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5, 10-Methylenetetrahydrofolate dehydrogenase (yMTD) is an NAD+-

dependent enzyme located in the cytosol of Saccharomyces cerevisiae.  It 

catalyzes the conversion of 5, 10-methylenetetrahydrofolate to 5, 10-

methenyltetrahydrofolate, which then spontaneously oxidizes to 10-

formyltetrahydrofolate within the cell.  yMTD is one of three yeast isozymes, the 

other two of which have additional cyclohydrolase and synthetase activities, and 

is thought to be responsible for flux in the oxidative direction.  To date, yMTD is 

the only known monofunctional eukaryotic MTD. 

The catalytic mechanism of yMTD was explored with site-directed 

mutagenesis of active site residues Glu121, Cys150, and T151 and with X-ray 
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crystallography.  Results showed Glu121 to be essential for catalysis, with 

mutations E121A and E121Q eliminating all measurable activity.  E121D, which 

retains the carboxylic acid of Glu121, changed the kcat/Km to 10.1% of wild-type 

and the Km of substrate five-fold higher than wild-type.  Mutations C150A, 

C150S and T151V also abolished activities.  T151A reduced kcat/Km to 28.1% of 

wild-type.  Crystal structures of E121A, C150A, and T151A did not show any 

conformational change from wild-type, indicating that mutations did not affect 

protein folding.  Results suggest a catalytic mechanism in which Glu121 binds the 

substrate near carbon C2 to orient it for the hydride transfer to NAD+.  Cys150 

contributes to the electron-rich environment of the substrate as well.  Thr151 

binds NAD+ with a hydrogen bond to the carbonyl of the nicotinamide ring and 

may help to stabilize the transition state.   

Mutations of active site residues A50S, T57K, and Y98Q were made in 

the hope of restoring cyclohydrolase activity to yMTD.  These efforts were 

unsuccessful, although the cyclohydrolase assay is too crude to measure small 

amounts of activity.  Various folate analogs were also tried against wild-type 

yMTD and pteroic acid, 5-formyltetrahydrofolate, and methotrexate were 

identified as inhibitors.  These inhibitors were used in crystal screens against 

wild-type, E121A, and C150A yMTD to grow crystals of yMTD with a substrate 

analog.  Although crystals were formed, they only grew under wild-type 

conditions, had the same unit cell as apoenzyme, and did not show density for a 

substrate analog in the refined structure.  
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CHAPTER ONE: INTRODUCTION  

One carbon metabolism and yMTD 

Yeast methylene tetrahydrofolate dehydroganase (yMTD) performs a 

critical role in one-carbon metabolism by converting 5, 10-

methylenetetrahydrofolate (CH2THF) to 5, 10-methenyltetrahydrofolate (CHTHF) 

(Figure 1.3).  One carbon metabolism provides the scaffolding for five major and 

essential one carbon transfer reactions in a cell.  These reactions are the 

interconversion of glycine and serine, the breakdown of histidine, and the 

production of thymidylate, methionine, and purines (Lucock 2000).  

 One carbon metabolism is founded on the ability of tetrahydrofolate 

(THF) to carry one carbon units at different oxidation states (Pelletier and 

MacKenzie 1994).  THF has four main structural features:  a pteridine ring, p-

aminobenzoic acid (PABA), a linker, and a polyglutamate tail (Figure 1.2).  

Folates differ in how much the pteridine ring is oxidized, the types of 

substitutions at positions N5 and N10, and in the length of the polyglutamate tail 

(Lucock 2000).  Cells are able to interconvert those units into whatever form is 

needed with an array of cytostolic and mitochondrial enzymes (Pelletier and 

MacKenzie 1994; Pietro, Sirois et al. 2002).  The source of the one carbon unit is 

usually the β-carbon of serine, which is formed from the glycolytic intermediate 

3-phosphoglycerate (Pelletier and MacKenzie 1994).  
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Figure 1.1  Overview of one-carbon metabolism in yeast.  The glossary lists the 
names of enzymes corresponding to each number.  yMTD catalyzes reaction 6, 
using reactants and products that are boxed. Adapted from Biochemistry 1996, 9, 
3123 
  

Folate Metabolism 

MTD 
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Figure 1.2  The structure of THF. 

  

CH2THF, the substrate of yeast 5, 10-methylenetetrahydrofolate 

dehydrogenase (yMTD), is an important intermediate of biosynthetic reactions in 

one carbon metabolism (D'Ari and Rabinowitz 1991).  In mammalian cells, an 

estimated 30% of all cellular folates are maintained in the form of CH2THF 

(Horne 2003).  The concentration of CH2THF is thought to be one of the major 

factors controlling the availability of one carbon units necessary to the synthesis 

of nucleotides and to methionine regeneration (Green, MacKenzie et al. 1988).  

This is not surprising as CH2THF occupies an important, three-way branch point 

in one-carbon metabolism (Green, MacKenzie et al. 1988).   CH2THF is produced 

as the result of the transfer of the β-carbon of serine onto THF, and is able to 
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provide a methyl group for the conversion of deoxyuridylate monophosphate 

(dUMP) to thymidylate monophosphate (TMP) (Banerjee and Matthews 1990).  

Additionally, it can perform as a substrate for the synthesis of 5-

methyltetrahydrofolate (5mTHF), used to cycle homocysteine to methionine 

(Lucock 2000). 
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Figure 1.3 Reaction catalyzed by yMTD.  yMTD catalyzes the conversion of 
CH2THF to CHTHF, labeled dehydrogenase.  The second reaction demonstrates 
the following conversion of CHTHF to 10fTHF, a cyclohydrolase activity that 
yMTD lacks.  The cyclohydrolase reaction is spontaneous in the oxidative 
direction at neutral pH.  R represents the polyglutamate tail. 
 

By contrast, the product of yMTD, CHTHF, inhabits the cell in low levels.  

It is swiftly and nonenzymatically converted to 10-formyltetrahydrofolate 

(10fTHF) at physiological pH following the reaction catalyzed by yMTD 

(Pawelek and MacKenzie 1998).   

   Since folic acid derivatives are imperative to the creation of pools of 

purines, thymidylate, methionine and glycine, it is no surprise that malfunctions in 

folate metabolism are linked to several disease states. The list includes 
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megoloblastic anemia, cardiovascular disease, birth defects like spina bifida and 

Down’s syndrome, several cancers such as cervical, bronchial, colon and breast, 

early pregnancy loss, and Alzheimers (Group 1991; Butterworth 1993; Kamei, 

Kohono et al. 1993; Clarke, Smith et al. 1998; Slattery, Potter et al. 1999; Zhang, 

Hunter et al. 1999).  In humans, mitochondrial bifunctional MTD is essential to 

embryonic development.  The loss of that MTD precipitated embryonic death by 

disturbing metabolism through a disruption in erythropoesis (Pietro, Sirois et al. 

2002).  Inhibition of human trifunctional MTD with 5, 6, 7, 8-tetrahydro-N5, 

N10-carbonylfolic acid led to lymphocytic leukemia cell apoptosis by creating a 

lack of purines and thymines (Tonkinson, Habeck et al. 1998).      

 

MTD in other organisms 

MTD activity is often linked to CHTHF cyclohydrolase activity and 10-

formylTHF synthetase activity on the same enzyme.  In cyclohydrolase activity, 

CHTHF is enzymatically converted to 10fTHF.  The synthetase reaction 

combines formate and tetrahydrofolate (THF) to form 10fTHF (Figure 1.4) (D'Ari 

and Rabinowitz 1991).   

 

HCOO-  +  MgATP2-  +  THF     10fTHF  +  MgADP-  +  HPO4
2- 

Figure 1.4 The synthetase reaction making 10fTHF from formate and THF. 
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Enzymes can be monofunctional, with only dehydrogenase activity (MTD), 

bifunctional, with dehydrogenase and cyclohydrolase activity (MTDC), or 

trifunctional with all three activities (MTDCS).   

 MTD activity is universally expressed in all known tissues and cell lines 

(Mejia and MacKenzie 1985).  These enzymes can be differentiated by the 

presence of cyclohydrolase and synthetase activities, use of NAD+ or NADP+ as a 

cofactor, and in dependence on Mg2+ for charge shielding of the phosphate 

groups.  Eukaryotes have either bifunctional or trifunctional enzymes (MacKenzie 

1997). Several mammals have  MTDCs dependent on Mg2+ and NAD+ 

(Schrimgeour and Huenekens 1960; Mejia and MacKenzie 1985; Meajia and 

MacKenzie 1988; Belanger and Mackenzie 1989; Peri, Belanger et al. 1989).  

Birds, yeast, and mammals are known to possess a NADP+ dependent, 

trifunctional MTDCS (MacKenzie 1984).  Bacteria can have either a bifunctional 

MTDC or a Mg2+ independent, monofunctional MTD using both NAD+ and 

NADP+, such as Clostridium cylindrosporum and Acetobacterium woodii 

(Ragsdale and Ljungdahl 1984; Barlowe and Appling 1990).  However, the only 

known eukaryotic monofunctional MTD is yMTD (West, Horne et al. 1996).    

 yMTD uses NAD+ as a cofactor and is Mg2+ independent (Barlowe and 

Appling 1990).  There are also two other isozymes with dehydrogenase activity in 

Saccharomyses cerevisiae, from genes ADE3 and MIS1 (reaction 3 in Figure 1.1).  

Both of these isozymes are trifunctional and use NADP+ as a cofactor.  The 
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dehydrogenase and cyclohydrolase activities are located on the same N-terminal 

portion of the enzyme, an approximately 30-35 kDa piece.  The synthetase 

activity is located on the other 70 kDa portion of the enzyme.  The protein 

encoded by ADE3 is cytoplasmic, and that encoded by MIS1 is located in the 

mitochondria (West, Horne et al. 1996). 

 Although to first appearances it may seem odd that yeast has two 

cytoplasmic enzymes to accomplish the same dehydrogenase activity, there is 

good evidence to believe that these enzymes act to support carbon flow in 

opposite redox directions.  The ratio of NAD+ to NADH in the cytoplasm is high, 

which would favor catalysis in the oxidative direction of CH2THF for NAD+-

dependent yMTD activity (Gancedo and Gancedo 1973).  Since the product, 

CHTHF, spontaneously converts to 10fTHF under cellular conditions, there is no 

need for cyclohydrolase activity to drive the reaction in the reductive direction 

(Pawelek and MacKenzie 1998). The ratio of NADP+/NADPH in the cytoplasm, 

on the other hand, is lower, allowing for a reductive direction with ADE3 enzyme 

(Sies 1982).   

 To explore this possibility, Mary West of the Appling laboratory 

performed growth studies in yeast strains lacking catalytically active ADE3 

enzyme and/or yMTD. Results showed that either enzyme can provide adequate 

dehydrogenase activity in the oxidative direction, as demonstrated by normal rates 

of purine synthesis.  In fact, yMTD was originally discovered because an ADE3 
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inactive enzyme strain could still synthesize purines.  In contrast, yMTD was not 

found to be active in the reductive direction.  Results from growth studies were 

later confirmed with [2-13C] labeled glycine reacted with unlabeled formate and 

examined with 13C NMR (Barlowe and Appling 1990; West, Horne et al. 1996).  

All evidence supports the hypothesis that ADE3 enzyme and yMTD act in 

opposite redox directions. 

 

History of research on yMTD 

 yMTD was first characterized by Charles Barlowe, under Dr. Dean 

Appling, in 1990.  Barlowe’s research discovered yMTD to be a homodimer by 

gel filtration and dimethyl suberimidate crosslinking.  yMTD was active in yeast 

strains at all stages of growth (Barlowe and Appling 1990; West, Horne et al. 

1996).  Andrew Breksa, another Appling student, continued yMTD research in 

1998.  His work with a GFP-fused yMTD verified that yMTD is present only in 

the cytoplasm, which was originally suggested by subcellular fractionation.   

yMTD was found to be inhibited by NADH, 10fTHF and CHTHF with 

mixed inhibition.  Formate, NADP+, and NADPH did not inhibit yMTD.  

Evidence supported a random sequential mechanism for catalysis, in which there 

is no determined order of substrate binding or product release.  Hydride transfer 

was found to be the rate limiting step for the reaction based on kinetic isotope 

effects with deuterated CH2THF.  The change of VH/VD with pH, with a lessened 
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isotope effect from low to high pH, demonstrated that the rate determining step 

ceases to be hydride transfer at high pH values.  This variance with pH indicates 

the need for an active site residue to be deprotonated for robust activity.  These 

experiments support a mechanism in which a negatively charged amino acid helps 

to stabilize the product after hydride transfer (Breksa 1998).   

