
 

 

 

 

 

 

 

 

 

Copyright 

by 

Schuyler Todd Pike 

2008 

 

 



 
The Dissertation Committee for Schuyler Todd Pike Certifies that this is the 

approved version of the following dissertation: 

 

 
Characterization of Mitochondrial C1-Tetrahydrofolate Synthase 

Transcript and Protein Expression in Adult and Embryonic 

Mammalian Tissues and the Role of the Mitochondrial One-Carbon 

Pathway in the Cytoplasmic Methyl Cycle 

 

 

 

 
Committee: 
 

Dean R. Appling, Supervisor 

Karen J. Artzt 

Christopher A. Jolly 

David E. Graham 

John B. Wallingford 



Characterization of Mitochondrial C1-Tetrahydrofolate Synthase 

Transcript and Protein Expression in Adult and Embryonic 

Mammalian Tissues and the Role of the Mitochondrial One-Carbon 

Pathway in the Cytoplasmic Methyl Cycle 

 

 

by 

Schuyler Todd Pike, B.A. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

December 2008 



 

 

 

 

Dedication 

 

To my parents, Robert and Luella Pike, who have taught me the way to live and love 

correctly, and to my brothers, Desmond, Quentin and Delbert.  

 



 v

 

 

 

 

Acknowledgements 

 

 I would like to acknowledge the expertise and guidance of my mentor, Dr. Dean 

Appling, who has taught me what it means to be a scientist of integrity, an investigator of 

Truth, and a teacher of people. I would like to also acknowledge my committee members, 

Drs. Karen Artzt, David Graham and John Wallingford whose collaborations have helped 

me greatly in this project. For his guidance as a committee member, I thank Dr. 

Christopher Jolly as well. To Lakshmi Krishnamorthy and Dr. Rashmi Rajendra as well 

as my fellow lab members, Drs. Gisela Kramer, Anne Tibbetts, Priya Prasannan, Sherwin 

Chan and David Lee, I owe a debt of gratitude for their encouragement and support.  

Additionally, for his expertise, I am grateful to Charles Cartwright of the Mass 

Spectometry Facility in the Department of Chemistry and Biochemistry at The University 

of Texas at Austin. My debt of love to my parents, Robert and Luella Pike, as well as my 

brothers, Desmond, Quentin and Delbert, is so great, it can never be repaid because they, 

in a very real way, have kept me alive in the years past. Finally, to the good Lord above, I 

owe my life in the present, my survival in the past and my hope for the future.  



 vi

Characterization of Mitochondrial C1-Tetrahydrofolate Synthase 

Transcript and Protein Expression in Adult and Embryonic 

Mammalian Tissues and the Role of the Mitochondrial One-Carbon 

Pathway in the Cytoplasmic Methyl Cycle 

 

 

Publication No._____________ 

 

 

Schuyler Todd Pike, Ph.D. 

The University of Texas at Austin, 2008 

 

Supervisor:  Dean R. Appling 

 

 
In eukaryotes, folate-dependent one-carbon (1-C) metabolism is composed of two 

parallel pathways compartmentalized to either the cytoplasm or mitochondria. In each, 1-

C units, carried on tetrahydrofolate (THF), are interconverted by four catalytic activities. 

Serine hydroxymethyltransferase transfers the 3-carbon of serine to THF forming 5,10-

methylene-THF which is oxidized in 3 successive steps to formate via the intermediates, 

5,10-methenyl-THF and 10-formyl-THF. Because of the redox potential in each 

compartment, 1-C flux is thought by most authors to be from formate to serine in the 

cytosol and in the opposite direction in mitochondria. Transport of serine, glycine and 
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formate across the mitochondrial membranes creates a 1-C cycle. All eukaryotes 

characterized to date contain a cytoplasmic trifunctional C1-THF synthase possessing 

5,10-methylene-THF dehydrogenase, 5,10-methenyl-THF cyclohydrolase and 10-formyl-

THF synthetase activities which interconvert the catalytic intermediates between 5,10-

methylene-THF and formate. However, despite the observation that adult rat liver 

mitochondria oxidize serine to formate, no known enzymatic activities correlate with 

those of cytoplasmic C1-THF synthase. In embryos, a bifunctional protein, containing 

5,10-methylene-THF dehydrogenase and 5,10-methenyl-THF cyclohydrolase, accounts 

for two of these activities. But the 10-formyl-THF synthetase activity has no associated 

enzyme in mitochondria. Reported here is the discovery of a monofunctional homolog of 

C1-THF synthase in mammalian mitochondria. Characterization of the protein confirms 

mitochondrial localization and 10-formyl-THF synthetase activity. Likewise, the adult 

human transcript is present and differs in size and tissue distribution from cytosolic C1-

THF synthase. In mouse embryos, the temporal expression of the mRNA starts out 

relatively low and increases as the embryos age. The spatial distribution of the transcript 

is ubiquitous but with areas of elevated expression corresponding to proliferative regions 

within the embryo. The temporal expression pattern of the protein and transcript 

correspond well. However, mitochondrial flux studies and immunoblotting data suggest 

that mitochondrial C1-THF synthase is not the rate-limiting enzyme in mitochondria, at 

least during the mid to later stages of embryogenesis. Additionally, studies modulating 

the expression of mitochondria 1-C proteins demonstrate the likelihood that most 

cytoplasmic 1-C units are mitochondrially derived. 
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Chapter 1: Introductory Information 

1.1 FOLATE-DEPENDENT ONE-CARBON METABOLISM 

1.1.1 Overview 

1.1.1.1 Folates 
Folic acid is a member of the B-vitamin family (B9) which is essential in 

mammals. It, with its reduced derivatives, is collectively termed “folates”. These 

molecules are composed of a pteridine ring covalently bound to a para-aminobenzoic 

acid (PABA) moiety and a glutamate tail. In cells, the active form of folic acid is 

tetrahydrofolate (THF, Figure 1-1). Dihydrofolate reductase (DHFR) catalyzes the 

conversion of folic acid to THF via the intermediary compound dihydrofolate (DHF). In 

the conversion, the double bond between C7 and N8 of folic acid is reduced forming 

DHF in the first step; in the next step, the double bond between N5 and C6 is reduced to 

make THF (Figure 1-2). DHFR also recycles any DHF produced in 1-C metabolism back 

into THF (Bertani and Campbell, 1994; Zelikson and Luzzati, 1977)). Typically, in cells, 

THF is polyglutamated with four to seven monomers (Cossins, 1984). Linkage of the 

glutamates, through an uncommon amino-γ-carboxyl bond, is catalyzed by folylpoly-γ-

glutamate synthetase (Shane, 1989). Polyglutamation is essential for maintaining pools of 

THF within the cell (Schirch and Strong, 1989). One-carbon (1-C) units, derived from 1-

C donors such as serine and glycine, are carried on the polyglutamated THF backbone 

through multiple oxidation/reduction reactions in the cell. The major THF derivatives in 

the cell are 5-methyl-THF (5CH3-THF), 5,10-methylene-THF (CH2-THF), 5,10-

methenyl-THF (CH+-THF),        5-formyl-THF      (5CHO-THF),       and         10-formyl- 
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Figure 1-1 Tetrahydrofolate is the active folate in cells. It is composed of a pteridine ring, 

a PABA moiety and a polyglutamated tail. One-carbon units, denoted as R1 

and R2, may be carried on the N5 and/or N10 in various states of oxidation. 
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derivatives, dihydrofolate and tetrahydrofolate, in two steps. In the first step, 

the double bond between the N8 and C7 folic acid is reduced. The resultant 

dihydrofolate is further reduced in the next step at the double bond between 

N5 and C6 to form tetrahydrofolate. 
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THF (10CHO-THF) (Horne et al., 1989). In each case, the 1-C groups are covalently 

attached to either the N5 of the pteridine ring and/or the N10 of the PABA moiety (Figure 

1-3). 

1.1.1.2 Transporters of Folates 
Folates enter the cell via folate transporters. Folic acid, 5CHO-THF or 5CH3-THF 

are the forms usually conveyed into cells (Horne, 1993; Spiegelstein et al., 2004). In 

mammalian cells there are three different transporter families in the plasma membrane 

and one in the mitochondrial membranes.  The Reduced Folate Carrier (RFC) is a 

bidirectional facilitated channel in the plasma membrane that carries only reduced folates 

either into or out of the cell in a concentration-dependent manner (Gong et al., 1999; 

Huang et al., 1997). Secondly, Folate Receptors (Folr) also known as Folate Binding 

Proteins (FolBP) are a family of uni-directional folate transporters which carry folates 

across the plasma membrane into the cell. Three isoforms of Folr are known, Folr1, Folr2 

and Folr3. Folr2 is primarily found in developing organisms (Piedrahita et al., 1999) 

while Folr3 is restricted to hematopoietic tissues (Shen et al., 1994). Unlike its 

homologues, Folr1 is universally expressed throughout the life of the organism (Elwood, 

1989; Piedrahita et al., 1999). During development, mice, nullizygous for either RFC or 

Folr1, exhibit embryonic lethality. However, in both cases if the dam is supplemented 

with folic acid or its derivatives, the embryos may be rescued (Piedrahita et al., 1999; 

Zhao et al., 2001). Folate-rescued Folr1 homozygotes live to adulthood; but a substantial 

number of these individuals suffer from neural tube, craniofacial and heart defects 

(Spiegelstein et al., 2004).  In contrast, folate-supplemented RFC knockout mice die 

shortly  after  birth  (Zhao et al., 2001).   A  recently  discovered  transporter,  the  proton- 
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Figure 1-3 Common reduced folates in cells are all one-carbon derivatives of 

tetrahydrofolate. These 1-C groups are carried either on or between the N5 

and N10 positions of the pteridine ring and PABA moiety, respectively.  

The common reduced folates one-carbon metabolism are listed above. The 

“R” of Figure 1-1 is here expressed by CH, CH2, CH3 and CHO. 
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coupled folate transporter (Qiu et al., 2006), is found in the intestinal lining of mammals 

and is responsible for absorption of folates from  food  sources   into  the  organism. 

Mitochondrial  folates   are  supplied   from  the cytoplasmic pools of folic acid 

via the mitochondrial folate transporter (Titus and Moran, 2000). This protein carries 

folic acid across the mitochondrial membranes. As well as supplying folates to the 

mitochondria, it is additionally critical for proper glycine metabolism. Glycine 

auxotrophic glyB Chinese Hamster Ovary (CHO) cells are mutated in this mitochondrial 

transport protein. Interestingly, another folate-dependent enzyme, mitochondrial serine 

hydroxymethyltransferase (mSHMT, discussed below) is mutated in the glyA CHO cell 

phenotype (Chasin et al., 1974; Kao et al., 1969). 

1.1.1.3 Folate-Dependent One-Carbon Cycle  
In most, if not all, eukaryotic cells, two parallel and interconnected folate-

dependent one-carbon pathways exist: one in the cytoplasm and the other in the 

mitochondria. The transport of serine, glycine and formate (Cybulski and Fisher, 1977; 

Titus and Moran, 2000) across the outer and inner mitochondrial membranes allow 

communication between the pathways and create a 1-C cycle (Appling, 1991) (Figure 1-

4). On the reductive cytosolic side, 1-C units flow from formate towards serine while in 

the more oxidative environment of the mitochondria, the 1-C units flow in the reverse 

direction. At least for mammalian species, serine is the major 1-C donor in the cell (Davis 

et al., 2004). In addition, mitochondria may also utilize glycine, sarcosine and 

dimethylglycine as sources of 1-C units (Barlowe and Appling, 1988; Cook and Wagner, 

1986; Garcia-Martinez and Appling, 1993; Pasternack et al., 1992; Pasternack et al., 

1994).  Dimethylglycine  dehydrogenase  and  sarcosine  dehydrogenase  are  two  related 
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Figure 1-4 The reactions of the eukaryotic one-carbon cycle are divided between the 

mitochondrial and cytoplasmic compartments. The common activities for 

both compartments are 1) 10-formyl-THF synthetase, 2) 5,10-methenyl-

THF cyclohydrolase, 3) 5,10-methylene-THF dehydrogenase 4) serine 

hydroxymethyltransferase and 8) 10-formyl-THF dehydrogenase (an 

isozymatic reaction, not shown above, is present in the cytosol). Reactions 

unique to the mitochondria are 5) the Glycine Cleavage System, 6) 

dimethylglycine dehydrogenase and 7) sarcosine dehydrogenase.   

 



enzymes that demethylate their   respective   substrates   and,   if   available,   transfer   

the    1-C   group    to    THF (Cook and Wagner, 1986). In this process, up to three 1-C 

units may be derived from one molecule of dimethylglycine as it is sequentially reduced 

to sarcosine and finally glycine. In particular for this work, the Glycine Cleavage System 

(GCV) splits glycine yielding CO2 and NH4 and transfers the 2-carbon of glycine to THF 

forming CH2-THF (Motokawa and Kikuchi, 1971). 

1.1.2 Yeast One-Carbon Metabolism 

1.1.2.1 Cytosolic One-Carbon Pathway 
The one-carbon cycle of Saccharomyces cerevisiae (Figure 1-5) has been well-

characterized. In both the cytosolic and mitochondrial compartments, known enzymes 

account for all the activities and intermediates of one-carbon metabolism.  On the 

cytoplasmic side, two enzymes exist. Serine hydroxymethyltransferase (reaction 4), 

encoded by SHM2, interconverts serine with glycine by transferring the 3-carbon of 

serine to THF forming CH2-THF (Kastanos et al., 1997). The ADE3 gene product, C1-

THF synthase (cC1-THF synthase), is a trifunctional enzyme which contains 10CHO-

THF synthetase (reaction 1), CH+-THF cyclohydrolase (reaction 2) and CH2-THF 

dehydrogenase activities (reaction 3). These reactions can successively interconvert 

10CHO-THF to CH+-THF to CH2-THF (Appling and Rabinowitz, 1985). Additionally in 

yeast cytoplasm, CH2-THF may be reversibly oxidized to CH+-THF by the MTD1 gene 

product (reaction 3) (Barlowe and Appling, 1990a; West et al., 1993).  

The cytoplasmic CH2-THF pool has three potential paths it can enter. In each 

case, the 1-C unit is transferred to form an amino acid (methionine or serine) or a 

nucleotide (thymidylate), and the THF is released. The nucleotide, (deoxy)thymidine-

monophosphate (dTMP), is synthesized from CH2-THF via thymidylate synthase (TS) 
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(reaction 11) (Taylor et al., 1987). This enzyme transfers a 1-C unit to the 5-carbon of 

deoxyuridylate generating dTMP and DHF. Alternatively, the 1-C unit of CH2-THF may 

be siphoned off into the methyl cycle (reactions 7-10) via the enzyme, methylene-THF 

reductase (MTHFR). MTHFR (reaction 6) irreversibly reduces CH2-THF to 5CH3-THF 

which is the entry molecule into the methyl cycle. 5CH3-THF donates the 1-C unit to 

homocysteine (Hcy) to form methionine (Chan and Appling, 2003). The final direction 

cytoplasmic CH2-THF may take, allows continuance of the 1-C cycle.  This reaction is 

catalyzed by the cytosolic isozyme of serine hydroxymethyltransferase (cSHMT) 

(reaction 4 in cytosol). This protein, as mentioned previously, interconverts serine and 

glycine in a THF-dependent manner. In the reductive direction, the reactants, CH2-THF 

and glycine, give the products, serine and THF. Serine and glycine may be utilized for 

cytosolic processes such as protein synthesis, or they may be imported into the 

mitochondria and utilized there. There is the possibility that the CH2-THF could be 

converted back to CH+-THF; however, in the cytosol, the redox state of the NADP couple 

(NADP+/NADPH) is 1/100, or less (Sies, 1982; Veech, 1978). This makes the likelihood 

of CH2-THF being converted back to CH+-THF improbable due to the NADP+-

dependence of the oxidative reaction (see reaction 3 in the cytosolic pathway, Figure 1-

5). Brief mention needs to be made of another protein, 10CHO-THF dehydrogenase, 

whose reaction irreversibly cleaves 10CHO-THF into CO2 and THF (the mitochondrial 

reaction is shown in Figure 1-4, reaction 8) (Kutzbach and Stokstad, 1971).  

1.1.2.2 Purines 
From the above information, it is evident that 1-C units are drawn off from the 1-

C cycle for  utilization  in other cytoplasmic  processes  (i.e., the methyl cycle and dTMP 
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Figure 1-5 In the yeast one-carbon cycle, the cytoplasmic and mitochondrial 

compartments contain isozymes for serine hydroxymethyltransferase (SHM2 

and SHM1, respectively, reaction 4), the trifunctional C1-THF synthase 

(ADE3 and MIS1, respectively, reactions 1 to 3) and 10-formyl-THF 

dehydrogenase (not shown). In addition, the mitochondria have a glycine 

cleavage system (5). Enzymes that shunt one-carbon units away from the 

cytosolic pathway are 6) methylene-THF reductase and 11) thymidylate 

synthase. The methyl cycle consist of 7) methionine synthase, 8) S-

adenosyl-methionine synthetase, 9) multiple methyl transferases and 10) S-

adenosyl-homocysteine hydrolase. 12) represents two steps in de novo 

purine synthesis that transfer the 1-C unit of 10-formyl-THF through 

AICAR transformylase and GAR transformylase. Additionally, yeast 

contain the MTD1 gene which encodes a monofunctional cytoplasmic 

NAD-dependent 5,10-methylene-THF dehydrogenase. 
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synthesis). But the cytosolic CH2-THF pool is not the only reduced folate to be used for 

other cytoplasmic processes.  The C2  and C8 carbons of purines in  de novo synthesis are 

derived from 10CHO-THF pools via AICAR transformylase and GAR transformylase 

(Figure 1-5, represented by 12) (Barlowe and Appling, 1988; Pasternack et al., 1994; 

Tibbetts and Appling, 1997; Tibbetts and Appling, 2000). Therefore, protein synthesis 

(because of methionine, serine and glycine), genome replication (because of guanosine, 

adenosine and dTMP) and transcription (because of purines) are directly dependent on 

proper 1-C metabolism.  

1.1.2.3 Methyl Cycle 
Similarly, cytoplasmic 1-C metabolism plays an important role in many cellular 

processes by providing the universal methyl donor, S-adenosyl-methionine (AdoMet) 

(Chan and Appling, 2003). Post-translational modification of proteins (Chen et al., 2004; 

Miranda et al., 2004), methylation of RNAs (Hausmann and Shuman, 2005; Lee et al., 

2007) and epigenetic events, such as methylation of DNA and histones (Hirasawa et al., 

2008; Jaenisch and Bird, 2003), are three important ways in which AdoMet modulates 

the function and behavior of cells and organisms (Wolff et al., 1998). AdoMet is 

synthesized in the methyl cycle (Figure 1-6). After homocysteine (Hcy) is methylated to 

form methionine by methionine synthase (MS) (Burton and Sakami, 1969), adenylation 

by AdoMet synthetase yields AdoMet (reaction 8) (Thomas et al., 1988). As the universal 

methyl-donor, this molecule is a substrate for over a hundred different methyl-transferase 

reactions (reaction 9) (Fontecave et al., 2004). The other product of each of these 

reactions, S-adenosylhomocysteine, is cleaved by S-adenosylhomocysteine hydrolase 

yielding Hcy and adenylate. Hcy may then be broken down in the transsulfuration 

pathway  to cysteine  via  cystathionine by cystathionine-β-synthase  and cystathionine-γ- 
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Figure 1-6 In the methyl cycle, methionine synthase methylates homocysteine to form 

methionine. Adenylation of methionine via S-adenosylmethionine 

synthetase yields S-adenosylmethionine. S-adenosylmethionine, the 

universal methyl donor, transfers its methyl group in multiple methyl 

transferase reactions. The remaining product, S-adenosylhomocysteine, may 

then be deadenylated by S-adenosylhomocysteine hydrolase. The resultant 

homocysteine can be methylated by methionine synthase forming 

methionine. In the transsulfuration pathway, homocysteine may be 

converted to cysteine via the reactions of cystathionine β-synthase and 

cystathionine γ-lyase. Pools of 5-methyl-THF for remethylation of 

methionine are supplied by the irreversible MTHFR reaction utilizing 

cytosolic CH2-THF as the substrate. 
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lyase, respectively (Chan and Appling, 2003). It may also be methylated to form 

methionine. The adenylate may reenter the methyl cycle or be utilized elsewhere. 

1.1.2.4 Mitochondrial One-Carbon Pathway 
In yeast, the mitochondrial 1-C pathway contains functionally identical homologs 

of the cytoplasmic compartment (Figure 1-5). These isozymes, called mitochondrial 

SHMT (mSHMT) (reaction 4 in mitochondria) and mitochondrial C1-THF synthase 

(mC1-THF synthase) (reactions 1 to 3), are encoded by the SHM1 and the MIS1 genes, 

respectively (Kastanos et al., 1997; Shannon and Rabinowitz, 1986). Additionally, an 

isozyme of 10CHO-THF dehydrogenase exists in this compartment. As briefly 

mentioned, the mitochondrial 1-C pathway differs from its cytosolic counterpart in at 

least two ways: mitochondrial 1-C units are oxidized primarily from serine towards 

formate and 1-C units may be derived from other compounds, namely glycine, sarcosine 

and dimethylglycine. For instance, using the GCV, glycine can be utilized as the 1-C 

donor, and the resultant CH2-THF is oxidized to formate as opposed to the cytoplasm 

where only serine is used as a 1-C donor. Serine utilized as a 1-C source in mitochondria 

could potentially donate both the 3-carbon (from the mSHMT activity) and the 2-carbon 

(via the GCV) to two THFs forming two molecules of CH2-THF from one serine. Inside 

the mitochondria, there are at least three major functions of 1-C metabolism. The first is 

the production of glycine using the GCV; the second is to provide 1-C units to formylate 

initiator-Met tRNA (Metinit-tRNA) by transferring the formyl group of mitochondrial 

10CHO-THF to Metinit-tRNA generating formyl-Metinit-tRNA (fMetinit-tRNA) (Lee et al., 

2007).  A third purpose of the mitochondrial 1-C path is to divert 1-C units towards 

cytosolic de novo purine synthesis (Pasternack et al., 1992; Pasternack et al., 1994).  
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1.1.3 Mammalian One-Carbon Metabolism 

1.1.3.1 Cytoplasmic Compartment 
Mammalian cytosolic 1-C metabolism (Figure 1-7) is highly similar to that of 

yeast. One-carbon units from 10CHO-THF pools are utilized in de novo purine synthesis 

(Fu et al., 2001; Patel et al., 2003). From pools of CH2-THF, 1-C units are shunted into 

the methyl cycle for methionine remethylation and AdoMet synthesis (Davis et al., 2004). 

