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Peroxy-containing compounds represent a large class of natural products with 

many demonstrated beneficial effects to human health. Yet, very little is known about 

how endoperoxide functionality is incorporated into the natural products. In the first 

section of this dissertation, we have done the biochemical and structural research on the 

protein Fumitremorgin B dioxygenase, which is the first non-heme iron enzyme 

catalyzing an endoperoxide formation reaction. This work discloses mechanistic 

understanding to explain this unprecedented transformation. Distinct from all currently 

known α-ketoglurarate-dependent mononuclear non-heme iron enzymes, FtmOx1 

incorporates molecular oxygen into the product without O-O bond scission, suggesting a 

novel mechanism. Indeed, the structural data reveal a surprising and unique arrangement 

of α-ketoglutarate (α-KG). Once the co-factor α-KG binds to the iron center, the 

remaining site for oxygen binding and activation is completely shielded from substrate 

access. This is in dramatic contrast to currently characterized α-ketoglurarate-dependent 

mononuclear non-heme iron enzymes, in which the oxygen binding site directly faces the 

substrate to be oxidized. From the crystal structure, we identify a tyrosine residue (Y224) 

as the residue shielding the mononuclear iron center from substrate access. The following 

biochemical study has shown that upon Y224A and Y224F mutation, the reaction is 
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shifted from endoperoxide formation to a traditional α-ketoglurarate-dependent 

mononuclear non-heme iron enzyme catalyzed oxidative hydroxylation reaction. Further 

EPR study and pre-steady state analysis suggested an organic radical formed during 

catalysis. Those structural and biochemical data allow us to formulate a mechanistic 

model to account for this unprecedented endoperoxide formation reaction in which Y224 

will form a tyrosyl radical and acting as a bridge to connect between the iron center and 

the substrate. 

Cancer cells exhibit different metabolism compared to normal tissue, this has 

been shown to be a successful target in clinical. It has been found that some types of 

cancer are dependent on particular amino acids since they are not able to synthesize these 

amino acids themselves. Thus the strategy of starving tumor cell from its specific 

essential amino acid has great potential in anti-tumor therapeutic development. To 

consume the essential amino acid L-Methionine, human cystathionine-γ-lyase has been 

engineered to utilize methionine as substrate. One of the variants (hCGL-NLV) derived 

from this strategy showed altered specificity from cystathionine to methionine with 

improved half life compared with bacterial methionine gamma lyase. To understand the 

structural rationale to direct further bioengineering design, we obtained the crystal 

structures of this variant CGL-NLV in both an active and inactive conformations. The 

comparison between the two forms of hCGL-NLV highlighted a salt bridge between 

active site essential arginine residue (R62) and co-factor PLP that is attenuated upon high 

salt concentration. Mutation of this Arg to Alanine and Cysteine to eliminate salt bridge 

prevents the formation of the active configuration of CGL as well as its mutation variants 

which leads to the total loss of its enzymatic activity. Furthermore, the activity can be 

salvaged by chemical modification on protein residues to reinstall the electrostatic forces. 

Our results reveal CGL and all variants that exploit their ability to consume amino acids 
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are highly sensitive to ion strength of the environment and emphasize it to be evaluated 

for bioengineering purpose in order to guarantee the optimal performance of the variants 

in vivo. 
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SECTION I 

MECHANISTIC STUDY OF ENDOPEROXIDE FORMATION 

CATALYZED BY FTMOX1, AN 

α-KETOGLUTARATE-DEPENDENT MONONUCLEAR 

NON-HEME IRON ENZYME 

Summary: FtmOx1 is the first non-heme iron enzyme catalyzing endoperoxide 

formation. The crystal structures reveal an occluded oxygen binding site upon 

α-ketoglutarate binding. The unique active site architecture and its biochemical properties 

suggest a novel radical-based mechanism for molecular oxygen activation which involves 

in a tyrosyal radical formation. 

 

Keywords: endoperoxide formation, tyrosyl radical, non-heme iron protein, novel 

α-ketoglutarate binding orientation 

 

 

Chapter 1: Introduction and Background 

1.1  Peroxide-Containing compound 

Over the years, many peroxy-containing secondary metabolites have been isolated 

from plants, marine invertebrates, particularly in sponge species. Among them, a number 

of endoperoxides have been found with great potential in treating various kinds of human 

disease (Casteel 1992; Casteel 1999). For example, artemisinin and its derivatives are 

clinically applied in antimalarial therapies, known for its rapid effect and low 

development rate of resistance from the parasite (Chaturvedi, Goswami et al. 2010; 

Paddon and Keasling 2014). Haterumadioxin A and B were reported to exhibit significant 
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cytotoxicity against P833 cancer cell lines (Takada, Watanabe et al. 2001), and many 

other organic peroxides show anti-cancer and antibacterial activities (Dembitsky 2008). 

In spite of the clinical value, however, for the majority of these peroxy-containing 

molecules, biosyntheses of their endoperoxide functional groups remain unknown. The 

enzymes responsible for the incorporation of endoperoxide in artemisinin biosynthesis 

are not yet identified (Paddon, Westfall et al. 2013; Zhao, Chang et al. 2013). In order to 

generate the peroxide using biosynthetic methods, researchers are focusing on the 

mechanistic study of iron related enzymes since most endoperoxide formation relies on 

the metal dependent oxidative reactions, and endoperoxides have also been suggested as 

key reaction intermediates in several other cases (Widboom, Fielding et al. 2007; Steiner, 

Janssen et al. 2010; Thierbach, Bui et al. 2014). So far the only well-characterized 

enzyme for endoperoxide formation is prostaglandin H synthase, which is a 

heme-containing enzyme catalyzing the first committed step in prostaglandin 

biosynthesis, the formation of hydroperoxy endoperoxide prostaglandin G2 (PGG2) from 

arachadonic acid (Stubbe and van der Donk 1998; Marnett 2000). In this study, we 

investigate the endoperoxide formation from fumitremorgin B to verruculogen, which is 

catalyzed by a α-ketoglutarate dependent non-heme iron protein FtmOx1, to understand 

the mechanism of –O-O- linking within the non-heme environment. 

  

1.2  Verruculogen and FtmOx1  

Verruculogen, an endoperoxide containing terpene indole alkaloid, is a mycotoxin 

produced in various Aspergillus and penicillium strains (Frisvad 1989). Recently, its 

biosynthetic gene cluster was identified through bioinformatic analysis (Grundmann and 

Li 2005), leading to a proposed biosynthetic pathway (Scheme 1.1) (Steffan, Grundmann 

et al. 2009; Kato, Suzuki et al. 2011). This biosynthetic scheme makes use of 
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L-tryptophan, L-proline, mevalonate, and L-methionine as the starting material 

(Williams, Stocking et al. 2000). The skeleton is assembled by a non-ribosomal peptide 

synthetase (FtmA), followed by several steps of modifications by tailoring enzymes, 

including oxidation by P450s (FtmC, FtmE, and FtmG), prenylations (FtmB and FtmH), 

methylations (FtmD and FtmH), and endoperoxidation (FtmF) with the final production 

of verruculogen. Among these reactions, the most interesting step is FtmOx1 (or FtmF) 

catalyzed endoperoxide formation from molecular oxygen (Steffan, Grundmann et al. 

2009; Kato, Suzuki et al. 2011). Distinctive from prostaglandin H synthase (a 

heme-containing enzyme), recent in vitro characterization suggests that FtmOx1 is an 

α-ketoglutarate (α-KG) dependent mono-nuclear non-heme iron enzyme, which 

represents the first example of a non-heme iron enzyme-catalyzed endoperoxide 

formation reaction. In addition, when FtmOx1 reaction was carried out in a 1:1 mixture 

of 
16

O2 and 
18

O2 gas mixture, the resulting verruculogen has either 
16

O-
16

O or 
18

O-
18

O 

linkage (Steffan, Grundmann et al. 2009; Kato, Suzuki et al. 2011). These results clearly 

indicate that different from all other known α-KG mononuclear non-heme 

enzymes(Solomon, Brunold et al. 2000; Costas, Mehn et al. 2004; Hausinger 2004; 

Clifton, McDonough et al. 2006; Krebs, Galonic Fujimori et al. 2007; Kovaleva and 

Lipscomb 2008; Buongiorno and Straganz 2013), molecular oxygen is incorporated into 

the product without the O-O bond scission during FtmOx1 catalysis (Scheme 1.2). In this 

work, we provide both structural basis and biochemical evidence supporting a novel 

radical mechanism for this unprecedented transformation.   
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Scheme 1.1  Proposed biosynthetic pathway of verruculogen in vivo 

 

 

 

 

 

Scheme 1.2  Proposed FtmOx1 reaction. 
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Chapter 2: Materials and experimental procedures 

Fumitremorgin B was isolated from Aspergillus fumigatus strain IM-MF330 

according to the procedure summarized in a later section. All reagents were purchased 

from Sigma-Aldrich unless otherwise stated.  

NMR spectra were obtained on a Bruker Avance DRX600 spectrometer in the 

solvents indicated and referenced to residual 
1
H and 

13
C signals in deuterated solvents. 

High-resolution ESI-MS measurements were obtained on a Bruker microTOF mass 

spectrometer. HPLC was performed using an Agilent 1200 Series separations module 

equipped with Agilent 1200 Series diode array detectors and an Agilent 1200 Series 

fraction collector, controlled using ChemStation. UV-Vis analysis was performed on a 

Varian Cary 100 Bio UV-Vis spectrophotometer. 

2.1  Sub-cloning and over-expression of wild-type, Y224F- and Y224A-substituted 

FtmOx1 

The coding sequence of the FtmOx1 gene from A. fumigatus Af293 (accession 

number: XM_742088) was sub-cloned into the EcoRI and XhoI restriction sites of the 

pASK-IBA3+ vector, which places it under the control of the tet-promoter and allows for 

the production of C-terminally strep-tagged FtmOx1. The final sequence of the 

recombinant FtmOx1 includes some extra amino acid residues at the N-terminus and a 

Strep-tag at the C-terminus for purification. The residue numbering used in this 

manuscript is based on the FtmOx1 sequence deposited in GenBank (accession number: 

XM_742088). Y224F- and Y224A-substituted FtmOx1 were generated using a 

Stratagene QuikChange II kit according to the manufacturer’s instructions. The following 

primers were used in constructing the mutants: 
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Primer name  Sequence 

FtmOx1-Y224F 
Forward CGTGTGGTGCTGGCATTCTTCAACTCTGTTCAG 

Reverse CTGAACAGAGTTGAAGAATGCCAGCACCACACG 

FtmOx1-Y224A 
Forward CGTGTGGTGCTGGCAGCATTCAACTCTGTTCAG 

Reverse CTGAACAGAGTTGAATGCTGCCAGCACCACACG 

 

Plasmids encoding wild-type, Y224F-, and Y224A-substituted FtmOx1 mutant 

genes were used to transform E. coli BL21 (DE3) (Invitrogen Inc.) cells for protein 

overexpression. A single colony was used to inoculate a starter culture, which was 

incubated at 37°C overnight. Production cultures were grown at 37°C in Luria–Bertani 

(LB) medium supplemented with 100 μg/mL ampicillin to an OD600 of ~0.8 and then 

cooled to 25°C. The FtmOx1 protein production was induced by the addition of 

anhydrotetracycline to a final concentration of 250μg/L. The cultures were grown at 25°C 

for an additional 16 h before harvesting. 

Purification was performed at 4ºC. In a typical purification, ~30 g wet cell paste 

was resuspended in 100 mL of anaerobic buffer (100 mM Tris-HCl, 50 mM NaCl, and 5 

mM 1,10-phenanthroline, pH 7.5) in an anaerobic Coy chamber. Lysozyme (1.0 mg/mL 

final concentration) and DNase I (100 U/g cell) were then added into the cell suspension, 

and the mixture was incubated on ice for 40 min with gentle agitation. The cells were 

disrupted by sonication (20 cycles of 10s burst) using a Fisher Scientific™ Model 

505 Sonic Dismembrator. The supernatant and the cell debris were anaerobically 

separated by centrifugation at 4C for 30 min at 20,000  g. Streptomycin sulfate was 

added into the supernatant (100 mL) to a final concentration of 1% (w/v), and the 

mixture was incubated on ice for 30 min with gentle agitation. The DNA precipitate was 

then removed by centrifugation at 20,000  g for 40 min at 4C. The resulting 

supernatant was mixed with Strep-Tactin resin (50 mL) and incubated on ice for 30 min. 
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After the cell lysate was drained by gravity, the column was washed with washing buffer 

(100 mM Tris-HCl and 150 mM NaCl, pH 7.5) until the OD260 was < 0.05. The FtmOx1 

protein was reconstituted by incubating the protein-loaded resin with 50 mL of a solution 

containing 3.0 mM ammonium ferrous sulfate and 5.0 mM ascorbate at 4C for 10 min. 

After the excess solution was drained by gravity, the resin was further washed with 

washing buffer until the OD280 was < 0.05. Recombinant FtmOx1 was eluted with elution 

buffer (2.5 mM desthiobiotin in 100 mM Tris-HCl and 50 mM NaCl, pH 7.5). The eluted 

protein was concentrated, flash frozen with liquid nitrogen, and stored at -80C. From 30 

g of wet cell paste, ~ 400 mg of protein was obtained. The purity of the protein was 

shown by SDS–PAGE (12%). The FtmOx1 concentration was calculated using ε280 nm 

of 43,288 M
-1

 cm
-1

 determined by amino acid analysis.  

Selenomethionine replaced FtmOx1 was prepared using a modified medium. A 

single colony was used to inoculate 50 mL LB medium supplemented with 100 μg/mL 

ampicillin, which was incubated at 37°C until the OD600 was ~0.5. The pre-culture (2 

mL) was transferred into 150 mL of minimal media (1 L minimal media contained 50 mL 

glycerol, 12.8 g Na2HPO4•7H2O , 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 0.2% glucose, 0.1 

mM CaCl2, and 2.0 mM MgSO4) supplemented with 100 μg/mL ampicillin, which was 

incubated at 37°C for an additional 5 h. Then, 10 mL of the pre-culture was transferred 

into 1 L minimal media supplemented with 100 μg/mL ampicillin and incubated at 37°C 

for 12 h. Subsequently, 10 mL 100  amino acid solution mix (100  amino acid solution 

contained 100 mg lysine, 100 mg threonine, 100 mg phenylalanine, 50 mg leucine, 50 mg 

isoleucine, and 50 mg valine in 10 mL H2O) and 100  Se-met solution (60 mg 

L-selenomethionine in 10 mL H2O) were added to the culture medium. After 0.5 h, the 

temperature was decreased to 25°C, and FtmOx1 overexpression was induced by the 
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addition of anhydrotetracycline to a final concentration of 250 μg/L. The cultures were 

grown at 18°C for an additional 12 h before harvesting. 

Selenomethionine labeled FtmOx1 was purified according to the same procedure 

described earlier. From 5 g of wet cell paste, ~ 15 mg of selenomethionine-labeled 

FtmOx1 was obtained. 

Before crystallization, FtmOx1 was further purified through gel filtration 

(Superdex 200, GE Healthcare) in pH 7.5 buffer containing 100 mM Tris-HCl and 50 

mM NaCl. After gel filtration, FtmOx1 was concentrated to ~10 mg/mL and stored at 

-80 °C for future crystallization experiments. 

 

2.2  Isolation of fumitremorgin B 

A. fumigatus strain IM-MF330 was isolated from a mud sample that was collected 

from the Yellow Sea of China. A small spoon of spores growing on a potato dextrose 

agar slant was inoculated into a 250-mL conical flask containing 40 mL of liquid medium 

(20% potato infusion, 2.0% glucose, 3.5% sea salt, and distilled water) and then cultured 

at 28°C for 3 days on a rotary shaker at 160 rpm. The seed culture (5 mL) was inoculated 

into 1000-mL conical flasks, each containing 130 g rice and 80 mL artificial seawater, 

and incubated without aeration for 19 days. The fermentation product was exhaustively 

extracted with EtOAc-MeOH (80:20) to yield a crude extract. The crude extract was 

partitioned between EtOAc and H2O. The EtOAc layer (10.4 g) was applied to a column 

of silica gel using a gradient solvent system of 50-100% petroleum ether/CH2Cl2 and 

0-100% MeOH/CH2Cl2 to afford 15 fractions. Fraction MF330F was subjected to a 

Sephadex LH-20 column and eluted with petroleum ether-CH2Cl2-MeOH (5:5:1) to yield 

five sub-fractions. The third fraction MF30F3 was subsequently subjected to HPLC 
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fractionation (Agilent Zorbax SB-C18 5m 250  9.4 mm column, 3.0 ml/min, 65% 

MeOH) to yield verruculogen and fumitremorgin B, respectively. 

 

2.3  Crystallization and data collection 

FtmOx1 crystallization was set up using the sitting drop vapor diffusion method 

by mixing protein and crystallization buffer (100 mM MES, pH 6.5, 50 mM CoCl2, and 2 

M ammonium sulfate) at a ratio of 2:1 at room temperature. Sheet-like crystals were 

visible after 7 days. The FtmOx1 and α-ketoglutarate (α-KG) complex was obtained 

using both soaking and co-crystallization methods, which led to identical models. Crystal 

soaking was conducted by transferring the pre-formed FtmOx1 crystals into 

crystallization mother liquor containing 1 mM α-KG and incubated for 2 h at room 

temperature. Co-crystallization trials included pre-mixture of the protein with α-KG at a 

ratio of 1:100 for 2 h prior to crystallization setup. The crystals were cryo-protected by 

the addition of 25% glycerol in mother liquor before being vitrified in liquid nitrogen for 

crystallized FtmOx1 in an anaerobic chamber using identical conditions. Sheet-like 

crystals appeared within 3 days and continued to grow for another week before reaching 

their maximal sizes. Fumitremorgin B was dissolved in buffer containing degased 

crystallization mother liquor with 0.05% TritonX-100 and 20% glycerol to saturation. 