 

Structural Data on yMTD and hMTDC 

Crystal structures have been solved for three MTDs.  The first was the E. 

coli bifunctional MTDC, followed by the DC portion of the human trifunctional 

apoenzyme (hMTDC) and later with hMTDC and three substrate analogs (Allaire, 

Li et al. 1998; Shen, Dyer et al. 1999; Schmidt, Wu et al. 2000). More recently, 

the structure of yMTD was determined in the Robertus laboratory (Monzingo, 

Breksa et al. 2000).  hMTDCS is composed similarly to the yeast trifunctional 

enzyme, with the dehydrogenase and cyclohydrolase activity located on the N-

terminal 302 amino acids.  The structures of hMTDC are only of that 34 kDa DC 

domain, without the 67 kDa synthetase domain (Allaire, Li et al. 1998).   

There is some structural similarity between the E. coli structure and the other two, 

but by far the greatest is between hMTDC and yMTD.  The root-mean-square 

deviation (RMSD) of an α-carbon alignment between the C-terminal domains of 

the two enzymes is 1.3 Å (Figure 1.5) (Monzingo, Breksa et al. 2000).  hMTDC 

and yMTD are both dimers in which each monomer is composed of two domains 
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connected by a hinge region.  Similar to a “pacman”, the active site is nestled in a 

cleft between the two domains.  The domains of yMTD and hMTDC are very 

similar, even though the angle of the hinge connecting the domains differs.  In 

fact, if the bottom domain of yMTD is opened slightly, the N-terminal domains 

will line up with an RMSD of 1.1 Å (Monzingo, Breksa et al. 2000; Schmidt, Wu 

et al. 2000).  This structural similarity is in spite of the mere 15% sequence 

identity between the two. 

yMTD can be structurally divided into a large domain and a small domain, 

tethered together by two long alpha helices.  The large domain lies at the C-

terminus, and is composed of an eight-stranded mixed beta sheet that binds 

NAD+.  The smaller N-terminus domain is constructed with three alpha helices 

and a three-stranded mixed beta sheet (Figure 1.6).  Two structures were solved of 

yMTD, one as the apoenzyme and one with bound NAD+.  Even though the 

nicotinimide ring, the reactive portion of the NAD+, was too disorganized to 

model in clearly, the adenine portion of NAD+ could be positioned with 

confidence.  The rest of NAD+ was then built around the fixed adenine moiety 

following the pattern of NAD+ binding in hMTDC.  The results showed the 

adenine portion of NAD+ to be bound by the large domain beta sheet in a 

noncanonical fashion.  Binding of NAD+ differed from hMTDC and E. coli 

MTDC by the use of two additional beta strands in yMTD.  In human and E. coli 

MTDC the strand equivalent to the second strand of yMTD is immediately 
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Figure 1.5  Alpha carbon alignment of yMTD (light gray line) and hMTDC (dark 
gray line).  Alignment was made with Magic Fit on Swiss PDB viewer, opening 
the hinge angle on yMTD by about 19o to allow the best alignment on both large 
and small domains. 
 
followed by the cross-over helix, whereas for yMTD the fourth strand completes 

the first half of the sheet and is crossed over by the helix (Allaire, Li et al. 1998; 

Monzingo, Breksa et al. 2000). 
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Figure 1.6 Structure of yMTD with NAD+ bound (black).  The C-terminus is 
drawn with lighter colors, the N-terminus is darker. Adapted from Protein Science 
2000, 9, 1376 
 

Catalytic Mechanism of hMTDC 

Schmidt et al proposed a theory in 2000 for the reaction mechanism of 

hMTDC, based on the crystal structure of hMTDC and kinetics on active site 

mutants of the enzyme.  Human Lys56 (hLys56) was proposed to act in the 

NAD+ 
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dehydrogenase reaction as a nucleophile, forming an adduct with the 

tetrahydropterin ring that enables the hydride to leave (Figure 1.7).  Afterwards 

the intermediate was supposed to be flipped by 180o in the active site to a position 

facilitating cyclohydrolase activity.  At this point, hLys56 changed hats to take a 

proton from a water molecule, later donating it to N5 of the reaction intermediate,  
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Figure 1.7  The mechanism for hMTDC dehydrogenase and cyclohydrolase 
activity proposed by Schmidt et al.  Adapted from Biochemistry 2000, 39, 6333 
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then accepting a second proton from the then bound oxygen to break the ring for 

the formation of 10fTHF (Schmidt, Wu et al. 2000). 

Clearly there were some weaknesses to this proposal.  The chemistry of 

the mechanism is not correct, including the formation of a pentavalent nitrogen in 

one dehydrogenase reaction intermediate.  Neither does it regenerate the starting 

species of hLys56.  The space for the 180o ring flip is limited according to the 

crystal structure.  Important mutational kinetic information was disregarded.  In a 

mutation of the principle catalytic player, hLys56, to methionine or glutamine, 

fully 32% and 57% of activity was maintained, respectively (Schmidt, Wu et al. 

2000).  Any knockout of a residue with a role as crucial as that proposed for 

hLys56 would be expected to lose almost all activity.  Lastly, yMTD was 

excluded from a sequence homology search, which would have revealed a telling 

detail:  yMTD does not have a lysine at that position (Figure 1.9)  (Monzingo, 

Breksa et al. 2000).   

 In 2003, a revised mechanism for hMTDC activity was put forth by 

Robert MacKenzie (Figure 1.8).  In this theory, hAsp125 stabilizes the substrate 

by hydrogen bonding to the amino group of C2.  hGln100 and hLys56 are also 

important to substrate binding, but only in providing an environment that 

increases the electron density of the tetrahydropteridine ring.  hLys56 was not 

proposed to be a Lewis base in the dehydrogenase mechanism as proposed by 

Cygler, but was considered to be active as a proton donator/acceptor in the 
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cyclohydrolase reaction.  Their work was supported by kinetics on mutants of 

those residues.  Mutations of hAsp125 consistently destroyed all activity, except 

for an activity of 92% with a D125E mutation.  Mutations of hGlu100 maintained 

10-35% of dehydrogenase activity, and a K56Q-Q100K mutation performed at 

68% of wild-type activity (Sundararajan and MacKenzie 2002). 

Sequence alignment of MTDs shows absolute conservation of hMTDC 

hAsp125 as an aspartic acid or glutamic acid (Figure 1.9). yMTD has that 

equivalent residue at yGlu121.  hGln100 and hLys56 are well-conserved among 

most MTDCs, but are not present in yMTD or the MTD of Chlorobium tepidum  

 

 

 

 

 

 

 

 

 

 

Figure 1.8  Mechanism for hMTDC dehydrogenase activity proposed by 
Sundararajan et al.  Adapted from JBC 2002 277 18707 
 

Dehydrogenase
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          10        20        30       40        50        60  
yMTD    MSKPGRTILASKVAETFNTEIINNVEEYKKTHNGQGPLLVGFLANNDPAAKMYATWTQKT 
hMTDC   MA-PAEILNGKEISAQIRARLKNQVTQLKEQVPGFTPRLAILQVGNRDDSNLYINVKLKA 
ratMTDC MA-PAGILNGKVVSAQIRNRLKTQVTQMQEQVPGFTPGLAILQVGDRDDSNLYINVKLKA 
E.coli  MA—-AKIIDGKTIAQQVRSEVAQKV-QARIAAGLRAPGLAVVLVGSNPASQIYVASKRKA 
              
                   70        80        90       100         110        
yMTD    SESMGFR---YDLRVIEDKDFLEEAIIQANGDDSVNGIMVYFPVFG--NAQDQYLQQVVC 
hMTDC   AEEIGIKATHIKLPRTTTESEVMKYITSLNEDSTVHGFLVQLPLDSENSINTEEVINAIA 
ratMTDC AQEIGIKATHIKLPRTSTESEVLKYVISLNEDATVHGFIVQLPLDSENSINTEAVINAIA 
E.coli  CEEVGFVSRSYDLPETTSEAELLELIDTLNADNTIDGILVQLPLP--AGIDNVKVLERIH 
 
          120       130       140       150       160       170      
yMTD    KEKDVEGLNHVYYQNLYHNVRYLDKENRLKSILPCTPLAIVKILEFLKIYNNLLPEGNRL 
hMTDC   PEKDVDGLTSINAG-------RLARGDLNDCFIPCTPKGCLELIKETGVP---------I 
ratMTDC PEKDVDGLTSINAG-------KLARGDLKDCFIPCTPKGCLELIKETGVQ---------I 
E.coli  PDKDVDGFHPYNVG-------RLCQR--APRLRPCTPRGIVTLLERYNID---------T 
 
          180       190       200       210       220       230    
yMTD    YGKKCIVINRSEIVGRPLAALLANDGATVYSVDVNNIQKFTRGESLKLNKHHVEDLGEYS 
hMTDC   AGRHAVVVGRSKIVGAPMHDLLLWNNATVTTCHSK------------------------- 
ratMTDC AGRHAVVVGRSKIVGAPMHDLLLWNNATVTTCHSK------------------------- 
E.coli  FGLNAVVIGASNIVGRPMSMELLLAGCTTTVTHRF------------------------- 
 
          240       250       260       270       280 
yMTD    EDLLKKCSLDSDVVITGVPSENYKFPTEYIKEGAVCINFACTKNFS-------------- 
hMTDC   TAHLDEEVNKGDILVVATGQPEM-VKGEWIKPGAIVIDCGINYVPDDKKPNGRKVVGDVA 
ratMTDC TADLDKEVNKGDILVVATGQPEM-VKGEWIKPGAVVIDCGINYVPDDTKPNGRKVVGDVA 
E.coli  TKNLRHHVENADLLIVAVGKPGF-IPGDWIKEGAIVIDVGINRLENG------KVVGDVV 
 
               290          300       310       320 
yMTD    -DDVKEKASLYVPMTGKV---TIAMLLRNMLRLVRNVELSKEK---------- 
hMTDC   YDEAKERASFITPVPGGVGPMTVAMLMQSTVESAKRFLEKFKPGKWMIQYNNL 
ratMTDC YDEAKEKASFITPVPGGVGPMTVAMLMQSTVESAQRFLKKFKPGKWTIQYNKL 
E.coli  FEDAAKRASYITPVPGGVGPMTVATLIENTLQACVEYHDPQDE---------- 

 

Figure 1.9 Sequence alignment of yMTD, rat MTDC, human MTDC, and E. coli 
MTDC.  Invariant residues are boldfaced.  Mutations made to explore residues 
involved in dehydrogenase activity research are in red, and mutations made to restore 
cyclohydrolase activity to yMTD are in pink.  Conserved hydrophobic residues in the 
active site are in blue.  Numbers refer to the yMTD sequence. 

(Eisen, Nelson et al. 2002; Sundararajan and MacKenzie 2002).  Sequences are not 

available for the known bacterial monofunctional MTDs for comparison. 
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Project Goals 

  The structural similarity between hMTDC and yMTD is close enough to 

warrant modeling of the coordinates for the substrate analogs of hMTDC into yMTD.  

(Figure 1.10) With a substrate analog Ly345899 (L34) modeled into the yMTD crystal 

structure, it becomes clear that the reactive portion of the substrate is closest to two 

potentially catalytic residues (Figures 1.11 and 1.12).  yGlu121 and yCys150 of yMTD 

are located approximately 2.1 Å and 5.3 Å, respectively, from the tetrahydropterin ring.  

One of the yMTD crystal structures also included a bound NAD+, and there is yThr151 

located about 4.6 Å away that could potentially aid in NAD+ binding.  Thus yGlu121, 

yCys150 and yThr151 have been mutated for the purposes of this project to provide 

insight into the reactive mechanism of yMTD. 

The active sites of both hMTDC and yMTD are remarkably similar.  Although 

some of the amino acids differ in identify, they both contain conserved hydrophobic 

residues.  In hMTDC, these residues are hVal280, hLeu283, hTyr52, hLeu38, 

hMet284, hIle40, hIle53, and hLeu98 (Sundararajan and MacKenzie 2002).  In yMTD, 

they are yLeu39, yGly41, yMet52, yTyr53, yMet96, yIle300, yLeu303, and yLeu304.  

These residues are suspected in hMTDC to provide a hydrophobic environment 

supporting the cyclohydrolase reaction, particularly in allowing Lys56 to be present in 

a nonprotonated form (Figure 1.13) (Schmidt, Wu et al. 2000; Sundararajan and 

MacKenzie 2002). 

  



 18

 

Figure 1.10  yMTD with substrate analog L34 (pink) modeled from hMTDC 
coordinates.  NAD+ is in yellow. 
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Figure 1.11 Active site of yMTD with substrate analog from hMTDC modeled in, 
colored green.  NAD+ shown in purple.  yGlu121, yCys150, and yThr151 are shown in 
ball and stick representations 

T151
C150

E121

NAD+ 

L34
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.  
Figure 1.12  Active site of yMTD enlarged.  NAD+ is in the foreground (yellow) and 
substrate analog L34 modeled from hMTDC coordinates is drawn with magenta.   
 

hMTDC data also implicated hGln100 and hLys56 in the positioning of a water 

molecule to initiate opening of the ring in the conversion of CHTHF to 10fTHF 

(Sundararajan and MacKenzie 2002).  Those residues are yTyr98 and yThr57 in yMTD 

(Figure 1.14).   A hSer49 in hMTDC is in place to prime a water molecule for the 

cyclohydrolase reaction, although that possibility was not explored in the MacKenzie 

proposal (Sundararajan and MacKenzie 2002).  The equivalent residue in yMTD is 

yAla50.   

