely	missing	 in	monomer	B	while	

the	 last	 three	 residues	 are	 visible	 in	 monomer	 A.	 In	 addition,	 two	 putative	 iron	

atoms	were	built	into	the	final	structure.	

4.3.2. Overall	Structure	

TtnM	 polypeptide	 chain	 also	 folds	 into	 a	 β-strand	 “jellyroll”	 structure,	

sandwiched	between	two	α-helixes	subdomains:	an	N-terminal	region	containing	α-

helices	 1-3	 and	 a	 β-strand	 of	 the	 jellyroll	 and	 an	 extended	 insertion	 region	

containing	 α-helices	 4-7	 (Figure	 4.5).	 This	 is	 the	 canonical	 in	 FeII-αKG	 dependent	

oxygenases	family.	

A	 structural	 homology	 search	 was	 conduced	 using	 the	 DALI	 server	 (Holm	

and	 Rosenstrom,	 2010).	 Sequence	 analysis	 by	 FFAS	 (Jaroszewski	 et	 al.,	 2011)	

showed	an	overall	sequence	identity	of	13-21%	to	several	PDB	entries	in	the	same	

protein	 family.	 Structural	 homologs	 of	 TtnM	 calculated	 by	 DALI	 with	 top	 three	 Z	

scores	are:	1)	asparagine	synthetase	AsnO,	with	Z=22.8,	r.m.s.d.	2.7	Å	over	aligned	

Cα	 residues,	 20%	 sequence	 identity	 (PDB	 entry	 2OG7)	 (Strieker	 et	 al.,	 2007);	 2)	

clavaminate	synthase	1	(CLS),	Z=21.6,	r.m.s.d.	2.9	Å	over	aligned	Cα	residues,	19%	

sequence	 identity	 (PDB	 entry	 1DRY)	 (Zhang	 et	 al.,	 2002);	 3)	 L-arginine	 beta-

hydroxylase	VioC,	Z=20.9,	r.m.s.d.	3.1Å	over	aligned	Cα	residues,	19%	sequence	
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Figure	4.5	Sequence	alignments	of	TtnM	homologs	(Continued	on	next	page.)	
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	Figure	4.5	Sequence	alignments	of	TtnM	homologs.		
Red	triangles	highlight	residues	that	coordinates	FeII.	Sequence	title	are	
uniprot	entry	name	of	each	protein.	This	figure	is	made	with	ESPript	3.0	
(Robert	and	Gouet,	2014)	with	alignment	data	calculated	from	with	the	Clustal	
Omega	program	through	UniProt_align	portal.	

identity	(PDB	entry	2WBO)	(Helmetag	et	al.,	2009).	Other	representative	homologs	

are	 gamma-butyrobetaline	 dioxygenase,	 Z=18.2,	 r.m.s.d.	 2.7Å	 over	 aligned	 Cα	

residues,	16%	sequence	identity	(PDB	4BGK)	(Tars	et	al.,	2014)	and	aKG-dependent	

Taurine	 dioxygenase	 TauD	 from	Mycobacterium	 smegmatis,	 Z=	 17.5,	 r.m.s.d.	 3.0Å	

over	 aligned	 Cα	 residues,	 id	 15%	 (PDB	 4J5I)	 (Baugh	 et	 al.,	 2015).	 Sequence	

alignment	of	selected	structural	homologs	of	TtnM	is	shown	in	Figure	4.5.	Though	

most	 of	 its	 homologs	with	 known	 structure.	 Two	 loops	 regions	 are	missing	while	

others	show	different	conformation	compared	with	its	homologs	(Figure	4.7).		
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4.3.3. Metal	Binding	Site	

In	 the	active	site	region	of	TtnM,	 the	electron	density	reveals	an	 ion	 that	 is	

coordinated	 to	 the	 residues	H126,	 D128,	 and	H264	 and	 three	water	molecules	 in	

octahedral	 geometry.	 (Figure	 4.6)	 Due	 to	 a	 lack	 of	 sufficient	 electron	 density	 and	

anomalous	signal,	this	ion	is	assigned	as	a	sodium	ion	rather	than	a	FeII	ion,	although	

enzymatic	 assay	 indicates	 that	 there	 is	 FeII	 or	 αKG	 in	 purified	 TtnM	 protein.	 Of	

residues	involved	of	the	metal	binding	triad,	H126	and	D128	are	located	on	the	loop	

linking	strands	β3	and	β4,	whereas	H264	is	located	on	strand	β12.		

4.3.4. Oligomeric	State	of	TtnM	

There	 are	 two	 copies	 of	 TtnM	 in	 each	 asymmetric	 unit.	 However,	 there	 is	

little	 contact	 between	 neighbouring	 subunits.	 Size-exclusion	 chromatography	

supports	that	TtnM	exist	as	a	dimer	in	solution.	Thus	the	oligomeric	state	of	TtnM	

remains	to	be	elucidated.	Most	TtnM	homologs	exist	as	monomers	or	dimers,	while	

some	even	form	tetramers	(Knauer	et	al.,	2012).	
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Figure	4.6	Active	site	configuration	of	TtnM.	

4.3.5. Lid	Region	of	TtnM	

Though	 the	 overall	 fold	 is	 similar	 to	 other	members	 of	 FeII-αKG	oxygenase	

family,	 structural	difference	does	exist	between	TtnM	and	 its	homologs.	As	shown	

by	structure	superimposition	 (calculated	by	DALI	server)	and	sequence	alignment	

result,	the	loop	linking	α3	to	β2	(residues	67-74)	and	the	loop	linking	β6	to	β7	(178-

188,	Lβ6)	are	shorter	than	its	homologs.	Superimposition	of	TtnM	with	AsnO	or	VioC	

is	shown	in	Figure	4.7	as	examples.	Loop	Lβ6	corresponds	to	a	similar	structure	 in	

AsnO,	which	 is	 stable	when	FeII	 is	bound.	 	Whereas	 corresponding	 loop	 in	VioC	 is	
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found	to	be	a	much	longer	lid	that	becomes	disordered	when	no	substrate	is	bound.		

Loops	connecting	β3	-	β4	(residues	109-123,	Lβ3)	and	β12	–	β13	(residues	269-276,	

Lβ12)	are	missing	in	this	apo	TtnM	model.	These	missing	loops	in	TtnM	correspond	

to	 loops	that	cover	part	of	the	active	site	 in	AsnO	and	VioC.	The	stable	Lβ6	and	the	

flexible	Lβ3	and	Lβ12	suggest	a	difference	in	the	role	of	these	loops.	It	is	likely	that	in	

AsnO	 and	 TtnM,	 Lβ3	 and	 Lβ12	 play	 a	 more	 important	 role	 than	 Lβ6	 in	 substrate	

binding	and	product	release.	On	the	other	hand,	for	VioC,	the	flexibility	of	Lβ6	plays	a	

more	 important	 role	 than	 the	 other	 two	 loops	 in	 substrate	 binding	 and	 product	

release.	 Thus,	 understanding	 how	 these	 loops	 help	 substrate	 binding	 would	

essentially	help	us	understand	the	structural	basis	for	stereo	selectivity.		