After centrifugation to discard insoluble material, the mother liquor containing a 

saturating amount of fumitremorgin B was used to soak FtmOx1 crystals as sitting drops 

for 90 min until cryoprotected with degased mother liquor with 30% glycerol. The 

diffraction data were collected in ALS beamline 5.0.3, with data collection statistics 

listed in Table 2.1. 
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Crystal diffraction data were collected at the Advanced Photon Source beamline 

BL23-ID-B (Argonne, IL) for FtmOx1 and selenomethionine-labeled FtmOx1. The 

-

complexes were collected at the Advanced Light Source beamline BL5.0.3 (Berkeley, 

CA). The data were processed using the program HKL2000 (Minor and Otwinowski 

1997). The statistics for data collection are summarized in Table 2.1. 

 

2.4  Structure determination and refinement 

The FtmOx1 structure was determined by the single anomalous dispersion (SAD) 

method using the selenomethionine dataset with phase information to 3.5 Å resolution. 

The positions of the selenium were determined and refined by Phenix.Autosol 

(Terwilliger 2000; Terwilliger, Adams et al. 2009; Adams, Afonine et al. 2010) followed 

by the density modification program DM in CCP4 suite (Love, Verschueren et al. ; 

Bricogne 1974; Sayre 1974; Wang 1985; Zhang and Main 1990; Brunger 1992; Baker, 

Bystroff et al. 1993; Cowtan and Main 1993; Swanson 1994; Cowtan and Main 1996; 

Schuller 1996; Cowtan 1999; Winn, Ballard et al. 2011). An initial model was built based 

on the phase information using the Buccaneer program (Cowtan 2006; Cowtan 2007; 

Winn, Ballard et al. 2011), further extended and corrected manually by the COOT 

program (Emsley, Lohkamp et al. 2010). The resolution was extended to the high 

resolution limit of 1.95 Å using the native protein dataset. Iterative cycles of optimization 

were performed to improve the quality of the model using the refinement program 

PHENIX.Refine (Berkholz, Shapovalov et al. 2009; Moriarty, Grosse-Kunstleve et al. 

2009; Urzhumtseva, Afonine et al. 2009; Chen, Arendall et al. 2010; Tronrud, Berkholz 

et al. 2010; Afonine, Grosse-Kunstleve et al. 2012; Headd, Echols et al. 2012), followed 
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by manual rebuilding in COOT (Emsley, Lohkamp et al. 2010). A portion of the of 

diffraction data (5%) was reserved as an unbiased test set for cross validation (Rfree) for 

the model that eventually had an Rwork of 16.1% and an Rfree of 19.9%. The structure of 

the FtmOx1α-KG binary complex and FtmOx1fumitremorgin B complex were both 

solved by molecular replacement with the FtmOx1 structure as the initial model using 

Phaser in the CCP4 package (Read 2001; Storoni, McCoy et al. 2004; McCoy, 

Grosse-Kunstleve et al. 2005; McCoy, Grosse-Kunstleve et al. 2007; Winn, Ballard et al. 

2011). The α-KG and substrate fumitremorgin B were built using COOT followed by 

several rounds of refinement by PHENIX.Refine (Berkholz, Shapovalov et al. 2009; 

Moriarty, Grosse-Kunstleve et al. 2009; Urzhumtseva, Afonine et al. 2009; Chen, 

Arendall et al. 2010; Tronrud, Berkholz et al. 2010; Afonine, Grosse-Kunstleve et al. 

2012; Headd, Echols et al. 2012). For the FtmOx1α-KG complex, the final Rwork was 

20.3% with an Rfree of 26.0%. For the FtmOx1fumitremorgin B complex, the final Rwork 

was refined 16.7% and Rfree 20.3%. Model quality for all of the structures was evaluated 

with MolProbity(Chen, Arendall et al. 2010). Refinement statistics are summarized in 

Table 2.1. Figures were prepared with PyMol (Schrodinger 2010). 
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Table 2.1: Data collection and refinement statistics for FtmOx1 
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2.5  Oxygen concentration determination for oxygenated buffer (Helm, Jalukse et 

al. 2009) 

Oxygen-saturated buffer (10 mL) was transferred into syringes (12 cm
3
) with a 

long needle, and the syringe was then sealed. An alkaline KI solution (2.1 M KI and 8.7 

M KOH prepared using O2-free water) and MnSO4 solution (2.1 M) in O2-free water 

were prepared in a Coy-chamber and transferred outside using syringes sealed by a 

rubber septum. The alkaline KI solution (0.2 mL) and the MnSO4 solution (0.2 mL) were 

quickly aspirated into the syringe containing the 10 mL oxygen saturated buffer. Then, 

the syringe was quickly sealed again. The sample in the syringe was intensely mixed 

(turning the syringe ~10 times upside down until all the syringe was filled with the 

floating Mn(OH)3 precipitate); the Mn(OH)3 precipitate was formed completely during 

45 min according to the following reaction: 

4Mn
2+

 +O2 +8OH
−
 +2H2O → 4Mn(OH)3↓    (1) 

After 45 min, H2SO4 solution (0.2 mL, 2.7 M) was aspirated into the syringe, and 

Mn
3+

 ions oxidized iodide to iodine under acidic conditions according to the following 

reactions: 

2Mn(OH)3(s) + 3H2SO4→ 2Mn
3+

 +3SO4
2−

 +3H2O  (2)  

2Mn
3+

 +2I
−
→ 2Mn

2+
 +I2        (3)  

Iodine eventually formed I3- ions with the excess KI: 

I2 +I
−
→I3

−
           (4)  

The resulting iodine solution was transferred to a sample bottle and immediately 

titrated with standardized 2.5 mM Na2S2O3 solution: 

I3
−
+ 2S2O3

2−
→ 3I

−
 + S4O6

2− 
        (5)  

According to reactions (1) - (5), one equivalent of oxygen molecule corresponds 

to four equivalents of Na2S2O3. Therefore, the oxygen concentration in the 
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oxygen-saturated buffer was determined based on the amount of standardized 2.5 mM 

Na2S2O3 solution used for titration.  

The Na2S2O3 concentration was standardized with an iodine solution, which was 

prepared by mixing a standard KIO3 solution and KI solution under acidic conditions 

(KIO
3+

 5KI + 6H
+
→ 3I2 + 6K

+
 + 3H2O; I2 + I

-
 →I3

−
; I3

−
 + 2S2O3

2−
→ 3I

−
 + S4O6

2−
).  

 

2.6  α-KG and O2 stoichiometries in the FtmOx1 catalysis  

To examine whether FtmOx1 is capable of catalyzing verruculogen oxidation in 

the absence of other reductants, the FtmOx1 reaction was conducted under the following 

conditions: a 200 µL anaerobic mixture in 100 mM Tris-HCl, pH 7.5, contained 

fumitremorgin B (360 µM), α-KG (4 mM), and variable amounts of iron-loaded FtmOx1 

(0.25 , 0.5 , 1 , and 2.0  of iron-loaded FtmOx1 relative to the fumitremorgin B 

concentration). The reaction was initiated by quickly mixing the above solution with 200 

µL oxygen-saturated buffer (1.2 mM) in the Coy-chamber to make a solution containing 

600 µM O2. The final reaction mixture contained 180 µM fumitremorgin B, 2 mM 

α-ketoglutarate, 600 µM O2, and a variable amount of iron-loaded FmOx1 (0.25 , 0.5 , 

1 , and 2  of FtmOx1 relative to that of verruculogen concentration). After the reaction 

was initiated, the reaction mixture was sealed and incubated for 0.5 h at 37°C. The 

enzymatic reaction was quenched by adding 300 µL chloroform, the precipitated protein 

was removed by centrifugation at 13,000 × g for 10 min, and the chloroform layer was 

carefully removed. The reaction mixture was extracted one more time using a second 

300-µL volume of chloroform. The combined chloroform layers were concentrated by 

rotatory evaporation, and the residue was re-dissolved in 100 µL acetonitrile and 

subjected to HPLC analysis. 
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To determine α-KG stoichiometry, 200 µL anaerobic reaction mixture (in 100 

mM Tris-HCl, pH 7.5) contained 360 µM fumitremorgin B, 240 µM iron-loaded 

FtmOx1, and variable amounts of α-KG. The concentration of α-KG was varied to make 

reaction mixtures containing 0.5 , 1.0 , 1.5 , and 2.0  of α-KG relative to the 

FtmOx1 concentration. The reaction was initiated by quickly mixing 200 µL of 

oxygen-saturated buffer (1.2 mM) in the Coy-chamber to make a final oxygen 

concentration of 600 µM. The resulting reaction mixtures contained a final concentration 

of 180 µM fumitremorgin B, 120 µM iron-loaded FtmOx1, 600 µM O2, and variable 

amounts of α-KG. After initiation, the reaction was sealed and incubated for 0.5 h at 

37°C. The enzymatic reaction was quenched by adding 300 µL chloroform, the 

precipitated protein was removed by centrifugation at 13,000 × g for 10 min, and the 

chloroform layer was carefully removed. The reaction mixture was extracted one more 

time using a second 300-µL volume of chloroform. The combined chloroform layers 

were concentrated by rotatory evaporation, and the residue was re-dissolved in 100 µL of 

acetonitrile and subjected to HPLC analysis. 

To determine O2 stoichiometry, oxygen-saturated buffer was added to a 600 µL 

anaerobic reaction mixture (100 mM Tris-HCl pH 7.5 buffer, 360 µM of fumitremorgin 

B, 240 µM of iron-loaded FtmOx1, and 480 µM of α-KG). To determine the amount of 

product formation under 1  of oxygen relative to iron-loaded FtmOx1 concentration, the 

above reaction mixture was quickly mixed with 120 µL of oxygen-saturated buffer (1.2 

mM) in the Coy-chamber. To assess the amount of product formation under 2  of 

oxygen relative to iron-loaded FtmOx1 concentration, the above mixture was quickly 

mixed with 240 µL of oxygen saturated buffer (1.2 mM) in the Coy-chamber. To 

determine the amount of production formation under 3  of oxygen relative to 

iron-loaded FtmOx1 concentration, the above mixture was quickly mixed with 360 µL of 
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oxygen saturated buffer (1.2 mM) in the Coy-chamber. After reaction initiation, the 

reaction mixtures were sealed and incubated for 0.5 h at 37°C. The enzymatic reaction 

was quenched by adding 300 µL chloroform, the precipitated protein was removed by 

centrifugation at 13,000 × g for 10 min, and the chloroform layer was carefully separated. 

The reaction mixture was extracted one more time using a second 300-µL volume of 

chloroform. The combined chloroform layers were concentrated by rotatory evaporation, 

and the residue was re-dissolved in 100 µL of acetonitrile and subjected to HPLC 

analysis. 

 

2.7   Reactions using Y224F- and Y224A-substituted FtmOx1 

For the reactions using Y224F-substituted FtmOx1, the anaerobic reaction 

mixture (600 µL, in 100 mM Tris-HCl, pH 7.5) contained 400 µM Y224F-substituted 

FtmOx1 containing 300 µM Fe(II), 400 µM fumitremorgin B, and 1200 µM α-KG. The 

reaction was initiated by quickly adding 400 µL of oxygen-saturated buffer (1.2 mM) in 

the Coy-chamber. The resulting reaction mixtures contained a final concentration of 240 

µM fumitremorgin B, 240 µM Y224F-substituted FtmOx1 containing 192 µM Fe(II), and 

720 µM α-KG. After initiation, the reaction mixture was sealed and incubated for 0.5 h at 

37°C. The enzymatic reaction was quenched by adding 300 µL chloroform, the 

precipitated protein was removed by centrifugation at 13,000 × g for 10 min, and the 

chloroform layer was carefully separated. The reaction mixture was extracted one more 

time using a second 300-µL volume of chloroform. The combined chloroform layers 

were concentrated by rotatory evaporation, and the residue was re-dissolved in 100 µL of 

acetonitrile and subjected to HPLC analysis. 
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Y224A-substituted FtmOx1 was analyzed by following a procedure similar to that 

in Y224F- substituted FtmOx1, except that Y224A-substituted FtmOx1 was used to 

replace the Y224F-substituted FtmOx1. 

 

2.8  HPLC analysis of the FtmOx1 reaction products 

Enzymatic reaction products were routinely analyzed by HPLC using a 

Phenomenex reversed phase C18 column (250 mm × 4 mm, 5 µm; Phenomenex; 

Torrance, United States). A linear gradient of 30-100% (v/v) acetonitrile in water was run 

for 30 min with a flow rate of 0.7 mL/min, followed by 100% (v/v) acetonitrile for 5 min. 

Before the next injection, the column was equilibrated with 30% (v/v) acetonitrile for 2 

min. The separation profile was monitored using a Photo Diode Array detector at 300 nm.  

Products of the reaction using wild-type FtmOx1: 

Verruculogen 2: white powder; NMR (600 MHz, CDCl3) (Table 2.2); 

HR-ESI(+)-MS m/z 534.2212 (calc for C27H31N3O7Na, m/z 534.2211). 

13-Oxoverruculogen 3: white powder; NMR (600 MHz, DMSO-d6) (Table 2.2); 

HR-ESI(+)-MS m/z 532.2050 (calc for C27H33N3O7Na, m/z 532.2054). 
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Table 2.2  Summary of the chemical shifts and coupling constants for 

13-oxoverruculogen (3) and verruculogen (2) (NMR, 600 MHz). 

 

2.9  Isolating products from reactions using wild type, Y224F-, or 

Y224A-substituted FtmOx1 

To characterize the reaction products, a large-scale reaction (270 mL) was 

performed using purified FtmOx1 (41.1 μM) containing 32 µM Fe(II), fumitremorgin B 

(30.9 μM), and 60 μM α-KG in Tris-HCl buffer (50 mm, pH 7.0) at 30°C for 2 h. 

Chloroform (300 mL) was added to the reaction mixture. The chloroform layer was 

transferred into centrifuge bottles and centrifuged at 5,000 rpm for 10 min to remove 

precipitated proteins. The reaction mixture was extracted one more time using a second 

300-mL volume of chloroform. The combined chloroform layers were dried over Na2SO4 

for 0.5 h and concentrated by rotatory evaporation. The residue was subjected to HPLC 
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separation on a C18 column (4.6 × 150 mm). A linear gradient of 30-100% (v/v) 

acetonitrile in water was run for 25 min with a flow rate of 0.7 mL/min, followed by 

100% (v/v) acetonitrile for 5 min. Before the next injection, the column was equilibrated 

with 30% (v/v) acetonitrile for 2 min. The elution was monitored using Photo Diode 

Array detector at 300 nm. 

Products of the reaction using Y224F-substituted FtmOx1: 

Verruculogen 2: white powder; NMR (600 MHz, CDCl3) (Table 2.2); 

HR-ESI(+)-MS m/z 534.2212 (calc for C27H33N3O7Na, m/z 534.2211). 

13-Oxoverruculogen 3: white powder; NMR (600 MHz, DMSO-d6) (Table 2.2); 

HR-ESI(+)-MS m/z 532.2050 (calc for C27H31N3O7Na, m/z 532.2054). 

12,13-dihydroxy-fumitremorgin C 4: white powder; NMR (600 MHz, DMSO- 

d6) (Table 2.3); HR-ESI(+)-MS m/z 434.1681 (calc for C22H25N3O5Na, m/z 

434.1692).  

12-hydroxy-13-oxofumitremorgin C  5: white powder; NMR (600 MHz, 

DMSO-d6) (Table 2.3); HR-ESI(+)-MS m/z 432.1526 (calc for C22H23N3O5Na, 

m/z 432.1535). 

Products of the reaction using Y224A-substituted FtmOx1: 

Verruculogen 2: white powder; NMR (600 MHz, CDCl3) (Table 2.2); 

HR-ESI(+)-MS m/z 534.2212 (calc for C27H33N3O7Na, m/z 534.2211). 

13-Oxoverruculogen 3: white powder; NMR (600 MHz, DMSO-d6) (Table 2.2); 

HR-ESI(+)-MS m/z 532.2050 (calc for C27H31N3O7Na, m/z 532.2054). 

12,13-dihydroxy-fumitremorgin C 4: white powder; NMR (600 MHz, DMSO- 

d6) (Table 2.3); HR-ESI(+)-MS m/z 434.1681 (calc for C22H25N3O5Na, m/z 

434.1692).  
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12-hydroxy-13-oxofumitremorgin C  5: white powder; NMR (600 MHz, 

DMSO-d6) (Table 2.3); HR-ESI(+)-MS m/z 432.1526 (calc for C22H23N3O5Na, 

m/z 432.1535). 

(3S)-12,22-dihydroxy-13-oxofumitremorgin C 6: white powder; NMR (600 

MHz, DMSO-d6) (Table 2.3); HR-ESI(+)-MS m/z 450.1641 (calc for 

C22H25N3O6Na, m/z 450.1636). 
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Table 2.3 Summary of the chemical shifts and coupling constants for the products from 

reactions using wild type, Y224F-, or Y224A-substituted FtmOx1 
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2.10  Determining the α-KG dissociation constant. 