Thymidylate made from CH2-THF pools is made via TS (Herbig et al., 2002). Likewise, 

the orthologs of cSHMT and cC1-THF synthase are present in mammals, encoded by the 

SHMT1 (Fu et al., 2001; Stover et al., 1997) and MTHFD1 genes, respectively (Fu et al., 

2001; Hum et al., 1988; Stover et al., 1997; Thigpen et al., 1990). These proteins catalyze 

the same reactions as those found in yeast: cSHMT interconverts serine with glycine 

(Herbig et al., 2002; Stover et al., 1997), and cC1-THF synthase is a trifunctional enzyme 

containing 10CHO-THF synthetase, CH+-THF-cyclohydrolase and CH2-THF 

dehydrogenase activities (Hum et al., 1988; Thigpen et al., 1990). Mammals additionally 

contain an ortholog of yeast cytoplasmic 10-formyl-THF dehydrogenase (encoded by the 

ALDH1L gene) which cleaves 10-formyl-THF into CO2 and THF (Anthony and Heintz, 

2007; Krupenko and Oleinik, 2002). Mammals, so far as known, do not possess an 

ortholog of the yeast MTD1 gene. 
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Figure 1-7 Mammalian cytoplasmic 1-C metabolism is nearly identical to that in yeast. 

SHMT1 (reaction 4) and MTHFD1 (reactions 1 to 3) encode the 

cytoplasmic isozymes of serine hydroxymethyltransferase and the 

trifunctional C1-THF synthase, respectively. Likewise, the synthetic 

activities for purines (indicated by 12), thymidylate (reaction 11) and the 

methyl cycle (reactions 7 to 10) via methylene-tetrahydrofolate reductase 

(reaction 6) are present. In mitochondria, the glycine cleavage system 

(reaction 5) and mSHMT (reaction 4) are known. Other than this, only the 

embryonically-expressed MTHFD2 (NMDMC protein) had been elucidated 

(reactions 2 and 3 in mitochondria). Enzymes to catalyze reactions 3 

through 1 in adults and reaction 1 in embryos are unknown. However, it is 

known that adult liver mitochondria possess the activities to oxidize 1-C 

units to formate.  Numbering in the above figure is the same as in Figure 1-

5.  
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1.1.3.2 Mitochondrial Compartment 
Unlike the cytosolic compartment, the mammalian mitochondrial 1-C pathway is 

divergent from that of yeast. Moreover, its enzymatic components, as well as their 

individual and combined functions, are still being elucidated at both the level of the cell 

and organism. Analogous to S. cerevisiae, mammalian mitochondria contain 

mitochondrial SHMT (encoded by SHMT2) (Stover et al., 1997) and a GCV with the 

same activities as those in yeast (Hamosh et al., 1995). Before the studies presented 

herein, only one mammalian mitochondrial enzyme homologous to cC1-THF synthases 

and the yeast mC1-THF synthase was known. This enzyme, bifunctional NAD-dependent 

5,10-methylene-THF dehydrogenase, 5,10-methenyl-THF cyclohydrolase (NMDMC 

refers to protein, MTHFD2 to the gene or transcript for this work), is found only in highly 

dividing cells such as embryonic and tumorigenic tissues and immortalized cell lines 

(Peri and MacKenzie, 1993; Smith et al., 1990). Unlike the NADP-dependent 

dehydrogenase activity of cC1-THF synthase, this enzyme is NAD-dependent (Di Pietro 

et al., 2002; Mejia and MacKenzie, 1985; Mejia and MacKenzie, 1988; Mejia et al., 

1986; Peri and MacKenzie, 1993; Yang and MacKenzie, 1993). Although this protein has 

not yet been detected in adult tissues, the homozygous deletion of NMDMC in mice 

yields embryonic lethality by embryonic day (E)15.5 (Di Pietro et al., 2002; Patel et al., 

2002). Thus, for at least this enzyme, it is apparent that in mammals, embryonic 

mitochondrial 1-C metabolism differs from that of the adult. 

1.1.3.3 Activities Without Associated Enzymes in Mammalian Mitochondria 
Up to the present studies, no enzymes possessing CH2-THF dehydrogenase, CH+-

THF cyclohydrolase or 10CHO-THF synthetase activities have been found in adult 

mammalian mitochondria. Even in embryonic tissues, which have the mitochondrial 
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NMDMC activities, a 10CHO-THF synthetase activity has not been associated with any 

protein

 OLATES AND MBRYONIC EVELOPMENT 

1.2.1 Neurulation in Embryogenesis 

vision are most elegantly 

and spi

. The molecule, 10CHO-THF, is necessary in both adult and embryonic 

mammalian cells for mitochondrial protein synthesis because it provides the 1-C unit for 

formylation of the initiator tRNA (Lee et al., 2007; Spremulli et al., 2004). Moreover, 

studies in our lab have shown that adult rat liver mitochondria, when incubated with 

radiolabeled serine, produce radiolabeled formate (Garcia-Martinez and Appling, 1993). 

This suggests all three mitochondrial 1-C activities present in yeast mC1-THF synthase 

are likewise found in adult mammalian mitochondria. Consequently, in both adult and 

embryonic tissues, gaps in our understanding remain.  

Chapter 2 of this work presents studies characterizing human mC1-THF synthase 

encoded by the MTHFD1L gene. This gene encodes a mammalian mitochondrial 

homolog of trifunctional C1-THF synthases. However, as our studies reveal, it is 

monofunctional and contains only the 10CHO-THF synthetase activity.  

1.2 F E D  

Embryonic development in higher organisms is highly orchestrated and finely 

tuned. In a relatively short period of time, through a series of cellular divisions, 

differentiation and migrations, a single cell becomes a highly complex system of 

specialized cells and tissues. Neurulation is probably the stage of mammalian 

development when cell migration, differentiation and di

demonstrated. During neurulation, the neural tube (NT) is formed from which the brain 

nal cord develops. In general terms, it starts with the development of the neural 

plate. The lateral edges of the plate begin to fold up forming the neural walls with the 

neural fold down the center. The neural walls then bend at a hinge point and fold towards 
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each other. Finally, the walls meet at the center line and fuse and the NT is complete 

(Blom et al., 2006). The process of neurulation entails a complex set of events called 

convergent extension where the neural tube concurrently lengthens and elongates. For 

this process to occur without defect, cells need to polarize, migrate and differentiate into 

diverse parts of the central nervous system in a very controlled and precise spatial and 

temporal manner (Wallingford, 2005). In mammals, this process is coupled with high 

rates of cell proliferation.  

Another concurrent and related event to neural tube development is the 

appearance of neural crest cells (NCCs). NCCs originate from the apex of the folds of the 

NT sho

el in two distinct 

pathways from the NT: one goes between the somites and then moves laterally under the 

somites in the schlerotome; the second travels between the epidermis and the dorsal 

rtly before or at the time of neural tube closure, depending on the species. After 

induction has taken place, the NCCs delaminate and migrate from the NT. Two distinct 

NCC sets arise: the anterior NT gives rise to the cranial neural crest while the posterior 

NT gives rise to the trunk neural crest. Furthermore, the trunk NCCs trav

neural tube. These migratory pathways lead NCCs to the far reaches of the organism. As 

they travel, dividing, and differentiating, their fates narrow from stem cells to pluripotent 

cells to highly specialized cells of multiple tissue types. The muscles, bone, cartilage and 

teeth of the jaws and face are some of the tissue types that arise from the cranial NCC. 

Similarly, the autonomic and peripheral nervous system as well as the adrenal cortex, 

among other tissues, arise from the trunk NCC (Basch et al., 2004; Huang and Saint-

Jeannet, 2004).  

Another important aspect of NCCs is that their abnormal functioning during 

development accounts for a major percentage of birth defects.  When mutations and/or 
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endogenous or exogenous environmental factors interrupt the production, differentiation, 

or migration of these cells, birth defects can and do occur.  The list of these maladies 

includes neural tube defects (NTDs) and craniofacial defects (Farlie et al., 2004) 

Likewise, many cancers arise from the tissues derived from NCCs such as 

neuroblastomas, neuroepitheliomas and melanomas (Light et al., 2005). 

1.2.2 Folate Metabolism and Neural Tube Defects  

1.2.2.1 Aberrant Folate Metabolism Increases Risk 
For mammalian embryogenesis to produce a healthy organism, folate metabolism 

is critical. Aberrations in folate metabolism have long been known to be associated with 

NTDs such as spina bifida, exencephaly, and anencephaly. Women and experimental 

animals supplemented with extra folic acid have offspring that exhibit an up to 70% 

lower risk of NTDs (Czeizel and Dudas, 1992). Similarly, epidemiological studies in 

women with histories of NTD-complicated pregnancies show a reduced risk of NTDs in 

future offspring if they are supplemented with folate. Other data, in addition to that of 

folate supplementation, link NTDs to improper folate metabolism. DHFR inhibitors, such 

as methotrexate, cause an increase in NTDs, when maternal intake corresponds with 

embryonic neurulation (Lloyd et al., 1999).  In mouse model systems, embryos that are 

homozygous null for Folr-1 or RFC are embryonic lethal (Spiegelstein et al., 2004; Zhao 

et al., 2001). However, in both cases, the embryos may be rescued if the dams are 

supplemented with excess folic acid, but the pups exhibit a host of birth defects including 

NTDs.  Besides NTDs, folate metabolism has been linked to congenital heart defects 

(Zhu et al., 2007) and craniofacial abnormalities (Spiegelstein et al., 2004).  

At the cellular level, folate metabolism is critical for the synthesis of nucleotides, 

specifically purines and thymidylate. These are all essential for DNA replication and 
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thus, cell proliferation. Developing mammals experience high rates of cell proliferation. 

Proper folate metabolism is also vital for regulatory methylation events in cells, all of 

which are dependent on AdoMet, thus, making them also dependent on folate-dependent 

1-C metabolism.  

1.2.2.2 Associated Folate-Dependent Enzyme Polymorphisms  
However, despite much study by multiple groups characterizing all the known 

enzymes and polymorphisms of 1-C metabolism, to date, in embryos, only the MTHFR 

677 C>

olate-related 

mechan

T polymorphism correlates significantly with folate-related NTDs. But some 

studies seem to refute even this (Beaudin and Stover, 2007). This polymorphism occurs 

with a frequency of between 30% and 50% in most populations, although people of 

African decent have a significantly reduced frequency (~5%) (Cortese and Motti, 2001).  

So as a whole, the MTHFR C677T polymorphism could account for less than 50% of 

folate-dependent NTDs. Of the other embryonic 1-C metabolism polymorphisms 

suggested to be associated with NTDs, most have little, if any, good support for 

contributing to these defects, the exception being MTHFR A1298C. But even here, the 

evidence seems to indicate the effect is primarily seen in conjunction with the C677T 

polymorphism. Additionally, two maternal polymorphisms are associated with NTDs. 

The first is the MTHFR C677T polymorphism. The other is in the MTHFD1 gene 

encoding cC1-THF synthase. In this enzyme, the R653Q variant has been strongly 

correlated with NT defects in offspring of homozygous mothers (Brody et al., 2002; 

Parle-McDermott et al., 2005). However, these variants together do not account for the 

majority of folate-related NTDs; thus most of these birth defects have no f

istic explanation.  It is worthwhile to note that even though Folr1 and RFC 

knockout mice present high percentages of NTDs and other folate-related birth disorders, 
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to date, no known polymorphisms in these genes correlate strongly with these defects. 

Accordingly, these models merely mimic a low folate status and not actual genetic 

defects within human populations. Nevertheless, they still underscore the importance of 

proper folate metabolism to embryonic health. Consequently, any aberration in a newly 

discovered folate-dependent enzyme, such as mitochondrial C1-THF synthase, has the 

potenti

1.2.2.3 MTHFD2 and MTHFD1 in Embryonic Development 

al to be partially causative of NTDs, and its role in normal embryonic 

development needs to be characterized.  

As with the folate transporters, the MTHFD2 gene has no known polymorphisms 

that correlate with folate-dependent birth defects. However, because, under normal 

conditions, it is exclusively expressed in embryonic tissues, its role in development has 

been well characterized, including a homozygous-null mouse model of the gene.  In this 

model, embryos with both copies of MTHFD2 deleted develop normally during their first 

several days of development. However, around E9.5, their growth slows, and the 

knockout mice are smaller and paler than their wild type and heterozygous littermates. By 

E15.5, all mice null for NMDMC die (Di Pietro et al., 2002; Di Pietro et al., 2004; Patel 

et al., 2003). At the transcript level, both the MTHFD1 (cC1-THF synthase) and 

MTHFD2 transcripts have been examined in normal mouse embryos. Temporally, 

although only four embryonic days were studied, the MTHFD2 mRNA was relatively 

abundant at E7 and E11 but had decreasing levels at E15 and E17. On the other hand, 

MTHFD1 mRNA expression remained constant on all four days tested. Noteworthy, the 

spatial pattern in embryos of both transcripts, when examined by in situ hybridization, 

was nearly identical. Both were more highly expressed in the craniofacial region, brachial 

arches, and portions of the neural tube, and both had low expression in the heart. From 
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transverse sections of these embryos, the authors showed additional expression of the 

MTHFD2 mRNA in the somites and optic vesicle (Di Pietro et al., 2004). The NMDMC 

protein has not been characterized like its transcript. In contrast, the cC1-THF synthase 

protein expression pattern has been studied by confocal microscopy in the developing 

mouse nervous system. As expected, it is universally expressed in the embryonic nervous 

system at all time points although there were differences among neuronal cell types in 

subcellular localization (Anthony and Heintz, 2007). 

1.2.2.4 Mutant Mice with Folate-Responsive Defects 
Three mouse mutants which exhibit folate-dependent NTDs also deserve mention. 

Splotch mutant have a defect in the transcription factor Pax3. Pax3 is one of the first 

transcription factors expressed in NCC induction (Monsoro-Burq et al., 2005). Hence, 

these mice manifest aberrant migration of NCCs (the lack of melanocyte differentiation 

from NCCs causes the white belly heterozygotic phenotype). Mice homozygous for the 

defective allele show 100% penetrance for spina bifida. These mice have a deficiency in 

thymidylate metabolism which administration of additional folic acid rescues 

(Wlodarczyk et al., 2006). Specifically, when radiolabeled thymidine was injected into 

these mutant mice more radiolabeled thymidine was observed in their DNA than in the 

DNA of wild type mice. When folate was supplemented, the amount of labeled dTMP 

decreased towards wild type levels. This suggests that the activity of TS is altered in 

splotch mice.  If TS activity was present, then the radiolabeled nucleotide would be 

diluted by endogenously produced thymidine. Additionally, supplementing the splotch 

dames with folate reduces the risk of NTDs in their offspring (Copp et al., 2003; Fleming 

and Copp, 1998). Crooked tail mutants have an aberration in a Wnt signaling pathway 

regulatory protein (Carter et al., 1999). Despite the folate-dependency of this mutant, no 
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biochemical explanation involving folate-dependent metabolism has been found to be 

problematic to date. Finally, Cart1 mutant mice have decreased cell density in their 

forebrain mesenchyme. An 80% reduction in NTDs is realized upon folate 

supplementation (Greene and Copp, 2005). However, the mechanism behind this 

observation has yet to be understood. 

Mitochondrial C1-THF synthase, the newly d
1.2.3 Need to Access Role of MTHFD1L in Embryogenesis 

iscovered enzyme presented herein, 

ate, 

functio

1.3 MITOCHONDRIAL 1-C FLUX AND ITS CYTOPLASMIC CONTRIBUTION 

as the last catalytic step in the mitochondrial oxidation of one-carbon units to form

ns as the “gate” for mitochondrial formate. Any mitochondrial 1-C units entering 

the cytoplasm as formate must be acted upon by this enzyme. As such, it potentially plays 

a role in the rate of purine synthesis and thus cell proliferation as well.  Therefore, it is a 

good candidate to possibly regulate folate-dependent developmental events.  In chapter 3, 

studies are presented to characterize this enzyme in mouse gestation.  

1.3.1 De Novo Purine Synthesis 
It has been established for several years that mitochondria, for de novo purine 

synthesis, divert 1-C units away from cytosolic 5,10-methylene-THF pools towards 

cytoplasmic 10-formyl-THF pools. Studies from our laboratory in yeast and mammalian 

systems helped substantiate this fact. Using Nuclear Magnetic Resonance (NMR)-based 

metabolic tracer studies and genetic manipulation of S. cerevisiae, it was demonstrated 

when the cytoplasmic 1-C path is blocked, the mitochondrial pathway can supply 1-C 

units for purine synthesis (Pasternack et al., 1994; West et al., 1996). When the 

mitochondrial pathway was blocked, the cytosolic pathway could supply adequate 

numbers of 1-C units to purines. Additionally, when [2-13C]-glycine was competed with 
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non-labeled serine, a dilution of the label in purines was realized (Kastanos et al., 1997). 

Our lab with S. cerevisiae and another group using Neurospora crassa demonstrated an 

even more pronounced dilution effect when exogenous formate was competed against the 

glycine (Jeong and Schirch, 1996; Pasternack et al., 1996). This suggested that the 

mitochondrial 1-C pathway is the preferred supplier of 1-C units for purine synthesis. 

Phosphatidylcholine (PC) was also examined as an indicator of AdoMet-dependent 

methyl

purine synthesis. It 

also suggests that methyl-cycle metabolism is also somewhat dependent on mitochondrial 

s, isolated adult rat liver mitochondria incubated with 

radiolabeled 1-C donors produced formate. When a purine-generating system was added 

back into the isolated mitochondria, formate was incorporated to form labeled purines 

(Garcia-Martinez and Appling, 1993). Other labs using in vivo approaches have expanded 

on this to demonstrate that mammalian cells likewise use mitochondrial 1-C units for 

purine formation.  The Schirch group, using MCF7 cells, a human breast cancer cell  line, 

incubated  with [3- C]-serine or [ C]-formate,  showed  over 90% label incorporation in  

ation events. PC is formed (Figure 1-8) in the endoplasmic reticulum by 

methylation    of    phosphatidylethanolamine    (PE)    which   is    itself    derived    from 

phosphatidylserine (PS). PC had label incorporation in yeast with the cytoplasmic 1-C 

path intact, but none when it was blocked (Pasternack et al., 1994). This suggested that 

the mitochondrial 1-C flux is also important for supplying 1-C units to the methyl cycle 

as well. As a whole, these studies conclusively prove that the mitochondrial 1-C path, in 

normal eukaryotic cells, preferentially provides 1-C units for de novo 

1-C flux as well. 

In mammalian system

13 13
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Figure 1-8 Phosphatidylcholine (PC) is synthesized in three successive reactions. 1)  

Phosphatidylserine (PS) is synthesized by phosphatidylserine synthase. 2) 

Phosphatidylserine is converted to phosphatidylethanolamine via 

phosphatidylserine decarboxylase. 3) Phosphatidylethanolamine (PE) is 

methylated by the AdoMet-dependent enzyme, phosphatidylethanolamine 

methyl-transferase to make PC.  
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purines from serine and about 80% from formate. However, when [3-13C]-serine was 

diluted with [12C]-formate, the percentage of labeled purines dropped to a little over 30%. 

But when the opposite was tried ([3-12C]-serine and [13C]-formate), no dilution effect in 

purines was observed. They also observed similar effects in the methyl group of 

thymidylates as well (Fu et al., 2001). Another group, using radiolabeled serine or 

radiolabeled formate, found that wild type mouse embryonic fibroblasts (MEFs) 

produced more radiolabeled purines than MTHFD2 null MEFs. Conversely, when 

incubated with [14C]-formate, the knockout line had higher radioactivity in its DNA than 

the wild type cells (Patel et al., 2003). These studies demonstrate that mammalian cells, 

like yeast prefer mitochondrially derived 1-C units for purine synthesis. Thus both in 

yeast and mammals, the mitochondrial 1-C pathway supplies 1-C units for purine 

synthesis.  