Since yMTD has the correct hydrophobic environment and orientation of 

residue sidechains to form a plausible active site for cyclohydrolase activity, it is of  
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Figure 1.13 Proposal for cyclohydrolase activity of hMTDC by Sundararajan et al.  
Adapted from JBC 2002 277 18707 
 

interest to try mutations in the attempt to restore cyclohydrolase activity in the protein.  

In addition, as CHTHF and 10fTHF act as weak mixed inhibitors of yMTD, yMTD can 

bind the product to some extent (Breksa 1998).  In fact, cyclohydrolase activity is 

thought to have originally evolved as a secondary activity in already functional 

dehydrogenase sites (Pelletier and MacKenzie 1994).  Combinations of mutations of 

yA50S, yT57K, and yY98Q were made to explore the possibility of creating novel 

cyclohydrolase activity in yMTD.  

 While the rational engineering of new activity in an enzyme is always a 

challenging feat, it is not without precedent.  Reaction intermediates were diverted by 

mutant proteins from the pathway catalyzed by the wild-type enzyme to form new 

reaction products in the cases of β-lactamase, L-aspartate aminotransferase, 5- 
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Figure 1.14  Alignment of hMTDC (red) and yMTD (silver) active sites.  Substrate 
analog L34 is in cyan.  hMTDC residues Ser49, Lys56, and Gln100 are in blue.  yMTD 
residues Ala50, Thr57, and Tyr98 are in green. 

 

enolpyruvylshikimate-3-phosphate synthase, ornithine decarboxylase, and ketoacyl 

synthase (Adachi 1991; Padgette, Re et al. 1991; Graber, Kasper et al. 1999; 

Witkowski, Joshi et al. 1999; Jackson, Brooks et al. 2000; Jez, Austin et al. 2000; Jez, 

Ferrer et al. 2000).  A single mutation of an active site Gln to Glu produced nitrile 

hydratase activity in a cysteine protease (Dufour, Storer et al. 1995).  Five point 

mutations of human glutathione transferase A2-2 were used to convert wild-type 

peroxidase activity into high steroid double-bond isomerase activity (Pettersson, 

Johansson et al. 2002).  A Leu to Arg mutation and mutation of a loop in streptavidin 
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changed it to an enhancer in the hydrolysis of biotin esters (Pazy, Raboy et al. 2003).  

One mutation, S120K, added lyase activity to adenine glycosylase MutY (Williams and 

David 2000).  Two mutations in subtilisin BPN to make the well-known industrial 

enzyme subtiligase shifted the preference of the reaction to aminolysis rather than 

hydrolysis of substrate (Abrahmsen, Tom et al. 1991).  The catalytic triad of a serine 

protease was grafted onto an E. coli cyclophilin to produce an enzyme capable of 

catalyzing the hydrolysis of an Ala-Pro dipeptide (Quemeneur, Moutiez et al. 1998).  

The addition of the C-terminal α-helix and four active site residues of scytalone 

dehydratase created novel dehydratase activity in non-catalytic nuclear transport factor 

2 (Nixon, Firestine et al. 1999).  Lastly, eight mutations grafted from crotonyl 

hydratase gave 4-chlorobenzoyl-CoA-dehalogenase the new ability to catalyse the 

hydration of crotonyl-CoA (Xiang, Luo et al. 1999). 

In hMTDC, the mutations hK56Q and hQ100K had cyclohydrolase activities of 

50% and 8% respectively.  However, the double mutation hK56Q/Q100K was able to 

bring back activity to 68% of wild-type.  These results suggest that it is the general 

environment provided by hLys56 and hGln100 and not specific and unique bonds to 

the substrate that enable cyclohydrolase activity.  If it is the case that an electron 

density-increasing environment is responsible for cyclohydrolase activity, not specific 

positions relative to substrate, there may be some spatial freedom for these amino acids 

in cyclohydrolase activity that would make the incorporation of the activity into yMTD 

by site-directed mutagenesis more easily attained.   

As helpful as mutations can be in the identification of active site roles in 

catalysis, this role assignment is rounded out fully only with the insight into orientation 

and proximity provided by a crystal structure.  To this purpose, several folate-

mimicking molecules were explored for inhibitory activity on yMTD.  As folates are 
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notoriously unstable, there was not a large pool of stable, soluble candidates to choose 

from on the market (Lucock 2000).  In the past, antifolates classically inhibited 

enzymes directly involved in purine and pyridine biosynthesis (Jackson 1984; 

Beardsley, Moroson et al. 1989; Habeck, Leitner et al. 1994; Jackman and Calvert 

1995; Takemura and Jackman 1997).  Little is known about the biochemical effects of 

the inhibition of MTDCS, despite its importance to cellular metabolism (Temple, 

Bennett et al. 1982; Green, MacKenzie et al. 1988).   
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CHAPTER TWO:  CLONING, PROTEIN PURIFICATION, AND 
SITE-DIRECTED MUTAGENESIS OF MTD 

Methods  

Cloning 
The MTD1 gene was cut from a pET11d (Novagen) vector containing the gene, 

but not exhibiting expression in cells, and inserted into pET16b (Novagen) using 

restriction sites NcoI and BamHI.  The NcoI site overlaps with the start codon, with the 

advantage that no additional residues were added before the insert.  Restriction digests 

on the parental and target vectors were run for 1-3 hours at room temperature, followed 

by separation on a 1% agarose gel and gel extraction of the insert and the target vector 

using a Qiagen kit (Qiagen Inc.).  Extraction was verified with another gel.  Ligation 

reactions were set up with T4 DNA Ligase (Invitrogen), ligase buffer (250 mM Tris-Cl 

[pH 7.6], 50 mM MgCl2, 5 mM ATP, 5 mM DTT, 25 % PEG 8K) (Invitrogen) and 

ratios of insert to vector with the insert highly in excess.  These reactions were left 

overnight at 14 oC.  Supercompetent XL1 blue cells (Novagen) were transformed with 

the reactions, plated on 2XYT (8 g tryptone, 5 g yeast extract and 2.5 g NaCl in 500 

mL water) + ampicillin plates (Difco Laboratories), and left overnight at 37 oC.   

Colonies were replated and grown in 5 mL of 2XYT + ampicillin before the 

plasmids were isolated with a Qiagen kit.  A gel of the plasmids was used to identify 

ligations likely to be successful.  Prospective ligations were expressed in 1 mL of BL21 

(DE3) cells. These cells were then broken with beads, centrifuged, and contents run on  
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Figure 2.1 pET16b vector used as the destination in cloning of yMTD.  yMTD 
was inserted between NcoI and BamHI.  Diagram borrowed from  
www.emdbiosciences.com/docs/NDIS/TB046-000.pdf   
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a 12% acrylimide gel to identify plasmids with expression of yMTD.  Finally, the 

insert on the plasmid was sequenced to verify accurate incorporation of yMTD. 

Protein Purification 
Five mL of BL21 (DE3), JM105, or HMS174 cells (usually BL21 (DE3)) 

in 2XYT + ampicillin (100 mg/mL) were transformed with plasmid and grown 

between OD600 0.4 and 0.6 for 2-5 hours at 37 oC.  One mL was then placed into 

each of two 500 mL flasks of 2XYT + ampicillin and grown overnight at 30 oC.  

Cells were harvested by centrifugation at 5000 rpm for 10 minutes (Sorvall 

Superspeed RC2-B, Dupont) and the cell pellet resuspended in 25 mL of chilled 

buffer A (25 mM Tris-Cl [pH=7.6], 2 mM EDTA, 10 mM β-mercaptoethanol) 

(Sigma).  Cells were lysed with three rounds of sonication (Vibracell, 

Sonics&Materials) at 70% output on a power setting of 40 for 30 seconds, using 

the large probe, cooling for 30 seconds on ice in between sonicating.  At this point 

the cells became darker and more viscous.  Lysate was ultracentrifuged for 45 

minutes at 35,000 rpm (Beckman L7 Ultracentrifuge).  The supernatant was 

acidified to pH 5.5 with HCl and centrifuged again for 10 minutes at 10,000 rpm 

to pellet the insoluble protein.  The resulting supernatant was brought back to 

pH=7.6 with KOH and diluted with 90-100 mL of dilution buffer (deionized 

water plus 10 mM BME). 

Protein was loaded onto an Amicron Matrix Gel Orange A affinity column 

previously equilibrated with buffer A, over the course of 4-5 hours.  A 200 mL 



 28

Buffer A wash was run overnight, followed by a wash of 200 mL of 0.025 M KCl 

(Sigma).  Protein was eluted over 2-3 hours with 200 mL of 0.2 M KCl, with 

protein typically eluting within the first 75 mL. Fractions containing protein were 

identified by absorbance at 280 nm on a Beckman DU-40 Spectrophotometer.  

Fractions with an A280 absorbance between 0.07 and 0.30 were pooled and 

concentrated with a 50 mL ultrafiltration cell and membrane (Amicon) from about 

40 mL to about 5 mL.  Protein concentration was further increased as needed with 

Centricon/Centriprep 10 Concentrators (Amicon), having an exclusion size of 

10,000 daltons. 

The Orange A column was stripped with 200 mL of 1 M KCl between 

each preparation and equilibrated with at least 400 mL of buffer A afterwards.  

Once in every ten protein preps the Orange A column was regenerated with 200 

mL of 6 M urea (Sigma) followed by 5-10 column volumes (about 500 mL) of 

buffer A. 

Site-directed mutagenesis 
MTD vectors were mutated using the Quik Change Site Directed 

Mutagenesis kit by Stratagene.  Primers of 25-45 bases were cartridge-purified 

from Sigma-Genosys.  Each primer contained the targeted amino acid template 

substituted by the mutation located in the middle of the primer, keeping GC% 

content at >40% and melting temperature at >78 oC.  Approximately 10 ng of 

plasmid and 125 ng of each primer were combined with reaction buffer (100 mM 



 29

KCl, 100 mM (NH4)2SO4, 200 mM Tris-HCl pH=8.8, 20 mM MgSO4, 1% Triton 

X-100 and 1 mg/mL BSA), 1 µL of dNTP mix, 2.5 U Pfu DNA polymerase, and 

sterile deionized water to 50 µLs.  Plasmid was produced from a HMS174 source, 

a cell line that methylates plasmid DNA. 

Using thin-walled PCR tubes, reactions were cycled with a denaturing 

temperature of 95 oC for 30 seconds, a reannealing temperature of 55 oC for 1 

minute, and an extension temperature of 68 oC for 10 minutes for 12-16 cycles 

(depending on the number of nucleic acid substitutions).  All PCR reactions were 

performed on a GeneAmp 2400 (Perkin Elmer) thermocycler.  DpnI (10 U) was 

added to each reaction and incubated at 37 oC for 1 hour to digest the methylated 

parental strand.  One µL of reaction mixture was then added to 50 µL of E. coli 

XL1-Blue supercompetent cells and placed on ice for 30 minutes.  Cells were heat 

shocked for 45 seconds at 42 oC, placed on ice for 2 minutes and then combined 

with 500 mL of NZY+ broth (10 g NZ amine, 5 g yeast extract, 5 g NaCl, 12.5 

mM MgCl2, 12.5 mM MgSO4, 0.2 % glucose, and ddH2O to 1 L) preheated to 42 

oC.  Cells were shaken for one hour and all 500 mL of solution plated on LB + 

ampicillin plates.  Plates were grown overnight, and screened for colonies the 

following morning.  Since DpnI digests the parental DNA, all resulting colonies 

should theoretically have contained the mutated yMTD.  Colonies were also 

sequenced over the entire open reading frame to verify incorporation of the 

mutation. 
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Results 

The MTD1 gene coding for yMTD was successfully cloned into a pET16b 

vector.  Correct insertion was verified with sequencing.  Protein was unable to be 

purified from E. coli BL21 (DE3) cells without alterations in the protocol of Mary 

West, however.  Once care was taken not to grow the cells over OD600 0.6 before 

inoculating the 500 L culture and the rate of loading was lowered to 4 hours, 

protein was obtained.  Further experiments showed that raising the pH of the acid 

cut, from a pH of 5.2 of the original protocol to 5.6, nearly quadrupled the amount 

of protein produced without diminishing purity.  A good purification produced up 

to 19 mg of protein from one liter of cells (Table 2.1).  Thus, 5.6 was the pH 

chosen for successive purifications. 

 yMTD was mutated with mutations E121D, E121A, E121Q, C150S, 

C150A, T151V, and T151A for later experiments to detail active site residues.  