To maintain an anaerobic environment, all of the solutions were made 

anaerobically by several rounds of freeze-pump-thaw degassing. All spectroscopic 

studies used a 1-cm light path cuvette. After blanking against FtmOx1, spectra were 

recorded for samples to which anaerobic α-KG had been added. Titration plots were 

obtained by plotting the absorption at 520 nm. The titration data were fitted to Eq. 6 

(Ryle, Padmakumar et al. 1999). 

max[ ] / [ 1 ]obs L TA A E n FtmOx                      (6) 

In which the observed absorption (Aobs) was equal to the maximal absorption 

(Amax) times the concentration of enzyme-ligand complex ([EL]) divided by the 

concentration of ligand binding sites [the number (n) of ligands bound per subunit times 

the total concentration of FtmOx1 containing Fe(II) ([FtmOx1T]). The amount of 

enzyme-ligand complex was obtained using Eq. 7, 

 

 2( [ ] [ 1 ] ( [ ] [ 1 ]) 4[ ] 1
[ ]

2

d T T d T T T T

L

K KG n FtmOx K KG n FtmOx KG n FtmOx
E

       
      (7) 

 

Where Kd is the apparent ligand affinity and [α-KGT] is the total α-KG 

concentration. The Kd values were determined from equation (6) and (7) using nonlinear 

curve fitting (OriginPro 8 software). 

 

2.11   Self-hydroxylation in wild-type FtmOx1  

The FtmOx1 wild-type protein (0.6 mM) was mixed with (2.0 mM) α-KG in the 

anaerobic Coy-chamber to form the pink species, and the UV-Vis spectrum was recorded 

anaerobically using an S.I. Photonics CCD-440 spectrophotometer. All spectroscopic 
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studies used a 1-cm light path cuvette. Upon exposing the above solution to oxygen, the 

solution slowly changed color to blue, and the process was monitored using a Cary Bio 

UV-Vis spectrometer.  

The Y224F-substituted FtmOx1 (1.1 mM) was mixed with (4.0 mM) α-KG in the 

anaerobic Coy-chamber to form the binary complex (a pink species), and the UV 

spectrum was monitored anaerobically using an S.I. Photonics CCD-440 

spectrophotometer. All spectroscopic studies used a 1-cm light path cuvette. Upon 

exposing the above solution to oxygen, the solution slowly changed color to blue, and the 

process was monitored using a Cary Bio UV-Vis spectrometer. 

 

2.12  MS-MS analysis of FtmOx1 

The following protein samples were analyzed by tandem MS: 1) wild-type 

FtmOx1; 2) wild-type FtmOx1 treated with α-KG and oxygen; 3) Y224F-substituted 

FtmOx1; 4) Y224F-substituted FtmOx1 treated with α-KG and oxygen; and 5) 

Y224F-substituted FtmOx1 after single-turnover experiments in the presence of 

fumitremorgin B, α-KG, and oxygen. These protein samples (1.5 nmole) were dissolved 

in 50 mM ammonium bicarbonate (pH 8.0) buffer to make a 50 µL solution. Trypsin 

Gold (Promega US, Madison, WI) was added to these solutions in a 1:50 (w/w) ratio, and 

the proteins were digested for 18 h at 37C. A C18 Ziptip® (Millipore, Billerica, MA) 

was then used to desalt each peptide sample. Each digested sample (500 fmol) was 

injected and analyzed by LC-MS/MS on an LTQ-Orbitrap XL instrument (Thermo Fisher 

Scientific, San Jose, CA) coupled with a Triversa Nanomate system (Advion Biosystems, 

Inc., Ithaca, NY), and a nano ACQUITY UPLC (Waters, Milford, MA) with C18 

reversed phase trap (2G-V/MTrap 5 μm Symmetry® C18 180 μm × 20 mm) and 



 

 26 

analytical (1.7 μm BEH130 C18 150 μm × 100 mm) columns. Mobile Phase A consisted 

of 98:2 water/ACN with 0.1% FA, and mobile Phase B contained 98:2 ACN/water with 

0.1% FA. Peptide samples were loaded into the trap column at 2% B with a flow rate of 

4.0 μL/min for 4 min and then transferred to the analytical column at 0.5 μL/min. The 

gradient was increased to 40% B over 40 min. For tandem MS analyses, data-dependent 

top-3-HCD mass spectra were acquired in the Orbitrap, and Xcalibur was used for data 

analysis. To identify target peptides, the ProteinProspector program from UCSF was used 

to predict the potential product ions and match them to MS/MS product ions. The mass 

spectra were manually examined to verify the assignments. 

 

2.13 Pre-steady state characterization of FtmOx1 

Stopped-flow experiments were performed on an Applied Photophysics SX20 

stopped-flow spectrometer operating in an MBraun UNilab glove box. To maintain an 

anaerobic environment, all of the solutions were prepared in an inert atmosphere box. An 

O2-saturated buffer solution (100 mM Tris•HCl, pH 7.5) was mixed with an equal 

volume of an O2-free solution containing FtmOx1 (0.65 mM), Fe(II) (0.58 mM), α-KG 

(12 mM), substrate (0.58 mM), and 20% glycerol to initiate the reaction. Absorbance 

scans from 300-700 nm were collected with a diode-array detector at 8°C. The resulting 

data were processed using SigmaPlot software. 

Freeze-quench experiments were performed using a KinTek quench-flow 

instrument. Analogous to the stopped-flow experiments, an O2-saturated buffer solution 

(100 mM Tris•HCl, pH 7.5) was mixed with an equal volume of an O2-free solution 

containing FtmOx1 (0.65 mM), Fe(II) (0.58 mM), α-KG (12 mM), substrate (0.58 mM), 

and 20% glycerol to initiate the reaction at 8°C. The resulting reaction was terminated by 
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injection of the solution into liquid ethane (-90°C) at various time points. The reaction 

time of a freeze-quenched sample is the sum of the aging time and the quench time. The 

aging time was the transit time for the reaction mixture through the aging hose. The 

quench time corresponded to the time required after injection into the cryosolvent for the 

reaction mixture to be cooled sufficiently to prevent further reaction and was estimated as 

~5 ms (Baldwin, Krebs et al. 2000). 

The chemical-quench-flow experiments were performed using the KinTek 

quench-flow instrument. Analogous to the freeze-quench experiments, an O2-saturated 

buffer solution (100 mM Tris•HCl, pH 7.5) was mixed with an equal volume of an 

O2-free solution containing FtmOx1 (0.65 mM), Fe(II) (0.58 mM), α-KG (12 mM), 

substrate (0.58 mM), and 20% glycerol to initiate the reaction at 8°C. The resulting 

reaction was terminated by injecting the solution into a microcentrifuge tube containing 4 

 volumes of acetone at the desired reaction times. Prior to HPLC analysis, the samples 

were centrifuged to remove protein, and the supernatant was concentrated by rotatory 

evaporation. The concentrated samples were subjected to HPLC separation on a C18 

column (4.6 × 100 mm). A linear gradient of 30-100% (v/v) acetonitrile in water was run 

for 25 min with a flow rate of 0.5 mL/min, followed by 100% (v/v) acetonitrile for 3 min. 

Before the next injection, the column was equilibrated with 30% (v/v) acetonitrile for 2 

min. The substances were detected with a Photo Diode Array detector at 300 nm.  

X-band (9.64 GHz) EPR spectra were recorded on a Bruker E500A spectrometer 

equipped with an Oxford ESR 910 cryostat for low-temperature measurements. The 

microwave frequency was calibrated with a frequency counter, and the magnetic field 

was calibrated with an NMR gaussmeter. The temperature of the X-band cryostat was 

calibrated with a carbon-glass resistor temperature probe (CGR-1-1000 LakeShore 

Cryotronics). For all EPR spectra, a modulation frequency and amplitude of 100 kHz and 
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1 mT were used. The EPR spectral simulations were performed using the simulation 

software Spin Count developed by one of the authors. 
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Chapter 3: Results and Discussion 

 

3.1  Structural determination and analysis for FtmOx1 

To investigate the mechanism of FtmOx1 catalyzed endoperoxide formation, we 

first solved the structure of wild type FtmOx1 at 1.95 Å resolution. Through the analysis 

of FtmOx1 structure as well as its ternary structure with substrate, we observed an 

unusual position of one tyrosine and the unusual binding pattern of its cofactor α-KG. 

 

3.1.1 Structural determination of FtmOx1 

The crystal of wild type FtmOx1 is obtained in a condition containing 100mM 

MES pH 6.5, 2M ammonium sulfate and 50mM CoCl2. The diffraction on advanced 

photon source suggests a 1.95 Å resolution (Argonne, IL). Since there is no structure 

which has high homology with FtmOx1 that has been solved, molecular replacement 

program failed to find the correct model. We decided to use anomalous dispersion 

method to solve the phase problem. Different heavy atoms including Hg
2+

, Pt
2+

, Ag
+ 

and 

I
-
 were soaked into FtmOx1 crystals. A selenomethionine derivative was also prepared. 

Finally the selenomethionine derivative was found to provide significant anomalous 

signal between F(+) and F(-). Diffraction data was limited to 3.5 Å resolution in order to 

improve the signal/noise ratio. Heavy atom was located using program Phenix.Hyss in 

Phenix.Autosol (Terwilliger 2000; Terwilliger, Adams et al. 2009; Adams, Afonine et al. 

2010). 18 out of 22 selenomethionine in one symmetric unit were located (Table 3.1), 

with an additional of 7 Zn atoms further searched since it has been found Zn
2+

 and other 

metal ion could occupy the iron binding site spontaneously during expression. The 
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phasing using the heavy atoms that were located was successful and showed a distinctive 

protein region with significant secondary structure electron density (Figure 3.1A).  

The phasing is further improved by using density modification program DM in 

CCP4 suite (Love, Verschueren et al. ; Bricogne 1974; Sayre 1974; Wang 1985; Zhang 

and Main 1990; Brunger 1992; Baker, Bystroff et al. 1993; Cowtan and Main 1993; 

Swanson 1994; Cowtan and Main 1996; Schuller 1996; Cowtan 1999; Winn, Ballard et 

al. 2011), which produced a better map that has a more continuous density (Figure 3.1B). 

An initial model was then built based on the phase information using the Buccaneer 

program (Cowtan 2006; Cowtan 2007; Winn, Ballard et al. 2011), with about 80% 

completeness of the total sequence. This partial model is further extended and corrected 

manually by the COOT program (Emsley, Lohkamp et al. 2010). Within the correct 

model that has been solved, the resolution was extended to the high resolution limit of 

1.95 Å using the native protein dataset with iron substituted at the metal binding center. 

The following refinement work is described in section 2.4.  

The FtmOx1α-KG binary complex and FtmOx1fumitremorgin B complex were 

both solved by molecular replacement with the FtmOx1 structure as the initial model 

using Phaser in the CCP4 package (Read 2001; Storoni, McCoy et al. 2004; McCoy, 

Grosse-Kunstleve et al. 2005; McCoy, Grosse-Kunstleve et al. 2007; Winn, Ballard et al. 

2011). The detailed refinement work is described in section 2.4. 

 

 

 

 

 

 



 

 33 

 

Table 3.1: Heavy atoms which were identified in the se-met derivative  
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Figure 3.1 Phasing of the FtmOx1 

selenomethionine derivative 

The electron density map is shown for the 

selenomethionine derivative of FtmOx1 

after initial phasing (A), and after density 

modification (B). The electron density is 

shown in dark blue net while the built 

partial model is shown in lines. The colored 

lines indicate β strands which has been 

identified by program COOT. 

 

3.1.2 Structure illustration and analysis for FtmOx1 

Overall, FtmOx1 presents a folding of three layers of central -strand with 

multiple α-helices warping around it (Figure 3.2A). Such folding is prevalent in 

mononuclear non-heme iron enzymes, which is known as a double-stranded β-helix 

(DSBH) fold, a jelly-roll fold, double Greek key motif, or cupin fold (Clifton, 

McDonough et al. 2006). There are two molecules in each asymmetric unit. The 

N-terminal domain (residues 1- 231) is the catalytic domain, where the iron center 

locates, while the C-terminal domain (residues 232- 296) mediates most of the 

dimerization interaction, notably the loop region from 269 to 273 will contributes to the 

formation of substrate pocket of the adjacent monomer. The dimer interface (2461.6 Å
2
) 

represents 17.1% percent of the surface of the molecule (Krissinel and Henrick 2007). 
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The profile from gel filtration chromatography indicated that native FtmOx1 also exists 

as a dimer in solution. 

A mononuclear non-heme iron center is identified within the FtmOx1 active site, 

which is near the dimer interface. The active site has a volume of 222.61 Å
3
 as calculated 

by DogSite Server (Volkamer, Kuhn et al. 2012). This spacious pocket is partitioned into 

two parts: a hydrophilic region near the iron center and an exclusively hydrophobic 

region formed by Leu64, Phe115, Phe233 from one monomer and Ile267, Val268 from 

the other (Figure. 3.2B). The presence of this greasy area is consistent with the chemical 

nature of the substrate, fumitremorgin B (1), which is highly hydrophobic. 

The mononuclear iron has octahedral geometry (Figure 3.2C). Three residues, 

His129, His205, and Asp131, occupy three coordination sites with distances of 2.1  2.3 

Å. Three well-ordered water molecules are the other three ligands, with distances of  2.3 

Å to the iron center. One of the water ligands is hydrogen bonded to Tyr224. 

Co-crystallization or soaking of the co-substrate α-KG leads to an identical binary 

complex, in which α-KG binds to the iron center in a bidentate fashion by replacing two 

water ligands (Figure 3.2D). The α-KG binding is further strengthened by a salt bridge 

with Arg218 and a hydrogen binding interaction with Gln130 amide. Consistent with all 

reported structures of α-KG-dependent mononuclear non-heme iron enzymes, the 2-keto 

group of α-KG coordinates to the iron center (2.5 Å of Fe-O distance) in trans- to an 

aspartate residue (Asp131) of the 2-His-1-carboxylate facial triad (Figure 3.2 D).(Clifton, 

McDonough et al. 2006) Surprisingly, the 1-carboxylate group of α-KG binds in trans- 

(2.5 Å of Fe-O distance) to the distal histidine (His201). This arrangement in FtmOx1 is 

unusual because, in most reported α-KG-enzyme complexes, the 1-carboxylate of α-KG 

coordinates in trans- to the proximal histidine of their 2-His-1-carboxylate facial triad 

(e.g., His99 in TauD, Figure 3.2E).(Clifton, McDonough et al. 2006) As a result of such 
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coordination, the remaining water ligand (a potential site for oxygen binding and 

activation) in the α-KG-FtmOx1 binary complex is completely shielded from solvent or 

substrate access by the tyrosine residue Tyr224 (Figure 3.2D). This is in contrast to a 

typical non-heme iron protein, such as TauD (Figure 3.2E), in which the oxygen binding 

and active site points toward the substrate, so that the Fe
IV

=O species produced from 

oxygen activation has ready access to the substrate for oxidative transformations (Elkins, 

Ryle et al. 2002). There have been described a few cases (Clifton, McDonough et al. 

2006) [e.g., deacetoxycephalosporin C synthase (DAOCS)(Lee, Lloyd et al. 2001) and 

phytanoyl-CoA 2-hydroxylase (PAHX)],(McDonough, Kavanagh et al. 2005) where the 

1-carboxylate of α-KG does bind in trans- to the distal histidine of the triad, however, the 

mechanistic implication of such an arrangement has not yet been investigated. When we 

modeled α-KG into FtmOx1 active site, we have also considered the possibility of the 

other configuration, having the 1-carboxylate group of α-KG binds in trans- to the 

proximal histidine (His129). In this case, strong negative densities were shown and the B 

factor for the region of interest is very high (Figure 3.3A), which suggests that α-KG 

does not bind to the iron center in this alternative configuration. 

In the FtmOx1-α-KG complex, the remaining ligand site for oxygen binding and 

activation is completely shielded from solvent access by Tyr224 (Figure 3.2D). To 

identify the substrate binding site and to examine whether Tyr224 changes location upon 

substrate binding, we sought to obtain the structure of FtmOx1-fumitremorigin B 

complex. Both co-crystallization and soaking experiment result in identical conformation 

of FtmOx1. The best result so far was a structure at resolution at 2.2 Å (Figure 3.2G, 

Figure 3.3B). Careful inspection of the active site reveals big blobs of density in the 

hydrophobic pocket formed by Phe115, Phe233, Leu268 in both molecules in each 

asymmetric unit, even though the density at molecule A is clearer. The density is 
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consistent with the highly greasy nature of the substrate, which consists of five fused 

rings along with two prenyl groups. In the FtmOx1-substrate complex (Figure 3.2F), 

Tyr224 adopts identical conformation as that found in FtmOx1 alone (Figure 3.2C) or 

FtmOx1-α-KG complex (Figure 3.2D). Rings A and B of the substrate also form π-π 

stacking with Tyr224 side-chain and the distance between them is  3.3 Å. Using the 

configuration observed in FtmOx1-fumitremorigin B complex, we modeled α-KG into 

the ternary complex (Figure 3.2G, Figure 3.3C). The sidechain of Tyr224 effectively 

separates the remaining ligand site for oxygen binding and activation from the substrate. 

This is of dramatic contrast to TauD, in which the substrate binding site directly faces the 

oxygen binding and activation site (Figure 3.2E, Figure 3.3D). 
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Figure 3.2 Structures of FtmOx1 

A, Overall architecture of FtmOx1 shown as a functional dimer with one monomer 

colour-coded based on secondary structures. The left panel labels the second structure 

while the right panel shows the vacuum electrostatistic surface for one monomer. 