1.3.2 Methyl Cycle 
However, as suggested above, many 1-C units at the level of cytosolic CH2-THF for 

ymidylate synthesis and methionine regeneration may also be of mitochondrial origin. 

support for t

[NAD+]/[NA

of CH2-THF +

the oxidative +

direction, an + eater than 200:1, yeast bypass the NADPH 

dox barrier more easily than mammals.) However, in the mitochondria, the redox state 

is more variable than that of the cytoplasm. In fact, the [NAD+]/[NADH] and 

[NADP+]/[NADPH] are thought to be in equilibrium and both less than 12:1  (Sies, 1982; 

th

Recently, metabolic tracer studies looking at deuterated-methionine labeling have added 

his concept (Figure 1-9). In this model, because of the redox state of the 

DPH] couple in the cytoplasm is (1/100), the conversion of cytosolic pools 

 to CH -THF is unlikely. This essentially puts a blockade in this pathway in 

 direction.  (In yeast, because MTD1 is NAD -dependent in the oxidative 

d the [NAD ]/[NADH] ratio is gr

re
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Veech, 1978). In any case, both dinucleotide couples in the mitochondria are generally 

thought to be positive and therefore, the flux through the mitochondria is generally 

accepted as unidirectional in the oxidative direction while that through cC1-THF 

synthase is unidirectional in the reductive direction. For this reason, if a doubly 

deuterated 1-C donor, for instance, the 3-carbon of serine, is added to cells, and the 1-C 

unit is incorporated into methionine, the route of the 1-C to the methyl cycle can be 

traced. If the 1-C unit passes through a CH2-THF dehydrogenase reaction, it will lose one 

of its deuterium atoms so that when it gets to the methyl cycle and is incorporated into 

methionine, the methionine is singly deuterated. If, on the other hand, it does not pass 

through a CH2-THF dehydrogenase, it will retain both deuteriums. Studies on adult 

humans have demonstrated that up to 70% of 1-C units in adult tissues are of 

mitochondrial origin (Gregory et al., 2000). In mammalian cell culture, that number 

jumps to ~98% (Herbig et al., 2002). If these findings hold true, the mitochondrial 1-C 

path not only  supplies  1-C  units for purine  synthesis but also for AdoMet synthesis.  It, 

therefore, places the mitochondrial 1-C path at the major intersection of controlling 

regulation and proliferation in cells. However, this view is controversial. A few 

investigators believe that, because of the bidirectionality of all enzymes in the 1-C cycle, 

a substantial amount of the singly deuterated methionine in these studies is of 

cytoplasmic origin or at least not derived from mitochondrial formate. They propose that 

doubly deuterated 1-C units transformed into singly deuterated groups (CD2-THF to 

CD+-THF) by cytosolic CH2-THF dehydrogenase may be reduced back and transported 

into the methyl cycle as CDH-THF. 
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Figure 1-9 Using [2,3,3-2H3]-serine as the one-carbon donor and measuring the ratio of 

singly and doubly deuterated methionine in proteins, the percentage of one-

carbon units of mitochondrial origin can be derived. The redox potential of 

the mitochondria causes one-carbon intermediates to flow  in the oxidative 

direction (serine to formate) while the reductive potential in the cytoplasm 

fluxes the 1-C units in the opposite direction. If a doubly deuterated one-

carbon units pass through the 5,10-methylene-THF dehydrogenate reaction 

in the mitochondria (denoted by star), it loses one deuterium. It can then be 

transported into the cytoplasm as formate and directed into the methyl cycle 

where it will methylate homocysteine into singly deuterated methionine. 

Alternatively, if the doubly deuterated one-carbon unit does not enter the 

mitochondria, but instead passes directly into the methyl cycle, it retains its 

double label when incorporated into methionine. 
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Utilizing the new metabolic tracer technique and cell lines which modulate 

mitochondrial 1-C enzym , we can help validate whether most 1-C units 

in the methyl cycle are mitochondrially derived. Chapter 4 presents data using a 

MTHFD2 nullizygous cell line supporting the validity of mitochondria supplying most of 

the 1-C units to the methyl cycle in normal cells. 

  

e level expression
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Chapter 2:  Characterization of Adult Human Mitochondrial C1-THF 

Prior to the investigations presented in this chapter, mSHMT (Fu et al., 2001) and 

the GCV (Motokawa and Kikuchi, 1974) were the only known mitochondrial 1-C 

activities in adult mammals.  In embryos, cancer tissues and immortalized cell lines, an 

additional bifunctional protein, NMDMC, containing an NAD-dependent CH2-THF 

dehydrogenase and a CH+-THF cyclohydrolase is also present (Peri and MacKenzie, 

1993; Smith et al., 1990). But in adult tissues, no proteins associated with the conversion 

of CH2-THF to formate have been discovered. However, studies performed in our lab on 

adult rat liver mitochondria demonstrated these mitochondria do possess activities to 

oxidize 1-C units to formate (Garcia-Martinez and Appling, 1993). This suggests that all 

three activities of the trifunctional C1-THF synthase are present on proteins in this 

compartment in adult tissues. Even embryos, which have NMDMC activities to convert 

CH2-THF to 10CHO-THF, do not have a known protein associated with the 10-formyl-

THF synthetase activity needed to convert 10CHO-THF to formate. Previous attempts to 

isolate a protein with the associated activities have not been fruitful. Herein is presented 

the elucidation and characterization of a protein that partially fills the gaps in our 

understanding of the mammalian mitochondrial 1-C pathway. 

Portions of this work have been previously published. (Prassanan, P, Pike, S, 

Peng, K, Shane, B and Appling DR (2003) J. Biol. Chem. 278, 43178-43187) (Prasannan 

et al., 2003). These sections will be indicated by quotation marks and additional 

indentation. 

Synthase 

2.1 INTRODUCTION 

2.1.1 Background Information 
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2.1.2 Construction of a cDNA of a MTHFD1-Like Sequence 
 

discovered a sequence homologous to human cC1-THF synthase (German Genome 

ankTM, EBI accession number AL117452). The sequence encoded a 

ith a 390 nucleotide 3’ untranslated region (UTR). 

Unfortu

 Several years ago, Dr. Appling searched a human uterine RNA library and

Project; RZPD, GenB

917 amino acid polypeptide w

nately, it was missing the start codon. After publication of the human genome, a 

subsequent search using the novel amino acid sequence as the query found an additional 

exon with the start codon inside in a nearly perfect Kozak sequence. The new MTHFD1-

like gene sits in chromosome 6 different from MTHFD1, encoding cC1-THF synthase, on 

chromosome 14. The new gene, like MTHFD1, had 28 exons but was spread over 236 

kilobasepair (Kbp). In this work, it was demonstrated that each intron had the typical AG 

and GT splicing sequence at the 5’ and 3’ ends, respectively, of each exon. Additionally, 

using 5’ Rapid Amplification of cDNA Ends, the 5’ UTR was shown to be 107 base pairs 

(bp) long. Additionally, an orthologous cDNA was found in the RIKEN mouse gene 

project database by Dr. Appling which was 88% identical to the human protein sequence. 

The mouse gene, like that of the human, is located on a different chromosome than the 

gene encoding cC1-THF synthase (chromosome 10 and 12, respectively). Figure 2-1 

shows an amino acid alignment of the mitochondrial and cytoplasmic C1-THF synthase 

sequences found in humans and mice. 
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Figure 2-1 Alignment of the cytoplasmic and mitochondrial isozymes of C1-THF 

synthase from both humans and mice demonstrate the longer sequence of 

the mitochondrial proteins. The first 31 amino acids of these proteins are a 

mitochondrial leader sequence. The next 31 amino acids are a serine- and 

glycine-rich region of unknown function. At residue 63, homology with the 

cytoplasmic isozymes begins. Also evident from this alignment, is the high 

identity between the C-terminal domains (approximately 700 amino acids) 

versus the lower homology of the N-terminal domain. 

 32



2.1.3 Protein Sequence Encoded by a Human MTHFD1-Like Gene 
The full-length putative mitochondrial C1-THF synthase (mC1-THF synthase) is 

977 amino acids long (compared with human cC1-THF synthase which is 935 amino 

acids). The domain structure is typical of other C1-THF synthases with an N-terminal 

domain containing the CH2-THF dehydrogenase and CH+-THF cyclohydrolase activities 

and a C-terminal domain containing the 10CHO-THF synthetase activity (Figure 2-2). 

Overall the protein has 61% identity with the cytosolic protein. But individually, the N-

terminal domain has 31% while the C-terminal domain has 73% with the cytosolic 

compartment. As identified by the PSORTII program, the first 31 amino acids showed 

characteristics of a mitochondrial targeting sequence with a predicted cleavage point 

between amino acids 31 and 32. The next approximately 30 amino acids present an 

unusual and novel serine- and glycine-rich region of unknown function. Homology with 

the human cC1-THF synthase commences at amino acid 63. Note: the novel gene coding 

for the putative mitochondrial C1-THF synthase was subsequently called MTHFD1L; its 

protein product is called mitochondrial C1-THF synthase. In this work, reference to 

product of the MTHFD1L gene. 

 

MTHFD1L refers to the gene or transcript; mC1-THF synthase refers to the protein 
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Figure 2-2 C1-THF synthases are divided into two domains:  the approximately 30 

kilodalton N-terminal domain contains the NADP-dependent 5,10-

methylene-THF dehydrogenase and 5,10-methenyl-THF cyclohydrolase 

activities. The larger C-terminal domain (about 70 kilodalton) contains the 

10-formyl-THF synthetase activity. Before the studies presented here, all 

known C1-THF synthases had the activities shown above associated with 

their respective domains. D/C stands for 5,10-methylene-THF 

dehydrogenase/5,10-methenyl-THF cyclohydrolase. Synthetase is the 10-

formyl-THF synthetase.  

D/C Synthetase

NADP NADPH Pi + ADP+ ATP

10CHO-THF Formate + THF CH+- 
THF 

10CHO- 
THF 

CH2- 
THF 

H3N COOH
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2.2 MATERIALS AND METHODS 

2.2.1 Materials 

“All chemical were of the highest available commercial quality. Difco 

media components were obtained from V  Chester, PA). Restriction 

enzymes, shrimp alkaline phosphatase, calf intestinal phosphatase, and T4 DNA 

m Invitro  

b (Co e, IA). [α- P]dATP (3000 Ci/mmol) was purchased from

2.2.2 CHO C

cultur

serum

[MTHFD1L inserted into the Inv

using LipofectAMINE 2000 reagent method (Invitrogen). After transfection, cells 

were cultured for an additional 48 hours in regular medium before a G418-

containing selective m

colonies developed. Resistant colonies were picked, replated, cultured, and 

collected.” 

2.2.3 Preparation of Cell Homogenates and Subcellular Fractions 

“Transfected cells were cultured in two 150 cm2 T-flasks to yield 1-2 X 

108 cells. The monolayer was rinsed with phosphate-buffered saline (4 X 5 ml) at 

4°C and then incubated with phosphate-buffered saline containing 10mM EDTA 

(10 ml) at room temperature until the cells detached (5-10 minutes). The flasks 

were tapped gently to dislodge the cells, and the cells were transferred to a 50-ml 

plastic conical tube. Cells were pelleted by centrifugation at 300 X g for 5 

WR (West

ligase were purchased fro gen. Primers for PCR and sequencing were
32made y IDT ralvill  

PerkinElmer Life Sciences.” 

ell Transfections 

“CHO cells (1.5 X 105) were plated on 35 mm diameter dishes and 

ed in α-minimal Eagle’s medium supplemented with 10% (v/v) fetal bovine 

. Duplicate plates were then transfected with 2 μg pcDNA3.1-humito/plate 

itrogen vector, pcDNA3.1D/V5-His-TOPO] 

edium was applied for ~1 week until antibiotic-resistant 
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minutes at room temperature, and the cell pellet washed with 15 ml of 

M sucrose and 1 mM EDTA (pH 6.9)) 

 cell pellet was resuspended in HMS (2 ml) at 4°C, transferred to a 

Kontes

t was removed carefully, transferred to another 

d on ice. The pellet was resuspended in HMS (1 ml) and 

further dispersed by four strokes of the 

 

t was recentrifuged at 10,000 X g 

for 15 min to give a final supernatant (cytosolic fraction). The second pellet was 

combined wih the first, washed with HMS (2 ml), and resuspended in HMS (1 ml) 

to give

homogenization solution (HMS; 250 m

4°C. The

 nitrogen cavitation device, and exposed to a pressure of 36 p.s.i. for 30 

min at 4°C. The suspension of disrupted cells was collected into a 3-ml conical 

ground-glass Duall tissue grinder and further disrupted with four strokes of the 

homogenizer (Lin et al., 1993).”  

Nuclei and unbroken cells were sedimented by centrifugation at 900 X g 

for 6 min. The supernatan

centrifuge tube, and store

grinder. After centrifugation, at 900 X g 

for 6 min, the supernatant was combined with the first supernatant and stored on 

ice. The pellet was washed with HMS (3 X 1 ml), and the final viscous pellet 

(nuclear fraction) was resuspended in HMS (1ml). The combined supernatants 

were centrifuged at 900 X g for 5 min, and any pellet was discarded. The volume 

of the supernatant (total post-nuclear supernatant fraction) was increased to 5 ml

by addition of HMS. 

The post-nuclear supernatant was centrifuged at 10,000 X g for 15 min, 

and the pellet was stored on ice. The supernatan

 the mitochondrial fraction. Glutamate dehydrogenase activity (Schmidt, 

1974) was used as a mitochondrial marker, and lactate dehydrogenase (Kornberg, 

1955) was used as a cytoplasmic marker.” 
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2.2.4 Im

 transferred onto a nitrocellulose membrane 

(Midwe

nd TBS (2 X 5 min each) and rinsed with water before 

visualiz

2.2.5 E

1 uding the mitochondrial presequence is 

expressed from the ADH promoter of the vector. Yeast strain DAY3 (ser1 ura3-

52 trp1 leu2 ade3-130) (West et al., 1996) was transformed with pVT-humito or 

empty pVT-103U vector using a lithium acetate method (Ito et al., 1983) modified 

munoblotting 

“The protein concentration of the cytosolic and mitochondrial fractions 

was determined using the Bradford assay (Bradford, 1976) with bovine serum 

albumin as a standard. Eighty μg of cytosolic and mitochondrial protein from 

transfected and untransfected CHO cells were fractionated on a 7.5% SDS-

polyacrylamide gel for 50 min at 180 V. One-half of the gel was stained, and the 

proteins on the other half were

st Scientific, Valley Park, MO) by electroblotting for 90 min at 250 mA. 

The membrane was then washed with distilled water (3 X 5 min each) and 

blocked in 2% dry milk in Tris-buffered saline (TBS, 10 mM Tris Base and 0.15 

M NaCl (pH 8.0)) for 1 h at room temperature. The blocked membrane was 

incubated with mouse anti-V5 primary antibody (1:1000 dilution; Invitrogen) 

diluted in TBS and 1% dry milk for 1 h at room temperature. The membrane was 

then washed with TBS containing 0.0025% Tween 20 (TBST; 3 X 5 min) and 

incubated with goat anti-mouse secondary antibody (1:2000; Zymed Laboratories 

Inc, San Francisco, CA) for 1 h at room temperature. The membrane was finally 

washed with TBST a

ing the bands. Reacting bands were visualized by enhanced 

chemiluminescence detection (ECL) (Amersham Bioscience).” 

xpression in Yeast and Enzyme Assays 

“The full-length human cDNA was subcloned from pcDNA3.1-humito 

into the BamHI and XhoI sites of the yeast expression vector pVT103U (Vernet et 

al., 1987). In the resulting construct, pVT-humito, the entire human mitochondrial 

C -THF synthase open reading frame, incl
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as described. Cells were grown in synthetic minimal media and extracts were 

prepare

2.2.6 N

for the antisense 

69 to +2933, ending just before the stop 

codon. 

d and assayed for NAD+- and NADP+-dependent methylene-THF 

dehydrogenase activity as described (West et al., 1993). 10-Formyl-synthetase 

activity was determined according to Kirksey and Appling (Kirksey and Appling, 

1996).” 

orthern Analysis 

“A FirstChoice Northern human blot 1 kit was obtained from Ambion 

(Austin, TX) with poly(A)+ from the following adult human tissues: brain, 

placenta, skeletal muscle, heart, kidney, pancreas, liver, lung, spleen, and thymus. 

Probes were synthesized by asymmetric PCR using reagents supplied in the kit 

and [α-32P]dATP according to the kit manufacturer’s instructions. The two probes 

represented the 5’- and 3’- ends of the putative mitochondrial C1-THF synthase 

cDNA. The 5’-end probe was synthesized using the primer GS5’SOE (5’-

GGGACTCCATCGTCAGAGAAG-3’) for the sense strand and primer GSI (5’-

CCGCTCGAGCAAGGCATTGAGGACTTTGTTGCT-3’) for the antisense 

strand. The 304 bp probe covered nt +215 to +518. (The A of the ATG start 

codon is designated as +1.) The 3’-end probe was synthesized using primer, 

DRA3 (5’-GATGCAGTCCCCTGCTATCA-3’) for the sense strand and primer 

TOPO3’ (5’-GAACAAGCCTTTAACTTGTTCTGTTTC-3’) 

strand. This 465-bp probe covered nt +24

A probe was also synthesized for detection of the human cytoplasmic C1-

THF synthase. The plasmid pUC13/HS230 (obtained from Dr. R.E. MacKenzie, 

McGill University), which contains a 230 bp fragment near the 3’ end of the 

human cytoplasmic C1-THF synthase cDNA (Hum et al., 1988), was linearized by 

digestion with Sac1. A linear PCR method (following the manufacturer’s 

instructions) was used to synthesize the probe. The antisense primer used was 5’-
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GTAAAACGACGGCCAGT-3’, which is complementary to the vector sequences 

flanking the insert. 

The membrane was subjected to a 1-h prehybridization at 42°C with 

UltraHyb ultrasensitive hybridization buffer (Ambion Inc). The probe was added 

at 106 cpm/ml of hybridization buffer and allowed to hybridize at 42°C overnight 

he membrane was then washed twice with NorthernMax low 

stringen

2.3 RES

2.3.1 M

protein

and cy

synthas

express

California at Berkeley whose associate, Dr. Kun Peng, transfected it into glyB CHO cells. 

They fractionated the cells into mitochondrial and cytoplasmic fractions and sent them 

back to our lab.  

in a roller bottle. T

cy wash solution (equivalent to 2X SSC; Ambion Inc.) for 10 min at 42°C 

and twice with NorthernMax high stringency wash solution (equivalent to 0.1% 

SSC) for 30 min at 42°C. The membrane was exposed to a storage phosphor 

screen (Amersham Biosciences) for 48 h and imaged using an Amersham 

Biosciences 445 SI PhosphorImager. The same blot was stripped and 

reconstituted for hybridization with each probe according to the kit 

manufacturer’s instructions.” 

ULTS 

itochondrial Localization 
To determine if the putative mC1-THF synthase localizes to the mitochondria, the 

 was overexpressed in CHO cells and detected by immunoblotting mitochondrial 

toplasmic CHO cell fractions. Previous to this a full-length human mC1-THF 

e cDNA had been cloned and inserted into a pcDNA3.1D/V5-His-TOPO 

ion vector. The construct was then sent to Dr. Barry Shane at the University of 

“Each fraction was assayed for the mitochondrial marker enzyme glutamate 

dehydrogenase and the cytoplasmic marker enzyme, lactate dehydrogenase. 
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Glutamate dehydrogenase activity ranged from 68 to 95 μmol/min/mg of protein 

in the mitochondrial fractions, compared with 2.4-4 μmol/min/mg in the 

cytopla

2.3.2 E

“The full-length human mitochondrial C1-THF synthase cDNA, including 

ension, was subcloned into a yeast expression vector 

protein). However, we did not detect any increase in 5,10-methylene-THF 

dehydrogenase  activity  in  cells  carrying  the  pVT-humito  plasmid  using  

extracts. These results,  together  with the  mitochondrial  localization data  above,  

smic fractions. The lactate dehydrogenase activity of the mitochondrial 

fraction was only one-seventh that of the cytoplasmic fraction. These subcellular 

fractions were then subjected to SDS-PAGE and immunoblotting using antibodies 

against the V5 epitope [Figure 2-3]. A clear signal at ~107 kDa was detected in 

the mitochondrial fraction of the transfected CHO line (lane 2), but not in the 

cytoplasmic fraction (lane 1). This mobility is consistent with the expected size of 

the epitope-tagged construct (1000 amino acids). No signal was seen in either 

fraction of the untransfected CHO cell line (lane 3 and 4). These results confirm 

that this cDNA encodes a protein that localizes exclusively to the mitochondria in 

a mammalian cell line.” 

xpression in Yeast 

the 62-codon N-terminal ext

(pVT103U) and transfected into an ade3 deletion strain (DAY3). Disruption of 

the ADE3 gene, which encodes the cytoplasmic C1-THF synthase, results in yeast 

cells  with very low 10-formyl-THF synthetase and 5,10-methylene-THF 

dehydrogenase activities; the  residual activity is due to the mitochondrial 

isozyme (Barlowe and Appling, 1990b). DAY3 transformed with pVT-humito 

[MTHFD1L] overexpressed 10-formyl-THF synthetase activity ~9 fold compared 

with cells transformed with the empty vector (64.6 versus 7.1 milliunits/mg of 

either NADP+ or NAD+ as cofactor. The third activity of C1-THF synthase was 

not assayed because it is difficult to accurately measure this activity in crude 
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Figure 2-3 Mitochondrial C1-THF synthase localizes to the mitochondria. CHO 

cells overexpressing human mC1-THF synthase tagged on the C-

terminus with a V5 epitope were fractionated and subjected to SDS-

PAGE analysis. In the above figure the left panel is a Coomassie 

stained SDS-polyacrylamide gel, the right is a Western blot of an 

identically loaded gel. The tagged protein is only visible in the 

mitochondrial fraction of the transfected cells. T, transfected with 

the construct; C, non-transfected controls; small case “c”, 

cytoplasmic fraction; m, mitochondrial fraction. The blot was 

performed in collaboration with Priya Prasannan. 
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confirm that this cDNA encodes a protein with 10-formyl-THF synthetase 

activity, further supporting its identification as the human mitochondrial C1-THF 

synthase.” 

2.3.3 Northern Analysis 

 “A Northern blot prebound with human poly(A) RNA from several  

tissues was obtained from Ambion Inc. A 304-bp 5’-end probe spanning nt 215-

518 of human mitochondrial C1-THF synthase cDNA revealed two bands: one at 

3.6-kb and the other at 1.1-kb [in Figure 2-4, MTHFD1L Probe A]. The upper 

band corresponded to the expected size of the full-length transcript. To ensure that 

the 1.1 kb band was not an artifact, we washed the membrane for an additional 30 

min with high stringency wash buffer at 50°C. The additional wash did not 

eliminate either band. The upper and lower band distributions were very similar, 

with the highest transcript levels being in placenta, thymus, and brain. Expression 

 To de

3’-end probe

detected on

suggesting th

We a

synthase tran

from the 3’-e

3.3-kb trans

distribution o ial isozyme, being 

highest in liver, kidney, and skeletal muscle. Thus, the human mitochondrial and 

cytoplasmic C1-THF synthase isozymes are encoded by two distinct transcripts 

that do not cross-hybridize under these probe and wash conditions.” 

was low in liver and skeletal muscle and barely detectable in heart. 

termine the relationship of the 3.6- and 1.1-kb transcripts, a 465-bp 

 was synthesized that ended just before the stop codon. This 3’ probe 

ly the 3.6-kb transcript [in Figure 2-4, MTHFD1L Probe B], 

at the 1.1-kb transcript represents just the 5’-end of the cDNA. 

lso compared the tissue distribution of the mitochondrial C1-THF 

script with that of the cytoplasmic isozyme, Using a 230-bp probe 

nd of the cytoplasmic C1-THF synthase cDNA (Hum et al., 1988), a 

cript was observed (MTHFD1 blot in Figure 2-4). The tissue 

f this transcript differs from that of the mitochondr
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Figure 2-4 Northern blots of hum

blots 

al

with Priya Prasannan.