Mutations of A50S, T57K, Y98Q, A50S/T57K, A50S/Y98Q, T57K/Y98Q, and 

A50S/T57K/Y98Q were successfully made for the attempt to engineer 

cyclohydrolase activity in yMTD.  Upon average in the mutagenesis experiments, 

about 70% of all colonies on a single plate had the desired mutations.  
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Enzyme Yield 

mg/L 

Wild-type 19 

T151A 9 

T151V 2 

E121A 2 

E121Q 1 

E121D 4 

C150A 4 

C150S 3 

A50S 15 

T57K 7 

Y98Q 21 

A50S/T57K 4 

A50S/Y98Q 12 

T57K/Y98Q 0.5 

A50S/T57K/Y98Q 1 

 

Table 2.1  Yield from mutant enzyme protein preparation compared to wild-type.   
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CHAPTER THREE:  STRUCTURES OF E121A, C150A AND 
T151A MTD 

Methods 

Crystallization 
Purified protein less than two weeks old was concentrated with 

Centricon/Centriprep 10 Concentrators (Amicon) in the elution buffer of Buffer A 

(25 mM Tris-Cl [pH=7.6], 2 mM EDTA, 10 mM BME) and 0.2 M KCl to 

between 5 and 10 mg/mL.  Protein was crystallized in screens of 0.1 M Tris-Cl 

[pH=8.0] (Sigma) and 10-20 % PEG 4000 (Fluka Chemika).  T151A was also 

grown in 5 mM NAD+ (Sigma).  400 mL of mother liquor were added to each 

well and to protein solution to make the ratio 1:1 in the drop.  Crystals were 

grown in hanging drops for at least one week and data taken within less than six 

weeks.  Crystals were mounted on a nylon loop and dipped in cryoprotectant 

drops with successively increasing glycerol concentrations of 5 to 25% plus 

mother liquor.  Crystals remained for 5-15 seconds in each cryoprotectant drop 

before flash-freezing in liquid nitrogen.     

Crystals formed into trigonal bipyrimids of about 0.2-0.8 mm in the 

longest length.  An example of typical crystal morphology can be seen in Figure 

3.1.  They belong to space group P41212 with cell constants upon average of a = b 
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=74 Å, c = 160 Å, α = β = χ = 90 o and have one molecule in the asymmetric unit.  

Crystals of length 0.3 mm were found to generally give the best diffraction. 

 

Figure 3.1  Crystals of E121A.  The trigonal bipyramid shape of the crystal can 
be clearly seen.  The other mutant and wild-type crystals of yMTD had the same 
appearance. 

Data Collection and Processing 
Data was collected on a Mar345 image plate detector (MarUSA Inc.).  X-

rays were generated with a Rigaku RU200 rotating copper anode (Molecular 

Science Corp.) operated at 100 mA and 50 kV.  Crystals were constantly kept at   

-105 oC under liquid nitrogen.  The benefit of keeping the crystal under a liquid 
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nitrogen stream is to slow radiation decay from the x-ray exposure.  A detector 

distance of 250 to 300 mm and an oscillation range of one degree per frame were 

used.  yMTD diffracts poorly, and requires exposure times of one hour per frame.  

Crystals of yMTD generally diffract between 2.9 and 5 Å.  The datasets taken on 

E121A, C150A, and T151A diffracted to 2.9, 3.8 and 3.1 Å, respectively.   

A single frame was first taken and reduced by DENZO and XDISPLAY 

from HKL suite programs (Otwinowski and Minor 1997) to be entered into 

STRATEGY (Raimond Ravelli, Ultrecht University).   STRATEGY uses the 

information from DENZO to determine the most efficient starting oscillation and 

range to yield a 90-95 % complete dataset.  The final data was reduced and scaled 

with XDISPLAY, DENZO and SCALEPAK (HKL suite).  Amplitudes were 

converted from intensities with TRUNCATE (French and Wilson 1978) and 

sorted with SORTMTZ (P. J. Daly, Daresbury Laboratory) of the CCP4 suite.   

Molecular Replacement and Refinement  
Since the wild-type structure of yMTD has already been solved, molecular 

replacement was the obvious choice for the determination of phase for each of the 

mutant structures.  In molecular replacement, the three dimensional similarity 

between the protein under investigation and a search model is exploited to 

approximate phases.  To do this, the protein model must first be directed to the 

correct orientation within the crystal lattice of protein with unknown structure, 

using both rotational and translational components.  Molecular replacement of 
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data with the structure of wild-type yMTD (accession number 1edz) was 

performed with MOLREP (Vagin and Teplyakov 1997).   

Refinement was performed with CNS-XPLOR programs (Brunger 1987), 

after converting mtz files to hkl with MTZ2VARIOUS (Eleanor Dodson, York 

University).  Five percent of the data was set aside for cross-validation using Rfree.  

Rigid body refinement was first carried out based on the fitting of the entire 

protein molecule to x, y, z coordinates and to three angular positions.  In rigid 

body refinement, resolution ranges used were from 20 to 4 Å.  Results were 

further refined with energy minimization and a simulated annealing temperature 

of a nominal 1000 oC, including B factor refinement.  In the case of C150A, only 

rigid body refinement was used due to the low number of observations, and model 

rebuilding was not used in refinement.  A map of the resulting structure was made 

using SFALL (Agarwal 1978) and FFT (Eyck 1977) to calculate structure factors.  

A 2Fo-Fc map was used for the majority of model building with the program O 

(Jones 1991), checking for mutations and possible NAD+ presence with a Fo-Fc 

map.  In the second round of refinement on the results from model building in O 

rigid body refinement was again applied, followed by refinement with added bulk 

solvent correction.  For E121A, this brought the R and Rfree to 0.25 and 0.30 

respectively.  In T151A, R was 0.24 and Rfree 0.30.  

Maps were again made from the refined structures and checked for 

additional opportunity to model build.  Rounds of model building and refinement 
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were continued until the convergence of R factors and density in the maps, 

requiring only one or two rounds for the mutant structures. 

Model Assessment 
The final molecular structures were examined with PROCHECK 

(Laskowski, MacArthur et al. 1993) to determine incorrect bond lengths, angles, 

etc.  Residues with incorrect Phi/Psi angles were changed, the structure refined on 

CNS, and results checked with PROCHECK until all values were in the correct 

ranges.  Results are listed in table 3.1. 

Pictures of completed structures were made with a combination of Swiss 

PDBviewer (GlaxoSmithCline), Rasmol (Sayle and Bissell 1992), Molscript 

(Kraulis 1991), Bobscript (Esnouf 1997) and DS ViewerPro 5.0 (Accelrys).  

Protein structures were originally positioned and aligned in SwissPDBviewer and 

then inputted into Rasmol, which has the ability to write out the structure as a 

molscript file.  Alternatively, pdb files could be read directly into WebViewerPro 

and exported as a jpeg image. 
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 E121A C150A T151A 

Space Group P41212 P41212 P41212 
Cell parameters a=b=75.8 c=159.8  

α=β=χ=90 
a=b=74.24    c=154.08 
α=β=χ=90 

a=b=74.8  c=159.8  
α=β=χ=90 

Resolution 2.9 3.8 3.1 
Rmerge 0.078 (0.38) 0.223 (0.55) 0.077 (0.48) 
Reflections 10,833 (1135) 4105 (402) 8332 (811)  
I/σ 18.5 (3.8) 4.2 (2.0) 17.6 (3.5) 
Completeness (%) 97 82 99 
Redundancy 4.1 3.0 6.6 

Rworking 0.25 0.29 0.24 
Rfree 0.30 0.34 0.30 
RMSD bonds 0.009 0.006 0.014 
RMSD angles 1.620 1.103 2.521 
 

Table 3.1 Data collection and refinement statistics for the three mutants.  Values 
in parentheses are statistics for the last shell.  For E121A, this was 2.9 to 3.0, 
C150A was 3.8 to 3.9, and T151A was 3.1 to 3.2 in the last shell. 
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Results and Discussion 

E121A 
The dataset for E121A was cut off at frame 31 by a generator malfunction.  

Scalepack still labeled the dataset as 97% complete.  After CNS refinement the 

model showed a good alignment with the electron density, and little was changed 

in the model building.  After further refinement, there were still a few areas 

lacking alpha carbon density.  All of these residues were located in loops on the 

outside of the protein (Gln35, Tyr165, Lys179. Asn210, 232-235, and Glu286), 

flexible portions of the protein that generally have higher thermal motion than the 

rest of the molecule.  The final structure had 75.5% of the residues in the most 

favored region of a Ramachandran plot, 22.0% in the allowed, 2.1% in generously 

allowed, and 0.3% in the disallowed.  The Ramachandran plot is a convenient 

way to display Phi and Psi angles for amino acids to determine which are 

acceptably positioned within sterically allowed regions of the graph.  The only 

residue in the disallowed region was Asp75.  Although Asp75 could be corrected 

manually, refinement always moved the residue back into a disallowed 

conformation.  These results are very consistent with the past weak diffraction of 

yMTD on a home source. 
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Figure 3.2  Structure of E121A.  Ala121 is shown in stick form. 

 

Figure 3.3 2Fo-Fc map of E121A around the point of mutation, contoured at one 
sigma.  

Val120 Val120 

Gly122 Gly122 
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C150A 
The first dataset of C150A was corrupted by ice buildup from the liquid 

nitrogen stream by frame 30.  In this case, the crystal itself was iced up and could 

not be salvaged.  A second dataset was then attempted on another crystal of 

C150A.  However, the filament in the X-ray source burned out by the 14th image.  

The ill-fortuned crystal did not survive the intervening two days before the 

filament was replaced, even under a constant stream of liquid nitrogen and 

without ice formation.  

The first set of images was reduced separately from the second set with 

DENZO.  The datasets were also processed separately on SCALEPAK, before 

combining and running through SCALEPAK once more.  Results showed 82% 

completeness of data at a resolution of 3.8 Å.  Rmerge was high at 0.22, not 

surprising under the circumstances of data collection but an indication of a poor 

dataset. 

In addition, only 4105 unique reflections were collected.  yMTD has 2511 

atoms in the protein.  As a rule of thumb, each atom requires four parameters, 

three space coordinates and the B factor, to be refined; this necessitates about 

10,000 reflections for the entire protein.  Data were complete enough to refine 

with rigid body refinement, which fits the molecule as a whole to six parameters 

(x,y z and 3 angles).  The first rigid body refinement gave an R and Rfree of 0.29 

and 0.34.  Model building required many movements of the long chains of the C-

terminal beta sheet strands slightly up to fit into the center of density.  To alleviate 
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this, the original model, before model building, was put back into rigid refinement 

using those strands as separate rigid domains.  Defining those areas as separate 

domains did not help R, Rfree or the resulting map.  Model building was able to 

correctly fit the strands into the center of density, except for some patches that 

lacked alpha carbon density.  However, the R values increased after this 

movement.  Running the results of model building through another round of rigid 

body refinement still showed increased R values from the original structure before 

model building. 

The large Rmerge from scaling indicated weak Fobs that may have created a 

misleading 2Fo-Fc map.  R values were thus accepted as the better means of 

evaluation and the rigid body refined structure from before model building is 

considered the final structure.  The R values for this structure, R = 0.29 and Rfree = 

0.34, are normal for yMTD.  Ramachandran plots of C150A had 87.1% of 

residues in the core region, 11.9 % in the allowed region, 1.0 % in the generously 

allowed region, and 0.0 % in the disallowed region.  The 2Fo-Fc map of that 

structure has the majority of the alpha carbon backbone fitting well inside of 

density, except for the troublesome beta sheet strands of the C-terminus.  Even for 

those strands, however, the backbone lay touching the underside of the density, 

and often parts of the backbone ran through the density.  Portions of the protein 

were without alpha density, mostly corresponding to residues on the outside of the 

protein.  Although not ideal, the map and R values were reasonable for a 3.8 Å 
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structure of yMTD and sufficient to show that the carbon backbone is in the same 

configuration as wild-type yMTD.  

 

Figure 3.4 Structure of C150A.  Ala150 is in the center, drawn in black stick. 

 

Figure 3.5 2Fo-Fc map of C150A.  In A, the region surrounding the mutation 
C150A is shown.  A better picture of density, more typical of the structure, is 
shown in B around residues 48-56. 

Pro48 Pro48 

Trp56 Trp56 

Pro149 Pro149 

Pro152 Pro152 

A B 
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T151A 
The dataset on T151A was taken for 49 frames (about 2 days) until ice 

grew completely around the crystal.  The cold stream on the Mar detector is a 

small, concentrated stream that often causes ice formation, depending on the 

humidity within the room and the exact positioning of the stream in relationship 

to the loop containing the crystal.  Gentle chipping of the ice under the patient 

hand of Dr. Tesmer saved the crystal, but the original orientation was lost.  

Strategy results suggested another 50 frames, and 42 more were duly taken.  

Frames 1-49 and 50-92 were reduced separately with DENZO and later combined 

in SCALEPAK.  The only frame with an unusually high R2 value was frame 49, 

which was excluded from processing.   