B, FtmOx1 active site shown in the electrostatistic mode.  

C, FtmOx1 metallo-centre electron density (2mFo − DFc map) at 1σ contour. The 

coordination of iron is represented by dashed lines. 

D, FtmOx1-Feii–α-KG binary complex. The α-KG molecule was modelled into a 

composite omit map (mFo − DFc map) contoured to 2.8σ. The coordination of iron is 

represented by dashed lines with distances labelled (units, Å).  

E, α-KG binding mode of TauD (PBD accession code 1OS7). TauD is shown in an 

identical orientation relative to that of FtmOx1 in d to highlight their differences in active 

site topologies.  

F, Structure of the FtmOx1-Feii–fumitremorgin-B complex.  

G, Superimposition of the binary structures of FtmOx1-Feii–α-KG and 

FtmOx1–fumitremorgin-B. Y224 is highlighted in pink. 
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Figure 3.3 Structural comparison of the active site topologies between FtmOx1 and TauD 

A, Examination of the alternative configuration of α-KG in the FtmOx1–α-KG binary 

complex using the configuration of α-KG in the TauD–α-KG binary complex. We 

modelled α-KG in this alternative binding mode and calculated the difference map. In the 

Fo − Fc map, strong positive density (green) and negative density (red) are shown even 

when contoured to high level (3.3σ), indicating that this configuration is not correct for 

the FtmOx1–α-KG complex.  
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B, The Fo − Fc map at the active site of the FtmOx1–fumitremorgin-B complex. A model 

of the substrate fumitremorgin B is superimposed onto the difference map, which is 

contoured at 2.8σ.  

C, Side-by-side comparison of FtmOx1 and TauD active-site topologies. In the left panel, 

the superimposition of the binary structures of FtmOx1–α-KG and 

FtmOx1–fumitremorgin-B (1) show that the remaining site for oxygen binding and 

activation is blocked from the substrate by Y224.  

D, In contrast, in the structure of the TauD–taurine–α-KG tertiary complex, the remaining 

site for O2 binding and activation directly faces the substrate (taurine). 

 

 

3.2  Substrate stoichiometries of FtmOx1 

To confirm that FtmOx1 catalysis is indeed an α-KG-dependent reaction, the 

FtmOx1-α-KG binary complex was characterized. FtmOx1 was purified and 

reconstituted with Fe
2+

 anaerobically (Figure 3.4). Upon mixing FtmOx1 with α-KG 

under anaerobic conditions, a pink species forms. Its UV-visible spectrum (pink trace, 

Figure 3.5A) clearly shows an absorption feature centered at  520 nm with an extinction 

coefficient ε520 of 166 M
-1
cm

-1
. The dissociation constant Kd for this complex is  185 

± 35 µM, which is consistent with literature reports on other mononuclear non-heme 

enzyme-α-KG complexes (e.g., that of TauD).(Ryle, Padmakumar et al. 1999). In the 

absence of the substrate fumitremorgin B, the pink colored FtmOx1-α-KG binary 

complex fades slowly upon exposure to O2, and a blue chromophore with a λmax at  600 

nm develops within 30 min (blue trace, Figure 3.5A). In many other non-heme iron 

enzymes, when substrate is absent, Fe
IV

=O species formed from Fe
2+

-α-KG binary 

complex-mediated O2 activation oxidizes some active site tyrosine residue to form 

dihydroxyphenylalanine (DOPA), and the DOPA-Fe
3+

 complex is blue in color (Liu, Ho 

et al. 2001). Considering the structural detail of FtmOx1, we found that the proximity of 
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Tyr224 to the mononuclear iron center could explain the formation of DOPA in the 

FtmOx1 self-hydroxylation reaction (Figure 3.2B). Indeed, MS-MS analysis of the 

FtmOx1 blue species confirms that DOPA forms at the Tyr224 position through a 

self-hydroxylation reaction (Figure 3.5B). Importantly, in the presence of the substrate 

fumitremorgin B, there is no obvious evidence for DOPA formation upon O2 exposure. 

This result implies that the presence of substrate forestalls FtmOx1 self-hydroxylation. 

All of these FtmOx1 properties are consistent with those of mononuclear non-heme iron 

enzyme-α-KG complexes. 

 

 

        

Figure 3.4.  1) UV-Visible spectrum of the anaerobically purified FtmOx1 using 

Strep-Tactin resin from IBA, Inc. 2) SDS-PAGE gel of the purified wild type FtmOx1, 

FtmOx1 Y224F, and FtmOx1 Y224A mutants. 

 

 

 



 

 43 

To obtain fine details regarding FtmOx1 catalysis, we characterized FtmOx1 

biochemically. Different from the FtmOx1 characterizations reported in literature 

(Steffan, Grundmann et al. 2009; Kato, Suzuki et al. 2011), our FtmOx1 reactions were 

conducted in the absence of any other reductant (e.g., ascorbate).(Steffan, Grundmann et 

al. 2009; Kato, Suzuki et al. 2011) Interestingly, FtmOx1 is capable of catalyzing 

fumitremorgin B (1) oxidation under our conditions (Figure 3.5C &D). At a fixed 

FtmOx1:fumitremorgin B ratio of 1:1.5, the turnover number increases linearly with the 

growing amount of α-KG (Figure 3.5E). Once the α-KG:FtmOx1 ratio reaches 1.0, 

further increase of α-KG does not advance the turnover numbers (Figure 3.5C & 3.5E). 

The O2 concentration dependence follows a different pattern (Figure 3.5D & 3.5F). 

When the O2:FtmOx1 ratio is below 1.0, there is only a very small amount (~ 0.2 

equivalent) of product formation. When the O2:FtmOx1 ratio is above 1.0, the amount of 

product formation increases linearly with the increased amount of O2, until the 

O2:FtmOx1 ratio reaches a plateau at 2.0 (Figure 3.5F), after which, any further increase 

in the amount of O2 does not raise the fumitremorgin B turnover numbers. These results 

(Figure 3.5C-3.5F) strongly suggest that each FtmOx1-catalyzed turnover consumes one 

equivalent of α-KG and two equivalents of molecular oxygen. Unexpectedly, under our 

assay conditions, besides the proposed FtmOx1 product verruculogen (2), 

13-oxoverruculogen (3) is actually the dominant product (Scheme 3.1 & Figure 3.5C, 

D). Instead of having a hydroxyl group at the C13 position in verruculogen (2), the C13 

hydroxyl group is oxidized to a carbonyl group in compound 3. The identities of these 

two products were elucidated by characterizations using 1H-NMR, 13C-NMR, and 

high-resolution mass spectrometry (Table 2.2). 
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Scheme 3.1 Products formed in the reaction using wild type FtmOx1 
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Figure 3.5. Characterization of wild type FtmOx1 

A.  Formation of the FtmOx1-Feii–α-KG binary complex under anaerobic conditions 

(pink trace). Self-hydroxylation reaction upon exposure of the binary complex to O2 (blue 

trace).  
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(Continue with Figure 3.5) 

B.   Electrospray ionization MS/MS analysis of the blue species in A is consistent with 

the oxidation of Y224 to DOPA224C. 

C.  α-KG stoichiometry analysis in FtmOx1 catalysis. High-performance liquid 

chromatography (HPLC) chromatograms of FtmOx1 reactions with various amounts of 

α-KG. Identities of the peaks were assigned based on nuclear magnetic resonance (NMR) 

and high-resolution mass spectrometry (see method).  

D.   O2 stoichiometry analysis in FtmOx1 catalysis. HPLC chromatograms of FtmOx1 

reactions contained fumitremorgin B (360 μM), FtmOx1 (240 μM), and α-KG (480 μM) 

when variable amounts of oxygen-saturated buffer were added to initiate the reaction.  

E &F. α-KG and O2 stoichiometry determination. Equivalents of endoperoxide products 

(2 and 3) produced as a function of the ratio of α-KG/iron-loaded FtmOx1 (E) and 

oxygen/iron-loaded FtmOx1 (F). The quantification was conducted based on the 

fumitremorgen B, compound 2 and compound 3 internal standards. All calculations were 

done based on the concentration of iron-loaded FtmOx1. 

 

 

3.3 Biochemical study and characterization of Y224A- and Y224F-substituted 

FtmOx1 

Due to the strategic positioning of Tyr224 in FtmOx1 active site (Figure 3.2), a 

question raised immediately is the role of this tyrosine residue in FtmOx1 catalysis. To 

address this issue, we characterized two Tyr224 mutants, Y224A and Y224F. Both 

mutants form complexes with α-KG with Kd values similar to the wild type FtmOx1, 

indicating that these mutations do not significantly perturb α-KG binding affinity. 

However, the product profiles of both mutants are very different from that of wild type 

FtmOx1 (Figure 3.6A). Y224A produces a mixture of up to at least five detectable 

products (Figure 3.6A and Scheme 3.2A). These products were isolated by HPLC and 

characterized by 
1
H-NMR, 

13
C-NMR, and high-resolution mass spectrometry (Table 

2.3). Among the five products, the endoperoxides (2 & 3) are produced as minor 

components and account for less than 15% of the product mixture. Compounds 4 and 5 
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are the dominant products (Scheme 3.2). Their formation can be explained by an 

oxidative hydroxylation, followed by a subsequent spontaneous dealkylation reaction 

(Scheme 3.3). Compound 6 is most likely derived via further hydration of compound 5. 

Y224F produces four products: endoperoxides (2 & 3) and oxidative dealkylation 

products (4 & 5). In both Y224A and Y224F reactions, endoperoxides (2 & 3) are no 

longer the only products anymore.  
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Scheme 3.2 FtmOx1-catalyzed endoperoxide formation reaction in verruculogen 

biosynthesis using FtmOx1 Y224A mutation variant (A) and Y224F mutation variant (B) 
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Scheme 3.3 Mechanistic models used to explain the formation of a small amount of 

endoperoxide (2) in Y224A mutant and the formation of dealkylation product 5. For 

Y224A mutant, most likely, the hydroxylation products are formed through a similar 

mechanism, while the F224  Y224 transformation might be the key reason for the 

formation of a higher level of endoperoxides in Y224F mutant relative to the Y224A 

mutant. 

 

 

 

Upon Y224 mutation (Y224F and Y224A mutants), the formation of the commonly 

observed oxidative hydroxylation products as the dominant products is consistent with a 

key role played by Y224 in directing oxygen activation toward endoperoxide formation 

(Scheme 3.2B). We also observed that the Y224F mutant produces more endoperoxides 

(2 & 3,  35% of the product mixture) than the Y224A mutant (2 & 3,  15% of the 
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product mixture) (Figure. 3.6A). We reason that this outcome can be resulted from the 

self-hydroxylation of Phe224 to Tyr224 to re-generate some wild type FtmOx1, which is 

then responsible for the production of more endoperoxides (2 & 3) in the 

Y224F-catalyzed reaction. To test this hypothesis, we monitored the Phe224  Tyr224 

transformation under two conditions: 1) in the absence of fumitremorgin B (1); 2) in the 

presence of fumitremorgin B (1). In the absence of fumitremorgin B, the FtmOx1 Y224F 

mutant can still form a complex with α-KG efficiently (Kd:  198 ± 58 µM, Figure 3.6C). 

Upon exposure to O2, the protein solution slowly turns to a blue color (Figure 3.6B), 

indicating the formation of DOPA as observed in wild type FtmOx1 (Figure 3.5A & 

3.5B). This result points to a pathway that, in the absence of substrate, Phe224 is oxidized 

by two sequential hydroxylation steps (Phe224  Tyr224 and Tyr224  DOPA224). 

Indeed, the Phe224  Tyr224 conversion was detected when the FtmOx1 Y224F mutant 

was analyzed by MS-MS after enzymatic turnovers (Figure 3.7), which explains the 

production of a higher level of endoperoxides (2 & 3) in Y224F mutant relative to 

Y224A mutant reaction. Taken together, these results provided further evidence to 

support the important roles played by Y224 in FtmOx1-catalyzed endoperoxide 

formation reaction. Based on our structural and biochemical information, we make the 

hypothesis that Tyr224 will be activated to a tyrosyl radical during the reaction and this 

radical-species are involved and the formation for the endoperoxide product (2 & 3). 
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Figure 3.6 Additional Biochemical Characterizations for FtmOx1 mutants 

A. HPLC chromatograms of FtmOx1 Y224A (upper panel) and Y224F (lower panel) 

reactions. The reaction mixture in 100 mM Tris-HCl, pH 7.5 buffer, contained FtmOx1 

Y224A (240 µM), fumitremorgin B (240 µM) and α-KG (720 µM). The mixture was 

mixed with O2-saturated buffer to initiate the reaction. Identities of the peaks were 

assigned based on subsequent NMR and MS characterizations of isolated compounds. 

B. Self-hydroxylation reaction in Y224F-substituted FtmOx1. Formation of DOPA upon 

exposure of the Y224F-substituted FtmOx1–α-KG complex to O2. 

C. FtmOx1 and α-KG binding curve for Y224F (left panel) and Y224A (right panel). 

The increase in absorbance at 520 nm as a function of α-KG concentration when it was 

added to a solution of wild-type FtmOx1 and Fe
II
 is plotted. The regression basis of the 

equations is described in the Methods (2.10) 
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Figure 3.7  MS-MS analyses of Y224F-substituted FtmOx1 

A, MS/MS spectrum of the triply charged parent ion at m/z 763.0793 of a tryptic digested 

peptide (residue 219–237) from Y224F-substituted FtmOx1.  

B, MS/MS spectrum of the triply charged parent ion at m/z 768.4109 of a tryptic digested 

peptide (residue 219–237) after exposure Y224F(FtmOx1)–α-KG tertiary complex to O2.  

C, MS/MS spectrum of the triply charged parent ion at m/z 773.7426 of a tryptic digested 

peptide (residue 219–237) for DOPA formed upon exposure of FtmOx1(Y224F)–α-KG 

complex to O2 in the absence substrate fumitremorgin B. 

 

 

3.4 Pre-Steady state study of FtmOx1  

To test the hypothesis that the Tyr224 will form a radical during catalysis, we 

re-investigated the FtmOx1 reaction, while this time, we included a spin trap reagent, 

5,5-dimethyl-1-pyrroline N-oxide (DMPO), in the reaction mixture. In the presence of 50 

 of DMPO, further oxidation of verruculogen (2) to 3 was dramatically suppressed and 

verruculogen (2) is now the dominant product (Figure 3.8A). The effect of the spin-trap 

reagent DMPO on FtmOx1 product ratio (2 : 3) provides initial evidence on the presence 

of radical species in FtmOx1 catalysis. To provide further evidence supporting the 

presence of transient radical species in FtmOx1 catalysis, the FtmOx1 reaction was 

monitored with stopped-flow optical absorption spectroscopy (Figure 3.8B). The 

UV–visible spectrum of the solution generated after rapid mixing of O2-saturated buffer 

with the FtmOx1-Feii–fumitremorgin-B–α-KG complex demonstrated the accumulation 

of a transient species centered at ~420 nm. The amount of this species maximized at 

∼0.2 s and then decayed within ~3 s. This wavelength differs from the tyrosyl radicals 

observed in ribonucleotide reductase (Stubbe and van der Donk 1998) and another 

reported α-KG-dependent iron enzyme, CarC26 (a peak at 410 nm with a shoulder at 

390 nm) (Chang, Guo et al. 2014). Chemical quench experiments performed under the 
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same conditions indicated that the consumption of substrate 1 and the formation of 

products (2 and 3) occurred on the timescale of seconds per cycle, suggesting that the 

420 nm species observed in the stopped-flow optical absorption spectroscopy 

experiments is a kinetically competent intermediate. FtmOx1 catalysis was then 

investigated by rapid freeze-quench in conjunction with electron paramagnetic resonance 

(EPR) spectroscopy. Two EPR signals were observed at 0.01 s (earliest possible time on 

instrument) and were highest at ∼0.2 s after the rapid mixing of O2-saturated buffer with 

the FtmOx1-Fe
II
–fumitremorgin-B–α-KG complex (Figure 3.8C). The first EPR signal 

with resonances at g = 4.54, 4.26, and 3.93 (Figure 3.8D) belongs to a high-spin Fe
3+

 

species having axial and rhombic zero-field splitting parameters of |D| < 0.5 cm
−1

 and 

E/D ≈ 0.26, respectively. These parameters are not typical of adventitious Fe
3+

. The 

second EPR signal was in the g = 2 region and most likely belongs to an organic radical 

species (Figure 3.8E). The formation and decay of this radical signal closely followed 

the kinetics of the 420 nm absorption feature observed in stopped-flow optical absorption 

spectroscopy experiments (Figure 3.8F), indicating that they are from the same 

intermediate species. Spin quantification of the EPR signals at ~0.2 s revealed that the 

Fe
3+

 and radical species accumulated to ~0.35 and ~0.25 equivalents, respectively. The 

width of the radical EPR signal (~12 mT edge-to-edge width, Figure 3.8E) was 

significantly broader than that of magnetically isolated organic or protein radical signals 

(Stubbe and van der Donk 1998). Such broadening could be due to a magnetic dipolar 

interaction of the radical species with an adjacent spin centre, most likely the Fe
3+

 centre 

during catalysis. For samples quenched on a longer time scale (minutes), intensities of 

both Fe
3+

 and the radical signals decrease, which is consistent with the oxidation of the 

product verruculogen 2 at its C13 position to produce 3 (Figure 3.8B). 
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Figure 3.8 Evidence for transient radical species in the reaction pathway 

A.  HPLC chromatograms of FtmOx1 reaction under three different conditions. The 

reaction mixture contained FtmOx1 (240 μM), fumitremorgin B (200 μM), α-KG 

(300 μM), and was initiated with O2-saturated buffer. Trace I, FtmOx1 reaction; trace II, 

FtmOx1 reaction in the presence of 10 mM DMPO; trace III, FtmOx1 substrate alone 

B.  Absorbance changes upon mixing the O2-saturated buffer with the reaction mixture 

in 100 mM Tris-HCl (pH 7.5) buffer containing FtmOx1 (0.65 mM), FeII (0.58 mM), 

fumitremorgin B (0.58 mM) and α-KG (12 mM). The decay of the Fe–α-KG complex 

charge transfer band centred at ~520 nm (dashed arrow) and the formation and decay of 

the spectral feature centred at ~420 nm (arrow) are highlighted. Inset: time-dependent 

absorbance change at 420 nm. The absorbance reported in b was obtained by blanking the 

spectrometer with the anaerobic buffer containing 100 mM Tris-HCl (pH 7.5). The 

absorbance reported in the inset was obtained by subtracting the absorbance at 420 nm of 

the 2 ms spectrum from all other spectra recorded. The trace is the average of two trials. 