 

A  

an adult tissues show that with a 5’-end probe, two 

bands are revealed, the larger one being the expected size. However, with a 

3’-end probe only one is seen. The bottom transcript is an alternatively 

spliced variant of human mitochondrial C1-THF synthase. The above 

so reveal that mitochondrial C1-THF synthase is a distinct transcript from 

that of the cytosolic isozyme being different in size and tissue distribution.  

The former mRNA is highest in placenta, brain and thymus, while the latter 

is highest in liver, kidney and skeletal muscle. Performed in collaboration 

55
55

11..11 k kbb  
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  AATTGG

33
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.4 DISCUSSION 
 

 

itochondria but sublocalizes to the inner mitochondrial membrane (Prasannan, 2006). 

resen y dies in the lab are trying to ver y whether the serine/glycine-rich region just 

after the mitochondrial targeting sequence is required for submitochondrial localization. 

dditionally, Sugiura et al. verified that the mitochondrial leader sequence is cleaved 

between residues 31 and 32 in the protein (Sugiura et al., 2004). 

“Expression of the full-length cDNA in yeast revealed elevated 10-formyl-

THF synthetase activity, further supporting its identification as the human 

mitochondrial C -THF synthase. We were unable to detect increased 5,10-

methylene-THF dehydrogenase activity in these cells using either NADP  or 

NAD+ as cofactor.” 

Subsequent work in our laboratory has shown conclusively that the purified 

recombinant human C1-THF synthase is monofunctional containing only 10CHO-THF 

synthetase activity (Walkup and Appling, 2005). No NAD+- or NADP+-dependent 

dehydrogenase activity was found, nor was there any cyclohydrolase reaction detected. 

2
“The experiments described here confirm that humans express a

mitochondrial C1-THF synthase, with properties very similar to those of the 

cytoplasmic homologs previously characterized. The full-length human cDNA 

encodes a protein of 978 amino acids, including an N-terminal mitochondrial 

targeting sequence. When the full-length cDNA was expressed in CHO cells, the 

targeting sequence directs the protein exclusively to the mitochondria [Figure 2-

3].” 

Dr. Prasannan has now verified that this protein not only localizes to the

m

P tl , stu if

A

1

+
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Christensen et al. knocked out cC1-THF synthase in mouse embryonic fibroblast (MEFs). 

The activity le

mitoch

levels 

10CHO

10CHO

MTHF

candidate protein for this activity. They also pointed out that certain key residues critical 

for bin

ses, catalytically, mC1-

THF synthase 

ts a protein with 88% identity to the human protein including 

vel of cC1-THF synthase activity is much greater than that found in the 

ondria. Thus deleting this gene decreased background 10CHO-THF synthetase 

greatly.  With these cells, they determined mammalian mitochondria have a 

-THF synthetase activity which accounts for approximately 6% of the total 

-THF synthetase activity in the cell. After confirming the presence of the 

D1L mRNA in these cells, they proposed mC1-THF synthetase to be a good 

ding folate and dinucleotide adenine cofactors are mutated in the mammalian 

mC1-THF synthases as compared to other CH2-THF dehydrogenases/CH+-THF 

cyclohydrolases. On the other hand, they found the residues critical for dimerization 

intact in mammalian mC1-THF synthases. Therefore, the N-terminal domain may 

stabilize the structure of the whole enzyme as such (Christensen et al., 2005). Despite the 

structural similarities in both domains to other C1-THF syntha

is a monofunctional homolog of other trifunctional C1-THF synthases. 

“Expression of the gene was detected in most human tissues, but transcript 

was the highest in placenta, thymus and brain. Expression was low in liver, 

skeletal muscle and barely detectable in heart. A mouse cDNA has also been 

identified that predic

the N-terminal extension, suggesting that this mitochondrial C1-THF synthase will 

be found in all mammals.” 

“Assuming the short transcript is translated in vivo, it is unlikely that the 

resulting protein would retain 5,10-methylene-THF dehydrogenase or 5,10-
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ite 

differen

itochondria. Although the ratio of the two 

transcri

methenyl-THF cyclohydrolase activity. Modeling the human mitochondrial 

protein sequence onto the x-ray structure of the dehydrogenase/cyclohydrolase 

domain of the human cytoplasmic C1-THF synthase (Schmidt et al., 2000) reveals 

that exons 8 and 9, which are missing in the short transcript, encode the major 

portion of the Rossman fold of the NADP-binding site and a critical α-helix that 

forms one wall of the folate-binding site. It is likely that the truncated protein 

lacking these structures will not fold into a stable structure and be rapidly 

degraded.” 

It was demonstrated in this publication that the short transcript is an alternatively 

spliced sequence. A mutated Alu element insertion between exon 8 and 9 created a novel 

exon, exon 8a. This short isoform encodes a protein that is identical to the first 260 amino 

acids of mC1-THF synthase, but differs in the final 15 which come from the new exon. 

After this publication, it was shown in our lab that the short isoform does not encode a 

catalytically functional protein (Prasannan, 2006).  

“The tissue distribution of the mitochondrial C1-THF synthase is qu

t than that of the cytoplasmic isozyme (Figure 2-4). Whereas the 

cytoplasmic transcript is most abundant in liver and kidney, the transcripts for the 

mitochondrial isozyme are relatively low in those tissues, but highest in placenta, 

followed by thymus, spleen, brain, and lung. The low expression of the 

mitochondrial isozyme in liver probably contributed to our earlier difficulties in 

purifying the protein from the liver m

pts varies somewhat from tissue to tissue, both are present in every tissue 

assayed, even heart (Figure 2-4).” 
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“The discovery of the human gene for this mitochondrial C1-THF synthase 

confirms our model for the compartmentation of folate-mediated one-carbon 

metabolism in mammalian cells.” 
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Chapter 3:  Characterization of Mitochondrial C1-THF Synthase in 
bryos 

 

3.1 INTRODUCTION 
 

In the previous chapter (Figure 2-4), it was shown that adult human tissues 

contain the mC1-THF synthase transcript which is different in size and tissue distribution 

than that of its cytoplasmic isozyme. Previously, reports looking at the transcripts of 

MTHFD1 and MTHFD2 showed nearly identical spatial patterning in embryos. But the 

two mRNAs showed different temporal expression patterns: MTHFD1 mRNA remained 

relatively constant but MTHFD2 levels decreased (Di Pietro et al., 2004; Peri and 

MacKenzie, 1993). Moreover, up to 70% of NTDs are folate-dependent; however, as of 

yet, no known folate-dependent enzyme mechanism accounts for the majority of these 

birth defects (Beaudin and Stover, 2007). Furthermore, because mammalian adult 1-C 

metabolism differs from that of developing individuals in at least one aspect - the 

presence of MTHFD2 in embryos only (Di Pietro et al., 2002; Peri and MacKenzie, 1993; 

Smith et al., 1990), it is possible that MTHFD1L or its protein product, mC1-THF 

synthase, may also differ between adults and embryos. Thus, any new folate-dependent 

enzyme needs to be examined, not only in adults, but also in embryos. Hence, studies to 

characterize the transcript and protein in embryos were performed. The following chapter 

presents this data.  

 

Em
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3.2 MATERIALS AND METHODS 

3.2
Mice were kept at the UT A l Resource Center under UT Austin 

CUC protocol #03030701. Wild type strain used was CF-1® (Charles River 

al plugs observed at noon in female mice were considered as 

embryonic day 0.5 (E0.5) and appropriately aged embryos harvested accordingly. 

to E17.5 dependent on experimental need. 

e was at the 3’ end. Additionally, two partial cDNAs (24FL and 

14EB) were donated by the MacKenzie group for this work. The MTHFD2 cDNA 

(24FL) was missing 13 bp of the 5’ coding region including the start codon and was 

.1 Animal Work 
ustin Anima

IA

Laboratories). Vagin

Embryos were also staged based on somite number. Embryos were dissected at ages E9.5 

3.2.2 Template cDNAs for MTHFD1L, MTHFD2 and MTHFD1 
A cDNA in a pCMV-Sport6.1 vector with identified homology to mouse 

MTHFD1L (Image Clone ID: 6311761, GenBank ID: BQ91728) was obtained from 

American Type Culture Collection (ATCC). The cDNA was cloned from mouse 

olfactory epithelium mRNA. The insert was amplified, and the 5’ end sequenced at the 

University of Texas at Austin DNA facility to determine where the 5’ end of the cDNA 

commenced, and if the sequence contained a start codon. The resulting final sequence 

was aligned and compared to mouse MTHFD1L. Analysis of the sequence revealed that 

the clone started 93 bp upstream of the start codon. It was assumed that the full 3’ UTR 

was present due to the unidirectional cloning and oligo(dT) primer used to obtain the 

cDNA The total length of the cDNA was 3625 bp. The orientation of the insert was such 

that the SP6 promoter/primer site lay at the 5’ end of the insert while the T7 

promoter/primer sit
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truncated 108 nucleotides after the stop codon at a HindIII restriction site. This left an 

1145 bp fragment of the MTHFD2 sequence. The T7 promoter/primer sequence flanked 

+

 (Northern blot) was purchased from Seegene, 

Inc. (Seoul, South Korea). In each lane of the membrane, 20 μg total RNA from embryos 

32

the 5’ end of the insert; the T3 promoter/primer was on the 3’ side. The MTHFD1 cDNA 

(14EB) had 30 bp deleted at the 3’ end of the coding sequence. The orientation of this 

construct was opposite that of 24FL. Both constructs were in pBluescript II (SK ) 

plasmids. These constructs were used to synthesize probes for the following experiments. 

3.2.3 Developmentally Staged Northern Blots 
A Mouse Conceptus Full Stage Blot

of a single embryonic day (E) was bound. The blot covered embryos aged E4.5 to E18.5; 

thus, covering most of mouse gestation (mice are born between E19 and E21, depending 

on strain). It should be noted that until E6.5, according to the manufacturer’s 

specification information, some RNA from maternal uterine tissue may have been 

included as well. Using the Ambion’s Strip E-Z PCR kit (product no longer available), 

[ P]-labeled anti-sense DNA probes to MTHFD1L (431 bp), MTHFD2 (431 bp) and 

MTHFD1 (450 bp) cDNAs were constructed according to kit instructions. For all three 

cDNAs, asymmetric amplification was used. For each, antisense primer concentration in 

the reaction mixture was 1 μM while the sense primer was 10 nM. Additional reactants 

included dNTPs (included with the kit), [α-32P]-dATP (3000 Ci/mmol) (Perkin-Elmer), 

cDNA-specific primers (listed below, Integrated DNA Technologies, Coralville, Iowa), 

Taq polymerase and its 10X buffer (Applied Biosystems), and the cDNA template (1 ng 

for asymmetric amplification). The reaction parameters for each reaction were 3 minutes 

at 94°C, then 25 cycles of 30 sec at 94°C, 30 seconds at 55°C (59°C for the MTHFD1 
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217 and ended at 647 in 24FL. Lastly, the MTHFD1 probe started 170 bp downstream of 

the star

and MTHFD2 probes) and 60 seconds at 72°C. Hotstarts were used for the reactions and 

a 7 minute final elongation time was allowed at 72°C. For MTHFD1L, the primers STP5’ 

(5’-AAGAACTTGCAGCCGCATCTC-3’ beginning at bp 32 in the ATCC clone) and 

Mmomito (5’-CCAGACCAGCCTCCTTGGCCAAA-3’ starting at bp 463) were utilized. 

For MTHFD2, M2F5’ (5’-ACAATCCCGCCAGTCACTCCTAT-3’) and M2F3’ (5’-

TTCGTGAGCTCCATCTGTGTGCA-3’) were used. The probe commenced at position 

t codon with primer MC5’ (5’-TGAAGGCTGCTGAGGAGATTG-3’); it ended 

504 bp from the start codon at the 3’ end of the sequence complementary to the primer, 

MC3’ (5’-TTACTTCGACCAACCACCACCG-3’). Hybridization and visualization were 

as described for the adult human tissue blot of chapter 2. 

Quantification of the bands was performed on the Northern blot using the ImageJ 

software (http://rsbweb.nih.gov/ij/) program. A photograph of the 18S plus 28S 

ribosomal was supplied with the blot as a loading control. This image was converted into 

a TIF image by digitizing on an Epson Perfection  1260 scanner and used as a 

normalization control. The densities of the 18S and 28S bands for each lane were added 

together, and the sum divided by the sum of the highest density bands on the gel to obtain 

the relative abundance of RNA in each lane. In the same manner, the MTHFD1L, 

®

®

MTHFD1 and MTHFD2 normalized band densities were likewise determined. The 

normalized values for each individual band were then divided by the normalized 

ribosomal RNA values and plotted in Microsoft Office  Excel.  
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 the MTHFD1L cDNA in three 

places:

ribe, Epicentre) for their 

respective promoters – the same as for MomitoT. Both Momito3’ probes have 1008 nt 

complementarity to the mC1-THF synthase transcript. The MTHFD2 probes were 

linearized with ApaI and BamHI at the 3’ and 5’ ends of the cDNA respectively. The 

3.2.4 In situ Hybridizations in Whole Mouse Embryos 

3.2.4.1 Probe Construction 
 Antisense and sense (negative control) probes to the transcript of MTHFD1L and 

MTHFD2 were synthesized. For each probe, the cDNA was shortened to optimize probe 

length and ensure, as near as possible, equal sized sense and anti-sense probes. A 5’ end 

and 3’ end probe were constructed against the MTHFD1L mRNA.   For the 5’ end probe 

(MomitoT), a unique HindIII restriction site in the mouse MTHFD1L sequence at 

position 873 of the insert and another in the multiple cloning site (MCS), 3’ of the insert, 

provided a simple way to shorten the full-length sequence leaving only the 5’ end of the 

cDNA. The 3’ end probe (Momito3’) was constructed using SmaI. This endonuclease 

cleaves the vector in the MCS, 5’ of the insert and cuts

 at positions 27, 207 and 2617 bp. After digestion, gel extraction purification 

(using the Qiagen Gel Purification kit, Valencia, California), religation (Fast-Link kit, 

Epicentre, Madison, Wisconsin) and amplification, a cDNA with 1008 bp of the 3’ 

MTHFD1L sequence was returned. For MomitoT, linearization of the vector was 

achieved using either the 3’ HindIII site or an EcoRI site bordering the 5’ end of the 

insert. Antisense and sense probes were synthesized using the T7 and SP6 polymerases 

(AmpliScribe, Epicentre, Madison, Wisconsin), respectively. Both probes retained 872 

nucleotide (nt) complementarity to the 5’ end of the MTHFD1L sequence.  Momito3’ 

probes were constructed by cutting with Sma1 (at the 5’ end) or ApaI (in the MCS 3’ of 

the insert) and then using the SP6 and T7 polymerases (AmpliSc
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tisense using T3 polymerase 

spanned the full 24FL sequence and had 1045 nt 

omple

 Hybridization of the digoxigenin-labeled probes to mRNA within whole mouse 

embryos were performed as described previously (Conlon and Rossant, 1992). In brief, 

embryos were fixed in 4% paraformaldehyde in 1X phosphate buffered saline (PBS), pH 

7.3. After permeabilizing the embryos with Proteinase K, digoxigenin-labeled probes 

(described above), were hybridized to embryos aged E9.5 to E13.5. As a positive staining 

control, a probe to Sox10 was utilized. Visualization of the probe was attained by 

addition of alkaline phosphatase (AP)-conjugated antibodies to digoxigenin (Roche 

sense probe was made using T7 polymerase, the an

(Epicentre). Both probes 

c mentarity to MTHFD2 transcripts. 

Besides the linearized templates and the polymerases with their respective 

buffers, probe synthesis reaction mixtures included 10 mM dithiothreitol (from 

polymerase kits), 4 Units RNase Inhibitor (Ambion, Austin, TX), 1X DIG RNA labeling 

Mix (1 mM ATP, CTP and GTP, 0.65 mM UTP and 0.35 mM Dig-11-UTP, Roche 

Diagnostics, Penzberg, Germany) and DEPC-treated water up to 10 μl. Incubation was 

for 2 hours at 37°C. Purification of the digoxigenin-labeled RNA probes was carried out 

by precipitation with 1 volume of 5 M ammonium acetate, followed by incubation on ice 

for 10 to 15 minutes, centrifugation at 15,900 x g for 15 minutes to pellet the probe. The 

resuspended pellet was washed twice in 70% ethanol and pelleted by centrifugation at 

11,500 x g for 10 minutes. Probe concentration was determined using a NanoDrop 

Spectrophotometer (Thermo-Fisher Scientific). If not immediately used, probes were 

stored at -20°C until use. 

3.2.4.2 Hybridization and Visualization 
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ore detailed protocol for this method can be 

found i

3.2.5 Mitochondrial Formate Synthesis Assays 

supernatant was decanted to a second centrifuge tube. In some 

ffer and submitted to Dounce homogenization a 

Diagnostics, Penzberg, Germany) and subsequent addition of BM Purple (Roche 

Diagnostics) substrate. The substrate upon catalysis by AP shows a deep purple stain 

which is easily visualized in tissues. A m

n Appendix II, Protocol 10. 

3.2.5.1 Isolation of Mitochondria 
 Mitochondria from all tissues were isolated as previously described for adult rat 

liver (Barlowe and Appling, 1988). In brief, mouse embryos between E13.0 and E17.5 

were dissected from their mothers along with the dams’ livers into cold 1X Phosphate 

Buffered Saline (PBS). After removal of excess blood, the respective tissues were placed 

in H-buffer (300 mM sucrose, 5 mM MOPs (pH 7.4), 1 mM EGTA, 5 mM KH2PO4, 1% 

BSA) and minced into small pieces. The diced tissues were Dounce homogenized with 

four to five up and down strokes in a drill press rotating at 860 Rotations Per Minute 

(RPM). The homogenate was centrifuged at 750 x g for 15 minutes at 4°C to pellet nuclei 

and unbroken tissue. The 

cases, the pellet was resuspended in H-bu

second time. The resultant supernatant was pooled with that of the first centrifugation. 

Mitochondria were pelleted by centrifugation at 7100 x g for 20 minutes. After discarding 

the supernatant, the pellet was washed twice with H-Buffer at 9800 x g for 20 minutes 

before being suspended in at least 1 ml of H-Buffer. These mitochondria remained 

competent for approximately six hours if kept on ice and were used in the following 

oxidation assays. 
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 Duplicate samples of isolated, intact mitochondria were incubated in [2-14C]-

central well for trapping 14CO  and the other in a stoppered Erlenmeyer flask. 

Concurrently, a no-mitochondria control was performed. The side-arm of the Warburg 

 and the central well with 150 μl 

 The reaction mixture in the outer chamber contained 

2 4

2

2

2

n mixture of the remaining duplicate flask was processed by 

transferring it to a microcentrifuge tube. Centrifugation at 12,000 x g for 5 minutes 

3.2.5.2 Oxidation of [2-14C]-Glycine in Mitochondria 

glycine (1000 dpm/nmol) with one sample in a stoppered Warburg flask containing a 

2

flask was loaded with 1.2 N perchloric acid

phenylethylamine (Sigma-Aldrich).

the reaction buffer (50 mM HEPES buffer (pH 7.2), 50 mM KCl, 25 mM KH PO , 2 mM 

MgCl , 240 mM sucrose) and 0.5 M [2-14C]-glycine (1000 dpm/nmol) (Morevek 

Biochemicals, Inc., Brea, California) and 1.5 to 7 mg of whole mouse embryonic 

mitochondria or adult mouse liver mitochondria. Oxidation of the radiolabeled 1-C donor 

was allowed to proceed for 10 minutes at 37°C with gentle shaking before being 

quenched with the perchloric acid. Any CO  evolved during the reaction time is adsorbed 

by the phenylethylamine. Upon acid quenching, a sample of the phenylethylamine was 

diluted into scintillation fluid and analyzed in a Beckman 6000 scintillation counter. The 

nmol of CO  evolved was determined by converting cpm to nmols and dividing by the 

concentration of mitochondrial protein in the assay. It should be noted that due to the 

limited numbers of dams and embryos, most assays were performed with less than the 

optimum 7 mg of protein. However, we have previously shown, using either serine or 

sarcosine as the 1-C donor, that rat liver mitochondria exhibit a linear relation between 

nmol formate evolved and mg of mitochondrial protein used (Barlowe and Appling, 

1988). 

 The reactio
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d to a new tube and boiled for 5 

inutes followed by a second 5 m

2

C-formate.  

For each sample, two Warburg flasks were loaded identically, as described above 

for the oxidation assay, except to one formate dehydrogenase (FDH, Sigma-Aldrich) (1 

Unit total in the final reaction volume) was added and in the other it was withheld. 

Additionally, the reaction mix in the outer chamber contained 50 mM HEPES buffer (pH 

7.2), 2.5 mM NAD  and the processed mitochondrial oxidation mixture (with the 

synthesized mitochondrial formate). FDH cleaves formate into CO2 and water; thus, CO2 

converted from formate is collected via the phenylethylamine in the center well of the 

Warburg flasks. The reaction were incubated for 30 minutes with gentle shaking at 37°C 

and terminated by acidification with the 1.5 N perchloric acid in the side arm of the flask. 