Although T151A was co-crystallized with NAD+, very little density could 

be seen corresponding to the cofactor.  Density was not strong enough to warrant 

modeling of any part of NAD+.  To be certain, T151A was aligned with the wild-

type structure of yMTD which contained NAD+ in O.  Results of alignment did 

not show the small amounts of density present to correlate with anything except a 

small piece on the center of the adenosine ring.   It would be of interest to closely 

view the interaction between T151A and NAD+.  However, in the wild-type 

structure with NAD+ only the adenine moiety half of the molecule had clear 

density in the final map.  The catalytic portion, the nicotinimide ring, was not 

seen and had to be modeled in based only on the adenine density and similarity to 

the hMTDC structure (Monzingo, Breksa et al. 2000; Schmidt, Wu et al. 2000).  
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The end of the NAD+ is likely very mobile without any bound substrate.  A 

structure of T151A with bound NAD+ would not be likely to show the details of 

the interaction between Ala151 and NAD+, considering that T151A binds NAD+ 

with a similar Km to wild-type.   

After the second model building of T151A, there were no more changes to 

be modeled in, and the R and Rfree were low (0.25 and 0.30).  Nonetheless, several 

sidechains were not fully visible in the 2Fo-Fc map and five amino acids lacked 

portions of their alpha carbon chain. All of these residues are located at the N-

terminus (Lys3) or flexible loops on the outside of the protein (Glu27, Lys30, 

Gln35, Thr60, and Asn87).   Final results gave 81.8% of residues in the most 

favored region of a Ramachandran plot, 16.4% in the allowed region, 1.7% in the 

generously allowed region, and 0.0% in the disallowed region. 
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Figure 3.6 Structure of T151A. 

 

Figure 3.7  2Fo-Fc map of T151A around the mutation, contoured at one sigma. 

Cys150 Cys150 

Pro152 Pro152 
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Conclusion 
Table 3.1 displays the results of refinement.  Resolution was not high 

enough to clearly see minor differences in amino acid sidechain orientation from 

the wild-type structure.  Resolution was, however, similar to wild-type yMTD on 

a home source. 

 An alpha carbon alignment between mutant structures and yMTD is 

shown in Figure 3.7.   The RMSD between the four structures is small, a token  

0.55 to 0.71 Å.  Based on the similarity between the carbon backbones, it can be 

surmised that the mutations did not alter the folding of yMTD.  The amino acid 

sidechains did not move in any major ways either.  Therefore, any loss of activity 

from the mutations can be attributed solely to a catalytic change, not to altered 

structural configuration. 
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Figure 3.8 Alpha carbon alignment of E121A, C150A, T151A and wild-type 
yMTD. 
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CHAPTER FOUR:  KINETICS OF MUTANTS 

Methods 

Dehydrogenase Assay 
A cocktail of 2X buffer (166 mM K HEPES pH=8.0/ 334 mM KCl) 

(Research Organics and Sigma) and 20 mM NAD+ (Sigma) (stored at -20 oC) was 

created by mixing one volume of each together.  5, 10-Methylenetetrahydrofolate 

(CH2THF) was made fresh for each experiment by combining 6 µL of a 1:10 (v/v) 

dilution of formaldehyde to 500 µL of 10 mM (6R, S) THF (Sigma) (stored under 

vacuum at 4 oC with 500 mM of β-mercaptoethanol [BME]).  The THF was 

prepared by the hydrogenation of folic acid using a PtO2 catalyst and purification 

of the THF product on a DEAE cellulose column (Sigma) (Blakely 1957; 

Curthoys and Rabinowitz 1971).   This mixture of formaldehyde and THF was 

incubated at 37 oC for 5 minutes and diluted 5-fold with 2.0 mL deionized water 

before storing on ice, away from the light.  The yield of CH2THF from the 

reaction of formaldehyde and THF was determined by solving the equilibria of 

THF, formaldehyde and BME (Kallen and Jencks 1966), resulting in a final 

concentration of 5 mM CH2THF stock in 500 mM BME. 

A microplate assay developed by Andrew Breksa was used for all assays 

(Breksa 1998).  60 µL of the cocktail was added to each well of a 96 well 

microplate.  MTD enzyme was then added along with deionized water to make a 
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final combined volume of enzyme and water of 20 µL.  Blanks for each sample 

were always run, in which acid was added before substrate.  Reactions were 

initiated with 20 µL of CH2THF diluted with water to 1 mM.  Reactions were 

quenched with 200 µL of 0.36 N HCl after 5 minutes and the plate read at 350 nm 

on a Molecular Devices Spectramax 190.  Blanks were subtracted and nmol 

product calculated from the absorbance at A350. 

Determination of Km and kcat 
A 96 well (8 X 12) plate was used for all kinetics observations.  Substrate 

concentration was varied by row, timepoints by column.  For measurement of 

NAD+ Km, CH2THF was kept in excess at 400 µM.  NAD+ was varied from 0.5 

mM to 20 mM.  For determination of CH2THF, NAD+ was in excess at 8 mM.  

CH2THF was varied from 80 to 400 µM.  Enzyme concentration was chosen in a 

range that gave linear results at 30 second timepoints, while at the same time 

resulting in absorbances from 0.100 to 0.500 to reduce background contribution. 

The final concentration of protein was 85 to 268 nM for all enzymes except for 

T151A, which used 608 nM to 1200 nM.  Ingredients for 13 reactions were 

combined without substrate addition (for NAD+ Km) or enzyme addition 

(CH2THF Km) in a tube and volumes for a blank extracted and added to a plate 

prepared with 200 mL of 0.36N HCl (Mallinckrodt) in each well. CH2THF was 

then added first to each blank well, secondly to the tube to initiate the reaction 

(for NAD+ Km).  For the CH2THF Km experiments, substrate was added before 
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adding enzyme to initiate the reaction.  Every 30 seconds an aliquot was drawn 

and added to the appropriate well to be quenched by HCl.  Five minutes after the 

last aliquot addition to the plate, the plate was read at 350 nm.  Timepoints were 

fit linearly on SigmaPlot to determine slope (Vo).  Vo was plotted against substrate 

concentration and fit with a hyperbolic equation to yield Km and Vmax.   

Cyclohydrolase Activity Assay 
Assaying for cyclohydrolase activity was based on the loss of absorbance 

of converted CHTHF at 355 nm.  Samples were composed of 375 µL of 0.1 M 

maleate buffer (Sigma) (maleic acid alkalinized with KOH to pH 7.5), 100 µL of 

enzyme, and 25 µL of CHTHF.  Substrate was prepared by dissolving 10 mg of 5-

formylTHF (Acros) into one mL of 1 M BME.  Next, 20 µL of 11.6 N HCl was 

added and the sample incubated at 30 oC for about 2-3 hours.  Spectra of substrate 

in a 1:200 dilution in 0.36 N HCl was taken each hour, and the incubation 

continued until the spectrum leveled out to peaks at 210, 286, and 345 nm.  

Substrate could be used for several hours.   

 The concentration of CHTHF was determined with a reading at A355 of a 

1:100 dilution in 0.36 N HCl and dividing the result by 24.9 mM -1.  Substrate 

was then chosen to give absorbances between 0.5 and 1.8, eventually settling on 

25 µL of a 1:20 dilution of a stock of 16.3 mM.  This gave a final substrate 

concentration of 41 µM. 
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The reaction was initiated with the addition of CHTHF.   Readings were 

taken every two seconds on a Molecular Devices Spectramax 190 spectrometer 

over 60 seconds.  All samples were taken in triplicate.  A non-enzymatic blank 

was also taken in triplicate and subtracted from enzymatic sample readings.  C1-

THF synthase from DAY4 yeast was run as a positive control.  Maleate buffer 

was chosen to reduce the background non-enzymatic conversion, lowering the 

rate by 40-fold less than phosphate buffer (Rabinowitz new_1960).  A check of 

substrate loss in phosphate buffer was also run to verify the identity of the 

substrate. 

A line was fit to the decreasing slope of points with Softmax Pro 4.3, 

yielding units of milliA355units/min.  The non-enzymatic slope was subtracted 

from this value to yield the final activity number. 

Protein Mini-prep 
 Enzyme for the cyclohydrolase assay was prepared by a modified mini-

preparation.  250 mL of 2XYT media were inoculated with 1 mL of a 5 mL 

solution of transformed BL21 (DE3) cells.  Cells were grown overnight and spun 

down 10 minutes at 5,000 rpm.  Pellets were resuspended in 5 mL of Buffer A 

(25mM Tris-Cl [pH=7.6], 2mM EDTA, 10mM BME).  The solution was 

sonicated with the smaller probe 2-3 times at 60 % output, until turning slightly 

brown and viscous.  Sonicated cells were spun down at 35,000 rpm for 45 

minutes.  Diluted HCl was added to the lysate to pH 5.6.  The solution was 
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centrifuged at 10,000 rpm for 10 minutes, and 0.5 M KOH added to the lysate to 

pH 7.6.  The solution was diluted to a volume of 30 mL with dilution buffer (100 

mL deionized water and 73 µL 14 M BME) and loaded onto the column over 45 

minutes.  200 mL of 0.025 M KCl were washed over the column and protein 

eluted in about 50 mL of 0.2 M KCl.   

Preparation of C1-THF Synthase 
A single colony of DAY4 yeast was inoculated into 50 mL of YPD (yeast 

extract/peptone/dextrose) media that had been double-filtered.  The culture was 

shaken overnight at 30 oC.  The following afternoon the cells were harvested by 

spinning down for 2 minutes at 3100 rpm.  The pellets were washed with 5 mL of 

water and spun down again.  Pellets were washed again with 2 mL of water in 

eppendorf tubes, spun for two minutes, and stored at -20 oC before use.  On the 

day of use, cell pellets were weighed and C1-THF synthetase extraction buffer 

(25 mM Tris-SO4 pH 7.5, 10 mM KCl, 10 mM BME, and 1 mM PMSF) added in 

the ratio of one gram to every 3 mL.  Approximately a 1/3 volume of glass beads 

was added and the cells lysed on a ThermoSavant FP120 Fast Prep instrument.  

The unprocessed lysate was transferred to fresh eppendorf tubes, taking care not 

to transfer the beads, and centrifuged for 30 minutes at 13,000Xg.  Lysed cells 

were used within three hours of lysing. 



 53

Results 

Dehydrogenase activity mutants 
 Dehydrogenase assays on the mutants all showed decreased activity.  This 

was most pronounced for the E121A and E121Q mutants, followed by C150A 

and T151V.  Results are listed in Table 4.1.  The mutation of E121D retained the 

most activity.   

Cyclohydrolase activity mutants 
None of the cyclohydrolase mutants showed appreciable cyclohydrolase 

activity (Table 4.2).  The assay has a high background, and is difficult to call 

conclusive.  However, a MTDCS from DAY4 yeast cell extract, C1-THF 

synthase, did correctly exhibit cyclohydrolase activity as a positive control, 

yielding an activity twice that of background CHTHF to 10fTHF conversion. 
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 CH2THF 
Km 
µM 
 

NAD+ 
Km 
mM 
 

Vmax 
 
mol/mol/sec 
 

kcat/KmCH2THF 
 
s-1M-1 

%WT 
kcat/Km 
activity 

WT 78 ± 5 2 ± 0.3 3.2 ± 0.44 40500 ± 6700  100.0 % 
T151A 48 ± 4 2 ± 0.3 0.6 ± 0.01 11400 ± 1100 28.1 % 
T151V ND ND ND ND ND 
E121A ND ND ND ND ND 
E121Q ND ND ND ND ND 
E121D 418 ± 6 4 ± 0.4 1.7 ± 0.08 4100 ± 200 10.1 % 
C150A ND ND ND ND ND 
C150S ND ND ND ND ND 

 
 
Table 4.1 Activities of wild-type and mutant yMTDs.  ND = not detectable over 
background. 
 