	

Figure	4.7	Superimposition	of	TtnM	(magenta)	with	AsnO	(green)	and	VioC	
(blue).		
AsnO,	PDB	entry	2OG7,(Strieker	et	al.,	2007)	and	VioC,	PDB	entry	
2WBO,(Helmetag	et	al.,	2009).	Arrows	are	pointing	at	structures	that	are	
different	in	each	superimposition.	The	superimposition	was	calculated	by	
DALI	server.		
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4.3.6. Ensemble	Refinement	of	TtnM	

Since	two	loops	of	TtnM	are	partially	missing	in	the	crystal	structure,	I	used	

ensemble	 refinement	 to	 model	 the	 dynamics	 of	 TtnM	 structure.	 Application	 of	

ensemble	refinement	method	to	TtnM	improves	the	agreement	between	model	and	

x-ray	 diffraction	 data,	 represented	 by	 decrease	 in	 Rfree	 compared	 to	 regular	

refinement	(Regular	refinement:	Rwork=0.2158,	Rfree=0.2463;	Ensemble	refinement:	

Rwork=0.1654,	 Rfree=0.2314).	 It	 also	 conveys	 a	 better	 visualization	 of	 loop	

conformational	variability	than	simply	removing	parts	of	the	protein.	

	

Figure	4.8	Ensemble	refinement	of	TtnM	structure.		
A.	Regular	refinement	of	TtnM	structure.	B.	Ensemble	refinement	of	TtnM	
structure.	
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Loop	Lβ3	sits	right	on	top	of	the	active	site.	It	stays	in	open	conformation	in	

the	apo	TtnM	structure.	Whether	loop	Lβ3	is	involved	in	substrate	binding,	and	if	so,	

how	it	involved	are	both	important	questions	to	be	study.	

4.4. Summary	and	Future	Directions	

In	 this	 study,	 I	 solved	 the	structure	of	TtnM	with	Fe	 ferrous	 iron	bound	by	

experimental	phasing.	This	new	protein	structure	of	FeII	-αKG	dependent	oxygenase	

family	 enriched	 our	 enzyme	 structure	 library	 for	 future	 engineering	 purposes.	

Though	showing	low	sequence	identity	with	its	homologs,	TtnM	folds	in	a	conserved	

“jellyroll”	structure	and	the	active	site	FeII	coordination	is	also	conserved.	C	terminal	

domain	of	TtnM	is	longer	and	folds	into	a	helix.	Three	loops	show	different	flexibility	

compared	to	TtnM	homolog,	VioC.	These	loops	are	proposed	to	involve	in	substrate	

binding	 and	 product	 release	 and	 play	 an	 important	 role	 in	 substrate	 stereo-

selectivity.		

To	 better	 characterize	 the	 active	 site	 confirmation	 and	 understand	 the	

structural	 basis	 for	 stereo-selectivity,	 a	 complex	 structure	TtnM	with	αKG	or	αKG	

analogs,	 FeII,	 O2	 or	 NO,	 and	 the	 substrate	 DFA	 needs	 to	 be	 solved.	 To	 trap	 the	

reaction	active	site,	one	can	either	work	in	anaerobic	condition	or	use	αKG	analogs	

as	inhibitor	(Leung	et	al.,	2013).	
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Chapter 5 

Method Development For Natural 
Product Structure Determination 

   

Natural	products	and	their	derivatives	play	an	important	role	in	drug	discovery.	The	

impact	of	natural	products	in	bioactive	probe	or	drug	lead	discovery/development	

has	 faltered	 in	 the	 last	 decade	 due	 to	 an	 inability	 of	 natural	 products	 discovery	

technologies	to	keep	pace	with	monumental	advances	in	both	screening	and	library	

synthesis	platforms.	In	this	Chapter,	I	will	discuss	my	contributions	in	developing	a	

new	chaperon-assisted	structure	determination	method	that	I	proposed.		



	 119	
	

5.1. Introduction	

5.1.1. Natural	product	structure	elucidation	

Historically,	 natural	 products	 are	 one	 of	 the	 major	 sources	 for	 drug	

discovery/development,	 biosynthesis/enzymology,	 and	 organic	 synthesis.	 Its	

success	derives	from	the	fact	that	protein	structure	and	the	corresponding	natural	

ligands	that	bind	them	have	functionally	co-evolved.	However,	the	impact	of	natural	

products	in	bio-active	probes	or	drug	discovery	and	development	has	faltered	in	last	

few	 decades	 due	 to	 lack	 of	 efficient	 structure	 determination	 methods	 for	 the	

growing	 number	 of	 library	 generated	 by	 advanced	 screens	 and	 library	 synthesis	

platforms.	Technological	 innovation	 is	needed	to	realign	natural	product	structure	

determination	with	next	generation	 technologies.	How	to	expedite	 the	subsequent	

structure	 determination	 of	 new	 natural	 products	 is	 one	 of	 the	 most	 significant	

challenges	in	the	discovery	of	new	microbial	natural	products.	

To	overcome	the	limited	amount	of	precious	material	and	unpredictability	of	

crystallization,	 I	 proposed	 a	 chaperone-assisted	 crystallization	 method	 that	 uses	

protein	or	organometallic	compounds	with	both	a	high	propensity	to	crystallize	and	

an	 ability	 to	 ‘adsorb’	 a	 wide	 range	 of	 natural	 products/small	 molecules	 as	 the	

template	 to	 soak	natural	 product	 of	 interest.	 The	 structure	of	 the	natural	 product	

will	be	determined	when	the	overall	structure	is	solved.		

However,	even	with	good	overall	 structure	of	good	resolution	and	R	 factor,	

local	electron	density	quality	cannot	be	guaranteed.	When	the	interaction	between	
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ligand	 and	 chaperone	 is	 not	 strong	 enough,	 ligand	 occupancy	 may	 be	 low.	 Since	

these	 compounds	 are	 not	 natural	 ligands	 of	 the	 protein,	 they	 may	 interact	 in	

multiple	 location	 or	 orientations.	 Both	 of	 these	 situations	would	 cause	 poor	 local	

resolution.	Thus,	it	is	important	to	find	strongly	interacting	protein-chaperone	pairs.		

On	 the	 other	 hand,	 with	 other	 basic	 chemical	 information	 about	 the	

compound,	moderate	ligand	density	can	help	us	assign	chirality	of	important	chiral	

centres.		

5.1.2. Protein	Chaperones	

Since	protein	crystals	usually	contain	large	solvent	channels	so	that	relatively	

large	 natural	 products	 can	 diffuse	 inside.	 Here	 we	 select	 five	 representative	

chaperones	selected	for	an	initial	study.	They	are	all	known	to	bind	a	diverse	array	

of	 natural	 products	 and	 small	 molecules	 and	 crystallize	 readily	 in	 both	 apo-	 and	

holo-	form.	A	brief	introduction	of	each	chaperone	protein	is	as	follows:		

Human	serum	albumin	(HSA)	(Figure	5.1)	is	the	most	abundant	protein	in	

plasma	 and	 a	main	determinant	 of	 plasma	oncotic	 pressure	 and	 fluid	 distribution	

among	 body	 compartments	 (Cohn	 et	 al.,	 1944).	 HSA	 is	 a	 negatively	 charged	

monomeric	 protein	 comprised	 of	 three	 analogous	 domains	 and	 displays	 an	

extraordinary	ligand-binding	capacity	(Curry	et	al.,	1998).	HSA	is	a	main	carrier	for	

fatty	 acids	 and	 steroids/hormones.	 It	 can	 absorb	 potentially	 lethal	 organic	 and	

inorganic	 toxins	 and	 influences	 the	 pharmacokinetics	 of	 many	 drugs	 via	 binding	

(Fanali	et	al.,	2012).	There	are	multiple	binding	sites	for	ligand	binding	and	each		
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Figure	5.1	Structural	folds	of	the	selected	chaperone	proteins	for	this	proof	of	
concept	study.		
These	structures	illustrate	diversity	in	both	chaperone	structural	folds	and	
corresponding	ligands	‘absorbed’.		

many	 ligands	have	different	binding	 affinity	 at	different	 sites	 (Fanali	 et	 al.,	 2012).	