C.  X-band EPR spectra measured at 19 K in reaction samples prepared at the indicated 

times. The black line shows the sample containing the FtmOx1–Fe
II
–α-KG complex in 

the absence of O2. (There is a very small signal at g ≈ 4.3 region, only accounted for by 

<5 μM iron in the sample, which might be due to a very small amount of Fe
3+

 from 

inactive enzyme.) Bottom, the reaction sample freeze-quenched at ~0.2 s after mixing the 

FtmOx1–Fe
ii
–α-KG complex with O2. It has two signals: an Fe

3+
 (g = 4.54, 4.26, and 

3.93) and a radical signal at the g = 2 region 

D.  X-band EPR spectra measured at 19 K for samples freeze-quenched at the indicated 

times showing the formation of high-spin ferric species on the time scale within 1 s. The 

reaction was initiated by mixing the FtmOx1–Fe
II
–α-KG complex with O2. g-values are 

indicated in the figure. 

E.  X-band EPR spectra measured at 19 K for samples freeze-quenched at 0.05 s and the 

spectral simulation for an S = 5/2 high-spin ferric species. The simulation parameters are: 

D = 0.3 cm
−1

, E/D = 0.266, σ(E/D) = 0.03, and g = 4.54, 4.26, 3.93. 

F.  Time-dependent 420 nm absorption change (black solid curve) determined by 

stopped-flow optical absorption spectroscopy and the concentrations of the high-spin 

Fe3+ species (blue squares) and the g = 2 species (red dots) determined in the 

rapid-freeze-quench EPR experiments. The black solid curve is associated with the left y 

axis and is from the average of two stopped-flow trials. The blue squares and red dots are 

associated with the right y axis and are from the average of two rapid-freeze-quench EPR 

experiments. The experiments were repeated twice, and error bars reflect the uncertainty 

of the packing factor of rapid-freeze-quench EPR samples, which is around ±10%. 
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3.5 Proposed biochemical model for FtmOx1 reaction 

Based on our structural and biochemical information: 1) each turnover consumes 

one molecule of α-KG and two molecules of O2; 2) the oxidation of Tyr224 to DOPA224 

in wild type FtmOx1 in the absence of substrate; 3) the oxidation of Phe224 to Tyr224 in 

Y224F mutant; and most importantly 4) the difference in product profiles between the 

wild type FtmOx1 and its two mutants (Y224F and Y224A), we propose a preliminary 

FtmOx1 mechanistic model to explain all of the observed FtmOx1 features (Scheme 3.4). 

After α-KG and substrate binding, the first molecule of O2 is activated by a mechanism 

similar to that of other α-KG dependent mononuclear non-heme iron enzymes, which 

leads to the formation of Fe
IV

=O species (species B, Scheme 3.4)(Krebs, Galonic 

Fujimori et al. 2007). Unlike most other α-KG-dependent mononuclear non-heme iron 

enzymes, the Fe
IV

=O species in FtmOx1 is shielded by Tyr224, and this prevents it from 

oxidizing the substrate directly. In the absence of substrate, the formation of DOPA at the 

Y224 position is consistent with Fe
IV

=O mediated self-hydroxylation reactions observed 

in other non-heme iron enzymes(Liu, Ho et al. 2001). When substrate is present, such 

self-hydroxylation is repressed. Fe
IV

=O species then oxidizes Tyr224 to a tyrosyl radical 

(species C), which in turn activates the substrate by abstracting a hydrogen atom from the 

C21 position of the substrate fumitremorgin B to form a substrate-based radical (species 

D). A second molecule of molecular oxygen comes in to form a peroxyl radical (Species 

E), which reacts with the other prenyl arm to produce the endoperoxide along with the 

formation of a carbon center radical at C26 position (species F). Starting from species F, 

two possibilities can be envisioned. In the prostaglandin synthase case, the enzyme has 

two different cycles: activation and catalytic cycles (Marnett 2000). The activation cycle 

is responsible for the production of the active site tyrosyl radical. Once the tyrosyl radical 

is formed, it can catalyze many cycles of endoperoxide formations. If FtmOx1 follows a 
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model similar to prostaglandin synthase, species F can re-oxidize Tyr224 to a tyrosyl 

radical (species G). After substrate release and substrate binding (species C), it can 

initiate another cycle of catalysis. Following this model, once the tyrosyl radical is 

formed, similar to prostaglandin synthase, it may catalyze multiple turnovers. The 

observation of the formation of compound 3 in FtmOx1 implies that another possibility 

also exists (pathway II). After species F is formed, two electrons are provided from a 

reduction system to reduce both Fe
3+

 and the tyrosyl radical and FtmOx1 goes back to the 

resting state (species A). In such model, every FtmOx1 cycle needs one equivalent of 

α-KG. In compound 3, the oxidation of its hydroxyl group at C13 position to a keto group 

provides the two needed electrons. Closer examination of the FtmOx1-fumitremorgin B 

model indicate that the C13 hydroxyl group is facing Tyr224 with a distance of  4.6 Å 

(Figure 3.2G). 

The model outlined in Scheme 3.4 is consistent with all of the current structural 

and biochemical data. The production of endoperoxides as minor products in the Y224A 

mutant can be explained by the presence of two competing pathways (Scheme 3.3). In 

this mutant, after Fe
IV

=O is formed, it may directly abstract a hydrogen atom from the 

fumitremorgin B C21 position to form a substrate-based radical (species C’, Scheme 3.3). 

Subsequent rebound by hydroxyl radical will lead to hydroxylation products (pathway I, 

Scheme 3.3). Decomposition of the hydroxylation reaction product forms compounds 4 

& 5. At the same time, the substrate-based radical (species C’, Scheme 3.3) may be 

trapped by a second molecule of oxygen, which leads to the endoperoxide formation 

(pathway II, Scheme 3.3S). The formation of compounds 4 & 5 in the FtmOx1 Y224F 

mutant can be explained using a similar mechanism. A higher level of endoperoxide in 

Y224F mutant relative to Y224A mutant can be explained by Phe224  Tyr224 
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transformation, which produces some wild type FtmOx1. The observed FtmOx1 Y224 

self-hydroxylation reaction is consistent with the presence of an Fe
IV

=O species.  

 

 

 

 

   

Scheme 3.4  Proposed FtmOx1 mechanistic model. The oxygen–oxygen bonds shown in 

blue highlight the incorporation of endoperoxide into the substrate fumitremorgin B. 
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Chapter 4: Major Discovery and Future Perspectives 

 

Mononuclear non-heme iron enzymes are known to catalyze diverse reactions  

(Solomon, Brunold et al. 2000; Costas, Mehn et al. 2004; Hausinger 2004; Clifton, 

McDonough et al. 2006; Kovaleva and Lipscomb 2008), including hydroxylation, ring 

fragmentation, desaturation, and heterocycle formation via C-N, C-O or C-S bond 

formation. Recently, some unique transformations were reported as additional examples 

of non-heme iron enzyme functional versatility, including oxidative dehydrogenation in 

epoxide formation (Liu, Murakami et al. 2001), chlorination (Vaillancourt, Yeh et al. 

2005; Blasiak, Vaillancourt et al. 2006), epimerization (Clifton, Doan et al. 2003; Chang, 

Guo et al. 2014) and C-C bond cleavage (Blodgett, Thomas et al. 2007). FtmOx1 

catalysis is the first endoperoxide formation reaction catalyzed by a mononuclear 

non-heme iron enzyme. In this research, we used both structural and biochemical 

approaches to investigate the molecular mechanism of FtmOx1 and 4 major results were 

indentified: 1) each turnover consumes one molecule of α-KG and two molecules of O2; 

2) the oxidation of Tyr224 to DOPA224 in wild type FtmOx1 in the absence of substrate; 

3) the oxidation of Phe224 to Tyr224 in Y224F mutant; and most importantly 4) the 

difference in product profiles between the wild type FtmOx1 and its two mutants (Y224F 

and Y224A). Based on the data, a model of FtmOx1 catalyzed endoperoxide formation 

was proposed including an interesting tyrosyl radical formation (Tyr224) and act as a 

bridge to link between the active iron center and the substrate.  

Due to the complexity of the system, many more systematic characterizations will 

be needed in the future in order to assign the identity of the transient radical species in 

FtmOx1 catalysis as well as further analysis on the substrate turnover. The future 

direction of this project could be focused on further testing the proposed model as well as 
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detailed identification on each step of this model, including 1) Use structural method to 

obtain the FtmOx1α-KG fumitremorgin B ternary structure in anaerobic condition and 

Y224A- and Y224F-substituted mutation variants, 2) Use intermediate analog and 

pre-steady state research method to study each step of the reaction and 3) expand the 

research objectives to other members of this family of proteins and use similar methods 

to investigate the molecular mechanism of each.  

In summary, our FtmOx1 structural and biochemical characterization provides an 

excellent example on the catalytic versatility of mononuclear non-heme iron enzymes and 

how nature fine-tunes the non-heme iron enzyme active site to catalyze unprecedented 

transformations. 
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SECTION II 

MECHANISTIC STUDY FOR THE SALT-DEPENDENCE AND 

SUBSTRATE SELECTIVITY ALTERNATION OF ENGINEERED 

CYSTATHIONINE-γ-LYASE  

Summary: Depleting amino acids as nutrition resource that fuels tumor growth is an 

effective strategy to limit cancer expansion. To exhaust the pool of the essential amino 

acid methionine, we altered the specificity of human cystathionine-γ-lyase (CGL) in 

order to utilize methionine as substrate. One of the variants (hCGL-NLV) designed based 

on this strategy exhibited preferred selectivity to methionine over cystathionine, the 

natural substrate for human CGL. The structural and biochemical research of 

crystallization condition and active site configuration of the active and inactive structures 

highlighted a salt bridge between essential residue Arg62 and co-factor pyridoxal 

phosphate (PLP) that is attenuated upon high salt concentration and reduce the protein 

activity. Further structural study with NLV and other mutation variants of CGL captured 

the intermediate formation of substrate methionine and pinpointed the second layer of 

residues at the active site pocket for CGL as determinants for substrate specificity. Our 

results reveal CGL variants are highly sensitive to ion strength of the environment and 

propose salt-dependence as a benchmark to be evaluated for bioengineering purpose in 

order to guarantee the optimal performance of the variants in vivo. 

 

Keywords: CGS-like protein, engineered enzyme, salt dependence, substrate selectivity 

shift 



 

 67 

Chapter 5: Introduction and Background 

 

5.1  Amino acid depletion as potential treatment for cancer 

Over the decades, de novo methods have been academically and clinically 

researched in cancer therapy other than traditional chemotherapies (Urruticoechea, 

Alemany et al. 2010). For example, Heceptin
TM

 which targets human HER-2 receptor 

shows a significant regression on patients who has a HER-2 positive breast 

tumor(Baselga, Norton et al. 1998; Shak 1999), Glivec
TM

 targets ABL-Kinase related 

tumors including CML(Druker 2001; Lydon and Druker 2004), and novel tumor diagnose 

method in early stage(Liu, Chen et al. 2012; Howington, Blum et al. 2013). Among these 

new therapeutics, extensive biochemical and clinical data have established that sustained, 

drastic reduction in the serum level of certain amino acids constitutes a powerful strategy 

for the treatment of a variety of cancers (Cellarier, Durando et al. 2003; Shen, Beloussow 

et al. 2006; Dinndorf, Gootenberg et al. 2007; Wetzler, Sanford et al. 2007) which takes 

the advantage that tumor cells exhibit different metabolism compared to normal cells 

(Kroemer and Pouyssegur 2008). Specifically, depletion of non-essential amino acids, 

namely L-Asparagine and L-Arginine, has been found to be of significant clinical benefit 

in the treatment of malignant cancers such as: Acute Lymphoblastic Leukemia (ALL), 

Non-Hodgkins Lymphomas, Hepatocellular Carcinomas (HCC), Renal Cell Carcinomas 

(RCC), melanomas and others (Izzo, Marra et al. 2004; Ascierto, Scala et al. 2005; Winter, 

Holdsworth et al. 2006; Dinndorf, Gootenberg et al. 2007; Yoon, Shim et al. 2007; 

Durando, Thivat et al. 2008). A good example for this strategy utilized in cancer therapy 

showcases a bacterial asparaginase in clinical use in combination therapy of ALL for over 

30 years and a PEGylated (Oncaspar®) version of the enzyme that exhibits lower 
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immunogenicity and improved pharmacokinetics was approved by the FDA in 2006 

(Dinndorf, Gootenberg et al. 2007).     

Methionine is involved in many cell activities including 1) participating in protein 

synthesis as one amino acid; 2) production of polyamines (spermine and spermidine) 

which are associated with nuclear cell division activities (Thomas and Thomas 2001);  3) 

trans-sulfuration pathway which generates glutathione in reducing oxidative stress 

(Anderson 1998) and 4) methyl donor for methylation of DNA and other molecules.  In 

the past research, it has been found that tumor cells exhibit a much greater needs for 

essential amino acid L-Methionine (L-Met) than normal tissue as methionine dependency, 

therefore, methionine depletion has been extensively studied to thwart tumor growth 

(Halpern, Clark et al. 1974; Kreis and Goodenow 1978; Kreis 1979; Kreis, Baker et al. 

1980; Breillout, Antoine et al. 1990) and shown to be a promising way to inhibit tumor cell 

growth. L-Met depletion in tumor xenograft models has been shown to drastically inhibit 

glioblastoma, neuroblastoma, colon cancer, prostate cancer and many others (Tan, Sun et 

al. 1999; Poirson-Bichat, Goncalves et al. 2000; Kokkinakis, Hoffman et al. 2001; Hu and 

Cheung 2009). Even partial L-met depletion was shown to have significant effect in tumor 

suppression in a gastric cancer clinical study (Goseki, Maruyama et al. 1995). Phase I & II 

trials of dietary L-Met depletion in combination with cystemustine in glioma and 

melanoma patients were reported to be well tolerated (toxicity & nutritionally) (Durando, 

Thivat et al. 2008; Thivat, Farges et al. 2009). 

 

5.2  Enzyme depleting serum methionine level 

Since methionine starving is a potential strategy in treating cancer patients,        

protein therapeutic method becomes an important option in depleting methionine from 
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human serum, which takes the advantage of protein enzymes including high specificity, 

low off-target effect and low across reactivity compared with traditional chemotherapy 

(Strohl and Knight 2009; Morin, Meiler et al. 2011). Unlike bacteria, mammals do not 

have a specific methionine-γ-lyase for methionine degradation and therefore, bacterial 

methioninase homologues have been used as substitute for therapeutic purposes. 

Methionine--lyase from Pseudomonas putida (pMGL), which metabolizes L-Met to 

ammonia, -ketobutyrate and methanethiol through -elimination reaction, has been tested 

in a pilot phase I trials with cancer patients where it was reported to deplete serum L-Met 

concentrations to ≤ 5 µM without observed toxicity (Tan, Zavala et al. 1996; Tan, Xu et al. 

1997). However, PK/PD and toxicity studies with macaque monkeys revealed that pMGL 

elicited severe immune responses including anaphylactic shock and death in one monkey 

(Yang, Wang et al. 2004).  

 

5.3  Bio-Engineering of cystathionine--lyase 

To avoid such immune response, we focused on a human cystathionine--lyase 

(hCGL) enzyme (EC 4.4.1.1) that has sequential, structural, and chemical homology to the 

bacterial MGL enzymes and engineered it to exhibit an altered activity with methionine as 

the substrate. CGL mediates the reaction in the last step in the mammalian trans-sulfuration 

pathway using a variety of sulfur-containing amino acids as substrates (Rao, Drake et al. 

1990). Its main reaction is to catalyze the conversion of L-cystathionine to L-cysteine, 

-ketobutyrate, and ammonia. Guided by sequence and structural alignments of CGL and 

MGL enzymes, we conducted scanning saturation mutagenesis on CGL and identified 

variants of CGL with activity against methionine, focusing on residues E59, R119, and 

E339 for its potential role in substrate recognition (Stone, Paley et al. 2012). Unlike 



 

 70 

wildtype CGL which showed residual activity against L-Met, a variant (E59N, R119L, 

and E339V, called hCGL-NLV in the rest of the paper) showed activity close to 1 x 10
3
 M

-1
 

s
-1 

 in kcat/KM (Stone, Paley et al. 2012). Even without PEGylation, this variant is 

substantially more stable with a t1/2 of 78 ±5 h in serum, much longer than pMGL whose 

t1/2 is less than two hours (Stone, Paley et al. 2012). In cell-based assay using 14 

neuroblastoma cell lines, hCGL-NLV exhibits cytotoxicity against the cancer cells 

comparable to the effect of pMGL. The intravenous administration of neuroblastoma 

mouse xenografts with hCGL-NLV effectively reduced methionine level in blood serum. 