 
 Cyclohydrolase

Raw data  
 
mA355units/min 

Cyclohydrolase 
activity 
nmol/min 
 

Dehydrogenase 
specific activity 
µmol/mg/min 

% Wild-type 
dehydrogenase 
activity 

C1-THF Synthase 11.6 ± 0.5 0.12 ± 0.5 - - 
Wild-type yMTD 3.6 ± 0.4 0.0 ± 0.4 0.68 ± 0.01 100 
A50S 5.3 ± 0.2 0.0 ± 0.2 0.30 ± 0.004 44.8 
T57K 5.3 ± 0.06 0.01 ± 0.1 0.68 ± 0.01 100 
Y98Q 4.9 ± 0.4 0.0 ± 0.4 ND ND 
A50S/T57K 5.2 ± 0.2 0.0 ± 0.2 0.68 ± 0.02 100 
A50S/Y98Q 5.6 ± 0.2 0.0 ± 0.2 0.05 ± 0.005 7.5 
T57K/Y98Q 4.3 ± 0 0.0 ± 0.1 ND ND 
A50S/T57K/Y98Q 5.9 ± 0.2 0.02 ± 0.2 ND ND 
 

Table 4.2  Cyclohydrolase and dehydrogenase activities of yMTD mutants.  ND = not 
detectable.  The positive control, C1-THF synthase activity, was on crude yeast extract, 
and without the enzyme concentration the dehydrogenase specific activity could not be 
determined.  The blank cyclohydrolase activity was 5.5 ± 0.1 mA355units/min.  Blank 
was not subtracted out in the column of raw data, but was for the column 
cyclohydrolase activity.   
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Figure 4.1 Wild-type and mutant yMTD activity with increasing NAD+.  NAD+ 
values are 0.5, 2, 3, 4, 8, 12, 16 and 20 mM.  Wild-type is in circles and filled line, 
T151A is in squares and long dashed line, and E121D is in triangles and short-dashed 
line. 
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Figure 4.2  Wild-type and mutant yMTD activities with increasing CH2THF.  
CH2THF is at concentrations 20, 40, 60, 80, 160, 240, 320 and 400 µM.  Wild-type is 
in circles and filled line, T151A is in squares and short-dashed line, and E121D is in 
triangles with a long-dashed line.  
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Discussion 

Dehydrogenase activity mutants 
The importance of yGlu121 in catalysis can be seen in the massive loss of 

activity sustained in yE121A and E121Q.  yE121D still maintained a 48% activity.  

Glutamic acid and aspartic acid share the same functional group, a carboxylic acid, 

but with one methyl group difference in length.  yE121D was thus able to contribute 

to catalysis because of its retained carboxylic acid group.  The shift in orientation 

with the chain length shortening in yE121D did cause the substrate to bind less 

tightly, as seen in the increase in the CH2THF Km from 78 µM to 418 µM.  The Vmax 

also decreased by half, from 3.1 mol/mol/sec in wild-type to 1.7 mol/mol/sec in 

yE121D, showing that catalysis was affected in addition to binding of substrate. As 

the substrate is expected to bind close to yGlu121 and be dependent on that residue 

for catalysis, the large change of the CH2THF Km in yE121D is not surprising.    

The NAD+ Km of yE121D was similar to wild-type values, an alteration from 

2.3 mM to 4.9 mM, roughly a two-fold difference.  It must also be noted that the 

NAD+ Km determination plot showed minor product inhibition at NAD+ values above 

16 mM.  Although yGlu121 is not located near NAD+, the alterations in binding of 

substrate in yE121D may have forced NAD+ to alter its position slightly in 

accordance, leading to the small increase in NAD+ Km.  
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The kcat/Km value, also called the specificity constant, is a measure of the 

number of substrate reactions that each active site catalyzes per unit time.  It is one of 

the best measures of an enzyme’s catalytic efficiency (Voet and Voet 1995), and it 

dropped by 10-fold from wild-type to yE121D.  These values were 40500 s-1M-1 and 

4100 s-1M-1 for wild-type and yE121D, respectively.   Since the chemistry of the 

carboxylic group is the same for both glutamic acid and aspartic acid, this decrease in 

efficiency can be attributed to the decrease in chain length that likely weakens 

yGlu121’s ability to correctly orient the tetrahydropterin ring of CH2THF. 

 The yCys150 mutants, yC150A and yC150S, caused a nearly complete 

knockout of activity.  As the crystal structure of yC150A did not show any major 

structural changes, the drastic loss of activity can be presumed to be entirely by an 

effect on catalysis.  Cysteine is capable of acting as a strong nucleophile in the 

unprotonated thiolate state.  It is located 5.7 angstroms away from the carbonyl 

carbon in the tetrahydropterin ring in the modeled substrate analog L34.  Allowing for 

some change of position from the model of L34 to true substrate position in catalysis, 

it is possible that yCys150 could perform a nucleophilic attack on that carbon to form 

an adduct that would aid in hydride abstraction. The only base in the vicinity of 

yCys150 is yE121, located 3.16 angstroms away.  yE121 might be capable of 

activating yCys150 for a nucleophilic attack.  The fact that the three substrate analogs 

seen in the crystal structures of hMTDC all bound with significant differences in 

placement (Schmidt, Wu et al. 2000), combined with the differences in substrate 
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analog binding from true substrate binding and the inherent error in modeling 

hMTDC substrate analogs into yMTD, allow for the likelihood that the yMTD 

substrate binds with some differences from the model.  yCys150 may be located 

closer to substrate than the model indicates.   

Andrew Breksa found that 5, 10-carbonylTHF (COTHF) was a covalent 

inhibitor of yMTD, utilizing competitive inhibition and yielding a Ki of 80.6 µM.  

Surprisingly, mass spectrometry analysis found COTHF to be bound to residues 241-

251.  An ester linkage and a Schiff base were ruled out by previous experiments and 

the acid conditions of the mass spectrometry preparation, leaving only the possibility 

of a thiocarbamate covalent attachment.  Only a cysteine could participate in that 

bond, and the only cysteine within that region is yCys242.  However, that cysteine is 

located on the outside of the larger C-terminal NAD-binding domain, far from the 

active site.  To the contrary, the competitive inhibitory activity of COTHF suggests 

COTHF binding within the active site.  While the conclusions from the mass 

spectrometry results are uncertain, it is clear that with this substrate analog a covalent 

attachment to a cysteine was present and important (Breksa 1998). 

However, a mechanism of nucleophilic attack is argued against by the results 

of hMTDC and yeast cytoplasmic MTDCS (C1-THF synthase) mutations of their 

equivalent cysteines, hCys147 in human and ycCys144 in yeast.  The mutation of 

human hC147Q had a specific activity of 7.9 units/mg versus the wild-type activity of 

19 units/mg.  Additionally, the CH2THF Km went from the wild-type value of 4.0 to 
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8.9 µM in hC147Q (Schmidt, Wu et al. 2000).  In the case of cytoplasmic yeast 

MTDCS, the mutation ycC144S did not affect the CH2THF Km but did increase the 

NADP+ Km by about 7-fold and decrease Vmax by 50% (Appling and Rabinowitz 

1985).  Additionally, while yC150 is generally well-conserved, there are some 

organisms that have an alanine substituting the position of the cysteine.  If the residue 

was involved in adduct formation, all organisms with MTD activity would be 

dependent on the cysteine and it would be absolutely conserved.    

A more likely possibility is that yCys150 in yMTD may be important in 

creating the correct general environment for the reaction by increasing the density of 

the tetrahydropterin ring, rather than specific bonds to substrate.  This is in 

congruence with the results of the human hC147Q mutation, in which the switch to 

glutamine would still be capable of contributing to that environment. 

Evidence from yeast cytoplasmic MTDCS even suggests that the effect of the 

mutation of ycC144S was on NADP+ binding, not CH2THF binding, in addition to an 

catalytic effect as shown by a 50% lower Vmax.  Based on what is currently modeled 

of the nicotinamide ring of NAD+ in yMTD, yCys150 is at least 7.5 angstroms away 

from the closest portion of NAD+, too far to exert influence on binding of NAD+.  

Either the model could include some error, or NAD+ may well bind differently in the 

presence of substrate, so that under cellular conditions yCys150 may be close enough 

to contribute to NAD+ binding.  It was suggested with yeast cytoplasmic MTDCS that 

ycCys144 was an agent in NADP+ binding, a theory supported by the evidence that 
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the presence of NADP+ prevents the loss of dehydrogenase and cyclohydrolase 

activities from sulfhydryl inactivation in both yeast cytoplasmic MTDCS and rabbit 

enzymes (Schirch, Mooz et al. 1979; Appling and Rabinowitz 1985). 

It is unclear, then, how yCys150 is involved in catalysis, although kinetic 

results would suggest that it does play an important role.  Another point to consider is 

that the dehydrogenase assay is not sensitive enough to detect small residual activity.  

If the Cys150 mutants did retain even a 50th of wild-type activity, it would be hard to 

detect it in this assay.  Without a true crystal structure of bound substrate, it is 

difficult to assign the role of yCys150. 

 Similarly, the yT151V mutant had entirely unmeasurable activity, while the 

yT151A mutant still performed an activity 21% of wild-type.  The residual activity of 

yT151A shows that this residue is not essential to catalysis.  The original proposal, 

based on the structure of yMTD, was that yT151 may be involved in the binding of 

NAD+.  yT151 is located 4.7 angstroms from the NH2 and carbonyl of the 

nicotinamide group of NAD+, according to the crystal structure.  It must be 

remembered that the nicotinamide portion of NAD+ was not clearly seen, and was 

modeled in based on the adenosine moiety density and similarity to NADP+ of the 

hMTDC structure.  The lack of density suggests that the nicotinamide moiety may 

have considerable flexibility without the presence of substrate, so that the distance 

between yThr151 and NAD+ may be even less in nature.  With this in mind, the 

hydroxyl of threonine is positioned to be capable of participating in a hydrogen bond 
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to the NH2 or carbonyl of the nicotinamide ring.  It is also possible that the hydroxyl 

group may help to stabilize the transition state during hydride transfer. 

 The alanine substitution does not have the groups to donate hydrogen bonds.  

However, the nicotinamide portion of NAD+ may well tolerate changes in the normal 

binding residues like yThr151 because of the flexibility of that moiety.  The NAD+ 

Km of yT151A is almost unchanged from wild-type, supporting that notion.  The 

CH2THF Km was actually lower by almost twofold from that of wild-type in 

yT151A.  This result was unexpected, since yThr151 is located too far from the 

modeled substrate analog to be involved in catalysis or substrate binding.  However, 

the yT151A mutation may alter the position of the nicotinamide ring, without 

changing NAD+ binding, in a subtle way.  If that is the case, the substrate may be 

moved slightly in such a way as to bind tighter to active site residues.  Again, it is 

difficult to say without a true substrate-analog yMTD crystal structure.  The Vmax of 

yT151A did drop by almost 6-fold, showing that the change in substrate or NAD+ 

positioning did alter catalysis. 

The yT151V mutation replaces the OH group of threonine with a methyl 

group, yet retains the same stereochemistry. Thus, it is possible that the yT151V 

mutation not only removed the hydrogen bonding capacity of threonine, but may have 

added some steric repulsion to NAD+.  The fact that the change from Thr to Val was 

enough to lose activity suggests that NAD+ was binding close enough to yThr151 to 

be bothered by electrostatic repulsion, or the same for the transition state.  yT151V 
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crystallized under the same conditions as wild-type, had the same morphology, and 

the same unit-cell parameters.  Although crystals were not good enough to get a high 

resolution dataset, the evidence suggests that the conformation of the mutant was not 

changed by the mutation and was not the source of the loss of activity. 

  Together, the kinetic information from these mutants leads to a kinetic 

mechanism similar to that proposed by MacKenzie (Sundararajan and MacKenzie 

2002).  yE121 hydrogen bonds to the tetrahydropterin ring of CH2THF and helps to 

orient substrate.  yC150 is also involved in catalysis, most probably in providing an 

electron dense environment that facilitates hydride removal from the substrate.  

yT151 most likely hydrogen bonds to the carbonyl group of the nicotinimide moiety 

in NAD+ or stabilizes the transition state.  A reaction mechanism is shown in Figure 

4.3. 
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Figure 4.3 Proposed reaction mechanism of yMTD.  yGlu121 hydrogen bonds to the 
substrate and yThr151 hydrogen bonds to NAD+.  yCys150 helps to create an electron 
rich environment that facilitates the removal of the hydride from the substrate.  
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Cyclohydrolase activity mutants 
 The hMTDC structure has hGln100, hSer49, and hLys56 located 3.0, 6.3, and 

3.2 Å at the closest position to the tetrahydropterin ring of substrate analogs.  In 

cyclohydrolase activity, hGln100 and hLys56 are thought to orient the water molecule 

for the first step.  hLys56 further accepts a proton from the water molecule to later 

donate back to N5 of the substrate.  It then accepts a proton from the oxygen to form 

the carbonyl on 10fTHF.   

 In yMTD, yAla50, yThr57, and yTyr98 are located 9.2, 6.4 and 4.8 Å, 

respectively, from the substrate analog L34 modeled into yMTD.  Once aligned, the 

yMTD amino acids can be seen to be oriented similarly towards the substrate as in 

hMTDC (Figure 1.13).  The hydrophobic environment of both, consisting of 

hVal280, hLeu283, hTyr52, hLeu38, hMet284, hIle40, hIle53, and hLeu98 in 

hMTDC and yLeu39, yGly41, yMet52, yTyr53, yMet96, yIle300, yLeu303, and 

yLeu304 in yMTD, is also remarkably similar.   

 Despite these similarities, the mutations of yA50S, yT57K, and yY98Q were 

unable to restore cyclohydrolase activity as hoped.  The active site of yMTD is much 

smaller than that of hMTDC based on the crystal structures, with a cleft diameter of 

about 8 Å at the largest point versus about 15 Å in hMTDC.  Modeling of the 

substrate analogs of hMTDC into yMTD required that the cleft be opened and 

realigned with hMTDC, which may well not be the true configuration in nature.  Even 
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slight changes in how substrate is bound could upset the delicate positioning 

necessary for cyclohydrolase activity.  