Aliquots of the phenylethylamine were then analyzed in a Beckman 6000 scintillation 

counter. Calculations for nmol of CO2 were performed as above. Because the 

stoichiometry of converting formate to CO2 is one to one, each nmol of CO2 evolved in 

the reaction equals a nmol of formate. 

to break open the mitochondria. Protein 

removed mitochondria. The supernatant was transferre

m inute, 12,000 x g centrifugation step to drive off any 

excess CO . The resultant mixture was either frozen at -20°C or assayed immediately for 

14

3.2.5.3 Formate Determination 

+

3.2.6 SDS-PAGE and Immunoblotting 
 Aliquots of isolated mitochondria from different aged embryos, adult liver and 

adult spleen were diluted into water 

concentrations were determined by Bradford’s assay (Bradford, 1976) in 96 well plates 

read at a wavelength of 595 nm on a Molecular Devices  SpectraMax 190 
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enolblue) at a 5:1 ratio. The samples plus loading buffer was boiled for 5 

minutes. Fifty μg of total protein was loaded into each lane of 3 separate 7.5% SDS-

polyacr

3.2.7 Coomassie Blue Staining of SDS-Polyacrylamide Gels 

25% isopropanol, 10% glacial acetic acid) for 30 

destained in 25% isopropanol, 10% glacial 

spectrophotometer plate reader. Upon determination of protein concentration, separate 

samples of the same mitochondria were mixed with 6X Loading buffer (0.5 M Tris-Cl, 

pH 6.8, 0.4% Sodium Dodecyl Sulfate (SDS), 3% glycerol, 200 mM dithiothreitol, 0.12 

mg/ml bromph

ylamide gels. Spleen was loaded at 20 μg/lane. After transfer to a nitrocellulose 

membrane (Midwest Scientific) by electroblotting for 70 min at 250 mA, the membrane 

was probed for mC1-THF synthase or Hsp60. For detection of mC1-THF synthase, 

polyclonal primary anti-MTHFD1L antibodies raised against the short N-terminal human 

isoform of mC1-THF synthase in rabbits was used. This antibody is specific for mC1-

THF synthase (Prasannan, 2006). For detection of the loading control, Hsp60, a 

mitochondrial matrix protein, a monoclonal rabbit-anti-Hsp60 (Stressgen, Victoria, 

British Columbia, Canada) antibody was utilized. Horse radish peroxidase conjugated 

goat anti-rabbit IgG were used as the secondary antibodies (Zymed, South San Francisco, 

CA). Detection and  visualization of the bands were achieved as in chapter two. 

Protein gels were stained with Coomassie Blue R (0.05% CoomassieBrillant Blue 

R-250 (BioRad, Hercules, California), 

minutes. The stain was removed and the gel 

acetic acid for 10 minutes. The solution was exchanged and destaining continued until 

background levels were negligible. 
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In 1/3X MMR media (1X MMR: 100 mM NaCl, 2.0 mM KCl, 1.0 mM MgSO4, 

220 mM). Freshly fertilized frog blastomeres (approximately 2 hours old) were placed in 

the media until neurulation (Nieuwkoop-Faber stage 22) was complete.  After, the 

embryos were visually examined for signs of neural tube defects. 

 A cDNA from Xenopus laevis in the pCS2p+ vector was obtained from the 

Japanese National Bio-Resource Project (clone number XL292e10ex) with homology to 

the full length of mammalian MTHFD1L. The cDNA was sequenced using the primers: 

X158-5'2 (5’-TGTCAGGAGTTTCTGAACAGTA-3’) and X293-3'1 (5’-

GTCATTGGCTACCACCATCTTC-3’) within the cDNA sequence and the SP6 (5’-

ATTTAGGTGACACTATAG-3’) and T7 (5’-TAATACGACTCACTATAGG-3’) 

promoter/primers of the vector.  

ryos 

 results. The MTHFD1L transcript (encoding the 

monofunctional mC1-THF synthase) is approximately 3.8 Kbp in length. It is present on 

all days of development. From visualization of the bands, it is evident that the expression 

3.2.8 Dosing Frog Embryo with Methotrexate  

2.0 mM Ca2Cl, 5.0 mM HEPES (pH 7.4)), methotrexate was added (55 mM, 110 mM or 

3.2.9 Sequencing of Frog MTHFD1L  

3.3 RESULTS 

3.3.1 Temporal Expression of MTHFDL1 Transcript in Emb
 A mouse developmentally-staged Northern blot was obtained and probed for the 

transcripts of MTHFD1L, MTHFD2 and MTHFD1. In this blot, every lane contains total 

RNA from embryos of a certain day post-conception. For instance, lane 1 contains the 

RNA from Embryonic day (E)4.5 while the last lane contains total RNA from E18.5 

embryos. Figure 3-1A shows the
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ut E11.5 and is relatively high as birth 

approaches. The MTHFD2 band was ~2.1 Kbp in 

of development which then decreases as the embryos approach birth between E19 and 

below, it too has some variability during embryogenesis. 

obe were quantified using the ImageJ program 

 and then decreases as birth approaches. In early 

sis (E4.5 to E6.5), both MTHFD2 and MTHFD1 seem to be relatively high, 

however in the latter stages of gestation (E13.5 to E18.5), MTHFD1L and MTHFD1 are 

level starts out relatively low but increases at abo

length and is also present on all days of 

development. However, this mRNA is expressed at relatively high levels in the early days 

E21. The MTHFD1 transcript levels remain more constant, but as explained further 

 The band intensities for each pr

(http://rsbweb.nih.gov/ij/). The data is presented in Figure 3-1B. Each band was 

normalized to the 18S and 28S ribosomal RNA (Figure 3-1C) in its lane. The resultant 

standardized intensities were then divided by the band with the highest normalized 

intensity on their respective blot to obtain the relative abundance for each individual 

band. The graph in Figure 3-1B verifies that MTHFD1L and MTHFD2 have expression 

patterns that are opposite: the MTHFD1L mRNA starts low and increases while the 

MTHFD2 transcript starts high

embryogene

relatively high although there is considerable variation between the two transcripts with 

MTHFD1L being higher from E13.5 to E14.5 and MTHFD1 being highest after E15.5. 

From E10.5 to E12.5 all three transcripts are expressed at mid-level intensities.  
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Figure 3-1 Developmentally-staged Northern blots hybridized with probes to MTHFD1L, 

MTHFD1 and MTHFD2 transcripts, respectively. A) In each blot, every 

lane contains 20 μg total RNA. The script above the figure indicates the age 

of the embryos from which the RNA was obtained. The first blot shows the 

MTHFD1L transcript, the second blot demonstrates MTHFD1 mRNA while 

the third is MTHFD2 transcripts. B) Graphic representation of normalized 

transcript levels for each blot C) Inverted photographic image of
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MTHFD1L which is indicative of the extra amino acids of mitochondrial C1-THF 

synthase needed for the mitochondrial leader and serine/glycine-rich regions. Expression 

of the MTHFD1 mRNA, in agreement with previous reports (Di Pietro et al., 2004), is 

ent with no tim

e case with MTHFD2 and MTHFD1L. But in general terms, as the MTHFD1L 

anscript is increasing its temporal expression, the MTHFD2 transcript is decreasing and 

e MTHFD1 remains relatively constant compared to the other two. 

.3.2 Spatial Patterning of MTHFD1L mRNA in Whole Embryos 
Having determined the presence of the MTHFD1L transcript along with its 

embryos was investigated by 

collaboration

University of

their mothers

E8.5 and E1

sense probes

MTHFD1L. 

Both the size and the decreased levels of MTHFD2 mRNA as birth approaches

are in agreement with previous reports (Di Pietro et al., 2004). In addition, it corresponds

well with the fact that only extremely low levels of transcript and no protein activity of

MTHFD2 can be found in normal adult tissues (Peri and MacKenzie, 1993; Smith et al., 

1990). The MTHFD1 transcript was of slightly smaller size (~3.6 Kbp) than that of the 

relatively more consistent throughout developm es of low expression as is 

th

tr

th

3

temporal distribution pattern, the spatial distribution of the transcript in whole mouse 

in situ hybridization. These experiments were performed in 

 with Dr. Rashmi Rajendra in the laboratory of Dr. Karen Artzt (The 

 Texas at Austin). Mouse embryos, ages E9.5 to E13.5, were harvested from 

. This range of ages covers nearly all of neurulation which occurs between 

0.5 and extends into the beginning phases of gastrulation. Sense and anti-

 were constructed to the 5’-end (MomitoT) and the 3’-end (Momito3’) of 

Sense and anti-sense probes to MTHFD2 covering the whole length of the 



 62

insert o

two brachial arches, 

parts of the neural tube and later all five rows of whiskers (indicated by arrows in Figure 

3-3). T

f 24FL (containing a partial cDNA of MTHFD2) were also constructed (Figure 3-

2). The embryos were fixed, permeablized and subjected to in situ hybridization studies. 

For MTHFD1L, both the 5’ and 3’ MTHFD1L probes (MomitoT and Momito3’) 

gave identical results (see Figure 3-3, top two E9.5 embryos). The sense probes to 

MTHFD2 were true negative controls showing no staining (Figure 3-3). The sense probe 

to MTHFD1L in the E9.5 embryo likewise showed no staining. However, in the E10.5 

embryo some staining by the sense probe was observed in the anterior forebrain -- likely 

from probe trapping because of inadequate puncturing of the neuropore. For both 

transcripts, expression was ubiquitous throughout the entire embryo. Still, as might be 

expected from two metabolic proteins in the same pathway, the expression patterns of 

MTHFD2 and MTHFD1L were essentially identical (Figure 3-3). Both showed areas of 

elevated expression in limb buds, craniofacial region particularly the 

his pattern of ubiquitous staining with areas of elevated expression remained in all 

stages analyzed.   

Furthermore, the regions of higher expression levels were spatially dynamic, i.e., 

they changed from day to day. However, the temporal patterning of these regions 

remained nearly identical for MTHFD1L and MTHFD2 on each day examined (Figure 3-

3). As to the expression of MTHFD2 transcript in embryos, our results corroborated those 

found previously.  The arrows in Figure 3-3 show areas of higher expression in both 

transcripts. 



 

MomitoT
SP6 T7

5’ End 3’ End
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ATG

HindIII

872 nt complentary probes

EcoRI

5’ End 3’ End

MomitoT
T7

ATG

HindIII

872 nt complentary probesSP6
EcoRI

Momito3’ TAA

T7SP6

SmaI

5’ End 3’ End

ApaI

1008 nt complementary probes

Momito3’ TAA

T7SP6

SmaI

5’ End 3’ End

ApaI

1008 nt complementary probes

24FL
T3T7

TAG

5’ End 3’ End

1045 nt complementary probes

ApaIBamHI 24FL
T3T7

TAG

5’ End 3’ End

1045 nt complementary probes

ApaIBamHI
 

Figure 3-2 In situ hybridizations were performed using sense and antisense probes 

synthesized from the above illustrated templates. For the MTHFD1L 

transcript, two constructs were made as represented by MomitoT and 

Momito3’. In both cases, the cDNAs were shortened leaving only the 5’ or 

3’ end of the cDNA for probe synthesis. MomitoT was shortened at a 

SP6 after linearization to obtain the desired RNA probe. 

 

HindIII site leaving an 872 nt at the 5’ end of the cDNA. Momito3’ was 

shortened using a SmaI leaving 1008 nt at the 3’ of the MTHFD1L cDNA. 

The unmodified 24FL construct was used for probe synthesis to MTHFD2. 

Linearization at each end of the insert was achieved by the restriction 

endonucleases shown above. Amplification was achieved using T7, T3 or 



 

RNA expression patterns are nearly identical. 

Blue or purple indicates stained areas. Arrows point to common areas of 

higher expression. Panels in each row are embryos stained with the same 

probe (indicated to the right of row) and aged according to the legend in the 

panel. The panels on the right side are stained with antisense probes. The 

smaller panels on the left are stained with sense probes. For these negative 

Figure 3-3 MTHFD1L and MTHFD2 m

controls, the uppermost in each row is an E9.5 embryo, the bottom one is an 

E10.5 embryos. E9.5 embryos are magnified 30X, E10.5 embryos, 40X and 

E13.5 embryos 12.5X. Performed in collaboration with Rashmi Rajendra. 
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Figure 3-4 In situ hybridization of MTHFD1L mRNA (MomitoT probe) performed on 

whole mouse embryos at the ages indicated. The transcript is ubiquitously 

expressed. But certain regions of the embryos express higher levels. 

Representative regions are indicated by the following letters: A, anterior 

neural tube; B, developing brain; C, craniofacial region; D, brachial arches; 

E, lateral edges of the neural tube; F, forelimb buds (hind limb buds also 

stain); G, tail/tail bud; H, developing whiskers; and I, the umbilicus. The red 

arrow indicates apical ridges of the developing digits. In collaboration with 

Rashmi Rajendra. 
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Looking more closely at the MTHFD1L mRNA, the spatial distribution is 

ubiquitous throughout the entire embryo but also exhibits areas with more elevated 

expression (Figure 3-4). In the E9.5 and E10.5 embryos, these areas (starting from the top 

of the head) include the anterior neural tube (A), the developing brain (B), the 

craniofacial region including both brachial arches (C and D, respectively), and the 

developing limb buds (F). At E11.5, the areas of higher expression have shifted slightly. 

Although still prominent in the craniofacial region (C) and brain (B), the overall area of 

elevated expression in the head region has decreased. The limb buds and the end of the 

tail still exhibit prominent staining. At E12.5, most expression in the head is gone except 

in the area of the whiskers and nose. The limb buds continue to show high expression and 

an outline of the developing digits is beginning to appear. The apical ridges of the limb 

buds of both E12.5 and E13.5 are highly stained (indicated by the red arrow in third 

embryo to the right in the E12.5 and E13.5 rows). The posterior tail is also highly 

expressing MTHFD1L (G). At E13.5, the areas of highest expression become extremely 

limited and primarily found in the whiskers-which can be individually distinguished (H), 

of the tail (G

was expressi

could be in

hybridization

connection w

general term

high rates of

the developing limbs especially the individual developing digits (F, forelimb) and the end 

) which is less prominent than the earlier ages. Another interesting feature 

on each day along either side of the neural tube in a pattern that possibly 

dicative of neural crest cell migration (E). However, either in situ 

s or immunostains of embryonic sections will be needed to illuminate a 

ith NCCs conclusively. Finally, the umbilical chord stains as well (I). In 

s, the areas that have higher expression levels seem to be those experiencing 

 cellular proliferation.  
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3.3.3 Embryonic Mitochondrial Formate Synthesis 

the flask incubated at 37°C with gentle shaking.  

Previously in our laboratory, oxidation assays with coupled adult rat liver 

mitochondria demonstrated that, when incubated with [3-14C]-serine (Garcia-Martinez 

and Appling, 1993) or with [2-14C]-glycine (Anne Tibbetts, personal communication), 

radiolabeled formate was synthesized. Thus, adult mammalian liver mitochondria can 

oxidize the 3-carbon of serine or 2-carbon of glycine into formate. On the other hand, the 

oxidation of a one-carbon donor in embryonic mitochondria has never been investigated. 

It would seem reasonable, given the presence of NMDMC and the MTHFD1L transcript, 

as well as the high rate of cell proliferation in mammalian embryos (and thus the need for 

purines), that embryonic mitochondria likely produce formate from 1-C donors and at a 

rate higher than adult mitochondria. If so, it is likely that mC1-THF synthase catalyzes 

the final step in mitochondrial formate synthesis in the embryos, thus playing a vital role 

in the flux of formate into the cytoplasm for purine synthesis. To investigate whether 

embryonic mitochondria produce formate, mitochondrial 1-C oxidation assays were 

performed on isolated mitochondria from whole embryos. 

 In the following assays, Warburg flasks were used (Figure 3-5). These flasks 

contain three wells: a small central well at the bottom of the flasks, the outer well around 

the center well, and a hollow side arm whose contents can be transferred to the outer well 

at some point in the reaction. For each of the following experiments, 150 μl of 

phenylethylamine was placed in the center well, 1 ml of the respective reaction mixtures 

was placed in the outer well and 500 μl of 1.2 N perchloric acid pipetted into the side arm 

well. The side arm entry port and the main mouth of the flask were both stoppered and 



 68

 

Figure 3-5 Oxidation of radiolabeled glycine is assayed in two stages. In the first stage, 

glycine is oxidized through the mitochondrial 1-C pathway to CO2 and 

formate in duplicate flasks. Radiolabeled CO2 is assayed by its adsorption 

into phenylethylamine determined in a scintillation counter. In the second 

step, the reaction mix, with the mitochondria and excess CO2 removed, is 

ell.  

assayed for formate using formate dehydrogenase. Both reactions are 

performed in Warburg flasks. In these flasks, phenylethylamine is loaded 

into the center well, the reaction mixture is added to the outer well around 

the center well, and 1.2 N perchloric acid, used to quench the reaction in the 

outer well, is added to the side arm w

CO2 

Remove mitochondria and CO  from incubate  2
(Small molecules including formate remain) 

Use above processed incubate for Formate Assay using 
Formate Dehydrogenase

Warburg Flask

Isolated mitochondria from whole mouse embryos 
incubated with 2-[14C]-Glycine (Glycine Oxidation) 

Assay for CO2 

Perchloric Acid 

PhenylethylamineReaction Mixture 
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Due  often available, 

background ere instigated to 

understand the nature of these background levels and possibly help find a way to reduce 

them. Formate i rtain if volatility of 

formate may be adding to background levels, Warburg flask were loaded as outlined 

above and ,000 DPM and 

500,000 DPM, respectively isolation buffer in the outer well. 

After incubation for 30 minutes, phenylethylamine from each flask was transferred to 

scintillation fluid and the radioactivity measured in a scintillation counter. The results are 

found in the top section of Table 3-1. The amount of radioactivity in the 

phenylethylamine (432, 944 and 2066 DPM) was directly proportional to the level of 

radiolabeled formate added to the outer well in each flask. This shows that formate is 

indeed volatile and contributes up to 0.4% of the total radioactiv

experiments.  

radiolabeled glycine and se

glycine or [3-

minutes in Warburg flasks as

buffer (70 m

water, radioactiv

formate dehydrogenase than in those without 

suggests that the radiolabeled glycin

dehydrogenase, are contam

to the limited amount of embryonic mitochondria

levels were proble o e, investigations wmatic. Theref r

s scea small molecule which may be volatile. To a

 serial dilutions of radiolabeled formate (125,000 DPM, 250

) added to mitochondrial 

ity background in these 

In order to determine if there were contaminants, specifically formate, in the 

rine which contributed to background radioactivity, [2-14C]-

14C]-serine was incubated with or without formate dehydrogenase for 30 

 described above. With both amino acids, in either MES 

M sorbitol, 220 mM mannitol, 5 mM MOPS (pH 7.0), 2 mM EGTA) or 

ity adsorbed into the phenylethylamine was higher in the flasks with 

it (Table 3-1, lower data section). This 

e and serine, and possibly the formate 

inated with formate that contributes to the background levels 
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in the 

. Because glycine may only be utilized as 1-C donor in mitochondria (via 

the gly

assay. In addition, bovine serum albumin (BSA) in the media is necessary for 

higher levels of one-carbon donor oxidation activity (Table 3-2). This is likely due to the 

fact that BSA binds fatty acids which otherwise would uncouple the mitochondria (Chan 

and Higgins, 1978).  

Due to the large amount of tissue needed (minimally, 2.0 mg/ml of mitochondrial 

protein were necessary for adequate labeling above background), the minute size of 

younger embryos and the limited number of available pregnant females at a time, only 

E13.0 to E17.5 aged mice were investigated. For each embryonic day tested, embryos 

were dissected from their mothers whose livers were also taken. In some cases the 

spleens of the adults were acquired too. Mitochondria were isolated from each tissue, 

respectively, by differential centrifugation.  

Oxidation assays with the mitochondria were performed using [2-14C]-glycine as 

the 1-C source. Warburg flasks’ outer wells were loaded with isolated mitochondria and 

[2-14C]-glycine

cine cleavage system), its use as the 1-C source insured our results would not be 

skewed by cytoplasmic contaminants. The 14CO2 produced from the oxidation, likely 

from mitochondrial 10CHO-THF dehydrogenase, was measured by subtracting the 

radioactivity from a “no mitochondria” control flask from the radioactivity in flasks with 

mitochondria. In additional Erlenmeyer flasks, duplicate reaction mixtures as those in the 

outer wells of the Warburg flasks were also performed. After allowing oxidation of 

glycine for 10 minutes, the incubates in these flasks were centrifuged to remove 

mitochondria. After subsequent boiling and centrifugation to drive off any CO2, the 

processed mixtures were assayed for formate.   
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e center well was loaded with 150 μl phenylethylamine; 100 μl of 

(No FDH) (With FDH) 

0 DPM/nmol) volatile? 

Table 3-1 Background radioactivity comes from both the volatility of formate and 

contaminants in the radiolabeled glycine and serine. In each set of data, 

radiolabeled material was incubated for 30 minutes in a Warburg flask outer 

well. Th

the phenylethylamine was measured for radioactivity. For the top set of 

data, serial dilutions of radiolabeled formate in mitochondrial isolation 

buffer were incubated with no formate dehydrogenase (FDH). In the bottom 

set of data, radiolabeled glycine or serine was added to a reaction mixture 

containing FDH or no FDH.  

  DPM DPM ΔDPM 

Is formate (10 mM, 50

125,000 DPM added formate 432  

250,000 DPM added formate 944  

500,000 DPM added formate 2066  

Is [3-14C]-serine and [2-14C]-glycine contaminated with formate? 
(5 μl of the respective 1000 DPM/nmol1-C  donors  added to each flask) 

Water, Glycine 65 249 184 

Water, Serine 33 382 349 

MES Buffer, Glycine 42 134 92 

MES Buffer, Serine 49 334 285 
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Table 3-2 Bovine Serum Albumin (BSA) is necessary for proper one-carbon donor 

oxidation buffers. In the top row, mouse liver mitochondria were isolated in 

buffer containing no BSA. In the next two rows, the mouse liver and rat 

liver mitochondria were isolated in buffers containing BSA. The mouse and 

rat liver mitochondria showed nearly equal levels of activity and both were 

about 1.5 times that of the no BSA buffer.   

CPM CPM CPM CPM DPM Formate Protein Activity 

Tissue 
No No With 

Mito FAD FAD Mito Mito (nmol/ml) (mg/ml) (nmol/mg) 
Liver, mus 26 108 643 509 804 0.8037 0.8 0.96 
Liver, mus  272 0.2716 0.2 1.41  297 91 560 172
Liver, rat 297 49 721 375 0.5 0.4 4 592 921 1.5
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und radioactivity. In column 3, 

the e u s ed 4 

is the radioactivity from oc ia si   

olu  m  c  lu  is versi f mitochondrial 

PM DP CP  9 f . T unt o 2 (nm  is 

calculated from the DPM (1000 DPM/nmol) in column 6. In column 7, 

mitochondrial protein is given as determined by Bradford’s assay. In 

column 8, the activity is calculated by dividing column 6 by column 7. 