Most importantly, the treatment using PEGylated hCGL-NLV in neuroblastoma mouse 

xenograft showed a nearly complete termination in tumor growth (Stone, Paley et al. 

2012).  

To understand the improved selectivity and activity of hCGL-NLV towards 

methionine to direct further engineering design of CGL, we obtained the structure of 

hCGL-NLV variant in this study. Surprisingly, we observed two different conformations 

at the active site which was later shown to represent active and inactive forms of the protein 

through kinetic characterization. The two conformations were resulted from different ionic 

strength in the crystallization condition. Structural analysis reveals that an essential salt 

bridge between cofactor PLP and a conserved arginine at active site plays an important 

role in maintaining the active conformation, the loss of which renders the enzyme inactive. 

This mechanism highlights salt-dependency as a benchmark for evaluating the enzymatic 

activity of the CGL variants as potential anti-tumor agent. We further captured the high 

resolution structure of the reaction intermediated of hCGL-NLV variant and substrate 

methionine. This structure shows that the residues at the outer rim of the active site in CGL 

are determinants for substrate recognition and interaction, pointing them as the hotspot for 

bioengineering design for activity optimization.  
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5.4  Other mutation variants of hCGL 

Although hCGL-NLV displays methionine-degrading activity, it only displays 1% 

methionine-degrading activity compared to wild-type pMGL. In order to further improve 

the substrate selectivity and activity, phylogenetic analysis has been preformed and new 

hCGL mutants have been identified with improved activity toward methionine. The new 

mutation variant hCGL-IAV+RGS+LM (hCGL-IAV, in abbreviation) showed not only 

9-fold better kcat/KM value in breakdown of methionine, but it displayed 4-fold worse 

kcat/KM in use of its original substrate, L-cystathionine compared to hCGL-NLV. The 

structure of hCGL-IAV was also solved and the mutagenesis sites were identified to 

explain the improved activity. 
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Chapter 6: Materials and Experimental Procedures 

 

6.1  Protein purification 

The gene encoding human CGL was synthesized by optimization of E.coli codon 

using the method previously reported (Stone, Paley et al. 2012). In general, we used 

QuickChange Site-Directed Mutagenesis kit (Agilent Technology) to generate single 

site-mutated hCGL variants. All used oligonucleotides were designed based on the 

requirement of the kit protocol and ordered from Integrated DNA Technologies.   

Mutant strand synthesis reaction (Thermal cycling): 50 ul reaction included 250 ng 

oligonucleotide pair (2 X 125 ng), 50-100 ng template plasmid (hCGL was cloned into 

pET28a vector), 10 nmole dNTP, 10-fold concentrated Pfu turbo buffer (Agilent 

Technology) and 2.5 U Pfu turbo DNA polymerase (Agilent Technology). Cycling 

Parameter: one cycle of 95
o
C for 30 sec and 16 cycles of 95

o
C for 30 sec, 55

o
C for 1 min, 

68
o
C for 2 min. After thermal cycling, reaction would be treated with 20 units of Dpn I 

(New England BioLabs) at 37
o
C for 1 hour. Finally, 4 ul of reaction was used for 

heat-shock transformation on BL21(DE3) competent cells. 

The mutations on the gene (E59N, R119L and E339V) were introduced by 

site-directed mutagenesis and subsequently cloned into pET-28a plasmid with an N 

terminal 8XHis tag and 3C protease recognition site using ligation independent cloning 

(Aslanidis and de Jong 1990). The plasmid with the sequence confirmed was 

subsequently transformed into E. coli BL21 (DE3) strain. Production cultures were 

grown at 37°C in Luria–Bertani (LB) medium. The cell culture, which contains 50µg/ml 

kanamycin was grown at 37°C until optical density of the culture at 600nm (OD600) 

reached 0.6‒0.8. The expression of the protein was induced by isopropyl 
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β-D-1-thiogalactopyranoside (IPTG, 0.5mM as final concentration) at 16°C. Bacterial 

cultures were harvested after ~12 hours expression by centrifugation at 5000  g 

(Beckman).  

Purification was performed at room temperature. In a typical purification, the 

resulting cell pellets after centrifugation was re-suspended in buffer A (50mM Tris-HCl, 

pH 8.0, 500mM NaCl, 10mM 2-Mercaptoethanol (BME), 10% glycerol and 0.1% 

TritonX-100) and lysed by sonication with 5 cycles (30s each cycle with 1s on/off pulses; 

2min pause between cycles) (Misonix sonicator 4000). The whole cell lysate was 

centrifuged at 26892  g (Sorvall) for 30 min, and the soluble fraction was subsequently 

loaded onto a nickel affinity column and extensively washed with buffer A containing 

50mM imidazole. The protein was then eluted with buffer A with an addition of 300mM 

imidazole and dialyzed overnight in buffer B (50mM HEPES pH 6.5, 150mM ammonium 

sulfate, 5% glycerol, 10mM BME and 200µM PLP). The recombinant tag was removed 

with 100unit of 3C protease incubated at 4 °C overnight. Finally, the protein was further 

purified by size exclusion chromatography using a Superdex200 column (GE Healthcare) 

equilibrated in buffer B. Fractions containing hCGL-NLV were pooled and then 

concentrated to ~10mg/ml and stored at -80°C for crystallization and kinetic experiments. 

The mutation for hCGL-NLV-R62A, hCGL-NLV-R62 and, hCGL-NLV-Y114F 

and other variants including hCGL-IAV and hCGL-TRV used in the study were 

introduced by site-directed mutagenesis and purified via a similar protocol as 

hCGL-NLV. The expression and purification also used similar protocol as hCGL-NLV. 
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6.2  Crystallization and data collection 

As the human CGL-NLV variant did not crystallize under conditions which the 

wildtype CGL protein crystallized (Sun, Collins et al. 2009), novel crystallization 

conditions were screened using a Phoenix Liquid Handling system (Art Robinson) 

followed by a sparse matrix optimization. Two different crystal forms were observed. 

One form was a sheet-like crystal, found in 30% isopropanol, 150mM sodium citrate and 

100mM sodium cacodylate pH 6.5, and a second morphology of rod shaped crystals were 

identified in a buffer comprised of 100mM MES pH6.5, 20% PEG3350, 200mM Na/K 

tartrate and 200mM lithium sulfate. The crystals were then cryo-protected in its own 

mother liquor with 20% 2-Methyl-2,4-pentanediol (MPD) (for the sheet-like crystals) or 

30% glycerol (for the rod shaped crystals) before vitrified in liquid nitrogen for data 

collection.  

The crystallization condition for hCGL-IAV and hCGL-TRV is similar to 

hCGL-NLV except only active condition was used to obtain crystal (100mM MES 

pH6.5, 20% PEG3350, 200mM Na/K tartrate and 200mM lithium sulfate). Crystal 

morphology and cryo-protect method is also similar as described above. 

Crystal diffraction data were collected at the Advanced Light Source beamline 

BL5.0.3 (Berkeley, CA) and Advanced Photon Source Beamline BL23-ID-B (Chicago, 

IL). The data were processed using the program HKL2000(Minor and Otwinowski 1997). 

The statistics for data collection are summarized in Table 6.1. 
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6.3  Structure determination and refinement 

For the sheet-like crystals of NLV, a significant off-origin peak in the Patterson 

map more than 20% height of the original peak was observed using FFT program in 

CCP4 suite (Ten Eyck 1973; Read and Schierbeek 1988; Winn, Ballard et al. 2011). This 

implicates the existence of pseudo-translational symmetry (tNCS) in this crystal form. 

Using Phaser in CCP4 suite, we refined this pseudo-translational vector to be (0.5, 0.38, 

0.5) using FFT program in CCP4 suite (Ten Eyck 1973; Read and Schierbeek 1988; 

Winn, Ballard et al. 2011). This vector is applied to correct the intensity of the diffraction 

spots which allows us to identify the correct solution for this crystal form. A model of 

wild type CGL (PDB: 2NMP) was used as search model with program Phaser from CCP4 

program suite (McCoy, Grosse-Kunstleve et al. 2007; Winn, Ballard et al. 2011) to find 

the initial solution. The atomic models were refined using Phenix.refine, reserving 10% 

of diffraction as an unbiased test set for cross validation (Rfree) (Afonine, 

Grosse-Kunstleve et al. 2005; Adams, Afonine et al. 2010; Afonine, Grosse-Kunstleve et 

al. 2012). Non-crystallographic symmetry (NCS) restraints were used throughout the 

refinement (Afonine, Grosse-Kunstleve et al. 2009; Afonine, Grosse-Kunstleve et al. 

2012; Headd, Echols et al. 2012; Afonine, Grosse-Kunstleve et al. 2013). The fitted 

model was rebuilt using COOT manually and several iterative cycles of optimization was 

carried out to improve the quality of the model (Emsley, Lohkamp et al. 2010). The final 

models for apo hCGL-NLV active and inactive form as well as its complex of reaction 

intermediate were evaluated by Procheck (Laskowski, MacArthur et al. 1993) and 

MolProbity(Davis, Leaver-Fay et al. 2007). For the rod shaped crystals of NLV, the 

monomer of WT CGL was used as search model (PDB 2NMP), and the structure which 

is consisted of two monomers in each asymmetry unit was identified and refined similar 

to the crystal form described before. 
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For hCGL-IAV and hCGL-TRV, the structure of hCGL-NLV was used as model 

for molecular replacement program (McCoy, Grosse-Kunstleve et al. 2007; Winn, 

Ballard et al. 2011). Structure refinement is similar as hCGL-NLV mutant. The statistics 

for refinement are summarized in Table 6.1. Figures were prepared with program PyMol 

(DeLano, 2002).   
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Table 6.1 Data collection and refinement statistics for hCGL variants 
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6.4  Kinetic Assay 

 

6.4.1 Kinetic assay using DTNB 

Enzyme activity was monitored with a continuous assay using 

5,5’-dithiobis-2-nitrobenzoic acid (Ellman’s Reagent, DTNB) as a chromophore to detect 

the enzyme catalyzed release of methanethiol from substrate L-Met for hCGL-NLV or 

for WT hCGL the release of L-Cys from substrate L-cystathionine (Riddles, Blakeley et 

al. 1983). In the reaction, thiol group which is released from the γ-elimination reaction of 

CGL and its mutation variants react with this compound, cleaving the disulfide bond to 

give 2-nitro-5-thiobenzoate (TNB
−
), which ionizes to the TNB

2−
 dianion in water with a 

maximum absorbance at 420nm (Scheme 6.1). 

 

 

Scheme 6.1 Reaction mechanism between DTNB and free thiol group 

 

Stead-state kinetics of hCGL-NLV hydrolysis of L-Met was determined in 

triplicate varying substrate concentrations ranging from 0-50 mM. The activity was 

measured in different buffers: a buffer containing 100mM MES pH6.5 and 50µM PLP 

(control), or the control plus 50mM ammonium sulfate and 100mM trisodium citrate 

(active condition) or the control plus 50mM ammonium sulfate, 133mM Na/K tartrate, 

133mM lithium sulfate (inactive condition) at room temperature. The reactions were 

initiated by adding 50µL of substrate DTNB solution (100mM of L-Methionine and 

165µM of DTNB) to different buffers containing 1µM of protein (final concentration).  
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For salt-dependence studies, reactions were initiated by adding 50µL of substrate 

DTNB solution (100mM of L-Methionine and 165µM of DTNB) together with 45µL of 

solutions with varying salt conditions 5 µL of pre aliquoted enzyme at 20µM (1µM final 

concentration) in a 96 well Nunc plate (Thermo Fisher). To test the effect of salt, 

enzymatic activity in solution containing sodium chloride (0 to 2M), potassium chloride 

(0 to 800mM), lithium sulfate (0 to 400mM), Na/K titrate (0 to 400mM) and sodium 

cirtrate (0 to 800mM) were measured.  

 The raw data and initial rates were obtained and processed using Magellan 

software (TECAN). Further plotting and non-linear regression was performed using 

Origin (OriginLab). For the steady state data, the plots were fitted into the 

Michaelis–Menten equation (equation 6.1). In which the v0 is the initial rate of the 

enzyme catalyzed reaction under various concentration of substrate [S]. For the salt 

dependence plot, the number of reading was first normalized into relative activity by 

dividing the number of initial rate under different concentration of salt over the number 

of initial rate without salt. The normalized number was then fitted into equation 6.2, 

where the symbol k is the relative activity with different concentration of salt [S] and IC50 

is the half maximal inhibitory concentration for different salt as inhibitor. 

 

   
        

      
             Equation 6.1 

 

   
 

  
   

    

                Equation 6.2 
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6.4.2 Kinetic assay using MTBH 

This kinetic analysis is based on the paper, De novo engineering of a human 

cystathionine-γ-lyase for systemic (L)-Methionine depletion cancer therapy (Stone, Paley 

et al. 2012). Kinetic analyses were performed as described elsewhere to measure 

α-ketobutyrate production by reaction with 3-methyl-2-benzothiazolone hydrazone 

hydrochloride (MBTH) to generate a chromophore with a λmax of ~320 nm (Scheme 

6.2). Eppendorf tubes (1.5 ml) containing 220 μL of substrate in a 100 mM sodium 

phosphate buffer, 1 mM EDTA (pH 7.3), and 10 uM PLP were incubated at 37°C in a 

heat block. Reactions were started by adding 20.3 μL of enzyme solution and quenched 

with 26.7 μL of 50% trichloroacetic acid after a set length of time (without shaking). 

Reactions and blanks were then mixed with 733 μL of MBTH solution (2.2 ml: 1.6 ml of 

1M acetate buffer pH 5.0 and 0.6 ml of 0.1% MBTH in same) and incubated at 50°C for 

40 minutes. After cooling, the samples were transferred to cuvettes and the A320 nm was 

determined. The assay was shown to be linear between 0 - 320 μM α-ketobutyrate with a 

lower detection limit of 15 μM. One unit of MGL activity was defined as the amount of 

enzyme that produced 1 μmol of α-ketobutyrate per minute at infinite concentration of 

L-methionine. 

 

 

Scheme 6.2 Reaction mechanism between MBTH and α-ketobutyrate 
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6.4.3 Chemical rescue of hCGL-NLV-R62C variant 

To test labeling Cys62 of the hCGL-NLV-R62C variant with the positively 

charged 2-chloroacetamidine molecule would restore activity, the kinetic parameter of 

the mutation variant was quantified. The rescue system was prepared by mixing the 

solution of hCGL-NLV-R62C (20µM final concentration) with 2-chloroacetamidine 

(2mM final concentration) in a buffer containing 100mM of HEPES pH 7.5 and 50µM 

PLP and incubated at room temperature for 5h. After treatment the protein was then 

assayed for activity in a solution containing 100mM HEPES pH7.5, 50mM of L-Met, 

50µM PLP and differing concentrations of NaCl ranging from 0-400 mM at a final 

enzyme concentration of 1µM using the DTNB assay, as mentioned above. The initial 

rate of different mutation variants of hCGL under no salt environment with 50mM of 

L-methionine is used for direct comparing activities. 
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Chapter 7 Results and Discussion 

 

For the clarity of the paper, when we describe the structures, we denote the 

molecule containing the active site K212 residue with normal numbering and the residues 

from the adjacent dimer which also forms part of the active site are numbered with a 

prime symbol, for example, R62’. 

 

 

7.1  Mechanism for the salt dependency of hCGL 

 

7.1.1  Two forms of hCGL-NLV were captured in the crystal structures 

From FPLC result, hCGL-NLV has shown a tetramer packing in solution which is 

the same with wild type. During crystallography research, two crystal forms for the 

hCGL-NLV variant were obtained from various crystallization conditions in our initial 

crystal screening. In the first condition, the crystals were found in a sheet-like 

morphology from a buffer containing 100mM sodium cacodylate at pH 6.5, 150mM 

sodium citrate and 30% isopropanol (Condition A). This crystal form adapts to a 

spacegroup of P21212, with 8 monomers (2 tetramers) within each asymmetry unit. The 

second form of crystals with a rod-like shape was found in a buffer containing 100mM 

MES at pH 6.5, 200mM Na/K tartrate and 200mM lithium sulfate with 20% PEG3350 as 

precipitant (Condition B). These crystals exhibit a spacegroup of P42212 with two 

monomers per asymmetry unit.  

Molecular Replacement method was used to solve the structures of both crystal 

forms, using wild type CGL (PDB code: 2NMP) as search model. In both cases, 

hCGL-NLV structures show a “dimer of dimer” architecture (Figure 7.1A) in which two 
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monomers form a functional dimer and two such functional dimers pair up as a tetramer 

in solution, as confirmed by gel filtration profile. The active site locates at the dimer 

interface with both monomers participating in the active site formation (Figure 7.1A). 

The essential cofactor pyridoxal phosphate (PLP) is covalently linked to K212 which is 

located at the tip of an active-site loop (residues 210-220) (Figure 7.1B).  

Surprisingly, the structures derived from the two different crystal forms show 

significant variation at the active site. Structure derived from condition A shows a well 

ordered active site but structure from condition B exhibits much higher level of flexibility 

with residue 355 to 367 and 28’ to 63’ from the adjacent monomer disordered in the 

model, corresponding to 11.6% of the overall protein (Figure 7.1C).  