There	are	currently	structures	of	HSA	bound	to	47	distinct	ligands	in	the	PDB.	This	

information	 also	 contributes	 to	 drug	 development	 chemistry	 efforts	 to	 modulate	

interactions	of	drugs/leads	with	HSA.	

The	bleomycin	binding	protein	(BlmA).	BlmA	(Figure	5.1)	is	a	glyoxalase	

I/bleomycin-fold	chaperone	protein	prototype.	Structurally	related	homologs	of	this	

family	 include	the	 thiocoraline-binding	protein	TioX	(PDBID	3ITW),	 the	phenazine	

resistance	 protein	 EphR	 (PDBID	 3SK1,	 3SK2)(Yu	 et	 al.,	 2011),	 and	 the	mitomycin	

resistance	protein	Mrd	(PDBID	1KMZ,	1KLL).	A	key	structural	signature	of	the	BlmA	

homodimer	 is	 two	 twist-curl	 eight-strand	 β-sheets	 surrounded	 by	 four	 α-helices	

that	 present	 two	 cavities	 capable	 of	 accommodating	 a	 diverse	 range	 of	 small	

molecule	 (Kawano	et	 al.,	 2000;	Kumagai	 et	 al.,	 1999;	 Sugiyama	et	 al.,	 2002).	Most	

notable,	the	ligands	bound	by	this	structural	family	are	interchangeable	as	recently	
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demonstrated	 by	 a	 comparative	 study	 of	 the	 Mrd-mitomycin	 and	 Mrd-bleomycin	

ligand	bound	structures	(PDBID	2A4W,	2A4X)	(Danshiitsoodol	et	al.,	2006).		

The	 9-membered	 enediyne	 apoprotein	 CagA.	 CagA	 (Figure	 5.1)	 (PDBID	

1J48,	1HZK)	is	an	immunoglobulin-like	β-sandwich	fold	protein	prototype	(Tanaka	

et	 al.,	 2001).	 Structurally	 related	 homologs	 of	 this	 family	 include	 the	

neocarzinostatin	 apoprotein	 NcsA	 	 (PDBID	 2GOK,	 IJ5H),	 and	 the	 kedarcidin	

apoprotein	 (PDBID	 1AKP).	 A	 key	 structural	 signature	 of	 this	 family	 is	 a	 four-

stranded	 β-sheet	 in	 conjunction	 with	 three	 loops	 that	 form	 a	 cavity	 capable	 of	

accommodating	a	range	of	structurally	diverse	small	molecules.	Also	notable,	other	

ligands	 bound	 by	 this	 structural	 family	 include	 α-naphthflavone,	 a	 series	 of	

substituted	naphthoate	esters,	and	the	synthetic	anticancer	agent	melphalan.	

The	10-membered	enediyne	self-resistance	protein	CalC.	CalC	(Figure	5.1)	

is	 the	 steroidogenic	 acute	 regulatory	 protein	 (StAR)-related	 transfer	 (START)	

protein	 prototype.	 Its	 structurally-related	 homologs	 include	 a	 wide	 range	 of	

mammalian	proteins	that	bind	diverse	ligands,	 leading	to	modulation	of	a	range	of	

important	processes.	Mechanistic	 studies	by	Thorson	et	al.	 revealed	 calicheamicin	

binding	 to	 CalC	 invokes	 a	 proteolytic-based	 ‘self	 sacrifice’	 mechanism	wherein	 a-

hydrogen	 abstraction	 from	 CalC	 by	 suitably	 activated	 calicheamicin	 leads	 to	 CalC	

proteolysis	and	corresponding	calicheamicin	 inactivation	 (Singh	et	al.,	2006).	CalC	

affords	similar	 resistance	 to	other	members	of	 the	10-membered	enediyne	 family.	

The	 structural	 signature	 of	 this	 family	 is	 an	 alpha/beta	 helix-grip	 structure	 that	
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forms	 a	 hydrophobic	 pocket	 accommodating	 a	 diverse	 range	 of	 small	 molecule	

structural	diversity.	

Though	based	on	 ligand-bound	 structures	of	 selected	 chaperones	 currently	

available	in	PDB,	only	~20%	are	of	sufficient	resolution	for	unambiguous	structure	

elucidation	(<2.0Å).	However,	all	are	of	sufficient	resolution	(<3.0Å)	to	identify	the	

major	 ligand	 architectures	 and	 handedness	 Thus,	 even	 if	 one	 cannot	 achieve	 the	

level	of	resolution	needed	to	directly	solve	the	structure	of	a	target	natural	product,	

in	 conjunction	 with	 MS/MS	 fragmentation	 and	 sample	 NMR,	 the	 information	

gleaned	from	crystallography	should	dramatically	expedite	structure	determination.		

Human	Fascin	protein	(Figure	5.1)	is	a	55	kDa	actin-bundling	protein	and	

regulates	 the	 stability	 of	 filamentous	 actin	 bundles	 (Jayo	 and	Parsons,	 2010).	 The	

ability	of	fascin	to	bind	and	bundle	actin	plays	an	important	role	in	the	regulation	of	

cell	adhesion,	migration	and	invasion.	Many	studies	recognize	fascin	as	an	important	

prognostic	marker	of	metastatic	disease.	Fascin	is	a	potential	therapeutic	target	for	

a	number	of	forms	of	cancer	(Guo	et	al.,	2013;	Tan	et	al.,	2013).		

Migrastatin	 is	 an	 organic	 compound	 that	 naturally	 occurs	 in	 the	

Streptomyces	platensis	 bacteria.	Migrastatin	 and	 several	of	 its	 analogs	 (Figure	5.2)	

have	been	shown	to	inhibit	matastasis	of	tumor	cells.(Nakae	et	al.,	2000)	Recently,	it	

was	shown	that	one	of	migrastatin	analogs,	macroketone,	can	affect	F-actin	bundling	

and	 have	 anti-metastasis	 activity	 (Chen	 et	 al.,	 2010a).	 Pull-down	 assay	 identified	

Fascin	as	one	of	 the	 interacting	protein	with	macroketone.	 It	was	also	shown	that	

macrolactam,	another	migrastatin	analogue,	can	also	bind	with	Fascin	(Chen	et	al.,	
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2010a).	 So	 I	 propose	 that	migrastatin	 and	 its	 analogues	may	 affect	 cell	migration	

through	affecting	actin	bundling.	To	test	this	hypothesis	and	better	understand	the	

interaction	 between	migrastatin	 analogs	 and	 Fascin,	 I	 tested	 the	 binding	 between	

Fascin	 with	 several	 migrastatin	 homologs	 and	 attempted	 to	 co-crystalize	 Fascin	

with	several	migrastatin	homologs.		

5.1.3. Metal-organic	Chaperone	

Other	than	protein	chaperones,	one	type	of	metal-organic	frameworks	(MOF)	

is	also	suitable	to	work	as	template	for	structure	determination.	In	2013,	a	group	a	

scientists	 from	 Japan,	 Makoto	 Fujita	 et	 al.,	 successfully	 solved	 x-ray	 structure	 of	

novel	compound	with	multiple	chiral	centers	by	using	MOFs	as	‘crystalline	sponges’.	