Ratios of embryonic to adult liver CO2 for the days sampled are found in the 

last column. 

 CPM CPM CPM DPM CO2 Protein Activity Ratio 

Tissue No Mito Sample Mito Mito (nmol/ml) (mg/ml) (nmol/mg) 
embryo

 Table 3-3 Isolated mitochondria from mouse embryos and adult livers (mothers of the 

embryos), were incubated with [2-14C]-glycine for 10 min. A “no 

mitochondria” control was performed alongside the mitochondrial samples 

to control for background radioactivity. In column 1, the tissue from which 

mitochondria was isolated is indicated. In column 2, a “no mitochondria” 

control was measured to account for backgro

 radioactivity (CPM) from th  individ al sample is indicat . Column 

 mit hondr lly synthe zed CO2 and equals

c mn 3 inus olumn 2. Co mn 5 the con on o

C  to M ( M is 5% o DPM) he amo f CO ol/ml)

liver 
E13.0 88 161 73 115 0.1153 0.9 0.13 1.8 
Liver 88 169 81 128 0.1279 1.8 0.07  

E15.5-
1 62 423 361 570 0.5700 6.4 0.09 0.4 

E15.5-
2 62 486 424 669 0.6695 6.4 0.10 0.4 

Liver 62 1008 946 1494 1.4937 6.4 0.23  
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Table 3-3 an

were examin

CO2 levels m

be done to ve

The 

dehydrogena

were perform

production. 

radioactivity

flask was sub

radioactivity

The 

Clearly embr

4). Thus, in n adult tissues, there is a need for a 10CHO-THF synthetase 

activity to convert 10CH F m he m ikel ate o c

this  m ic  H a na  

appears, as mig e exp  in s e en h ra f proli n, that he 

mito ial 1 lux in ryo re han that in adult liver. Nevertheless, due to 

the lim d data  and the relat m  in  the flux i ryos v  

dult (1.2 t .3 tim

younger embryos may be informative as well. However, their excessively small size 

makes this assay unsuitable for mitochondrial formate determination at these stages.  

The results of the embryonic mitochondrial CO2 production are presented in 

d indicate that embryos produce CO2. Because only two embryonic days 

ed, further conclusions cannot reliably be drawn. But it does appear that the 

ay be higher at E13.5 as compared to E15.5. Additional experiments need to 

rify this however. 

level of [14C]-formate generated was measured via use of formate 

se (FDH) which converts formate into water and CO2. These experiments 

ed in Warburg flask in a manner similar to that for mitochondrial CO2 

From the radioactivity of these “plus” FDH flasks, the background 

 of the “minus” FDH flasks as well as a “no mitochondria plus FDH” control 

tracted. The latter two controls accounted for all the sources of background 

 present in the assay. 

results of these experiments are found in Table 3-4 (formate synthesis). 

yonic mitochondria produce formate upon oxidation of 1-C units (Table 3-

embryos, as i

O-TH to for ate. T ost l y candid  protein t ontain 

 activity in mam alian embryon  cells is mC1-T F synth se. Additio lly, it

ht b ected  cell xperi cing hig tes o feratio  t

chondr -C f  emb s is g ater t

ite  sets ively odest crease of  1-C n emb ersus

a  liver o 2 es), this also needs further verification. Additionally, looking at 
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Table 3

ol formate produced (columns 2 through 7) in a similar 

e synthesis (column 10) is given in the last column by 

-4 Duplicate reactions as to those in the outer wells of the Warburg flasks used for 

the CO2 determination were incubated in Erlenmeyer. The mitochondria and 

CO2 were removed and the processed mixtures assayed for formate using 

formate dehydrogenase (FDH). Radiolabeled CO2 evolved was measured 

and converted to nm

manner as for the CO2. In column 6, the radioactive mitochondrial formate 

was calculated by subtracting columns 2 and 3 from column 4 and 

converting the CPM (column 5) to DPM (column 6). Formate production 

activity (column 9) was calculated by dividing the mitochondrial 

synthesized formate (column 7) by the total mitochondrial protein (column 

8) in the sample. The ratio of embryonic mitochondrial to adult liver 

mitochondrial format

dividing the embryonic activity by the concurrently analyzed adult liver 

activity. 

 CPM CPM CPM CPM DPM Formate Protein Activity Ratio 

Tissue 
No 

Mito 
No 

FDH 
With 
FDH Mito Mito (nmol/ml) (mg) (nmol/mg) 

embryo 
liver 

E13.0 451 51 1108 606 957 0.9568 0.9 3.62 2.3 
Liver 451 81 1055 523 826 0.8258 1.8 1.56   

E15.5-
1 762 113 3342 2467 3895 3.8953 6.4 2.03 1.2 

E15.5-
2 762 116 3352 2474 3906 3.9063 6.4 2.03 1.2 

Liver 762 177 3058 2119 3346 3.3458 6.4 1.74   
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3.3.4 Temporal Expression Patterning of mC1-THF Protein  
In o

embryogenes

via its 10CH

isolated mito

would likew

correspond, 

occurring. Th

as mitochon

separate lane

into each lane excep

(Adult spleen mitochondria contain high levels of the mC1-THF synthase (Tibbetts and 

Prasannan, unpublished); thus, spleen m

mC1-THF synthase antibody in immunoblotting.) One gel was stained with Coomassie 

B ue. Two d tr lo ra e tin  

o l s ed  a ile the other was probed with 

anti-Hsp60 (a mito d tr rker) as a loading control. The expression of mC1-

T th ig -6 e m ic ted w lightl asing n 

com red t a c s an  bl igure ) an e 

oomassie-stained gel (Figure 3-6C). The protein level expression pattern of mC1-THF 

synthase (MTHFD1L protein) during these days is similar to that of the transcript during 

those days. This suggests very little, if any, post-transcriptional expression-level 

modification. 

rder to determine whether mC1-THF synthase is present during 

is and thus capable of catalyzing the conversion of 10-CHO-THF to formate 

O-THF synthetase activity, immunoblotting assays were performed on 

chondria from embryos, adult liver and spleen mitochondria. These blots 

ise demonstrate if the relative transcript and protein levels of MTHFD1L 

or if a discontinuity in the expression intensities of mRNA and protein is 

us, isolated mitochondria of E13.5, E14.5, E15.5 and E17.5 embryos as well 

dria from the livers and spleens of pregnant females were loaded into 

s of three SDS-polyacrylamide gels. Fifty μg of total protein were loaded 

t that 20 μg of spleen mitochondria were loaded in the last lane. 

itochondria serve as a positive control for the 

l  gels were transferre  to ni ocellu se memb nes for W stern blot g. One

f these b ots wa  prob  with nti-mC1-THF synthase wh

chon rial ma ix ma

H yn

pa

F s ase (F ure 3 A) ov r the e bryon  days tes as s y incre  whe

with he lo ding ontrol (the ti-Hsp60 ot (F  3-6B d th

C
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Figure 3-6 Immunoblotting was performed on isolated mitochondria from E13.5, E14.5, 

E15.5 and E17.5 day embryos as well as adult liver and spleen 

mitochondria. Three 7.5% polyacrylamide gels were loaded identically with 

50 μg protein in each lane except the last which had 20 μg. Two of these 

were transferred to nitrocellulose membranes and probed. The other gel was 

stained with Coomassie Blue-R. A) Anti-mitochondrial C1-THF synthase 

probed membrane. B) Anti-Hsp60 (a constitutively active mitochondrial 

matrix protein) probed membrane C) Coomassie Blue-R-stained gel. B) and 
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subjected to treatment with the 

110 mM and 200 mM in 1/3 MMR media for 

ation (Nieuwkoop-Faber stage 

al., 1999), no discernable effect was observed 

te analog and controls without it.  

aining the frog ortholog of MTHFD1L 

t. The cDNA was 

its mammalian orthologs by almost 20 amino 

cids for the human ortholog). The first 23 amino acids, when analyzed by the pSORT II 

rogram (http://psort.hgc.jp/), are predicted to be a mitochondrial targeting sequence. 

owever, the serine/glycine-rich region is small compared to its mammalian orthologs. 

he protein picks up homology (Figure 3-9) with the human and mouse mC1-THF 

nthases starting around amino acid 73. Still, the sequence has high homology to human 

terminal dom

Furth

Nieuwkoop-

terminated. M

MTHFD1L w

an effect in f

5 Embryonic Frog Investigations 
Xenopus laevis embryos, freshly fertilized, were 

DHFR inhibitor, methotrexate, at 55 mM, 

from about 2 hours after fertilization to the end of neurul

22). Unlike that seen in mammals (Lloyd et 

between embryos subjected to the fola

In addition, a cDNA (XL292e10ex) cont

was obtained from the Japanese National Bio-Resource Projec

sequenced (Figure 3-7) and found to contain a start and stop codon. This allowed 

deduction of the amino acid sequence (Figure 3-8). The frog protein is shorter than that of 

acids (960 amino acids versus 978 amino 

a

p

H

T

sy

MTHFD1L (76% overall identity, 84% in the C-terminal domain and 58% in the N-

ain).  

er, in situ hybridization experiments were attempted on frog embryos during 

Faber stages 14 to 29. Because of inconclusive results, these studies were 

oreover, the use of frogs as an embryonic model organism for mammalian 

as discontinued due to the failure of methotrexate administration to produce 

rog embryos and the inconclusive results of the in situ hybridization studies. 
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ggcacgagggg
ttccgatg

gaaaagcactgcgtttcctctttacaagttgcatcgcttcatttctggtcgttcctctgg
caactaaacaggatgcgctttctccttatccgcaggatctcccagcctgtgtctgtcagtagg

gcagtggtacagcagggcaatggatgcgccaggcgaacggctagcggggcaagtagcagtcgggacgggcg
gcagtcgtcctcgtctgcttggaaatcagcacaggatctgcacgcttcggctgccagaaaaagtattcagc
gctcaaaggaagttttcagtggtctgcaaagggaaagctctacttttaaaccagttcttgcaataatacag
gcaagtgtggatgatctaactttggagaccaccaagaactatgcagaagagctgggagttgatgtccttca

aaattattgatgaaatcttaaaactcaatgaagacccaa
aggtcc
gatgtg

gtagggtgcccatggcaaacacaaaacttgcagaaaaagctgaatcgggcagaaattgttgttattggtag

ttctgtcaggagtttctgaacagtatgttgatgggcttgctggtcaaggtgttggacctcttgctgcagca

catatgtttgcctcaagagagcagggacgaag
atggtctcgtcctccatttgactgatccaaacagcaaaatattaaatgctgtgcgacctgagaaa
gacggtgtcacagatgtgaacctagggaagatgactcgtggtgacatgcaagaaggatttatatc

tcctatagccaatggcgtcataaatttgcttgagaaaacagtgcaaacatctctgtatgggaagcacgtgt
taatagttggggctgatggttcgttagaagcctctctacagtgcctgcttcagaggaaaggtgccatatcc

tacaaagccgaaagagattcctgtcagctggataaagccaggcacatttgttgttaactgctctcacattg

ttaagaatggagaacctagcagaaagcagtagaagatggattgaagcacagaggtataaaaagtggaacct
tcactgtttgaaacttcagccactttctccagtcccaagtgatatcgagatttcccgggcacaaagtccaa
aagctgtcgaagtgcttgccaaggagataggattgcttgcagatgaaattgaagtctatggccgtactaaa
gccaaagtacgtttgtctctgctagagaggttaaaggaacagccagatggaaaatacgttttagtagctgg
aataacacctacaccccttggagaagggaagagcacagtaaccatagggctggtgcaagctctgaccgcac
atacaa
gctgcaggtggtggatatgcacaggtcattccaatggaagagttcaacctccatctcactggtgacattca

gaaagatcacagttggtcaagcaaatacagaaaaaggctttgtcagacaggcacagtttgatattgctgtt

ggaggaggaccaaacgtaactgctggtgcaccacttgcaaaagaatacaccgaagagaatcttcagcttgt

tcaggaccattgctcagcaagtctatggagcagctgacatagagctatccccaaaggcagaatccaagata

ccagccagagaaaaaaggagtgccgactgggtttattctgccaattagtgatgtaagagcgagtattggcg

atgtcaactcctttgcctgcctgagacaaccttcacaaggacccacttttggtgtcaaaggtggg

tgctatcactgctgccaacaacttgctagctgcagcaattgatgctcgaattctgcatgaaaacactcagt
ccgacaaggctttatataatcgtctcgttccctccattaatggtgtaagagaattctctccaatccagatt
gcccggttaaagagacttggtataaagaaaactgaccctttgtccctgacacctgaagaaattacaacatt
tgttcgtcttgctattgacccatctacaataacttggcaaagagtgattgacacaaatgacagattcctca

gctagtgaaattatggctatattagctctaacaaacagcctgtcagacatgaaggagaggctggggaagat
ggtggtagccaatgacaaaaaagggcaaccagtgactgcagaagatctgggggtcactggtgcgttggcag
tattaatgaaggatgccataaagccaaccttgatgcagacattagagggtacacccgtgtttgttcatgct
gggccttttgctaacatcgcacatggtaactcatcagttttagcagacaaaattgcactgaagctggttgg
agaagatggctttgttgtaactgaagcaggttttggtgccgacattgggatggagaagttctttaatatca
agtgcagatcgtcagggcttgttcccaacgttgttgttctagttgcaacaattagagctctgaaaatgcat

tcagaatggctgttgcaatttacagaagcagattcaaattgctcagaaatttggtgtccctgttgttgttg
ccttaaatattttcaagacagattctcgggctgagattgaactagtgtgcaaaattgcaaaggagtctgga
gcctttgacgcagttccatgtaatcattggtcagttggaggcaagggagctgttgaattagcccaggctgt
caagggagcagcaaaccaagataataacttccagtatttgtatgacctcaagattcccatagtagaaaaga

gaagtctacactagacagggttttggaaaacttccgatctgtatggccaagactcatctgtcactgtccca

ctggtttcatatatcctctggtgggaacgatgagcaccatgccagggctaccaaccaggccctgcttctat
gacattgaccttgacgctgagacagaagaagtgaagggcttgttttaagaacatttcttaagatcctttca
ctgcctgcatctgacttctctgcgtgatgcacacaaatgcttactacttattctggacaatgccagctgga
ttgaggaacacagagcacatgaacacatttacttcccagacacactcgaggaactgggatgtgaaacccca
ggataagctgcagggacagatcagctactcttaacctggcgtgtgttgtgtattacaaagagctgcaattt
tcctttcatagacattaaaatgcgctacaatactagtaactgaattgctagaatgcgattacctacagcaa
aaagcttatgcagggcaaagtaacactgaagagtagtgttaatactctggttttgaactatggcacacaca
ggtaca
ttatgt

clone, XL292e10ex. The stop and start codons are underlined. 

agaaaattaaaacttctgggtatccctctagattcccgtttgatatgtttgcattttattaaaac
ataattaccctctcccctaccccctcgcgttctgtaccccttccttgtagtgcttaaactgaaaa

taaatagtatacaaaaaaaaaaaaaacaaaaaaaaaaaaaaaaaaaa 
 
Figure 3-7 The full length cDNA sequence of the cDNA insert from Xenopus laevis 
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CLPQESRDEEIIDEILKLNEDPKVHGLVLHLTDPNSKILNAVRPEKDVDGVTDVNLGKM

TRGDMQEGFISPIANGVINLLEKTVQTSLYGKHVLIVGADGSLEASLQCLLQRKGAISV

GCPWQTQNLQKKLNRAEIVVIGSTKPKEIPVSWIKPGTFVVNCSHIVLSGVSEQYVDGL

AGQGVGPLAAALRMENLAESSRRWIEAQRYKKWNLHCLKLQPLSPVPSDIEISRAQSPK

AVEVLAKEIGLLADEIEVYGRTKAKVRLSLLERLKEQPDGKYVLVAGITPTPLGEGKST

VTIGLVQALTAHTNVNSFACLRQPSQGPTFGVKGGAAGGGYAQVIPMEEFNLHLTGDIH

AITAANNLLAAAIDARILHENTQSDKALYNRLVPSINGVREFSPIQIARLKRLGIKKTD

PLSLTPEEITTFVRLAIDPSTITWQRVIDTNDRFLRKITVGQANTEKGFVRQAQFDIAV

ASEIMAILALTNSLSDMKERLGKMVVANDKKGQPVTAEDLGVTGALAVLMKDAIKPTLM

QTLEGTPVFVHAGPFANIAHGNSSVLADKIALKLVGEDGFVVTEAGFGADIGMEKFFNI

KCRSSGLVPNVVVLVATIRALKMHGGGPNVTAGAPLAKEYTEENLQLVQNGCCNLQKQI

QIAQKFGVPVVVALNIFKTDSRAEIELVCKIAKESGAFDAVPCNHWSVGGKGAVELAQA

VKGAANQDNNFQYLYDLKIPIVEKIRTIAQQVYGAADIELSPKAESKIEVYTRQGFGKL

PICMAKTHLSLSHQPEKKGVPTGFILPISDVRASIGAGFIYPLVGTMSTMPGLPTRPCF

YDIDLDAETEEVKGLF 

 

Figure 3-8 The complete protein sequence of the frog mC1-THF synthase (Xenopus 

laevis) as determined from the cDNA, XL292e10ex, is 960 amino acids 

long. The arrow denotes the predicted mitochondrial leader sequence 

cleavage site. 

MQLNRMRFLLIRRISQPVSVSRA↓VVQQGNGCARRTASGASSSRDGRQSSSSAWKSAQDL

HASAARKSIQRSKEVFSGLQRESSTFKPVLAIIQASVDDLTLETTKNYAEELGVDVLHI



 

Figure 3-9 Xenopus laevis, human and mouse mC1-THF synthases alignmen

demonstrates that the three sequences are highly homologous throughout the

entire length of the protein. It has more homology in the C-terminal domain

than in the N-terminal domain. But even in the N-terminal domain, the

identity is still about 58%. However, the frog sequence is shorter (960

amino acids versus 978) and the serine/glycine rich region in the N

terminus, after the predicted mitochondrial targeting sequence, is much

smaller than those found in the mammalian proteins.  
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bryos, and the fact that previous reports show MTHFD2 and 

THFD1 also have nearly identical expression patterns (Di Pietro et al., 2004), suggest 

activity) are

functionally 

need as man efore, it would be wasteful of cellular resources to have the 

pathway operating at full capacity all the time. But because cC1-THF synthase is 

3.4 DISCUSSION 
In this chapter, the temporal and spatial expression patterns of the MTHFD1L

transcript have been examined in mouse embryonic tissues. Using Northern blot analysis

the presence of the transcript was demonstrated throughout gestation. Interestingly

although starting at relatively minimal levels, the MTHFD1L level escalates, and it

expression as birth approaches is relatively high. On the other hand, MTHFD2 mRNA

starts out relatively high in early development, peaks at about E10.5 and then continues t

decrease as birth approaches. This agrees well with previously published results showin

that MTHFD2 transcript levels were higher at E7 and E11 but diminished at E15 and E1

(Di Pietro et al., 2004). Likewise, it is additionally consistent with NMDMC protein

being necessary for embryogenesis (Di Pietro et al., 2002) but absent in normal adul

tissues although the transcript is detected at very low levels (Peri and MacKenzie, 1993).

Spatially in mouse embryos, the MTHFD1L mRNA is nearly ubiquitousl

expressed but has distinct regions of higher expression. These areas of elevate

expression seem to correlate with areas experiencing high rates of cellular proliferation

Additionally, the fact that MTHFD1L and MTHFD2 have nearly identical spatia

expression patterns in em

M

that the mitochondrial 1-C pathway and MTHFD1 (for the 10CHO-THF synthetase 

 upregulated in embryonic cells for de novo purine synthesis. It seems 

desirable for it to be so. Non-dividing or more slowly dividing cells do not 

y purines; ther
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trifunctional, if this protein expression is elevated, the potential activity of dehydrogenase 

and cyclohydrolase will also be increased. Thus, the mitochondrial 1-C flux driving 

purine synthesis could also provide 1-C units for AdoMet production. If so, the 

mitochondrial 1-C pathway may also be contributing to developmentally critical 

methylation events. Another folate-dependent enzyme, cytosolic 10CHO-THF 

dehydrogenase has been shown by immunostaining of the developing mouse nervous 

system to likewise be differentially expressed, but in a cell-specific manner within the 

neural tube (Anthony and Heintz, 2007). However, these authors did not examine the 

expression of this protein outside the neural tube.  

Recently, it was reported that cSHMT is not necessary for embryonic 

development (Macfarlane et al., 2008). Even on low folate diets, the cSHMT knockout 

embryos developed normally. The only phenotypic effects found were altered methyl 

corroborated

carbon units

Thus, althou

it is not nec

MTHFD2 m

embryogenes

The HFD1 and MTHFD2 

genes in the tail and along the lateral edges of the neural tube and in the developing brain 

are reminiscent of the tissues phenotypically affected in certain folate-responsive mouse 

mutants. In both the crooked tail (Carter et al., 2005; Carter et al., 1999) and Cart1 

cycle metabolism and higher levels of deoxyuracil incorporation into DNA. The findings 

 other earlier studies showing the cSHMT regulates the partitioning of one-

 between the methyl cycle and thymidylate synthesis (Herbig et al., 2002). 

gh the cytoplasmic pathway provides for proper control of 1-C metabolism, 

essary for development. This data, along with the embryonic lethality of 

ice strongly indicates the importance of mitochondrial 1-C flux for 

is.  

elevated expression regions of the MTHFD1L, MT
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mutants (Greene and Copp, 2005), the simple fact that MTHFD1L, MTHFD1 and 

MTHF

 

al., 200

D2 transcripts are co-elevated in the posterior portion of the tail (the crooked tail 

phenotypic site of defect) and in the area of the developing forebrain (where Cart1 

mutants show decreased cell density), suggests a correlation. Since these areas apparently 

have a high rate of 1-C flux, as seen by the increased expression of the MTHFD1L, 

MTHFD2 and MTHFD1 mRNAs, a folate deficiency would likely be more pronounced 

in these areas compared to other regions with lower levels of these enzymes.  