To test if these two crystallization conditions promote active and inactive protein 

forms respectively, we conducted an in situ activity assay of hCGL-NLV variant by 

adding the substrate and color development reagent DTNB directly into the 

crystallization drops. If active, the free thiols released from substrate L-Met by 

hCGL-NLV will react with DTNB and result a bright yellow color upon product turnover 

(Scheme 7.1). When L-Met and DTNB were added to the drops containing protein in 

crystal condition A, a dark yellow color diffused out of the crystals within minutes, 

indicative of thiol production. In contrast, no obvious color change was observed for 

drops containing protein in crystal condition B. To kinetically quantify this observation 

and also confirm that the lack of activity in condition B is not due to crystal packing, we 

conducted the DTNB kinetic assay using the pH buffer and salt combination similar to 

the crystallization condition as assay condition. The enzymatic activity of hCGL-NLV 

towards substrate methionine is 3 folds higher under the condition A (pH 6.5 and 150mM 

sodium citrate) over the condition B (pH 6.5 and 200mM Na/K tartrate and 200mM 
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lithium sulfate)( Figure 7.1D). These results support that CGL-NLV is substantially less 

active at condition B than condition A. 
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Figure 7.1 Overall structure and kinetic for two forms of hCGL-NLV 

A) Tetramer formation of CGL. Two monomers (shown in green and pink) form a dimer 

with active sites at the dimer interface highlighted red color and by yellow circle. Two of 

such dimers form a tetramer in solution as shown in blue for another dimer. The structure 

used is obtained from crystal form 1 (active form found in condition A). 

B) Zoomed-in of active site formation in CGL-NLV variant from crystal form 1. The two 

monomers are colored with green and pink, separately. The K212-PLP is labeled in dark 

green.  

C) Different conformation at the active site for CGL-NLV. Some regions at the active 

site of CGL-NLV are disordered in condition B. For the structure obtained from crystals 

at condition A (active conformation), residue 28’ to 63’ (shown in yellow) and residue 

355 to 367 (shown in blue) are disordered in crystal form 2 (condition B). 

D) Enzymatic activity of CGL-NLV against methionine under different conditions 

similar to crystallization conditions. The solid circles indicate enzyme activity measured 

in a buffer similar to condition 1 with 150mM sodium citrate at pH 6.5 with a kcat/Km 

for 4.82 M
-1

s
-1

 . The solid square indicates the enzyme activity measured at a condition 

similar to condition 2 (200mM Na/K tartrate and 200mM lithium sulfate at pH 6.5) with a 

kcat/Km for 1.79M
-1

s
-1

. Each measurement was conducted in triplicants with standard 

deviation shown as error bars. 

 

7.1.2  Factors leading to different structures during crystallization 

The two crystallization conditions that captured the active and inactive 

conformation of hCGL-NLV are highly similar with the same protein sample used for 

crystal setup. PLP electron density can be observed extended from the sidechain of K212 

in both crystal structures. Furthermore, the covalently linked PLP is stable in hCGL-NLV 

since the signature spectrum of internal aldimine PLP at 412 nm (Morino and Nagashima 

1984; Kery, Poneleit et al. 1999) was monitored for 14 days with no obvious change of 

spectrum (Figure 7.2). Therefore, the different active site configurations are not caused 

by the loss of PLP. The possibility of X-ray damage is also excluded since both forms of 

crystal was collected in the same place in ALS and APS and the structure are all 

identical. 
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Figure 7.2 UV-Vis scanning of CGL-NLV shows no differences after 14 days in 4℃. The 

protein is diluted into 200μg/mL in a buffer containing 100mM HEPES 6.5 (upper panel) 

and 100mM HEPES 200mM LiSO4 , 200mM Na/K tartrate. Two peaks at both 330nm 

and 412nm which represents the Enolimine and Ketoenamine tautomer of the internal 

aldimine are similar in both conditions of NLV mutant. 

 

 

To identify the factors that promote the active and inactive conformations of the 

two structures, we compared the crystallization setups. The two crystallization conditions 

are in identical pH but vary in salt species and concentration (150mM sodium citrate in 

active condition versus 200mM Na/K tartrate and 200mM lithium sulfate in inactive 

condition). To test if ionic strength of the environment can affect the activity of the 

enzyme, we measured kinetically the correlation between buffer ionic strength and 

enzymatic activity using physiologically dominant salt species NaCl (Figure 7.3A). As 

the concentration of NaCl increases, the relative activity of hCGL-NLV drops 

exponentially, with an IC50 of 44.66 ± 1.68mM and ~20% activity left at 200mM NaCl 

(Figure 7.3A). This observation is shocking, since the cellular salt condition in cell is 

around 150-300mM at which only a fraction of hCGL-NLV remains active. To test if this 

correlation is due to specific inhibition by NaCl, we tested the salt dependence of the 

enzyme against potassium chloride. Similarly, potassium chloride displays an identical 

inhibition pattern as sodium chloride with sharp decline of activity upon the increase of 

salt concentration with an IC50 of 26.17 ± 1.23mM (Figure 7.3B).  

Since the salt dependence of enzymatic activity was observed in hCGL-NLV 

variant, we next ask if it is introduced through the mutations at E59, R119 and E339 on 

CGL. We tested the relationship of environmental ion strength and enzymatic activity of 

wildtype CGL against its physiological substrate cystathionine. Compared to hCGL-NLV 

variant, wildtype CGL is more sensitive towards salt concentration with an IC50 of 27.67 
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± 1.41 mM NaCl (Figure 7.3C). In conclusion, our kinetic assay using different salt and 

different substrates supports the hypothesis that ionic strength is negatively correlated to 

the enzyme activity of CGL and its variants. 
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Figure 7.3 Salt dependency of hCGL. 

The sale dependence of hCGL-NLV was tested against NaCl (A) and KCl (B) using 

L-methionine as substrate and wild type hCGL against NaCl (C). Initial rate was 

converted into relative activity where the initial rate of NLV with no salt is defined as 

100%. Curve was fitted using software Origin. 

 

7.1.3  Structure rationale for the salt dependence in CGL and variants 

To understand the structural rationale of salt concentration on the enzyme activity 

of CGL and variants, we compared the active and inactive conformations of hCGL-NLV 

variant in which high and low salt conditions lead to two different crystal structures. 

Zooming into the active site, the loop containing K212 shows dramatic different 

configurations between the active and inactive structures (Figure 7.4A). This loop is well 

ordered in both structures with PLP density showed the covalent linkage to K212. In the 

inactive form, the loop sways outward and the sidechain of Lysine as well as PLP extends 

away from protein. This places the cofactor far away from the other active-site residues 

needed for substrate binding and catalysis (Figure 7.4B). In contrast, in the active form 

of structure for hCGL-NLV, K212-PLP is folded back into the substrate binding pocket 

where the pyridine ring of PLP has an apparent π-π stacking interaction with the side 

chain of Y114 (Figure 7.4C). The position of the pyridine ring moiety is further 

stabilized by hydrogen bonds to the nitrogen on the heterocyclic ring with the carboxyl 

side chain of D187. The phosphate moiety of the cofactor inserts into the dimer interface 

and forms a network of non-covalent polar interactions. Significantly, a salt bridge is 

formed between the conserved R62’ residue from the adjacent monomer and the 

phosphate group of PLP that orients the position of the cofactor in the active-site. 

Additional hydrogen bonds to the PLP phosphate are contributed from Y60’, S209 and 

the amide backbone of L91 that further stabilize the configuration of the cofactor (Figure 
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7.4C). The difference of the loop configuration in the two structures is not caused by 

crystal packing artifact since the active site loop 210-220 is not located close to the 

crystal packing interface in either crystal forms.  
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Figure 7.4 Comparison between active and inactive form of hCGL-NLV  

A) The difference between the active loops in two forms of crystals. The left panel shows 

the monomer alignment of crystal form 1 (white) and 2 (green). Notice that the 

orientation of the active loop is significant different in grey (crystal form 1) and dark 

green (crystal form 2) color. The Lys212-PLP is shown in stick mode. The left panel is 

shows the whole monomer while the right panel shows a zoom in view. 

B) and C) Network of PLP with protein in inactive configuration (B) and active 

conformation (C). The potential hydrogen bonds are shown in dash line. Surface charge 

potential is colored with blue as positive and red as negative with gradient of 100kT/e. 

 

7.1.4 Kinetic analysis for the salt dependency of hCGL 

The superimposition of active and inactive conformations of CGL-NLV showed 

that the conformation change causes extensive alternation of active site interaction, in 

particular, a salt bridge between the phosphate group of K212-PLP and R62’ (Figure 

7.5A). Salt bridge interaction tends to be highly sensitive to ion strength environment in 

which high concentration of salt can shield and attenuate the electrostatic interaction, 

therefore we speculated that this salt bridge is essential for the active configuration of 

hCGL-NLV. To test if the high concentration of salt can disrupt the salt bridge formation 

of PLP and R62’ and leads to the loss of active site conformation, we mutated R62 to Ala 

or Cys to break the salt bridge and tested if the protein is still active. Indeed, R62A and 

R62C variants totally abolish the enzymatic activity of the enzyme, even under low salt 

condition (Figure 7.5B). To evaluate that if positive charge from Arg is important for the 

enzyme activity, we restored the electrostatic interaction by chemically modified R62C 

variant in vitro. In this experimental design, we took advantage of the fact that cysteine 

residue can be covalently modified by 2-chloroacetamidine through an attack of free thiol 

on cysteine side chain to the methylene carbon of 2-chloroacetamidine (Scheme 7.1). The 

resultant adduct resembles the property of arginine residue with a positive charge. Indeed, 
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once treated with 2-chloroacetamidine, R62C showed significant activity against 

methionine substrate (~ 17% activity compared to hCGL-NLV) (Figure 7.5B). To 

establish that this recovery of enzymatic activity is due to the specific chemical 

modification at the cysteine residue 62 rather than other cysteine residue, we conducted 

the same treatment on R62A which shows no restoration of enzymatic activity. We 

further characterized if the re-installation of salt bridge induces salt dependence upon 

chemically modified R62C. Indeed, the variant shows a salt-dependent inactivation 

(Figure 7.5C), with IC50 of compound treated R62C mutant is 19.84 ± 0.23mM when 

sodium chloride is titrating into the reaction. Our results indicate that the salt bridge 

between PLP and R62’ is important to maintain the active conformation of the protein 

and confers salt sensitivity for the enzyme activity. 

 

 

Scheme 7.1 The chemical modification at R62C which restores the salt bridge. 
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Figure 7.5 Mutation analysis for hCGL-NLV variant 

A) Salt bridge at the active site of hCGL-NLV. The active site of hCGL-NLV shows the 

sale bridge between R62’ and PLP. Potential hydrogen bonding between Tyr114 and 

Arg62’ is shown. The distance between the oxygen atoms of the phosphate group to the 

side chain of Arginine is approximately 2.9Å. 

B) Activity comparison between NLV and new mutants. Here the activity is obtained by 

measuring the initial rate of different hCGL mutation variants with 50mM of methionine 

and no salt environment. The result is shown in bar mode. 

C) Restoration of salt dependence by chemically modification of R62C variants by 

2-choloroacetamidine. The method is described in 2.4.3. 

 

 

To ensure that the loss of activity upon Arginine mutation is due to the loss of salt 

bridge rather than the disruption of R62 binding to other active site residues, we 

inspected the interaction network that involves this conserved arginine. A hydrogen bond 

formation is potentially maintained between R62 and the hydroxyl group from Y114. 

Y114 forms a π-π stacking with the pyridine ring of PLP and likely plays an important 

role for the association of PLP with enzyme (Figure 7.5A). This tyrosine was implicated 

in the reaction mechanism of MGL whose mutation to phenylalanine caused a total loss 

of activity since the hydroxyl group of tyrosine is believed to participate in the α, 

γ-elimination reaction as the proton donor for the leaving group(Inoue, Inagaki et al. 

2000; Faleev, Alferov et al. 2009). To test if the salt dependency is specifically for 

γ-elimination reaction, we used methyl-cysteine to perform the salt dependence assay 

toward NaCl since methyl-cysteine will be catalyzed through β-elimination. The result 

shows hCGL-NLV also has this salt dependency when it uses β-sulfur substrate (Figure 

7.6A). The IC50 is 41.41 ± 1.67mM ( toward NaCl), which is similar with the result of 

γ-sulfur substrate methionine ( 44.66 ± 1.68mM, toward NaCl). This result suggests that 

the salt dependency does not differentiate β- or γ- elimination reaction, but a universal 
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property for all substrate. And this result also implies that the salt dependency is not 

coming from the effect with Y114, since Y114 is shown to participate in α, γ-elimination 

reaction, but notβ-elimination. 

To further test if the loss of activity in arginine mutation variants is caused by the 

disruption of the hydrogen bonding between arginine and hydroxyl side chain of Tyr 

rather than the salt bridge formation, we tested the activity and salt dependence by 

mutation of Y114 to phenylalanine which only disrupts the hydrogen bond while 

maintaining the salt bridge between R62 and PLP. The kinetic analysis revealed that this 

variant (NLV-Y114F) retains about 20% activity compared with NLV (Figure 7.6B), 

indicating that this hydrogen bond is not essential for enzymatic activity. Importantly, the 

NLV-Y114F mutation variants show a salt dependent activity with an IC50 of 27.43 ± 

1.61 mM (Figure 7.6C). This result indicates the hydrogen bond between R62 and Y114 

is dispensable for salt dependence of the protein. Overall, our result demonstrates that the 

salt bridge at the active site formed between R62 and cofactor PLP plays a pivotal role to 

maintain active configuration of the active site. 
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Figure 7.6 Salt dependency assay on hCGL-NLV-Y114F variants 

A) Salt dependency assay for hCGL-NLV against NaCl. 50mM of L-methionine is used 

as substrate 

B) Activity comparison between NLV and NLV-Y114F, NLV-Y114F-R62C. Here the 

activity is obtained by measuring the initial rate of different hCGL mutation variants with 

50mM of methionine and no salt environment. The result is shown in bar mode. 

C) Salt dependency assay for hCGL-NLV-Y114F against NaCl. 50mM of L-methionine 

is used as substrate 

 

 

7.1.5  Salt-dependence of other CGS-like family enzymes 

CGL belongs to a family of proteins called CGS-like proteins, which is a 

subfamily of type I fold PLP-dependent enzymes. In PLP-dependent enzymes, salt bridge 

interaction between the phosphate group and enzyme is a frequently used mechanism for 

cofactor stabilization in some of the folding type. Therefore, we explore if salt sensitivity 

is reported beyond cystathionine-γ-lyase and if such sensitivity can be correlated to the 

salt bridge at the active site of the enzyme.  

Within the CGS-like subfamily of ~1000 reported sequence, the same catalytic 

mechanism is shared to catalyze varieties of sulfur transfer reaction (Messerschmidt, 

Worbs et al. 2003), and the active site arrangement for the important residues are highly 

conserved: the loop containing the Lys residue which is covalently modified by cofactor 

PLP, the arginine which forms the salt bridge with the phosphate group on PLP as well as 

tyrosine which contributes an additional hydrogen bond with PLP with only a few 

exceptions (Figure 7.7). The closest homologue family, structure of MGL, shows the 

existence of salt bridge between R60’ and PLP in Citrobacter freundii MGL (PDB code: 

3JWA) (Figure 7.8A). Indeed, it has been reported that the activities of MGL from 

Brevibacterium linens and Lactococcus lactis are highly salt sensitive and lose more than 
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80% of activity under high salt condition (Dias and Weimer 1998; Martinez-Cuesta, 

Pelaez et al. 2006). Other members in this family including MetC from Lactobacillus 

casei with a conserved arginine is also reported to be inactivated by high salt 

concentration (Irmler, Raboud et al. 2008). Intriguingly, MalY from Lactobacillus casei 

which is responsible for producing volatile sulfur compounds in the presence of high salt 

environment in cheese seem to be highly active even under high salt concentration 

(Irmler, Raboud et al. 2008). The inspection of its structure revealed that even though an 

Arg residue is found close to the active site, the loop adapts a conformation that no salt 

bridge formation can be made (Figure 7.8B).  

 

 

 

 

 

 

Figure 7.7 Multiple sequence alignment for CGS-liked family of protein. Here several 

important CGS-liked proteins from various of organisms were selected for sequence 

alignment. The conserved arginine residue (R62 in hCGL) is shown in red box. 