(Inokuma	et	al.,	2013)	In	these	MOFs,	2,4,6-tris(4-pyridyl)	triazine	(TPT)	(Figure	5.3)	

serve	 as	 the	 building	block	whereas	metal	 compounds	 such	 as	 ZnI2	 and	Co(NCS)2	

serve	 as	 the	 linker.	When	ZnI2	 is	 present,	 they	 form	an	 interpenetrating	network.	

The	cavity	size	is	about	10X20X20Å.	When	Co(NCS)2	is	present,	together	they	form	

an	 infinite	array	of	octahedral	M6L4	 cages	 (cubic,	 space	group	Fm-3m).	The	 cavity	

was	 large	enough	to	accommodate	molecules	as	 large	as	 fullerene	C70.	The	guest-

host	 interactions	are	mainly	by	π-stacking.	Though	crystals	 formed	with	Co(NCS)2	

have	 bigger	 cavity,	 crystals	 contain	 ZnI2	 have	 been	 more	 successful	 in	 small	

molecule	 structure	 determination	 (Inokuma	 et	 al.,	 2013).	 In	 that	 case,	 only	

compound	with	molecular	weight	approximately	450	Daltons	or	less	can	be	soaked	

inside.		
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Figure	5.2	Structure	of	migrastatin	and	its	analogs.		

	

Figure	5.3	Structure	of	2,4,6-tris(4-pyridyl)triazine	(TPT)	

By	using	these	MOFs	as	chaperone	(especially	with	ZnI2	TPT	crystal),	Fujita	

et	 al.	 were	 able	 to	 solve	 structures	 of	 several	 organic	 compounds,	 including	 an	

unknown	chiral	compound.		
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5.2. Materials	and	Methods		

5.2.1. Materials	

Protein	chaperones	CalC,	BlmA,	and	CagA	were	all	expressed	and	purified	by	

Thorson	Lab.	They	were	flash	frozen	in	30µl	aliquots	in	liquid	nitrogen	and	stored	at	

-80˚.	HSA	is	purchased	from	Sigma	Aldrich	(Catalogue	number	A3721).			

5.2.2. Thermofluor	Assay	

Thermofluor	 is	 a	 quick	 assay	 to	 quantify	 the	 change	 in	 protein	 thermal	

denaturation	 temperature	 (melting	 temperature)	 during	 thermal	 denaturation	

processes	under	varying	conditions.	An	increase	in	protein	Tm	indicates	an	increase	

in	 protein	 stability.	 Hence,	 this	 assay	 can	 be	 used	 to	 test	 under	which	 conditions	

proteins	are	more	stable.	In	this	study,	we	use	this	assay	to	measure	change	in	Tm	of	

proteins	 with	 and	 without	 natural	 product	 around	 to	 detect	 stabilizing	 protein-

natural	product	interaction.	

SYPRO®	 Orange	 is	 a	 dye	 that	 binds	 non-specifically	 to	 the	 hydrophobic	

surfaces.	 Water	 strongly	 quenches	 the	 fluorescence	 of	 SYPRO	 Orange.	 As	 more	

hydrophobic	surfaces	become	exposed	when	protein	unfolds,	more	dye	will	be	able	

to	bind	to	the	hydrophobic	surface	of	protein	and	exclude	water,	which	result	in	an	

increase	 in	 fluorescence.	 If	 we	 plot	 the	 fluorescence	 against	 the	 temperature,	 the	

midpoint	value	of	the	melting	curve	is	the	melting	temperature	(Tm).	This	method	

does	not	work	well	when	protein	sample	is	aggregated	before	heating.	
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Figure	5.4	Structure	of	SYPRO®	Orange.		

This	technique	was	first	described	by	Semisotnov	and	cowokers	(Semisotnov	

et	al.,	1991).	Later,	this	technique	is	improved	by	Millenium	Pharmaceuticals	to	be	

run	 in	 96-well	 plates	 (Pantoliano	 et	 al.,	 2001)	 and	 is	 also	 improved	 by	 Wyeth	

research	to	use	SYPRO	Orange	as	the	new	dye	which	is	compatible	with	most	qPCR	

machines.	 This	 high-throughput	 method	 enabled	 us	 to	 test	 interactions	 between	

protein	 and	 natural	 products	 with	 only	 nanograms	 of	 natural	 product	 and	

micrograms	of	chaperone	proteins.	This	low	material	cost	is	ideal	for	our	purpose.		

On	 the	other	hand,	 the	drawback	of	 this	method	 is	 that	we	cannot	quantify	

the	 affinity	 of	 a	 given	 compound	 with	 a	 protein.	 Also	 the	 interactions	 between	

protein	 and	 compound	 may	 not	 necessarily	 stabilize	 the	 protein,	 which	 adds	

uncertainty	to	this	method.		

Thermofluor	 assay	 was	 conducted	 following	 standard	 protocol.	 I	 used	

~100µM	protein	concentration	and	a	final	dye	concentration	around	15X.	The	dye	is	

excited	at	300nm	or	470	nm	and	emits	at	570nm.	I	used	BioRad	FRET	channel.	
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5.3. Results	

5.3.1. Protein	Chaperones	and	Natural	Products	Interaction		

5.3.1.1. Interactions	Between	BalC,	BlmA	and	Natural	Products	

To	 get	 clear	 ligand	 density,	 the	 molecule	 must	 be	 able	 to	 form	 specific	

interaction	 with	 chaperone	 proteins.	 Before	 performing	 co-crystallization	

experiments,	 first	 we	 should	 determine	 whether	 ligand	 could	 interact	 with	

chaperone	or	not.	Using	thermofluor	assay	(Phillips	and	de	la	Pena,	2011),	I	tested	

CalC,	 BlmA	 and	 HSA	 against	 8	 natural	 products.	 Thermofluor	 results	 show	 that	

rifampicin,	TPW3-02-9,	tetracycline,	vancomycin,	and	doxorubicin	hydrochloride	all	

have	 interaction	with	CalC,	whereas	Rifampicin,	TPW2-T1-9,	and	TPW3-02-9	have	

interaction	with	BlmA.	5	out	of	8	natural	products	were	shown	to	have	interaction	

with	 one	 of	 the	 two	 chaperones	 tested,	 providing	 preliminary	 candidates	 for	

structure	determination	with	chaperone	proteins.		

5.3.1.2. Interactions	Between	HSA	and	Selected	Natural	Products	

The	 thermofluor	 assay	 didn’t	 work	 for	 HSA.	 SyproOrange	 may	 bind	 HSA	

tighter	 than	 the	 ligands	 being	 used	 so	we	 only	 see	 a	 decrease	 in	 fluorescence	 as	

temperature	 increase.	Warfarin	 (WF)	and	dansylglycine	 (DG)	are	both	 fluorescent	

compounds	 whose	 fluorescent	 intensity	 increases	 when	 forming	 a	 complex	 with	

HSA. Displacement	 of	 them	will	 result	 in	 decrease	 in	 corresponding	 fluorescence	

intensity.	Thus	we	can	determine	the	binding	of	a	ligand	to	HSA	by	measuring	the		
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Figure	5.5	Structures	of	selected	natural	products.	

change	 in	 fluorescence	 intensity	 of	 Warfarin	 (Sudlow’s	 site	 I)	 and	 dansylglycine	

(Sudlow’s	 site	 II).	Fluorescence	competition	assay	was	performed	using	3µM	HSA,	

3µM	 of	 probe	 and	 12µM	 of	 NP	 compound.	 Experiment	 was	 done	 using	 TECAN	

Infinite	M1000,	with	 200µl/well	 in	 Costar	 96	well	 black	wall	 clear	 bottom	plates.	