Because of the upregulation of MTHFD1L, MTHFD2 and MTHFD1 

concurrently, our data possibly could also be conducive with the methylation hypothesis 

(Blom et al., 2006) which states that folate-dependent neural tube defects are the result of 

abnormal methylation events. From the aforementioned studies on cSHMT (Herbig et al., 

2002; Macfarlane et al., 2008) and from metabolic tracer studies in humans (Gregory et

0), it appears that mitochondrial-derived one-carbon units provide most of the 1-C 

units in the methyl cycle. If this is true, then defects in MTHFD1L, MTHFD2, MTHFD1 

as well as mSHMT would have pronounced affects on NTDs. This seems to partially 

born out by the strong correlation between increased risk for NTDs and the maternal 

MTHFD1 R563Q polymorphism. 

Not unexpectedly, due to the increased demand for purines during embryogenesis, 

it was demonstrated that embryonic mitochondria produce formate. Moreover, as might 

be expected for cells going through rapid proliferation, the levels of mitochondrial 

formate synthesis in embryos also seem to be higher than that of adult liver mitochondria. 

The fact that embryonic mitochondria produce formate necessitates the need for a 

mitochondrial 10CHO-THF synthetase activity in embryonic cells to catalyze the 
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ng these days is fairly well consistent 

with th

 stages of embryonic development, especially when MTHFD1L mRNA 

levels a

conversion of 10CHO-THF to formate. Mitochondrial C1-THF synthase is the most 

likely candidate for this activity. As reported elsewhere, this protein is known to exist in 

cell culture and has been shown to be present in adult tissues and placenta (Prasannan, 

2006). However, it was not known if the protein existed in embryos. Thus, to determine 

whether this protein is expressed in mammalian embryos, immunoblots were performed 

on isolated mitochondria from mice aged E13.5 to E17.5. These conclusively 

demonstrate the presence of mC1-THF synthase in developing mammals (Figure 3-6). In 

addition, during the days tested, the protein seems to increase slightly as the embryos age. 

The overall expression pattern of the protein duri

at of the transcript during the same period (Figure 3-1). The level of the protein in 

adult liver was barely detectable by on these same immunoblots. 

Determination of the rate-limiting enzyme will be important for understanding 

mitochondrial 1-C flux in mammalian embryonic cells and thus possible regulation of 

development via 1-C metabolism. However, it would seem given the barely detectable 

levels of mC1-THF synthase in adult liver mitochondria and the significantly higher 

levels in embryonic mitochondria that mC1-THF synthase in embryos is not the rate-

limiting enzyme -- at least not in mid- to late-gestation. However, in adult liver 

mitochondria, given the extremely low levels of this protein, it could be. Additionally, 

during the earlier

re relatively low and MTHFD2 levels are relatively high, it is possible that mC1-

THF synthase could be the rate-limiting enzyme. These possibilities all need further 

exploration. That said, the mitochondrial glycine oxidation assays employed in our 

studies would be impractical with embryos of younger ages. These studies demand large 
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a spatially 

dynami

tissue amounts to isolate enough mitochondria so that radiolabeled formate production is 

above assay background levels. The metabolic tracer study technology described in the 

next chapter, coupled with maternal infusion of the labeled precursor, would likely be a 

better alternative to access embryonic mitochondrial 1-C flux. 

 Thus, we have shown that embryonic MTHFD1L is expressed in embryonic 

tissues. It starts out relatively low in the early stages of embryonic development and 

increases as the embryo ages. As shown by in situ hybridization, it has 

c expression pattern that changes with time and correlates with other one-carbon 

metabolic enzymes. For E13.5 to E17.5, the mC1-THF synthase protein expression 

pattern agrees well with the transcript pattern during the same period.  It seems mC1-

THF synthase is the enzyme responsible for this final step in embryonic tissues as well as 

adult tissues. However, to conclusively prove this enzyme catalyzes the conversion of 

10CHO-THF to formate in embryonic or adult cells in vivo, experiments modulating its 

levels must be performed. 
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Chapter 4:  The Role of Mitochondrial 1-C Metabolism in the Methyl 

ent of the mitochondria 

(Sies, 

2

+

+

via cC1-THF synthase), 1-C units shunted into methionine via MTHFR and MS will also 

Cycle 

 

4.1 INTRODUCTION 
Several years ago in yeast, genetic manipulation combined with NMR metabolic 

tracer studies confirmed that, not only were mitochondrial-derived 1-C units supplying 

purine synthesis, they were also supplying the methyl groups in choline (Pasternack et al., 

1994; Pasternack et al., 1996). Other studies with mammalian cells demonstrated that not 

only were mitochondrial 1-C units ending up in purines but also in thymidylate (Fu et al., 

2001; Patel et al., 2003). These results were not surprising given the reductive 

environment of the cytoplasm and the more oxidative environm

1982; Veech, 1978). More recently, a novel metabolic tracer approach was 

designed to assess the contribution of the mitochondrial formate pathway in providing 1-

C units for the methyl cycle. This technique uses [2,3,3- H3]-serine (D3-serine) as the 1-C 

donor and measures the relative incorporation of singly or doubly deuterated one-carbon 

units into methionine. After transport into the cell, the originally doubly-deuterated 3-

carbon of serine may be transferred to THF by either the mitochondrial or cytoplasmic 

isozymes of SHMT. If the resultant doubly deuterated CH2-THF (CD2-THF) is then 

further oxidized to CH -THF in either the cytosolic or mitochondrial compartment, it 

loses one deuterium and becomes singly-deuterated (CD -THF). If the CH2-THF (CD2-

THF) is formed in the cytosol and diverted directly into the methyl cycle as methyl-THF, 

it retains two deuteriums (CD2H-THF). Therefore, since cytosolic CH2-THF can have 

dual origins (from cytosolic serine via the activity of cSHMT or mitochondrial formate 
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egory, et al demonstrated 

ique is based on the widely accepted assumption that 1-C units 

almost always flow in the oxidative direction in mitochondria and in the reductive 

direction in the cytosol. This is controversial because all the reactions of the 1-C cycle are 

theoretically reversible. Therefore, it is possible that a doubly deuterated one-carbon unit 

(CD2-THF) could be oxidized through a CH2-THF dehydrogenase (either cytoplasmic or 

mitochondrial) activity losing one deuterium and becoming CD+-THF. It could then be 

reduced in the opposite direction through the same reaction to CDH-THF, enter the 

methyl cycle and become incorporated into methionine as a singly deuterated 1-C unit – 

but not of mitochondrial formate origin. Given the redox potential of each compartment, 

this seems unlikely. But it remains an open question as to the validity of this 

have two possible origins (see Figure 1-9). By hydrolyzing cell proteins and measuring 

the percentage of singly-deuterated 1-C units to total deuterated 1-C units in methionine, 

a direct measurement of the mitochondria 1-C pathway’s contribution to the methyl cycle 

can be obtained. Using this methodology and assumption, Gr

that up to 70% of 1-C units in adult humans are mitochondrially-derived (Gregory et al., 

2000). In this work, [2,3,3-2H3]-serine was infused into a healthy adult male and 

deuterated amino acids isolated from the ApoB protein found in blood plasma. 

Approximately 70% of the methionine was singly-deuterated and therefore of 

mitochondrial origin (Gregory et al., 2000). In cell culture, another group using MCF7 

cells demonstrated mitochondrial flux of the singly deuterated methionine to total 

deuterated methionine to be ~98% (Herbig et al., 2002). Thus, it would seem the majority 

of 1-C units in adult mammalian tissues as well as in mammalian cell culture are of 

mitochondrial origin. 

However, the techn
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methodology. This question can be addressed by modulating the expression levels of 

mitochondrial 1-C pathway enzymes. I ing down the expression of a protein 

volved in mitochondrial 1-C flux reduces or eliminates the number of singly deuterated 

ine, then the difference between the flux with and without the 

enzyme

Wild type (IF22) and nullizygous MTHFD2 (IF74) MEFs were obtained from the 

on DMEM/High medium (Hyclone) supplemented with 15% Fetal Bovine Serum (FBS), 

4.2.2 Labeling of Cellular Methionine 

f knock

in

1-C units in methion

 in question must be primarily of mitochondrial origin. Herein, studies are 

presented on an MTHFD2 deletion strain of Mouse Embryonic Fibroblasts (MEFs) 

demonstrating the effect a mitochondrial 1-C pathway blockage has on singly-deuterated 

1-C units incorporated into methionine.   

4.2 MATERIALS AND METHODS 

4.2.1 Cell Lines and Media 

MacKenzie laboratory. These lines are immortalized MEFs. Both cell lines were grown 

1X penicillin/streptomycin, 1X Non-Essential Amino Acids (NEAA) (Hyclone), and 200 

μM L-glutamine (Di Pietro et al., 2002; Patel et al., 2005; Patel et al., 2003). In addition, 

for the IF22 cells, 3.0 μM thymidine and 30 μM hypoxanthine were added.  For the IF74, 

167 μM sodium formate and 154 mM deoxyuridine monophosphate were added instead 

of the thymidine and hypoxanthine. Cells were grown at 37°C under 5% CO2 on 150 mm 

plates (Nunc) and divided or harvested at 80% to 95% confluency.  

 The protocol for labeling is a modification of that previously described (Herbig et 

al., 2002). The labeling medium (a gift from Dr. Patrick Stover, Cornell University) was 
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3 3

 Cells were resuspended in cold 5% TCA and incubated on ice for 20 to 30 

minutes. After pipetting up and down several times, the suspended cells were transferred 

to a microcentrifuge tube and pelleted at 14,000 x g for 30 minutes at 4°C. The 

supernatant was decanted and the pellet suspended in Constant Boiling 6N HCl (Pierce, 

Rockford, IL). The suspension was hydrolyzed at 110°C for 20 hours under vacuum. The 

hydrolysate was then lyophilized and either derivatized immediately or stored at -20°C. 

poor or no derivatization resulted. To this, 100 μl WTP (60 parts water: 32 parts TFE: 8 

α-MEM media (Hyclone) with no sodium bicarbonate, folic acid, deoxyribonucleotides 

or ribonucleotides, deoxyribonucleosides or ribonucleosides, histidine, serine, glycine or 

methionine. Folic acid (4 mg/L), methionine (10 μM), sodium bicarbonate (2.6 g/L), 100 

μM [5,5,5-2H ]-leucine and 500 μM [2,3,3-2H ]-serine, were added back into the media. 

Dialyzed FBS, 1:10 v/v in water, was also added at 15% of total volume. The cells were 

trypsinized, resuspended in the labeling media and plated in the labeling media. Cells 

were harvested by trypsinization after 2 to 3 cell divisions, washed once with 1X PBS, 

and either used immediately or frozen at -70°C. 

4.2.3 Isolation and Hydrolysis of Proteins 

4.2.4 Derivatization of Amino Acids 
 Amino acids in the crude extract were derivatized using ethylchloroformate (ECF) 

and trifluoroethanol (TFE) (Helgadottir et al., 2007; Vatankhah and Moini, 1994). This 

method has the advantage of derivatizing both the amino and carboxyl ends of amino 

acids allowing for better volatility in gas chromotagraphy. The lyophilized protein 

hydrolysate pellet was suspended in 20 μl water. Using 1 M ammonium bicarbonate, pH 

7.4, the suspension was adjusted to approximately pH 7. If this step was not performed, 
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groups (Gregory et al., 2000; Storch et al., 1988). The derivatized amino acids were 

gilent 6890N with a SGE BP5 25 meter long 

m film thickness) coupled to a magnetic sector Waters 

ss spectrometer (MS). The GC parameters were according 

to thos

se peak is an internal 

control for labeled amino acid transport and incorporation (Gregory et al., 2000). Data 

the detector on the MS is saturated. In order to eliminate outliers due to instrument error, 

parts pyridine) and 5 μl 100% ECF was added and mixed. Incubation for two to three 

minutes at room temperature was followed by the addition of 100 μl of 1% ECF in 

chloroform. The tube was gently mixed and the phases allowed to separate. The non-

aqueous chloroform phase was carefully removed for mass spectometry analysis. 

4.2.5 Mass Spectrometry Analysis 
The following is based on work done previously by the Young and Gregory 

subjected to gas chromatography (GC) (A

column, 0.22 mm I.D. and 0.25 μ

Autospec magnetic sector ma

e previously published (Helgadottir et al., 2007). The injector temperature was 

270°C with the initial column temperature at 80°C.  The temperature was raised to 270°C 

over 5 min at 40°C per min after a 2 min delay at the initial column temperature. 

Methane was used as the chemical ionization gas in the positive mode. Methionine eluted 

from the GC column around 7.5 min. Masses were scanned from 155 to 350. The height 

of the fully derivatized ECF/TFE-methionine peak at m/z = 304, 305 306, and 307 were 

measured as were the heights of the fully derivatized leucine peaks at m/z = 286 and 289. 

Deuterated leucine is unmodified by cells before being incorporated into proteins. 

Therefore, the ratio of the height of the deuterated leucine to the ba

were only considered reliable if the relative intensity of the base peak was above 15,000 

and below 65,500. Below 15,000, background levels became problematic. Above 65,500, 
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(heights) of the peaks at m/z = 302, 303, 

304, 305, 306, 307 and 308 was determined in unlabeled derivatized amino acids from 

that fully derivatized ECF/TFE-methionine 

has an average mass of 304.08 (Figure 4-1); thus, this range of mass spectra covers all the 

significant isotopic species of fully derivatized ECF/TFE-methionine. By adding the sum 

of the heights of these m/z peaks together and dividing the individual peak height 

(intensities) by this sum, the native cellular NA for each m/z peak was obtained. The 

native cellular NAs for MEFs were 1.76% for m/z = 302, 4.22% for 303, 78.73% for 304, 

9.79% for 305, 4.91% for 306, 0.52% for 307 and 0.07% for 308. These NAs obtained 

previously reported for methionine in MCF7 cell 

0

several individual scans within each methionine GC elution peak were analyzed. It is also 

imperative that the mass spectrometer operator thoroughly clean the instrument before 

doing these experiments. Failure to do so results in high background levels. Additionally, 

the operator may need to tune the instrument may to obtain sufficient peak intensities 

above background for the higher isotopic species of the amino acids.  

To begin analysis of the mass spectra for the contribution of singly and doubly 

deuterated methionine, the native cellular natural abundance (NA) first had to be 

determined. To this end, the relative intensities 

wild type MEFs (IF22). It should be noted 

for our samples agree well with those 

cultures (1.13%, 3.8%, 79.12%, 10.79%, 4.56%, 0.52%, 0.07%, respectively for each m/z 

peak) (Storch et al., 1988). NA represents the percentage of derivatized methionine that is 

non-deuterated (D -Met). This can be mathematically expressed as:  
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Figure 4-1 Fully derivatized methionine using ethylchloroformate (ECF) and 

trifluoroethanol (TFE) derivatizes both ends of the amino acid. ECF is 

conjugated the amino end and TFE blocks the carboxyl end. The average 

mass of the fully derivatized molecule is 304.0825. 
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percentages of the different isotopic species composing the fully derivatized amino acid 

making up each peak (in this case, m/z = 305), a theoretical natural abundance may be 

obtained for said peak. For m/z = 305, 11% may come from 13C, 0.8% from 33S and 0.4% 

from 15N, all of which equals 12.2% (Figure 4-2). The next peak, m/z = 306, is primarily 

Pm/z(D0-Met) = NAm/z Χ [D0-Met]                                                                         (1) 

 

where P and [D0-Met] are percentage and non-deuterated methionine concentration, 

respectively.  Thus,  

 

P304(D0-Met) = 0.7873 Χ [D0-Met]                                                                       (2) 

and  

P305(D0-Met) = 0.0422 Χ [D0-Met]                                                                       (3) 

 

A fully derivatized methionine at m/z = 304 represents a molecule composed 

mostly of 12C, 32S, 14N, 16O and 1H. The next peak (m/z = 305) is primarily represented by 

methionine which contains one 13C with the other elements being the same as the 304 

peak; however, in a few instances it will be contain a 33S or a 15N instead of the 13C. To 

determine the theoretical probability that an isotope, such as 13C, will appear in a 

derivatized amino acid, the universal NA of an isotope is multiplied by the number of 

times the element is found within the molecule. For instance, ECF/TFE-methionine 

contains 10 carbons, each of which has a probability of 1.1% that it may be 13C rather 

than 12C. Therefore, the chance that any given molecule of fully derivatized ECF/TFE-

methionine contains one 13C is 1.1% per carbon Χ 10 carbons = 11%. By adding the 
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omposed of 34S-methionine (4.2%) but may also have some molecules containing 18O, 

me  

mounts to the  peak. In the case where two  isotopes are present, the probability of each 

ccurrence is multiplied together. Thus, the probability (percentage of occurrence) that 

o 13C occurs in a fully derivatized methionine is: 

 

1% (probability of 1 13C in 10 C) • 9.9% (probability of 1 13C in 9 C) = 1.1%(4) 

 

Figure 4-2 shows the theoretical isotopic contribution of several isotopes to the m/z peaks 

= 305 to 307. Summing the three peak probabilities (Abundances; Am/z) and subtracting 

from 1 suggest the base peak will be about 80% of total methionine. Thus, our cellular 

NAs agree well with these theoretical NAs. Peaks at m/z equal to 302 and 303 likely 

represent the loss of protons and/or residence of a positive charge(s) on the amino acid. 

It is assumed that there is no isotope effect in the methionine synthase reaction; 

i.e. at equal concentrations of substrates, single- (D ), double- (D ) or non-deuterated (D ) 

1-C unit will methylate Hcy to methionine with equal probability. Therefore, a fraction of 

methionine which would normally occupy one m/z peak (for instance, 304) will be singly 

deuterated and be shifted 1 atomic mass unit up (i.e., into m/z = 305 instead of 304), and 

another fraction from the original peak of methionine will be doubly deuterated with its 

atomic mass equal to 2 greater than the original peak (i.e., m/z = 306 instead of 304). 

Additionally, using the above assumption, the fraction of D0, D1 and D2 ending up as any 

particular isotopic species of methionine is dependent only on the concentration of the 

deuterated 1-C units  (D1, D2 and D0) and the abundance of each isotopic species (i.e., the  

c

so  with two 13C atoms and some with a 13C and 33S that contribute significant 

a

o

tw

1

1 2 0



Am/z=305 Am/z=306 Am/z=307 
13 34 13 34C  (0.110)
33S  (0.008) 
15N  (0.004) 

S  (0.042) 
18O  (0.008) 
13C  & 13C (0.011) 

A305     = [P(

C  & S (0.005)
13C & 18O (0.001)

13C  & 33S (0.001)

13 33 15C1) + P( S1) + P( N1)]
           = (0.110 + 0.008 + 0.004) 
           = 0.122 = 12.2% 

306 A     = [P(13C ) + P(2
34S ) + P(1

18O ) + {P(1
13C ) x P(1

33S )}] 1
           = [0.011 + 0.042 + 0.008 + 0.001] 
           = 0.062 = 6.2%

A307     = [{P(13C1) x P(34S1)} + {P(13C1) x P(18O1)}] 
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          = [0.005 + 0.001] 
          =  0.006 = 0.6%

Figure 4-2 The theoretical contribution of each isotopic species to each m/z peak (Am/z) 

from the pool of total methionine can be calculated from their universal 

natural abundances. In the above examples, the natural abundance of 13C is 

1.1%, 34S is 4.2%, 33S is 0.8%, 18O is 0.8% and 15N is 0.4%. By summing 

the permutations of isotopic species that equal the mass of each ion, a 

theoretical natural abundance for each peak is obtained. In cases where two 

isotopes are present, the probabilities of the individual natural abundances 

are multiplied. The above calculations suggest that the natural abundance of 

the peak at m/z = 305 will be about 12.2%, at m/z = 306 it will be around 

6.2% and at 307, approximately 0.6%. By adding these figures together and 

subtracting from 100, the base peak at m/z = 304 should be about 80% of 

total methionine. 
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Pm/z(D2-Met) = NA(m/z-2) Χ [D2-Met]                                                                     (6) 

 

herefore, the percentage of singly deuterated methionine in the m/z = 306 peak will be:  

NA in each m/z peak). Mathematically, for a given concentration of single-deuterated 

methionine [D1-Met] or double-deuterated methionine [D2-Met], this can be stated as: 

 

 Pm/z(D1-Met) = NA(m/z-1) Χ [D1-Met                                                                      (5) 

and  

 

T

 

P306(D1-Met) = NA305 Χ [D1-Met] = 0.0979 Χ[D1-Met]                                       (7) 

 

The doubly deuterated methionine in that peak will be: 

 

P306(D2-Met) = NA304 Χ [D2-Met] = 0.7873 Χ [D2-Met]                                      (8) 

 

For each m/z peak, there are three possible deuterium-related species composing 

it: non-deuterated methionine (D0-Met), single-deuterated methionine (D1-Met) and 

double-deuterated methionine (D2-Met). In generic terms, to calculate the abundance (A) 

in each peak: 

 

 Am/z = Pm/z(D0-Met) + P(m/z-1)(D1-Met) + P(m/z-2)(D2-Met)                                      (9) 
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Therefore, for the m/z peaks, 304 to 308, from labeled cell hydrolysates, the following 

system of equations can be ascertained: 

 

 A304 = P304(D0-Met) + P303(D1-Met) + P (D2-Met)                                           (10) 

A305 = P305(D0-Met )                                           (11) 

A306 = P306(D0-Met) + P305(D1-Met) + P (D2-Met)                                           (12) 

A307 = P307(D0-Met                                 (13) 

A308 = P308(D0-Met) + P (D -Met) + P (D -Met)                                           (14) 

 

This, with the natural abundances substituted for each peak number, equals 

A304 =

A305 =

A306 =

A307 =

A308 =

 

From the NA coefficients listed in the above

for [D0-Met], [D1 2 0

[D1-Met] and [D2

actually need

reported below, four equations were used rather than five because m/z = 308 often had 

background interference problems. The matrix may be solved using least squares analysis 

302

) + P (D -Met) + P (D2-Met304 1 303

304

) + P (D -Met) + P 05(D2-Met)           306 1 3

307 1 306 2

 

 0.7873 Χ [D0-Met] + 0.0422 Χ [D1-Met] + 0.0176 Χ [D2-Met]              (15) 

 0.0979 Χ [D0-Met] + 0.7873 Χ [D1-Met] + 0.0422 Χ [D2-Met]              (16) 

 0.0491 Χ [D0-Met] + 0.0979 Χ [D1-Met] + 0.7873 Χ [D2-Met]              (17) 

 0.0052 Χ [D0-Met] + 0.0491 Χ [D1-Met] + 0.0979 Χ [D2-Met]              (18) 

 0.0007 Χ [D0-Met] + 0.0052 Χ [D1-Met] + 0.0491 Χ [D2-Met]              (19) 

 equations, a matrix can be created to solve 

-Met] and [D -Met] (see Table 4-1). Because three variables ([D -Met], 

-Met]) are solved by this system of equations, only four equations are 

ed. Hence, only peaks from m/z = 304 to 307 are necessary. For the data 
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array according to Table 4-1. 

zero),TRUE(gives stats values))” in a separate cell below the above matrix 

4. Press "F2", then simultaneously press "Ctrl" and "Shift" and "Enter" 

5. S ea

in Table 4-2. 

fter the concentrations of single-deuterated, double-deuterated and non-deuterated 

methionine were determined, the fraction of 

doubly deuterated methionine (D2-Met) to total deuterated methionine (T(D)) was 

calculated using the following formulas: 

and the statistical LINEST array function command (for multiple linear regression) in 

Microsoft Office® Excel. To use this function: 

 

1. Enter A304 to A308 peak intensities from mass spectra traces in a spreadsheet 

2. Enter in "=LINEST(A1:A5, B1:D5, TRUE (makes b not equal 

3. Beginning with this cell, highlight a rectangle of cells 4 over and 5 down  

 

 tatistics for the l st squares analysis line from the above matrix will appear as 

 

A

singly deuterated methionine (D1-Met) and 
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n A, the relative intensities of each m/z peak are 

entered. In the next three columns (B to D), the NA values from the 

 

 

 

 

 

 

Table 4-1 A mathematical matrix may be entered into an array in the Microsoft Office® 

Excel program. In the colum

appropriate peaks are entered using equations 15 to 18 listed in the text of 

this chapter.   