Alignment is done by software Geneious using Blosum62 as core calculating martrix. 
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Beyond the CGS subfamily of type I PLP-dependent protein, active site Arg is 

also frequently found in other families, in particularly type I and type IV PLP-dependent 

enzymes. In D-Amino Acid Aminotransferase (DAAT) (PDB code 3LQS), a type IV fold 

PLP dependent enzyme, PLP forms a salt bridge with R50 in similar location (Figure 

7.8C). Consistent with our hypothesis, DAAT also shows a salt concentration induced 

inhibition (Ro 2002). In contrast, CysK, an O-acetylserine sulfhydrylase in Type II fold 

PLP dependent enzyme,, maintains high activity against salt concentration increase 

(Bogicevic, Berthoud et al. 2012). This is consistent with its structure of CysK in 

Haemophilus influenzae (PDB code: 4HO1) in which no salt bridge at the active site with 

PLP was involved since Arg is replaced by T178 (Figure 7.8D). The correlation between 

active site Arg-PLP salt bridge and the salt-induced inactivation supports the model that 

the high ionic strength can shield the salt bridge between PLP and positively charged 

residues at the active site and leads the active loop to adopt an alternative conformation 

which is inactive. Therefore, salt concentration is a crucial factor to be considered for 

assay development and enzymatic activity for enzymes with an active site salt bridge 

between cofactor PLP and proteins. 
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Figure 7.8 Active site of type I PLP-dependent protein. A) MGL from Citrobacter 

freundii (pdb: 3JWA, blue color); B) malY from Escherichia Coli (pdb:1D2F, yellow 

color); C) DAAT from Bacillus sp (pdb: 4DAA, pink color) and D) CysK in 

Haemophilus influenzae (PDB code:4HO1, cyan color). The white color indicates protein 

residues from another adjacent monomer other than the monomer containing Lysine-PLP. 
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7.2 Structure of the reaction intermediate of hCGL-NLV with methionine substrate 

To understand the altered substrate preferences of hCGL-NLV compared to the 

wild type CGL, we determined the complex structure of our mutation variant with 

substrate methionine. Solving a structure at 2.3Å resolution showed a strong positive 

density at the active site very close to the active site PLP (Figure 7.9A). The shape and 

the orientation of the density strongly suggest that this is a methionine molecule trapped 

in the active site. Indeed, the carboxyl group of methionine aligned with R375 to form a 

salt bridge. This interaction is further strengthened by hydrogen bonding of carboxyl 

group to the side chain of N161 (3 Å) and the main chain amide group of S360 (Figure 

7.9B). The sulfur group of methionine is sandwiched between Y60 and Y114 and 

stabilized by the sulfur/π interaction that formed among the triad. Refinement of the 

methionine at the active site based on the density indicates that a covalent bond is formed 

between the amide and C4 (1.35 Å). Negative density between the bond between K212 

and PLP indicates the breakage of the aldimine bond between K212 and PLP. This 

structure is consistent with the first step of the CGL-mediated reaction in which the 

sulfur-containing substrate forms an adduct with PLP which go through further chemical 

conversion mediated by the active site Lys and break down the substrate methionine to 

ammonia, α-ketobutyrate and methanethiol while restoring the aldimine linkage of PLP 

to protein.    

The comparison of hCGL-NLV complex structure with methionine reveals the 

structural rationale for altered specificity. In the NLV variant, substitution of hydrophilic 

residues on the outer rim of the binding pocket by hydrophobic ones to accommodate 

methionine methyl-sulfur side-chain renders the selectivity of methionine over 

cystathionine (Figure 7.9C). R119 and E59 both locate at the entrance of the active site 

and control the accessibility of substrate entering the active site (Figure 7.9D). Upon 
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mutation to highly hydrophobic leucine for R119 and less hydrophilic asparagine for 

E59, methionine residue which has much higher level of hydrophobicity compared to 

cystathionine or cysteine residues, can gain access to the active site. On the other hand, 

when E339 is mutated to small bulky and hydrophilic valine, this provides space to the 

terminal methyl group on methionine side chain which would have clash with it if 

unchanged. Furthermore, favorable hydrophobic interaction between the valine 

side-chain and methionine terminal methyl group also stabilizes the formation of 

intermediate. All three mutations within hCGL-NLV variant were introduced to mimic 

the outer rim of MGL which generates a more hydrophobic environment to facilitate 

methionine binding. A hydrophobicity rim in the outer layer will attenuate the binding of 

homocysteine part of cystathionine. Indeed, the engineering of CGL leads to hCGL-NLV 

variant which shows a substantial higher selectivity (about 14 fold) towards Met over 

wild type CGL which has very little activity against methionine(Stone, Paley et al. 2012). 

Overall, the current strategy of reprogram CGL adapts methionine as substrate instead of 

cystathionine is successful by increasing the hydrophobicity of the outer layer of the 

active site. 
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Figure 7.9 Structure comparison  

A) DFo-mFc map of the active site for NLV. The density of PLP-methionine 

intermediate is shown the contour level is 3.5. 

B) Active site environment with substrate intermediate. The local hydrogen bond 

networking is shown while the two monomers which consist the active site are colored 

with green and pink, respectively. 
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(Continue with Figure 7.9) 

 

C) and D) Compare hydrophobicity around active out layer. The surface mode with 

electro statistic of CGL NLV variant (C) and wild type (D) is shown with gradient of 

100kT/e. The three mutated sites were shown in stick mode with PLP as well as modeled 

methionine as substrate. 
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7.3 New hCGL mutation variants with improved substrate activity and selectivity 

The previous human version methioninase (hCGL-NLV) displays 

methionine-degrading activity with kcat/Km of 0.56 s
-1

mM
-1

 and it was engineered based 

on the structure analysis of hCGL and Trichomonas vaginalis MGL (Stone, Paley et al. 

2012).  Although it is a break though start, the activity is it only displays 1% 

methionine-degrading activity compared to wild-type pMGL. 

Phylogenetic analysis has been proved it is useful in protein engineering among 

homologs (Cole and Gaucher 2011). The idea is that homologs in the same family derive 

from the same ancestral protein, and share similar protein scaffolds. In addition, evolving 

to different functions, these paralogs display unique conservations at specific positions 

(and amino acids), and these conserved positions (and amino acids) may play important 

role in specific functions among paralogs (Cole and Gaucher 2011). The human CGL 

shows 61% amino acid similarity and high degree of structure homology with pMGL 

(Stone, Paley et al. 2012) and both belongs carbon-sulfur gamma-lyase family. By 

analyzing MGLs and CGLs, we may be able to shift the specific function among 

paralogs. 

 

7.3.1 Phylogenetic analysis between CGL and MGL 

This idea that the different residues between CGL family and MGL family 

dominate the substrate recognition and reaction was tested with a pilot experiment.  

Several eukaryotic CGLs and bacterial MGLs were aligned by using “Genious” software 

and active site-associated C-terminal domain was focused on. K268R, F270C, G273A, 

C307M, T311G, V314I, G343D, F344A, L350H, I353S and V359Y were chosen for 

site-directed mutagenesis on wild-type hCGL and hCGL-NLV backbone (Stone, Paley et 
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al. 2012). All these chosen substitutions matched with TypeII functional divergence 

(Cole and Gaucher 2011).   

In addition, it is very possible some of these chosen candidates (11 

aforementioned substitutions) would benefit each other and need to be present at the 

same time for cooperation. Therefore a small combinatorial library was generated based 

on the 11 aforementioned candidates. We designed each position to have two amino acid 

options (2
11

=2048 variants) in the combinatorial library to probe either an amino acid 

from wild-type hCGL or an amino acid from the phylogenetic analysis of CGLs and 

MGLs.  We expected the selected amino acids from the phylogenetic analysis of MGLs 

and CGLs to be more potent than other amino acids. 

This library was constructed by overlapping PCR. Theoretically, there are 2048 

variants in this library and we screened forty 96-well plates which contained 

approximately 4000 clones to attempt full coverage. Initially, 34 clones displayed higher 

activity compared to hCGL-NLV in the screening. The top 10 of these active clones were 

chosen for further protein purification and characterization. The results of these two 

experiments indicate the phylogenetic analysis works for rationally designing proteins. 

We obtained hCGL-NLV+RGS (K268R, T311G and I353S) which displayed 2.5-fold 

better kcat/KM compared to hCGL-NLV in breakdown of methionine (Table 7.1).  

Since the previous experiments showed positive results, a comprehensive 

phylogenetic analysis was performed to compare full-length eukaryotic CGLs (eCGLs), 

bacterial MGLs (bMGLs). In order to rule out the bacteria-specific conservation, we also 

included bacterial CGLs (bCGLs) in the analysis. Therefore, 17 eukaryotic CGLs, 7 

bacterial CGLs and 13 bacterial MGLs were selected for phylogenetic analysis and 67 

amino acid positions were identified for potential mutations. These 67 amino acid 

candidates not only included conservations of type I and type II functional divergence in 
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phylogenetic analysis (Cole and Gaucher 2011). In order to reduce the potential library to 

a manageable size, twenty candidates around the active site were chosen for site-directed 

mutagenesis: Q49F, P52A, G53E, H55G, S63L, L91M, A92G, T94S, D112T, G116C, 

W155Y, T160A, S218G, M222A, Q240K, N241D, P247L, Y317E, E349Q and A357S. 

These substitutions were generated individually on the hCGL-NLV+RGS backbone. 

Variants containing S63L, L91M and Y317E substitution showed improvement 

compared to hCGL-NLV+RGS in breakdown of methionine. These three variants were 

further analyzed by detailed kinetic analysis to determine kcat and KM values in 

breakdown of methionine. The kcat of hCGL-NLV+RGS+L and hCGL-NLV+RGS+M 

were 6.8 and 5.8 s
-1

, respectively compared to hCGL-NLV+RGS, (4.6 s
-1

). The KM of 

these two variants are 3.3 and 2.8 mM, respectively which are similar to 

hCGL-NLV+RGS (2.4 mM). Both variants had slightly better kcat value and similar KM 

value compared to hCGL-NLV+RGS in breakdown of methionine and their kcat/KM 

values improved only slightly (Table 7.1).   

The strategy for this work was to identify individual beneficial mutations by 

phylogenetic analysis and activity assays and then further combine the mutations to test 

synergy.  For instance, the beneficial mutations (T311G and I353S) isolated in the pilot 

experiment, worked together to make hCGL-NLV+GS. Therefore, S63L and L91M were 

combined to test if they were able to synergistically improve the ability to methionine 

breakdown. Surprisingly, hCGL-NLV+RGS+LM did not improve the KM but 

significantly changed the kcat value to 2-fold higher compared to hCGL-NLV+RGS in the 

breakdown of methionine. This variant displayed 5.4-fold better kcat/KM value compared 

to the initial hCGL variant, hCGL-NLV (Table 7.1). In addition, we further combined 

Y317E with hCGL-NLV+RGS+LM . This variant did not show better activity in the 

breakdown of methionine. 
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We further engineered hCGL-NLV based on phylogenetic analysis and found 

hCGL-NLV+RGS+LM did improve the activity in breakdown of methionine.  We then 

questioned if substitutions of E59N, R119L and E339V also matched the phylogenetic 

analysis.  We revisited positions 59, 119 and 339 which were chosen by structural 

analysis and screened from a saturation mutagenized library. Interestingly, we found that 

positions 59, 119 and 339 could be potential candidates based on the phylogenetic 

analysis. The phylogenetic analysis implied isoleucine might be a better option than 

asparagine at position 59 and alanine might be more beneficial than leucine at position 

119.  Therefore, three variants (hCGL-INV+RGS+LM, hCGL-NAV+RGS+LM and 

hCGL-IAV+RGS+LM) were generated to test the activity in methionine breakdown and 

surprisingly, hCGL-IAV+RGS+LM showed higher activity in methionine breakdown 

compared to hCGL-NLV+RGS+LM. The kcat/KM of hCGL-IAV+RGS+LM was 5.3 s
-1 

mM
-1

 which was 1.5-fold better than the kcat/KM of hCGL-NLV+RGS+LM and around 

9% methionine breakdown activity of pMGL (Table 7.1).  

Besides testing the ability to break down methionine, it is also important to test if 

these variants are active on other substrates.  We tested these variants with L-methionine 

and L-cystathionine to answer the question (Table 7.1). Purified hCGL-IAV+RGS+LM 

showed not only 9-fold better kcat/KM value in breakdown of methionine, but it displayed 

4-fold worse kcat/KM in use of its original substrate, L-cystathionine compared to 

hCGL-NLV (Table 7.1). Further testing these variants, in general, engineered variants 

seems to be gradually more like pMGL in this engineering process (selectivity ratio: 

gradually raising methionine breakdown activity and lower cystathionine breakdown 

activity) (Table 7.1).   
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Table 7.1: Kinetic constants for engineered CGL variants with L-methionine and 

L-cystathionine 

 

 

7.3.2 Structural analysis on hCGL-IAV+RGS+LM (hCGL-IAV) variant 

The phylogenetic analysis helps us significantly improve the 

methionine-degrading activity on hCGL-NLV, but it is not clear how these mutations 

affect the methionine-degrading activity.  In order to understand the effects of these 

mutations, the structure of hCGL-IAV+RGS+LM was solved. The structure of 

hCGL-IAV+RGS+LM (hCGL-IAV, in abbreviation) shows similar overall architecture 

with wild-type hCGL, in which two dimers will pack as a tetramer and the active site lies 

in the interface of monomers in each dimer(Sun, Collins et al. 2009). The cofactor PLP is 

covalently linked to Lys212 which locates at the active loop (a.a 210-220) for the 

γ-elimination reaction, the other residues contributes the formation of the active sites are 

loop 87-91, helix113-119, loop 186-190, loop 336-341, loop 353-355 and loop 57’-63’ 
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from the adjacent monomer. Most mutated residues are located at this pocket (Figure 

7.10A). 

Structure alignment between wild-type hCGL and hCGL-IAV shows they also 

have similar structure in monomer with a Cα rmsd of 0.36Å.  The most significant 

difference of these two proteins is loop region 50’-56’. In wild-type hCGL, this loop 

forms a “closed” form which is folding inside into the active site of the other monomer 

and make contacts with the loop352-355. However in hCGL-IAV+RGS+LM, this loop is 

orientated outward from the active site, forms a more “opened” conformation and gives a 

more opened outer layer of this substrate binding site (Figure 7.10B). Notably 4 mutated 

residues out of 8 are located at this space region including E59’I, S63’L, E339V and 

S353I (Figure 7.10A). It is likely that these mutations would change the local 

electrostatic states and release the loop50’-56’ to make it flexible outwards. The 

structural alignment between hCGL and Citrobacter freundii MGL (PDB:3JWA) also 

shows a strong clash between the loop region loop352-355 in MGL and loop50’-56’ in 

hCGL (Figure 7.10C), suggests the loop50’-56’ maybe important for cystathionine 

reaction but not methionine, thus the mutation which has a opened conformation of this 

loop region may shows a decreased activity towards cystathionine and increase activity 

towards methionine. 

To further investigate the question why the mutant shows improved substrate 

selectivity, we compared the mutant with wild type structure in electrostatic surface mode 

(Figure 7.10D). In which the loop region 50’-56’ in wild type functions as a lid in the out 

shell of the active pockets, which is the recognition region of the cysteine moiety of 

cystathionine, together with R119 which forms a salt bridge with the carboxyl group in 

cystathionine terminus. In the mutant, the loop 50’-56’ “lid” is away from the active 

pocket and creates a “shallow” pocket, R119 is also mutated to alanine. These changes 
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will significantly weaken the binding affinity of cystathionine and decrease the activity. 

On the other hand, the mutated residues at the active site will contribute to form a more 

hydrophobic out shell of the active pocket. This hydrophobicity difference will prefer 

methionine which has a hydrophobic terminus than cystathionine with a charged 

terminus.  

The structural result as well as the in vitro kinetic data shows hCGL-IAV mutant 

is a better enzyme in depleting L-methionine level for its improved substrate activity and 

selectivity. 
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Figure 7.10 Structural analysis of hCGL-IAV mutation variant 

A) The active site of the mutant hCGL-IAV. Two adjacent monomers are shown in green 

and pink in which the mutated residues are shown in stick mode. The aligned residues in 

wild type are shown in white stick. 

B) The alignment between wild type CGL and mutant. Two adjacent monomers of the 

mutant are shown in green and pink while the wild type shown in white. The major loop 

difference was circled. 

C) The alignment between MGL (cyan) and wild type CGL(white) in cartoon mode. The 

loop region 350-355 in MGL will push to the space where the loop region 50’-56’ should 

be in CGL and causes a strong clash, the residues with cause the clash is labeled with 

blue (MGL) and black (CGL). 

D) The surface mode of mutant (left panel) and wild type (right panel) CGL with residues 

mutated shown as stick and colored with green and pink by monomers. The loop50’-56’ 

is shown in cartoon mode in pink color. 
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Chapter 8 Major Discovery and Future Perspectives 

 

CGL belongs to the type I PLP dependent family, and due to the evolution reason, 

CGL tends to use multiple substrate including β- and γ-sulfur animo acid. Our structural 

studies capturing the intermediate of hCGL-NLV with substrate methionine reaction 

provide evidence for reaction mechanism and the structural explanation for the altered 

substrate specificity. Importantly, the comparison between active and inactive 

conformations of the enzyme identifies an active site salt bridge in promoting the active 

conformation. As a result, the enzymatic activity of CGL variants is highly sensitive to 

the ionic strength of the cellular environment. This important property highlights salt 

concentration as an important consideration for enzymatic assay design and protein 

engineering for this family of enzymes. Our studies showed the rationale of substrate 

recognition for CGL and provide important clue to guide engineering effort of CGL as a 

biological agent to consume methionine to reduce tumor growth. Our study has also 

suggests another way of engineering CGL to depleting L-methionine in serum by 

strengthen the salt bridge link between the conserved arginine and PLP. The further 

studies for this project could be summarized into three major directions: 1) Obtain the 

structure of R62A-, R62C- and chemical modified R62C- of hCGL-NLV mutant to 

investigate the possible detailed mechanism during this salt inhibition; 2) Follow the idea 

of phylogenetic analysis and obtain new variants of hCGL with better selectivity and 

activity than hCGL-IAV mutant to clinical trial and 3) Use biochemical and molecular 

biological approaches to strengthen the salt bridge between R62’ and PLP in hCGL 

including mutagenesis and chemical cross-linking to search for a better enzyme digesting 

methionine as well as other compounds on the target of bio-engineering. 
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