Excitation	 light	 wavelength	 for	 warfarin-HSA	 complex	 and	 dansylglycine-HSA	

complex	are	320nm	and	340nm,	separately.	Fluorescence	of	warfarin	HSA	complex	

was	measured	over	the	range	of	340-500nm.	The	maximum	emission	wavelength	is	

375nm	for	HSA-warfarin	complex	and	490nm	for	HSA-dansylglycine	complex.	
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Figure	5.6	HSA	fluorescence	competition	Assay.		
Warfarin	is	a	probe	for	Site	I	whereas	DansylGlycine	is	a	probe	for	site	II.	
Decrease	in	fluorescence	compared	with	control	group	represents	binding	
with	HSA.	

Phenylbutazone	(site	I)	and	ibuprofen	(site	II)	were	control	and	six	other	NP	

ligands	 were	 tested.	 In	 Site	 II	 experiment,	 ibuprofen,	 together	 with	 CN61,	

SyproOrange,	 and	 Rifampicin	 significantly	 decreased	 HSA+Dansylglycine	

fluorescence.	(Figure	x)	In	Site	I	experiment,	fluorescence	of	HSA+Warfarin	complex	

is	 not	 very	 strong	 compared	 with	 buffer.	 Phenylbutazone	 failed	 to	 decrease	

HSA+Warfarin	complex	fluorescence	(Figure	5.5).	

5.3.1.3. Interactions	Between	Fascin	Protein	and	Migrastatin	Homologs	

Fascin	 protein	 was	 cloned	 by	 Shen	 Lab	 in	 the	 Scripps	 Research	 Institute	

Florida	and	purified	by	David	using	Ni	column	and	Superdex200.	Binding	between	

Fascin	 protein	 and	migrastatin	 homologs	 (LTM,	migrastatin,	 SBNP39	 as	 shown	 in	

Figure	6)	were	measured	by	Thermofluor.	As	summarized	in	Figure	5.7,	LTM	and		
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Table	5.1	Interaction	Between	Fascin	and	LTM	Anologs	Measured	by	
Thermofluor	Assay	

	

SBNP39	 degreased	 Fascin	 melting	 temperature	 by	 1.5	 and	 0.7	 degree	 separately	

whereas	migrastatin	 didn’t	 affect	 Fascin	melting	 temperature.	 Indicating	 possible	

interaction	between	LTM,	SBNP39	and	Fascin	protein.		

5.3.2. Crystallization	of	Protein	Chaperones	

5.3.2.1. HSA	and	Myristic	Acid	

Purified	fatty	acid	free	and	globulin	free	human	serum	albumin	were	bought	

from	 Sigma-Aldrich	 Inc.	 (catalogue	 number	 A3782)6.	 Protein	 was	 dissolved	 in	

20mM	potassium	phosphate	buffer	pH7.5	and	purified	by	Superdex200	to	remove	

multimers	 (Figure	 5.7).	 Then	 purified	 HSA	 was	 mixed	 with	 sodium	 myristate	
																																																								

	

6 Purified from fraction V of human serum. 
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solution	at	12:1	molar	ratio.	After	removing	excessive	undissolved	sodium	myristate	

by	 centrifugation	 at	 12,000g	 for	 4	 min,	 HSA-myristate	 complex	 solution	 was	

concentrated	 to	 140mg/ml	 for	 crystallization.	 Large	 HSA-myristate	 crystal	

(20X40X120µm3)	was	grown	 in	sitting	drop	plates	with	condition	30%	PEG	3350,	

50mM	potassium	phosphate	pH8.2.		

All	 available	 HSA	 structure	was	 co-crystallized	with	myristic	 acid.	 Purified	

fatty	 acid	 free	 and	 globulin	 free	 human	 serum	 albumin	 was	 bought	 from	 Sigma-

Aldrich	Inc.	(catalogue	number	A3782)7.	Protein	was	dissolved	in	20mM	potassium	

phosphate	buffer	pH7.5	to	about	100mg/ml.	Protein	was	purified	by	Superdex200	

removing	 HSA	 dimers	 and	 multimers	 using	 20mM	 phosphate	 buffer	 pH7.5	 as	

running	buffer.		

Then	 purified	 HSA	 was	 mixed	 with	 myristate	 acid	 solution	 to	 achieve	 the	

myristate	 molar	 ratio	 of	 12:1.	 Excessive	 undissolved	 myristate	 was	 removed	 by	

centrifugation	 at	 12,000g	 for	 4	 min.	 Samples	 of	 HSA-myristate	 complexes	 were	

concentrated	to	100mg/ml	with	Millipore	spin	filter	10kDa	cutoff	and	centrifuged	at	

12,000g	for	4min	before	cultivating	crystals	of	HSA-myristate.		

Clusters	 of	 HSA	 crystal	 were	 first	 grown	 in	 sitting	 drop	 form.	 Reservoir	

solution	is	30%	PEG	3350,	50mM	potassium	phosphate	pH8.2.	(1:1	ratio.)	By	

																																																								

	

7	Purified	from	fraction	V	of	human	serum.	
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Figure	5.7	Size	exclusion	chromotograph	of	HSA	using	Superdex	200.	

	

Figure	5.8		Image	of	HSA	crystal.		
A.	Initial	crystal	cluster.	B.	Streak	seeding.	C.	Micro-streak	seeding.	
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further	micro-seeding	with	clusters	of	crystal,	I	was	able	to	get	single	HSA-myristate	

crystal	of	size	20x40x130	µm.	

5.3.2.2. BlmA	

Purified	BlmA	protein	was	diluted	to	22mg/ml	for	crystallization	experiment.	

By	 varying	 published	 condition,	 I	 got	 thin	 plate	 shaped	 crystal	 in	 sitting	 drop	1:1	

protein-reservoir	 ratio	 in	 32%	 PEG	 4K,	 0.16M	 NH4Ace,	 0.1M	 NaAce	 pH5.7.	

Microseeding	was	performed	but	no	improvements	were	observed.		

	

Figure	5.9	BlmA	crystals.		
Lef	panel:	Crystals	from	initial	crystallization	experiment.	Right	panel:	
Optimized	BlmA	crystals.		
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5.3.2.3. CalC	

CalC	was	purified	and	concentrated	 to	18mg/ml	and	was	 stored	as	protein	

beads	 (20µl/bead)	 at	 -80˚C	 in	 25mM	 tris	 pH7.5	 solution.	 Supernatant	 after	

centrifugation	 at	 10,000	 g	was	 used	 for	 crystallization	 experiment.	 200nl	 protein	

mixed	 with	 200nl	 reservoir	 solution.	 I	 screened	 CalC	 using	 7	 kits	 including	

CrystalScreenHT,	SaltR,	MicroPEG-96,	Wizard	Classic	1&2,	Wizard	Classic	3&4,	Grid	

Screen	Salt,	and	PEG/Ion.	Two	temperatures	are	tested	for	each	screen	kit	(4˚C	and	

20˚C).	In	total,	over	a	thousand	conditions	were	tested.	No	hit	was	found.		