There has also been speculation that the presence of an active site loop may 

affect catalysis, even though the loop is not directly contacting the substrate.  Grafting 

of catalytic activity from chymotrypsin to trypsin required additions of two 

chymotrypsin surface loops, either from altering tertiary structure or allowing 

structural flexibility in the reaction dynamics (Hedstrom, Szilagyi et al. 1992).  

Similar work adding scytalone dehydratase activity to NTF2 required the addition of 

the C-terminal helix from scytalone dehydratase, located outside of the active site, 

presumably important in keeping water molecules away from the active site (Nixon, 

Firestine et al. 1999).   

Sundararajan et. al mutated the flexible loop of hMTDC at residues 241-250 

with four mutations.  This loop is located about 10 angstroms above the active site, 

and has been of interest in substrate channeling.  The loop is in a position to close 

over the active site after binding to prevent the escape of the unstable CHTHF 

intermediate to the solvent.  Their results did not show significant alterations in 

activity or Km values, although the cyclohydrolase activity was affected more than 

dehydrogenase activity (30 to 70% of wild-type activity) (Sundararajan and 

MacKenzie 2002).  Their results argue against the importance of the loop, but they 

only mutated the loop to different residues without actually removing the loop itself.  
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Thus, their results cannot conclude directly that the absence of a loop would not 

affect cyclohydrolase activity.  

It is also noteworthy that yGlu121 is conserved in most bifunctional MTDCs 

as an aspartate.  yMTD can still function with the yE121D mutation, albeit with 

significantly lowered dehydrogenase activity, as can the hMTDC with the hD125E 

mutation.  However, it may be that the alteration in substrate binding with a glutamate 

versus an aspartate may be enough to hinder cyclohydrolase activity.  In fact, the 

hD125E mutation of hMTDC lowered the dehydrogenase activity to 90% of wild-

type while knocking cyclohydrolase activity to only 5% of wild-type.  The position of 

substrate in the cyclohydrolase reaction would appear to be quite sensitive to the 

change in one carbon between aspartate and glutamate.  

Although sequences are unavailable for all the known bacterial 

monofunctional MTDs, a scan of the putative MTDs on NCBI Entrez revealed one 

bacterial sequence, Chlorobium tepidum, lacking the equivalent of hMTDC hLys56 

and hGln100 (alignment in Figure 4.6).  Similar to yMTD, it has a glutamic acid at 

the equivalent of yGlu121.  This enzyme has not been characterized to determine if it 

has cyclohydrolase activity, but based on the sequence it is expected to be 

monofunctional for dehydrogenase activity.  Chlorobium tepidum MTD’s similarity 

to yMTD in lacking hLys56, hGln100 and hAsp125 supports the theory that these 

residues are the critical cyclohydrolase residues.  It would be of interest in the future 

to attempt to add the mutation of yE121D to the other cyclohydrolase mutations made  
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Figure 4.4 Alignment of hMTDC (magenta) and yMTD (blue).  The active site is 
located in the bottom cleft, where the flexible loop of hMTDC extends down. 
 

on yMTD.  A structural alignment of these residues can be seen in Figure 4.5. 

 hSer49 of hMTDC was previously mutated to hS49A and hS49Q, with a 

change of cyclohydrolase activity to 128 units/mg and 25 units/mg from the wild-type 

values of 133 units/mg.  Thus, the mutation of yAla50 to serine in yMTD may not 

have been necessary for cyclohydrolase activity addition.  

Interestingly, the mutation of yY98Q either alone or in combination with 

yA50S and yT57K knocked out dehydrogenase activity, excepting a residual 7.5% 

hMTDC loop
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Figure 4.5  Alignment of hMTDC and yMTD around active site.  Residues mutated 
for cyclohydrolase mutants are in green (yMTD) and blue (hMTDC), except for 
yGlu121 and hAsp125, which were not mutated in the cyclohydrolase experiments. 
 

activity in A50S/Y98Q.  In the crystal structure of yMTD, yTyr98 bends back into the 

protein to form hydrogen bonds to yTyr68 and possibly with yThr57, as opposed to 

jutting into the active site like hGln100 of hMTDC.  As yTyr98 does not face the 

active site and is not in proximity to the substrate analog modeled, it is likely that the 

loss of dehydrogenase activity was due to some structural perturbation of the enzyme 
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itself and not to a change in substrate binding or catalysis.  Crystals were grown of 

yY98Q under wild-type conditions, but were too poor to diffract.  Nonetheless, this 

suggests that the enzyme tertiary structure was not dramatically altered and that the 

lack of activity with Y98Q is more likely due to small changes in structure around the  

 

          10        20        30       40        50        60  
yMTD    MSKPGRTILASKVAETFNTEIINNVEEYKKTHNGQGPLLVGFLANNDPAAKMYATWTQKT 
C. tepi ----MKVLEPNPVAASFRDAVRRQISEEQLTIN-----IVGILASDDPASITYADYTRAG 
             :.: .. ** :*.  : .::.* : * *     :**:**.:***:  ** :*:   
 
   80     80       90      100   110     120 
yMTD    SESMGFRYDLRVIEDKDFLEEAIIQANGDDSVNGIMVYFPVFGNAQDQYLQQVVCKEKDV 
C. tepi CEDVGIHFDLRKCEP-ESVRATLEAANRDSAVHGIFVYYPIWGDKRDAELRDLISPHKDV 
        .*.:*:::***  *  : :. ::  ** *.:*:**:**:*::*: :*  *::::. .*** 
 
  130    140      150      160   170     180 
yMTD    EGLNHVYYQNLYHNVRYLDKENRLKSILPCTPLAIVKILEFLKIYNNLLPEGNRLYGKKC 
C. tepi EGLSPHWIKKLYANERFDDTERRFKSILPCTPLAIIKLLEVTEAY---APFGLPFGGQQI 
        ***.  : ::** * *: *.*.*:***********:*:**. : *    * *  : *::  
 
  190    200      210      220   230     240 
yMTD    IVINRSEIVGRPLAALLANDGATVYSVDVNNIQKFTRGESLKLNKHHVEDLGEYSEDLLK 
C. tepi TIFNRSEVVGRPLAYMLSNDGARVYSFDIN------GGFVVDVNSSDHESRPVTREEALS 
         ::****:****** :*:**** ***.*:*       *  :.:*. . *.     *: *. 
 
  250    260       270      280   290     300  
yMTD    KCSLDSDVVITGVPS-ENYKFPTEYIKEGAVCINFACTKNFSDDVKEKASLYVPMTGKVT 
C. tepi QS----DIVITGVPSPHFEKVRAEELKPGAICLNFSYIQNFEPEAKEAASLYIPRVGPMT 
        :.    *:******* .  *. :* :* **:*:**:  :**. :.** ****:* .* :* 
 
        310        320 
yMTD    IAMLLRNMLRLVRNVELSKEK 
C. tepi VAMCMRNALQLYHNYHHEV-- 
        :** :** *:* :* . .    
 

Figure 4.6  Sequence alignment of yMTD and Chlorobium tepidum MTD.  Red, 
boldfaced residues are those postulated to be important in cyclohydrolase activity in 
hMTDC, but lacking in these enzymes.   
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active site.  The lack of cyclohydrolase activity in the yMTD mutants may well be 

due to a slight change in enzyme conformation around the active site with the Y98Q 

mutation and not to a lack of correct amino acids or positioning in the active site. A 

modeled mutation of yY98Q suggests that glutamine would fit into the space of 

yTyr98, and that the amine groups of glutamine are capable of hydrogen bonding to 

yThr57 and yTyr68 as well.  In particular, the mutation of both yY98Q and yT57K 

look as if the hydrogen bond between yTyr98 and yThr57 would be converted into a 

hydrogen bond between lysine and glutamine, as modeled.  It is not fully clear why 

the change of yTyr98 so dramatically hurt dehydrogenase activity.  
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CHAPTER FIVE:  INHIBITION OF MTD 

Methods  

Dose Response of Inhibitors 
The plate assay described on page 47 was used for all dose response curves.  

Wild-type protein with a final concentration of 86 nM was added to 30 µL of 2X 

buffer (166 mM K HEPES pH=8.0/ 334 mM KCl), 30 µl of 20 mM NAD+, inhibitor 

and deionized water to a final volume of 100 µL.  Inhibitor was used at 

concentrations 0, 10, 50, 100, 200, 500, and 1000 µM.  All stock concentrations of 

inhibitor were created directly before use and stored on ice for no more than two 

hours.  Reactions were stimulated with the addition of CH2THF and run for five 

minutes.   Lastly, reactions were quenched with the addition of 200 µL of 0.36 N 

HCl.   

 All samples were performed in triplicate.  Care was taken to also perform the 

blanks in triplicate, since the presence of inhibitor often elevated the blank to high 

absorbance values.  Blanks were averaged and subtracted from the averaged sample 

values.  The resulting absorbance values were scaled (multiplied by 24.9) to yield the 

amount of CHTHF produced.  IC50 was interpolated or extrapolated as the 

concentration of inhibitor that knocked out half of the wild-type activity.   
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Figure 5.1  Structures of yMTD inhibitor candidates.  CH2THF is also shown for 
comparison. 
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Determination of Ki for Methotrexate 
The Ki for methotrexate (MTX) was determined using the same plate assay 

used to find Km and Kcat of wild-type yMTD, as on page 48.  CH2THF was varied 

under assay conditions at 20, 40, 60, 80, 160, 240, 320 and 400 µM for each MTX 

concentration.  The MTX concentrations used were 0, 50, 100, 200, and 500 µM.   

 Results were plotted on SigmaPlot to find Vo for each [CH2THF] and [MTX] 

condition.  Vo was then plotted versus [CH2THF] for each concentration of MTX, 

yielding successively increasing hyperbolic fits.  Data was rearranged to plot as a 

Lineweaver-Burke graph (1/Vo versus 1/[CH2THF]), an Eadie-Hofstee graph (1/Vo 

versus [CH2THF]) and Kmapp versus [MTX].  Ki was determined from Kmapp versus 

[MTX]. 

Crystallization with Inhibitors 
 MTX, 5-formylTHF, and pteroic acid (PTA) were added to yMTD wild-type, 

E121A, or C150A enzyme for a final concentration of 5 mM.  All enzyme used was 5 

to 10 mg/mL.   

 All screen samples were preincubated for 30-60 minutes before pipetting into 

the plate.  Hampton Screens 1 and 2, PEG Screen, and CryoScreen were used as 

initial screens.  Wild-type and E121A crystals were also soaked with inhibitors for 1-

3 days before testing the crystals on a detector.   
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 Datasets were taken on two crystals.  The first was E121A soaked with 5 mM 

PTA.  The second was wild-type enzyme and 5-formylTHF grown in 10% PEG, 5% 

MPD, and 0.1 M HEPES pH = 7.5. 
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Results 

Dose Response Curves 
 MTX, PTA, 5-formylTHF, 3, 5-dichlorofolic acid, sepiaterin, and aminopterin 

(Sigma and Arcros) were tested as inhibitors.  Some of the compounds were difficult 

to get into solution, requiring the addition of 0.45 M NaOH to dissolve.  The addition 

of NaOH did not alter activity of yMTD under normal dehydrogenase conditions.  

Sepiaterin, 3, 5-dichlorofolic acid and aminopterin did not show any inhibitory 

effects.  MTX, PTA, and 5-formylTHF inhibited with IC50s as shown in Table 5.1.  

Dose response curves can be seen in figures 5.2 to 5.4.  MTX had the strongest 

inhibitory effect, with an IC50 of about 40 µM.  None of the inhibitors were strong 

inhibitors however, inhibiting only at concentrations similar to the assay CH2THF 

concentration of 400 µM. 

Inhibitor IC50 

MTX 40 µM 

PTA 1700 µM 

5-formylTHF 120 µM 

sepiaterin none 

aminopterin none 

3, 5-dichlorofolic acid none 
 
Table 5.1 Dose response results of inhibitor trials.  Inhibitors that did not demonstrate 
inhibition are described under IC50 as “none”. 
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Figure 5.2  Dose-response to inhibitor PTA.  PTA was measured at concentrations 0, 
50, 100, 500, and 800 µM. 

 
 
Figure 5.3  Dose response to 5fTHF.  5fTHF was at concentrations 0, 25, 50, 100, 
150, 200 and 500 µM. 
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Figure 5.4  Dose-response to MTX.  MTX is at concentrations 0, 25, 50, 100, 200 
and 500 µM.  