5.3.2.4. Fascin	

Fascin	protein	was	cloned	by	the	Shen	Lab	in	the	Scripps	Research	Institute	

Florida	and	purified	by	David	using	Ni	column	and	Superdex200.	Binding	between	

Fascin	protein	and	migrastatin	analogs	(LTM,	migrastatin,	SBNP39	were	measured	

by	Thermofluor.	LTM	and	SBNP39	decreased	Fascin	melting	temperature	by	1.5	and	

0.7	degree	separately	whereas	migrastatin	didn’t	affect	Fascin	melting	temperature.	

Indicating	 possible	 interaction	 between	 LTM,	 SBNP39	 and	 Fascin	 protein.	 Fascin	

was	 then	 crystallized.	 No	 substrate	 electron	 density	 is	 seen	 in	 structures	 solved	

from	complex	crystals	or	apo	crystal	soaked	with	substrate	(LTM	and	migrastatin).		
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Figure	5.10	Thermofluor	assay	diagrams	of	migrastatin	homologs	against	
Fascin.	
Left	penal	is	the	fluorescence	change	as	temperature	increases.	Right	penal	
plots	the	negative	derivative	of	fluorescence	change	as	the	temperature	
increase.	Purple	line:	HSA+SyproOrange;	Black	line:	HSA+SyproOrange+DMSO;	
Yellow	line:	HSA+migrastatin;	Blue	line:	HSA+SNP39;	Red	line:	HSA+LTM.	

	

Figure	5.11	Image	of	Fascin	crystals.	
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Fascin	protein	 crystal	 are	 screened	and	optimized	by	David	Xu.	Fascin	was	

able	to	grow	in	multiple	conditions.	Largest	crystal	form	was	found	in	optimization	

of	PEGRx	B12	condition	(0.1M	Tris	pH8.0,	30%	w/v	PEG	monomethyl	ether	2,000).	

These	 crystal	 diffracts	 to	 ~4.5Å	 on	 Keck	 Rigaku	 X-ray	 diffractometer.	

Cryoprotectant	 condition	 was	 Reservoir	 solution	 with	 20%	 glycerol	 was	 used	 as	

cryo-protectant.		

Crystals	 were	 then	 soaked	 with	 reservoir	 solution,	 20%	 glycerol	 and	 7%	

ligand	in	DMSO.	These	soaked	crystals	was	sent	to	synchrotron	and	only	diffracts	to	

7Å.	Even	7%	of	DMSO	was	able	to	damage	Fascin	crystal	quality.	 I	 tested	different	

solvents;	crystal	is	compatible	with	7%	methanol	in	soaking	solution.	

LTM	solution	 in	methanol	was	prepared	and	used	 for	 soaking.	LTM	soaked	

Fascin	crystal	diffracts	to	2.3Å.	Two	datasets	were	collected,	solved	and	refined.	No	

Co-crystallization	of	Fascin	with	migrastatin	homologs:	Fascin	with	 three	different	

ligands	was	screen	over	a	thousand	conditions.	Crystal	grew	out	of	many	conditions	

with	Fascin-LTM	and	Fascin-migrastatin.	

Ten	 crystals	 of	 Fascin-LTM	were	 sent	 to	 LS-CAT	 at	 APS	 for	 data	 collection	

while	ten	crystals	of	Fascin-migrastatin	was	sent	to	GMCA	at	APS.	One	datasets	was	

collected	 for	 LTM	 and	 two	 datasets	 were	 collected	 for	 migrastatin.	 No	 electron	

density	of	migrastatin	was	observed.		
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Table	5.2	Summary	of	Data	Collections	on	FASCIN	Crystals	

X-ray		source	 Migrastatin	Analog	 Method	 Best	Resolution	 Visible	Ligand	

LS-CAT	@APS	

LTM	(MDSO)	 soaking	 7	Å	 -	
Migrastatin(DMSO)	 soaking	 6.5	Å	 -	
SBNP39(DMSO)		 soaking	 7	Å	 -	

LTM	 Cocrystallization	 2.6	Å(LTM02).		
3.11	Å(LTM05)	

Glycerol	
Glycerol	

GMCA	@APS	 LTM	(Methanol)	 Soaking	 2.3Å(A2),2.8Å(A10)	 Glycerol	
Migrastatin	 Cocrystallization	 2.8Å(A16)	 Glycerol	

	

Table	5.3	Data	Collection	and	Refinement	Statistics	of	Fascin		

Sample	Name	 Fascin+Migrastin	 Fascin+LTM	
Wavelength	 1.033	 1.033	
Resolution	range	 42.49		-	2.3	(2.38		-	2.3)	 42.27		-	2.8	(2.90		-	2.8)	
Space	group	 C	1	2	1	 C	1	2	1	

Unit	cell	parameters	 161.11	70.89	113.47	90	
131.51	90	

162.40	70.56	114.76	90	
132.02	90	

Unique	reflections	 42290	(4159)	 23898	(2353)	
Multiplicity	 4.3	 3.4	
Completeness	(%)	 98.9(98.2)	 99.7(100)	
Mean	I/sigma(I)	 12(1.7)	 15(1.8)	
Wilson	B-factor	 49.00	 69.86	
R-merge	 0.1035	(0.7321)	 0.07147	(0.8433)	
R-meas	 0.1161	(0.9131)		 0.08485	(0.9971)		
CC1/2		 0.997	(0.491)	 0.998	(0.593)	
CC*	 0.999	(0.811)	 1	(0.863)	
Reflections	used	in	
refinement	 42290	(4159)	 23898	(2351)	

Reflections	used	for	R-
free	 2005	(191)	 2016	(186)	

R-cryst	 0.2316	(0.3801)	 0.2514	(0.3647)	
R-free	 0.2854	(0.4198)	 0.2982	(0.3751)	

	
Statistics	for	the	highest-resolution	shell	are	shown	in	parentheses.	
*	Friedel	mates	were	averaged	when	calculating	reflection	statistics.	
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5.3.3. Metal	Organic	Framework	(MOF)	chaperone	

Due	 to	 limitation	 of	 chaperone	 crystal	 pore	 size	 and	 interaction	 between	

ligand	 and	 crystal	 requires	 conjugated	 systems,	 ligand	 with	 molecular	 weight	

around	and	smaller	than	400	with	conjugated	systems	are	selected.		

5.3.3.1. Crystallization	of	{(ZnI2)3(TPT)2	�6C6H5NO2}n	

Following	 methods	 described	 in	 Fujita’s	 paper	 (Biradha	 and	 Fujita,	 2002;	

Inokuma	et	al.,	2013),	crystals	of	{(ZnI2)3(TPT)2	�6C6H5NO2}n	was	grown	by	layering	

1ml	methanol	solution	of	9.6mg	ZnI2	onto	4ml	nitrobenzene	solution	of	6.3mg	TPT	

after	 7	 days	 at	 room	 temperature.	 Upon	 noticing	 the	 solubility	 of	 TPT	 in	

nitrobenzene	 was	 low	 and	 TPT	 have	 higher	 solubility	 in	 methanol,	 I	 changed	

nitrobenzene	solution	of	TPT	with	nitrobenzene-methanol	solution	(4:1)	of	TPT.	To	

keep	methanol	 from	evaporating	and	prevent	water	content	change,	 the	whole	set	

up	was	placed	in	a	sealed	jar.	This	made	the	crystal	growth	process	more	consistent	

from	 time	 to	 time.	 This	 results	 in	 bigger	 and	 better	 single	 crystals	 as	 shown	 in	

Figure	5.9.		

5.3.3.2. Data	Collection	and	Analysis	of	{(ZnI2)3(TPT)2	�6C6H5NO2}n	crystal	

{(ZnI2)3(TPT)2	 �6C6H5NO2}n	 crystals	 were	 transferred	 by	 glass	 pipet	 and	

mounted	with	mineral	oil.	Data	was	collected	using	Rigaku	SCXmini	Small	Molecule	

Diffractometer.	Crystal	structure	of		{(ZnI2)3(TPT)26C6H5NO2}n		was	solved	by	using	

SHELXT	 (Sheldrick,	 2015b).	 Cell	 dimensions	 of	 this	 crystal	 are	 a=36.27,	 b=15.05,	
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c=31.41,	 β=103.63°,	 V=16668Å3.	 By	 using	 Olex2	 (Dolomanov	 et	 al.,	 2009)	 and	

SHELXL	(Sheldrick,	2015a),	 initial	solution	was	further	refined	until	R1	was	below	

9.6%.	

	

Figure	5.12	Image	of	{(ZnI2)3(TPT)2�6C6H5NO2}n	crystal	

	

Figure	5.13	Structure	of	MOF	displayed	in	Olex2	(Dolomanov	et	al.,	2009).	
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5.3.3.3. Soaking	Natural	Products	in	{(ZnI2)3(TPT)2	�6C6H5NO2}n	Crystals	

I	attempted	to	soak	compounds	into	these	cage	crystals	for	several	times,	but	

besides	 nitrobenzene,	 no	 other	 compounds	 soaked	 in	 the	 cage	 were	 captured	 in	

crystal	 structure.	 Several	 cyclohexane	washes	are	needed	 to	 remove	nitrobenzene	

before	soaking	in	other	compounds.	In	addition,	soaking	crystal	 in	acetonitrile	and	

methanol	would	damage	the	crystal.	Next	step	would	be	finding	a	soaking	condition	

that	protects	the	crystal	as	well	as	allowing	compound	to	diffuse	into	crystal	porous.		

5.4. Discussion	and	Summary		

To	develop	chaperone-assisted	structure	elucidation	method	work,	I	selected	

four	proteins	that	are	easy	to	crystallize	and	have	large	ligand	binding	pockets.	I	also	

selected	8	natural	products	with	diverse	structure	and	hard	to	solve	by	traditional	

method.	 Before	 trying	 to	 crystallize	 proteins	 with	 natural	 products,	 I	 measured	

interaction	 between	 protein	 chaperones	 and	 natural	 products	 and	 identified	

interacting	 protein-natural	 product	 pairs	 for	 later	 structure	 determination.	 At	 the	

same	time,	I	successfully	grew	crystals	of	three	chaperones:	HSA,	BlmA,	and	Fascin	

protein.	 Despite	 the	 interactions	 detected	 by	 Thermofluor	 assay,	 attempts	 to	 get	

complex	 structure	 and	 good	 substrate	 electron	 density	 by	 soaking	 protein	

chaperone	 crystals	 in	 solutions	 containing	 natural	 products	 didn’t	 yield	 complex	

structure	 that	 lead	 to	 any	 novel	 structures.	 Because	 the	 interactions	 detected	 by	

Thermofluor	assay	may	not	be	site-specific	 interaction	or	the	interactions	may	not	
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be	 strong	 enough.	 This	 is	 a	 common	 problem	 when	 obtaining	 protein-substrate	

complex	structures.		

In	addition	to	protein	chaperone-assisted	method,	metal	organic	framework	

(MOF)	 proposed	 by	 Fujita	 and	 co-workers	 are	 tested	 as	 a	 chaperone	 to	 help	

determine	natural	product	 structure.	 In	 this	work,	 I	was	able	 to	produce	 the	MOF	

crystals	 and	 solve	 its	 structure	 with	 nitrobenzene	 bound	 inside	 of	 its	 cavity.	

However,	this	method	has	several	limitations.	The	framework	cavity	size	limited	the	

size	of	compound	that	can	be	solved	by	this	method.	Also,	the	optimal	condition	to	

introduce	a	compound	into	MOFs	is	compound	specific.	So	one	needs	to	experiment	

and	 find	 the	 optimal	 condition	 for	 each	 compound	 of	 interest.	 The	 MOF	 is	

potentially	 a	 good	 tool	 for	 many	 other	 applications	 involving	 small	 secondary	

metabolites	of	living	organisms.	However,	due	to	above-mentioned	limitations,	it	is	

not	 a	 good	 method	 for	 determining	 novel	 complicated	 large	 natural	 product	

structure.	

To	solve	natural	product	by	chaperone-assisted	method,	we	need	to	identify	

stronger	 interacting	 pairs	 of	 chaperone	 and	 natural	 product.	 Thus,	 one	 need	 to	

expand	 both	 the	 chaperone	 and	 natural	 product	 library	 as	 well	 as	 use	 a	 higher	

standard	to	select	interacting	pairs.		

As	discussed	in	this	chapter,	the	development	of	chaperone-assisted	method	

requires	further	investigation.	Nonetheless,	it	is	worthwhile	doing	so	because	once	

successful,	 this	 method	 would	 be	 applicable	 to	 expedite	 the	 future	 structure	
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determination	 of	 natural	 products	 with	 multiple	 and	 distant	 chiral	 centres	 and	

eventually	positively	influence	drug	discovery.		
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Chapter 6 

Conclusions and Future Directions 

   

Natural	 products	 continue	 to	 be	 an	 important	 source	 for	 drug	 and	 bio-

marker	discovery.	Biosynthetic	enzymes	of	natural	products	can	catalyze	reactions	

with	 high	 stereo	 selectivity.	 Understanding	 the	 catalysis	 mechanism	 of	 these	

enzymes	can	inspire	chemical	synthesis	as	well	as	engineering	of	these	enzymes	to	

generate	 diverse	 natural	 product	 derivatives	 and	 promote	 drug	 discovery.	 In	 this	

work,	I	studied	the	structure	of	three	natural	product	biosynthetic	enzymes	and	did	

pioneering	work	in	developing	natural	product	structure	determination	method.	In	

this	 chapter,	 I	 will	 summarize	 my	 major	 contributions	 and	 future	 investigation	

directions.		
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6.1. Natural	Product	Biosynthetic	Enzymes	

As	 discussed	 in	 Chapter	 2,	 I	 solved	 the	 apo	 structure	 of	 TDP	 3’-O-

methyltransferase	 CalS11	 involved	 in	 calicheamicin	 biosynthesis.	 The	 majority	 of	

CalS11	fold	in	the	same	way	as	the	substrate	bound	form.	The	only	difference	lies	in	

that	 loop	 L2	 of	 CalS11	 have	 a	 dynamic	 structure	 when	 no	 substrate	 is	 bound	

compared	 to	 a	 stable	 structure	 in	 substrate	 bound	 form.	 Visualization	 of	 the	 L2	

motion	 by	 ensemble	 refinement	 (Adams	 et	 al.,	 2010;	 Levin	 et	 al.,	 2007)	 analysis	

demonstrated	the	role	L2	played	in	substrate	entry	and	product	release.	This	study	

demonstrated	 that	 mobility	 of	 loops	 could	 confer	 an	 advantage	 over	 highly	 fixed	

folded	protein	structures.		