Ki of MTX 
A plot of Vo versus [CH2THF] showed increasing Kmapp values for increasing 

concentrations of MTX (Figure 5.5).  A Lineweaver-Burke plot of these values 

reveals what could be an intersection of the lines along the y-axis, within 

experimental error (Figure 5.6).  An intersection along the y-axis is characteristic of 

competitive inhibition.  The Eadie-Hofstee plot also showed lines intersecting along 

the y-axis, although at two points close to each other (Figure 5.7).  A graph of Kmapp 

versus MTX concentration yielded a line with a positive slope.  For competitive 

inhibition,  
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1/Vo = (αKm/Vmax)1/[S] + 1/Vmax 

where Vo is initial velocity, S is substrate and α = 1 + [I]/KI (Voet and Voet 1995). 

Under the assumption of competitive inhibition, the slope would give a value for Ki 

of 670 µM.   

  

 

Figure 5.5 Change of yMTD Vo and Km with increasing concentrations of MTX.   
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Figure 5.6   Lineweaver-Burke plot of yMTD with MTX.  Lines intersect on the y-
axis for competitive inhibition. 
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Figure 5.7 Eadie-Hofstee plot of yMTD with MTX.  In competitive inhibition, lines 
should intersect on the y-axis. 
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Figure 5.8  Ki of MTX.  Assuming competitive inhibition, the Ki of MTX is 670 µM.  

 

Crystallization with inhibitors 
Wild-type, E121A and C150A crystals soaked with 5 mM of inhibitor were 

screened on the detector for diffraction.  Only crystals soaked in PTA showed good 

diffraction.  A dataset was taken on E121A soaked with PTA.  However, subsequent 

data processing did not show convincing density to assume the presence of PTA. 

 Screens of wild-type, E121A and C150A crystals with inhibitors grew several 

crystals.  All the crystals were at conditions similar to wild-type conditions though, 

under high percent PEG and a pH of about 7.  The crystals had the same morphology 
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as wild-type crystals and no color, a disappointment in the face of the fact that PTA 

and MTX are yellow in solution.  Several of these crystals were mounted nonetheless 

and the unit cell parameters were found to be identical to wild-type.  The best crystal, 

wild-type yMTD with 5-formylTHF and NAD+ grown in 10% PEG, 5% MPD and 

0.1 M HEPES pH = 7.6, was mounted on the detector and a dataset taken.  Further 

refinement did not reveal the presence of inhibitor. 
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Discussion 

Inhibition of yMTD 
The search for a substrate analog of yMTD was not an easy affair.  Folates 

and their derivatives are generally unstable, making the industry selection low indeed 

(Lucock 2000).  In the past, Andrew Breksa had found an inhibitor in 5, 10-

carbonylTHF (COTHF).  COTHF is not available on the chemical market.  However, 

Eli Lilly generously shared a privately-generated stock for Andrew Breksa’s work.   

COTHF showed competitive inhibition with yMTD with a Ki of 80.6 µM.  

Mass spectrometry work suggested that it may not bind in the active site, however.  

Covalently attached COTHF was found bound to Cys242, a residue on the outside of 

yMTD. (Breksa 1998). 

Dr. Arthur Monzingo screened COTHF in yMTD only to get poorly 

diffracting crystals under conditions of 10-20 % PEG 4000 and 0.1 M NaAcetate pH= 

4.8. These crystals were plate-like, rather than the trigonal bipyramid morphology of 

the apoenzyme.  The cell parameters also differed from the apoenzyme (private 

correspondence).  Eli Lilly chose not to donate their inhibitor, or any others, after that 

stock ran out, and the conditions were never able to be further explored. 

As discovered in the dose response curves, MTX, while the strongest inhibitor 

that was able to be found, is not a mighty inhibitor of yMTD.  PTA and 5-formylTHF 

were even less potent inhibitors of yMTD.  MTX is known to bind to a variety of 

enzymes in the folic acid pathway, including dihydrofolate reductase, AICAR 
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transformylase, GAR transformylase, and thymidylate synthase (Christopherson, 

Lyons et al. 2002).  It is perhaps most famous as a classic cancer drug targeting 

dihydrofolate reductase (Stokstad and Jukes 1987). 

However, as MTX was the best inhibitor found to date, it was valuable to 

determine the Ki and more importantly, the mode of competition.  Since the 

inhibitor’s value lies in mimicking the substrate in a crystal structure, it was important 

to be certain that MTX binds in the active site and not elsewhere on the enzyme.  

Competitive inhibitors bind to the enzyme itself, and are the most likely mode of 

inhibition for a good substrate analog.  In contrast, uncompetitive inhibitors bind only 

to the enzyme-substrate complex, and noncompetitive inhibitors to both (Voet and 

Voet 1995).  COTHF is a good example of a potentially good substrate analog that 

was found by mass spectrometry to bind to the back of the enzyme, not the active site 

(Breksa 1998).   

 The data from the Ki work on MTX does not conclusively fit to competitive 

inhibition. The assay for activity is based on timepoints, not a continuous reading, and 

as such there is sizeable experimental error to the measurements and the fit for Vo.  

Within these experimental limitations, the deviation of the results from strict 

competitive inhibition may perhaps be excused.  A fit to uncompetitive inhibition 

does not yield a linear plot for apparent 1/Vmax versus concentration of MTX, as 

would be expected for this mode of inhibition.  Mixed inhibition is a possibility.  

MTX is too weak an inhibitor to state conclusively the mode of inhibition, but for the 
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purposes of this work there seems to be some competitive inhibition present that 

suggests binding in the active site.   

 Data was also plotted on Kaliedagraph (Synergy Software) to determine the 

mode of inhibition.  Kaliedagraph differs from SigmaPlot in being groomed to handle 

all of the inhibition data at the same time, essentially fitting two independent 

variables.  Kaliedagraph also came up with the best fit of the data as weakly 

competitive, although the error on the Ki was too high to consider the resulting Ki to 

be reasonable. 

Crystallization with Inhibitors   
 Although of modest strength, there was always some chance that the inhibitor 

would bind to the enzyme in a crystal.  High amounts of inhibitor, at 5 mM in the 

drop, were used to encourage binding in solution and in the crystal.  Soaking was 

attempted, even though the structure of wild-type yMTD suggests that the active site 

in the crystal is too closed to allow substrate to enter.  It is suspected that the two 

domains will have to hinge open a little more to allow substrate to bind.   

 Thus, the novel crystal screens were the best direction to try.  Even though 

crystals were easily achieved, they were sadly similar to wild-type crystals in 

conditions, morphology, and unit cell dimensions.  As stated above, it is doubtful that 

wild-type yMTD could bind substrate and maintain the same unit cell dimensions.  

Two datasets of the most promising crystals proved that the inhibitor was indeed not 

bound. 
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 In the hope of changing the binding, and to eliminate any possible catalytic 

change of the inhibitor in case it bound to the enzyme and was converted to a new 

product, catalytically inactive mutants E121A and C150A were used in the screens as 

well.  The results of the screens were no better with the mutants than with wild-type 

yMTD. 
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CHAPTER SIX:  CONCLUSION 

yMTD stands unique as the only known monofunctional eukaryotic MTD.  

Mutagenesis of Glu121, Cys150 and Thr151 suggest a catalytic mechanism in which 

Glu121 hydrogen bonds to the amide of CH2THF C2 to orient substrate.  Similarly, 

Cys150 contributes to a high electron density environment to aid in the abstraction of 

the hydride from CH2THF to NAD+.  Thr151 forms a hydrogen bond to the carbonyl 

of the nicotinamide ring of NAD+, perhaps stabilizing the transition state as well.  

These residues are either absolutely conserved, in the case of Glu121 (as an aspartate 

or glutamate) and Thr151, or highly conserved like Cys150.  The significant loss of 

activity with these mutations can be attributed only to changes in catalysis based on 

the unaltered structures of the mutants E121A, T151A, and C150A as seen with x-ray 

crystallography.  The hypothesized mechanism for yMTD is in accordance with past 

characterization suggesting an unprotonated general acid/base in the active site and 

with the mechanism theorized for hMTDC. 

Mutations of A50S, T57K, Y98Q, A50S/T57K, A50S/Y98Q, T57K/Y98Q, 

and A50S/T57K/Y98Q were constructed in the attempt to restore cyclohydrolase 

activity to yMTD.  These mutations were chosen based upon a structural alignment 

with hMTDC and verified by a sequence alignment with another likely 

monofunctional bacterial MTD.  Although none of those mutants appeared to develop 

cyclohydrolase activity, the cyclohydrolase activity assay has very high background 

which makes measurement of low activity difficult to evaluate.   
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All mutants containing the mutation Y98Q also lost dehydrogenase activity.  

This suggests that yMTD may be unable structurally to compensate for the loss of 

Tyr98, either on a tertiary structure level or in the change of substrate position.  To 

successfully catalyze the cyclohydrolase reaction, an enzyme needs to polarize and 

orient the water molecule which attacks the carbon attached to N5 to open the 5-

membered ring.  Cyclohydrolase activity on an enzyme may then be intolerant of 

small changes in active site architecture which are needed to properly position the 

water molecule.  Specifically, restoration of activity may require the mutation of 

Glu121 to Asp121 or an added active site loop similar to hMTDC to protect the labile 

CHTHF intermediate. 

Various folate analogs were tested as inhibitors against yMTD.  Of the 

selection tested, only methotrexate, pteroic acid, and 5-formylTHF showed 

appreciable inhibition.  Methotrexate, the most potent inhibitor, was analyzed with 

Michaelis-Menten kinetics to verify competitive inhibition.  Results were not fully 

conclusive, but an interpretation of the data as competitive inhibition yields a Ki of 

670 µM.  All three inhibitors were screened against wild-type, E121A, and C150A 

yMTD to make crystals.  Of the successful crystals, all were of wild-type morphology 

and unit cell and were grown under high PEG conditions and pH similar to wild-type 

crystal conditions.  Datasets on E121A soaked with pteroic acid and on wild-type 

yMTD co-crystallized with 5-formylTHF and NAD+ did not exhibit density for a 

substrate analog in the active site. 

It will be of interest in the future to verify kinetic work with a crystallographic 

structure of yMTD with a substrate analog.  Such a structure can answer many 
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questions about substrate binding and positioning that a modeling of substrate with 

hMTDC data, which has a significantly larger binding cleft, cannot answer.  A 

structure will also provide much-needed insight into the lack of cyclohydrolase 

activity in yMTD, the only eukaryotic MTD to lack that activity.   
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Appendix A 

RbCl Competent Cell Preparation 
A single colony of cell (or a scrape of frozen stock) was placed in 2.5mL of 

2XYT and was shaken overnight at 37 oC.  One mL of overnight culture was then 

inoculated into 50 mL of 2XYT + 20 mM MgSO4 and grown to OD600=0.4 to 0.6 (2-

3 hours).  The culture was spun down at 5000 rpm for 5 min at 4 oC and the pellet 

gently resuspended in 0.4X original volume of ice cold, sterile TFB1 (30mM KOAc, 

100mM RbCl, 10mM CaCl2, 50mM MnCl2, 15% glycerol pH=5.8).   The suspension 

was incubated on ice for 5 minutes before further centrifugation of 5000 rpm for 5 

minutes.  The resulting pellet was again gently resuspended in 1/25 original volume 

of ice cold, sterile TFB2 (10mM MOPS, 75mM CaCl2, 10mM RbCl, 15% glycerol, 

pH=6.5).  This was incubated on ice for 15-60 minutes and aliquoted 110 µL/tube, 

then frozen at -70 oC. 

Transformation 
Aliquot of competent cells was thawed gently on ice.  Ten ng of plasmid DNA 

(about 2-10 µL) was added into a volume of 10-100 µL cells and incubated on ice for 

1 hour.  Following incubation, cells were heat shocked at 37 oC for 45 seconds and 

incubated on ice for 2 minutes.  The cells were then diluted 15X with 2XYT without 

ampicillin and shaken for 20 minutes at 37 oC.  100-150 µL of cells were plated on 

selective media. 
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A quick transformation was also used for easy transformations.  This method 

added 1 µL of DNA into 10 µL cells.  The mixture was placed on ice for a few 

minutes, heat shocked as normal for 45 seconds, and placed on ice again for 2 

minutes.  100 µL of media was added and all of cells immediately plated. 
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Appendix B 

 
Amino Acid 
Mutation 

Original Template Mutated Template 

E121A GAA GCA 
E121D GAA GAT 
E121Q GAA CAA 
C150S TGC TCC 
C150A TGC GCC 
T151V ACA GTA 
T151A ACA GCA 
T57K ACA AAA 
Y98Q TAC CAA 
A50S GCA TCA 
 
*Altered nucleic acids boldfaced 
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Glossary 

List of yeast proteins to accompany reaction numbers in Figure 1.1: 

 

Reaction number Enzyme 

1-3   CHO-THF synthetase 

4   serine hydroxymethyltransferase 

5   glycine cleavage system 

6   monofunctional NAD-dependent yMTD 

7   CH2-THF reductase 

8 homocysteine methyltransferase and ATP:L-methionine S-      

adenosyltransferase 

9   phosphatidylethanolamine methyltransferases 

10   phosphatidylserine synthase 

11   phosphatidylserine decarboxylase 
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