As	described	in	chapter	3	and	4,	I	also	studied	the	structure	and	function	of	

two	biosynthetic	enzymes	 involved	in	Tautomycetin	(TTN)	biosynthesis:	TtnD	and	

TtnM.	TtnM	 is	a	FeII,	αKG-dependent	oxygenase	 that	 catalyze	 the	hydroxylation	of	

DFA.	 Most	 FeII,	 αKG-dependent	 oxygenases	 share	 a	 “jellyroll”	 fold	 and	 their	

mechanisms	involve	in	the	formation	of	FeIV-oxo	reactive	species	(Wójcik	et	al.,	2016).	

TtnM	 structure	 is	 characterized	by	 crystallography	 and	 shares	 a	 similar	 “jellyroll”	

fold.	 Before	 oxygen	 activation,	 the	 six-coordinated	 FeII	 was	 captured	 in	 x-ray	

crystallography	structure.	The	FeII	center	is	also	coordinated	by	two	histidines,	one	

aspartic	acid	and	three	water	molecules.		
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TtnD	is	a	debarboxylase,	whose	function	is	important	for	TTN	efficacy.	At	the	

same	 time,	 the	 catalytic	 mechanisms	 of	 TtnD	 homologs	 remained	 unknown	 until	

recently	 UbiD	 from	 E.	 coli	 and	 Fdc1	 from	 A.	 niger	 are	 identified	 as	 the	 first	 two	

enzymes	 to	 catalyze	decarboxylation	 through	a	1,3-cycloaddition	 reaction	and	use	

prFMN	as	a	cofactor	(Baunach	and	Hertweck,	2015;	Bhuiya	et	al.,	2015;	Payne	et	al.,	

2015a).	Though	1,3-dipolar	cycloaddition	has	been	used	in	chemical	reactions,	this	

is	the	first	time	to	find	enzymes	that	catalyze	this	type	of	reaction	in	nature.	It	is	also	

the	 first	 time	 that	 prenylated	 FMN	 is	 identified	 with	 such	 important	 role	 as	 a	

cofactor	in	nature.	I	solved	the	crystal	structure	of	TtnD	bound	with	FMN	and	TtnD	

binds	FMN	in	the	same	way	as	Fdc1	binds	prFMN.	Together	with	biochemical	data,	it	

is	 highly	 likely	 that	 TtnD	 catalyze	 the	 decarboxylation	 of	 TTN	 D-1	 in	 a	 similar	

manner.	 Thus,	 TtnD	 is	 the	 third	 enzyme	 to	 be	 characterized	 to	 use	 prFMN	 to	

catalyze	1,3-	dipolar	cycloaddition.	

6.2. Chaperone-Assisted	Crystallization	Method	

To	 expedite	 the	 natural	 product	 discovery	 processes,	 I	 proposed	 a	

chaperone-assisted	method.	With	selected	chaperone	protein	and	natural	product,	I	

measured	 their	 interaction	 and	 identified	 several	 interacting	 pairs.	 I	 crystallized	

three	chaperone	proteins	and	tried	co-crystallize	these	interacting	protein-product	

pairs.	 However,	 due	 to	 unpredictable	weak	 interactions,	 soaking	 experiments	 did	

not	result	in	compound	structures.	For	future	studies,	this	method	would	work	if	we	
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try	 to	expand	the	chaperone	 library	and	natural	product	 library	as	well	as	elevate	

the	selection	criterion	to	select	strong	interacting	pairs	for	crystallization.		

6.3. Future	directions	

6.3.1. TtnD	Decarboxylation	Mechanism	

In	 sum,	 there	 are	 three	 putative	 future	 directions	 for	 TtnD.	 First,	 TtnD	

structure	 and	 catalytic	 mechanism	 needs	 to	 be	 further	 characterized.	 Because	

prFMN	is	not	commercially	available,	I	wasn’t	able	to	get	prFMN,	TTN	D-1	and	TTN	

complex	 structure.	 One	 lid	 covering	 active	 site	 is	 also	 not	 visible	 in	 FMN	 bound	

structure.	The	lid	thus	 is	 likely	 involved	in	TTN	D-1	substrate	binding	and	release.	

To	 better	 understand	 the	 role	 of	 the	 “lid”	 structure	 and	 characterize	 TTN	 D-1	

conformation,	 especially,	 the	 TTN	D-1,	 prFMN,	 TtnD	 bound	 structure	 needs	 to	 be	

solved.			

Second,	 the	 kinetics	 of	 TtnD	 catalyzed	 reaction	 should	 be	 re-characterized.	

The	 reaction	 rate	 of	 TtnD	 coexpressed	with	 UbiX	 and	 TtnC	was	 faster	 than	 TtnD	

expressed	alone.	This	indicates	that	the	previously	measured	slow	reaction	rate	is	a	

result	of	 limited	prFMN	availability	but	doesn’t	reflect	the	true	reaction	rate.	Since	

UbiX	 and	 Pad1	 are	 identified	 as	 prFMN	 synthesising	 enzyme.	 One	 can	 synthesize	

prFMN	in	vitro	using	these	proteins	and	use	it	to	characterize	kinetics	of	TtnD.	

Third,	 the	 function	 and	 structure	 of	 TtnC	 remains	 unstudied.	 Preliminary	

experiments	and	sequence	alignment	both	 indicates	 that	TtnC	 is	a	FMN	modifying	
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enzyme	and	likely	catalyze	the	prenylation	of	FMN.	Whether	TtnC	use	the	UbiX	and	

Pad1	 substrate	 dimethylallyl-monophosphate	 (DMAP)	 or	 the	 commonly	 used	

dimethylallyl	pyrophosphate	(DMAPP)	remains	unclear.	This	question	can	be	easily	

answered	by	in	vitro	biochemical	assay	followed	by	FPLC	analysis.	

6.3.2. TtnM	Decarboxylation	Mechanism	

For	TtnM,	 the	structural	basis	 for	 substrate	selection	remains	 to	be	 further	

characterized.	Whether	 TtnM	 preferentially	 use	 the	 anhydride	 form	 or	 the	 diacid	

form	as	 a	 substrate	 also	 remains	unclear.	To	provide	more	 information	 for	 future	

engineering	purposes,	a	complex	structure	TtnM	with	αKG	or	αKG	analogs,	FeII,	O2,	

and	the	substrate	DFA	needs	to	be	solved	(αKG	is	a	cosubstrate	for	TtnM	catalyzed	

reaction,	 O2	 and	 DFA	 are	 both	 substrates	 for	 the	 reaction).	 To	 trap	 a	 complete	

complex	 structure,	one	way	 is	 to	grow	crystals	under	anaerobic	 conditions	or	use	

nitro	monoxide	as	a	substitute.	Another	way	is	to	use	αKG	analogs	as	 inhibitor	for	

this	reaction,	such	as	N-oxalylglycine	(NOG).		

6.3.3. Future	Applications	

While	TTN	is	a	drug	lead	compound	whose	mechanism	of	action	is	still	under	

investigation,	 generating	 derivatives	 of	 natural	 products	 may	 help	 us	 find	 a	

compound	with	 better	 efficacy	 and	 fewer	 side	 effects.	 The	 long-term	 goal	 of	 this	

research	is	to	use	these	structural	information	obtained	from	this	work	to	engineer	

TtnD	or	TtnM	and	produce	more	diverse	TTN	analogs	 to	 expedite	drug	discovery	

related	research.		
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