 

 

 A B C D 

 Intensity D0-Met D1-Met D2-Met 

1 A304 0.7873 0.0422 0.0176 

2 A305 0.0979 0.7873 0.0422 

3 A306 0.0491 0.0979 0.7873 

4 A307 0.0052 0.0491 0.0979 
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nd 

 raction = [D2-Met] / T(D)                                (21) 

T  cell 

e, the 

a: 

      N 

N   ∑ (xi - µ)2                                                                                 (22) 
                                          i 

 Single-deuterated methionine fraction = [D1-Met] / T(D)                                 (20) 

 

a

 

Double-deuterated methionine f

 

he singly-deuterated methionine fraction was compared between a wild type MEF

line (IF22) and a MTHFD2 knockout MEF cell line (IF74). In each cell cultur

variance between the different scans of a peak was calculated using the formul

 

                                                      

s2   =  1 / (N-1)

 

where s2
N is sample variance, N equals the number of samples, xi is the individual 

samples (i.e., calculation of single-deuterated methionine to total-deuterated methionine 

for each individual scan), and µ is the mean of the samples.  

 



 102

e lower box. The first line gives the total concentration of the 

deuterium-related species. The last cell in the line gives the y-intercept (b) 

f the m ple linear regression analysis line. The next row gives the 

 species con  

the third row, the line fit is the R2 value for the multiple linear regression 

alysis. h next cell e standa  of the y pt of the least 

uares sis line. fourth e F-stat d degrees of 

freedom are measures of variance in the data. The last row shows two 

statistical evaluations, the first for variance of the data and the second for 

deviation from the theoretical linear regression line. 

 

[D2-Met] [D1-Met] [D0-Met] b (y-intercept) 

Table 4-2 After the array is made in Excel, the LINEST array function is entered in the 

upper left-hand corner of a new cell according to the directions found in the 

text of this chapter. A 4 by 5 cell grid is highlighted and “F2” plus “Ctrl”, 

“Shift” and “Enter” pressed simultaneously. This then gives the statistic 

presented in th

o ulti

standard error for each of the deuterium-related centrations. In

an  T e gives th rd error -interce

sq analy In the row, th istic an

Standard error Standard error Standard error  

Line fit Standard error of y-fit   

F-statistic Degrees of freedom   

Sum of squares Residual sum   

regression of squares   
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4.2.6 Knockdown of MTHFD1L Transcripts by siRNA 
Wild type (IF22) mouse embryonic fibroblasts (MEFs) were transfected using 

RT NeoFX transfection reagent (Ambion) and two MTHFD1L-specific mRNA 

all interfering (si)RNAs, 153142, 153143 (Ambion catalog numbers). These siRNAs 

cation and siRNA sequence characteristics. Cells were optimized for the cell 

A was 

etermined. (It should be noted that the optimal cell density can vary from cell line to cell 

line an

PORTTM NeoFXTM per 1.0 μl Opti-MEM® (Invitrogen) was incubated for 10 min. 

MEM® media and a siRNA 

oncentration of 106 μM. This combined solution was incubated for an additional 10 

min. During this time, cells were trypsinized and counted on a hemocytometer. From this, 

the volume of cells for a cell density of approximately 20,000 cells/cm2 was calculated 

and this amount added to the plate or flask. The range for efficient transfection with good 

cell viability was very narrow as 13,000 cells/cm2 and 27,000 cells/cm2 did not cause 

knockdown of the glyceraldehyde-3-phosphate dehydrogenase activity (KD-Alert kit). 

Lastly, cell culture medium (DMEM/High) was added to bring the concentration of 

siRNA to 30 nM and the transfection reagent to 5.45 nl/ml. The cells were then incubated 

siPO

sm

were determined by a proprietary algorithm based on thermodynamic, mRNA target 

lo

transfection reagent type (siPORTTM NeoFXTM or amine-based reagent (both from 

Ambion)), transfection reagent concentration and cell density using Ambion’s KD-

AlertTM GAPDH Assay kit. Next the optimal concentration for each siRN

d

d from lot to lot of a cell line.) For each plate or flask of cells, 0.022 μl of 

si

Concurrently, a 1.2 mM siRNA stock solution in Opti-MEM® was incubated for at least 

10 min. After, the transfection reagent incubate was added to the siRNA incubate for a 

concentration of 0.020 μl siPORTTM NeoFXTM per ml Opti-

c
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replaced, and

trypsinized, 

immunblottin

4.3 RESULTS AND DISCUSSION 

4.3.1 Wild ty
Wild type MEFs (IF22) we 3

cell divisions. The cells were

the proteins yielded the constituent am

ethylchloroform

sector mass spectrom

= 304 to 307, was analyzed for the total 

isotopic spec

and Methods). Figures ass spectra 

obtained for one scan of fully derivatized ECF/TFE-methionine from deuterium-labeled 

wild type MEF (IF22) cells. Table 4-3 shows th ntered into a spreadsheet 

array and the results afte INEST command. To the bottom right, the 

ratio of singly deuterated me tal deuterated methionine is calculated. The cell 

culture and scan numbers are at the top right. Table 4-4 shows the resultant distribution of 

singly, doubly and non-deuterated methionine across the peak range, m/z = 304 to 307, as 

determined by substituting the total  concentration  of  singly, doubly and  non-deuterated 

at 37°C and 5% CO2 for approximately 24 hours. The DMEM media was aspirated and 

 the cells incubated for two to three cell divisions. To harvest, cells were 

pelleted at 1750 x g for 5 min, washed once with 1X PBS, and subjected to 

g.  

pe and MTHFD2 Knockout MEFs 
re incubated with [2.3.3-2H ]-serine for two to three 

 harvested. Subsequent TCA precipitation and hydrolysis of 

ino acids. These were derivatized with 

ate and trifluoroethanol. The amino acids were subjected to magnetic 

etry. The fully derivatized ECF/TFE-methionine mass spectra, m/z 

abundance of singly, doubly and non-deuterated 

ies using multiple linear regression on a system of equations (see Materials 

4-3, 4-4 and 4-5 show an example of the resultant m

e sample data e

r application of the L

thionine to to



 

 

the ion. The second is the peak intensity. For instance, the base peak here is 

m/z = 304 with a relative intensity of 52,416. The x-axis is m/z, the y-axis is 

relative intensity. 

Figure 4-3 Sample mass spectrum of ECF/TFE-methionine from wild type MEFs for 

peaks m/z = 304, 305 and 306. The top number over each peak is the mass 

to charge ratio (m/z). Because the charge is +1, this is equal to the mass of 
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Figure 4-4 Sample mass spectrum of ECF/TFE-methionine from wild type MEFs for 

peaks m/z = 307 and 308. This is the expanded spectrum from Figure 4-3. 
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Figure 4-5 Sample mass spectrum of ECF/TFE-methionine from wild type MEFs for 

peak m/z = 308. This is the expanded spectrum from Figure 4-4. At this m/z 

range, two smaller peaks show. The first peak at m/z = 308.07 is the peak 

that correlates with deuterated methionine. The other peak is background of 

undetermined nature. However, the overall background is nearly equal to the 

height of this peak, thus, the intensity may be questionable. 
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 methionine into the individual terms of the equations for each peak. Figure 4-6 and 4-7 

show graphical representations of the isotopic species (D0, D1 and D2) of methionine in 

each peak. 

Comparison of the fraction of singly-deuterated methionine in wild type MEFS 

(IF22) cells and MTHFD2 knockout MEFs (IF74) revealed a large dichotomy in the 

amount of single-deuterated methionine present in each line. For IF22, the average 

fraction of singly deuterated methionine was 84% with a range of 73% to 92% for the 

three different cell culture plates examined.  However, the fraction of singly deuterated 

methionine in IF22 cells was very consistent across each series of scans. This suggests a 

problem with the instrument (unlikely due to the consistency among the multiple scans of 

a peak series), a problem with label import or incorporation (discussed below) or a real 

effect (such as cell cycle dependence) within the cell itself. In IF74 cells, the average was 

duced to 23% with less variability between the three plates (21% to 24%) (Table 4-5).   

Previous reports in MCF-7 cells (a human breast cancer line) showed the average 

to be 98% single-deuterated methionine (Herbig et al., 2002). It might be expected that 

both the cancer cell line and an immortalized embryonic cell line, such IF22, might have 

identical fractions of single-deuterated methionine because both are proliferating cells 

needing large amounts of purines. This appears not to be the case. The two lines have 

similar fractions, in that singly deuterated methionine constitutes the majority of 1-C 

units in both lines. But they are not the same. Based on the results presented here and 

previous published results, it would seem that cancerous cells exhibit higher 

mitochondrial flux rates than even immortalized embryonic cell lines. It may also be that 

the different derivatization procedure and/or mass spectrometer method contributed to the 

re
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deviation. Then again, this would seem unlikely due to the consistency between the series 

points in each cell line and the consistency between the cell samples in IF74. It should 

likewise be noted that the accuracy of the peak intensities in the mass spectra using 

magnetic sector MS is within 1%, so instrument error is unlikely because multiple scans 

in the GC methionine elution peak were measured. 

Plotting the fraction of singly deuterated methionine in a scan to its individual 

scan number provides a graphical representation of the data series expressed in Table 4-5 

(Figure 4-8). In the figure, in the legend on the right, the individual sample numbers 

(plates) are listed. The top three numbers with the solid symbols are from the wild type 

MEFs (IF22). The bottom four numbers with the stick and hollow circle symbols are 

from the MTHFD2 knockout MEFs (IF74). Sample 1336B in the latter samples is not 

used in other calculations in this chapter because the relative intensity for the base peak is 

nly about 4100. The graph clearly demonstrates the difference between the IF22 and 

30%. They d

points that a

in a distinctly

for sample 3

in this way c point for sample 

3852 and the 0.5 point for 3436. For this graph, if the calculated ratio of singly deuterated 

methionine was above 1 or below zero, it was considered to be 100% and 0%, 

respectively. Nonetheless, when calculating single-deuterated methionine amounts, these 

points were eliminated. Consistent with IF22 having a greater mitochondrial flux than the  

o

IF74 cell lines.  The majority of points in the IF74 samples cluster between 10% and 

iffer little from sample to sample. On the other hand, the IF22 cells have 

re scattered between 65% and 100%. For this cell line, each sample clusters 

 different region, mostly from 90% to 100% for 3840B, mostly 80% to 90% 

437 and mostly between 70% and 80% for sample 3852. Plotting the samples 

learly shows outliers in the data series. For example, the 0.9 
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entered in top section of the second column. The bottom section gives the 

Table 4-3 The following table is the same as found in Tables 4-1 and 4-2 except the 

relative intensities of the m/z peaks from Figures 4-3, 4-4 and 4-5 have been 

multiple linear regression statistics according to those given in Table 4-2. In 

the last column of first row, the underlined text is the sample number (first 3 

digits; “B” indicates the second run of this sample) and scan (last 3 digits) 

number of the mass spectra run. In the last two columns of the bottom 

section, the fraction of singly deuterated methionine to total deuterated 

methionine (D1/T(D)) and double deuterated methionine to total deuterated 

methionine (D2/T(D)), respectively, is calculated. 

IF22 D0 D1 D2  3840B890 

304 52416 0.7873 0.0422 0.0176   

306 3832 0.0491 0.0979 0.7873   

308 139 0.0007 0.0052 0.0491   
 
 D2 D1 D0 b D1/T(D) D2/T(D) 

305 10237 0.0979 0.7873 0.0422   

307 678 0.0052 0.0491 0.0979   

      

 55.5207 4662.6191 66222.1409 81.4913 0.9882 0.0118 
 38.85705 37.4279 37.8781 19.08856   
 1 23.84573 #N/A #N/A   
 1149853 1 #N/A #N/A   
 1.96E+09 568.619 #N/A #N/A   
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Table 4-4 The m/z peaks listed below with the relative intensity of each isotopic species 

in that peak. The values in the D0, D1 and D2 columns were obtained by 

multiplying the total intensity of each isotopic species by the fraction of the 

peak that contained the respective species (i.e., the coefficients of the terms 

in equations 14 to 18).   

m/z Intensity D0 D1 D2  
304 52416 52137 197 1  
305 10237 6483 3671 2  
306 3832 3252 456 44  
307 678 344 229 5  

  62216 4553 52 Column Sum 
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Figure 4-7 Bar graphs representative of the distribution of the individual isotopic species 

of methionine found in each m/z peak from 304 to 307 for the sample data in 

Figures 4-3 to 4-4. 
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able 4-5 Wild type and MTHFD2 nullizygous Mouse Embryonic Fibroblasts (MEFs) 

were incubated with [2,3,3-2H3]-serine. After 2 to 3 cell doublings, the cells 

were harvested, and the cellular proteins hydrolyzed. The resultant amino 

acids were derivatized and analyzed by mass spectometry.  The relative 

intensities of the isotopic methionine-associated m/z peaks were measured, 

and the substituent contribution of singly and doubly deuterated methionine 

calculated for each. Fraction of singly deuterated methionine is equal to the 

enrichment of single-deuterated methionine divided by the sum of single-

deuterated methionine plus double-deuterated methionine. 

 
IF22 (wild type MEFs) 

Fraction of Singly Deuterated 
Methionine 

IF74 (MTHFD2 null MEFs) 
Fraction of Singly Deuterated 

Methionine 

T

0.92 ± 0.005 0.21 ± 0.006 

0.87 ± 0.003 0.23 ± 0.001 

0.73 ± 0.002 0.24 ± 0.001  

Average              0.84 0.23 
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Figure 4-8 Graphical representation of the data in Table 4-5. Here all scans measured for 

each plate are included. The solid symbols at the top of the graph are scans 

for three different plates (samples) of IF22 (wild type cells). The stick 

figures and circles on the bottom are from four different samples of IF74. 

The 1336B series is not included in other calculations of this chapter 

because the base peak intensity is low.  
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points below

The w

scans could 

proteins. The

not a problem

to the cell c

2004). Howe

end, [5,5,5-2 owever, because 

ucine is far more abundant in cellular proteins than methionine (9.36% versus 2.32%), 

the base pea her th ally, 

within the leucine GC elution peak, the ratio of deuterated leucine (m/z = 289) to that in 

the base peak leucine ( ifted widely while investigating the individual scans 

composing the peak. This shift, in conjunction with the fac y scans were 

saturating, made verif ent ratio of deuterated le peak leucine 

difficult from sample to sample using relative m/z peak intensities. The other way to 

possibly identify the ratio of deuterated-leucine to base peak leucine would be to 

determ corresponding directly to the m/z =286 ∀ 0.5 

and 289 ∀ 0.5. However, this is not feasible if some scans are at or above saturating 

levels. Therefore, future work needs to have a separate MS analysis for leucine with the 

same samples as those used for the methionine except diluted with chloroform. Another 

internal control that could be examined as well is the amounts of triply deuterated serine 

incorporated into the cell. However, this is less preferable than deuterated leucine 

MTHFD2 null line (IF74), data points above 1 only occurred in the IF22 lines while data 

 zero only occurred in the IF74 cells. 

ide range of single-deuterated methionine in the different IF22 series of 

be from inconsistent label import into the cell and/or incorporation into 

 consistency of the data within each series suggests that instrument error is 

.  Another possibility is that it is a real effect within the cell, perhaps related 

ycle as is found for methionine synthase and AdoMet (Mizunuma et al., 

ver, to definitively show this, an internal control needs to be utilized. To this 

H3]-leucine was added along with the deuterated serine. H

le

k for leucine is significantly hig an that of methionine. Addition

m/z = 286) sh

t that so man

ying a consist ucine to base 

ine the area under the elution peak 
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because serine may be metabolically modified whereas leucine is not.  However, it seems 

likely, given the consistency between points in the series for each sample, as well as the 

cyclic need for purines within rapidly dividing cells (such as found in cell cultures and 

embryonic tissues), these data likely indicate that mitochondrial 1-C flux, and namely 

that through the MTHFD2 gene product (the NMDMC protein), has some form of cell 

cycle dependency. 

In the MTHFD2 null line (IF74), the percentage of singly deuterated methionine 

averages 23%. That the amount of singly deuterated methionine drops dramatically when 

MTHFD2 is absent clearly shows that interrupting mitochondrial flux decreases the 

number of singly-deuterated 1-C units entering methionine. The large difference between 

the amounts of single-deuterated methionine in the two cell lines likewise demonstrates 

that only small amounts of 1-C units, if any at all, are being oxidized and subsequently 

reduced in the CH -THF dehydrogenases – at least no more than approximately 23%.  

So what accounts for this 23%? One option would be from one-carbon units being 

oxidized by cytosolic CH -THF dehydrogenase and then subsequently reduced. However, 

the redox potential, particularly the [NADP ][/NADPH] ratio (1/100) (Sies, 1982; Veech, 

1978), in the cytosol strongly argues against this happening in this compartment. A 

second possibility is that the remaining ~23% of single-deuterated methionine in the 

MTHFD2 knockout cells is simply background of some unknown nature. However, this 

seems unlikely given the consistency of most of the samples within a given cell type. The 

third possibility is that another CH2-THF dehydrogenase is present within mammalian 

mitochondria besides NMDMC (the MTHFD2 gene product).   

2

2

+
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 possesses NAD-dependent CH2-THF 

dehydr

Recently, our lab has found a protein homologous to MTHFD2 that may fit this 

role. It is known to be mitochondrially localized,

ogenase activities and is known to be found at least in adult tissues (Appling 

laboratory, unpublished results). If IF74 MEFs likewise expresses this protein, it could 

account for the residual single-deuterated methionine observed.  This, at present, seems 

the most likely explanation. However, there still remains the possibility, given the low 

[NAD+]/[NADH] ratio within the mitochondria (estimates range between 2 and 12) (Sies, 

1982; Veech, 1978), that a certain fraction of 1-C units are being oxidized and 

subsequently reduced in the mitochondria using either the MTHFD2 protein or the new 

MTHFD2-like protein. Still, the data presented here substantiate that a sizable percentage 

of singly deuterated 1-C units present within the methyl cycle are mitochondrially 

derived, but the exact percentage has yet to be determined. 
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4.3.2 Knockdown of Mitochondrial C1-THF Synthase in Wild type MEFs 

(Figure 4-9). However, after subjection to the transfection reagent and 

subsequ

exposu

the cells. Therefore, if these experiments are to be carried out in the future, these 

 In order to determine the role of mC1-THF synthase in the cell, siRNAs were 

used to knockdown its expression. Wild type immortalized MEFs (IF22) were utilized. 

Optimization for cell density, type and concentration of transfection reagent as well as 

concentration of siRNA, allowed for knockdown of mC1-THF synthase in IF22 cells in 

their normal media 

ent placement in the minimalized labeling media, cells began to die within about 

a day – a little more than one cell doubling time. It is likely that the relatively harsh 

treatment of the transfection reagent followed immediately by incubation in the labeling 

media with its minimal nutrient levels caused the cells to become necrotic or apoptotic.  

Because of time constraints, this line of experimentation was not pursued. 

However, at least two other areas could have been optimized. The first is the time of 

incubation in the transfection reagent. It is quite possible that lowering the time of 

re to the transfection reagent to a minimum would aid in the recovery of the cells 

afterwards, even in the tracer media.  The other possibility is that the nutrients in the 

labeling media may need to be adjusted to ensure better viability of the cells. The normal 

growth media for these cells is a DMEM/High glucose media. On the other hand, the 

labeling media is α-MEM media. Thus, it is possible that the slight differences between 

the nutrients of the DMEM versus the α-MEM and/or the high glucose in the former 

compared with lower glucose in the latter could make a large difference in the survival of 

additional parameters will need to be examined. 
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 MEF cells. These cells were 

lysed and subjected to immunoblotting. In both gels, the first three lanes are 

wild type cells that were mock transfected without any siRNAs. The next 3 

lanes are from cells transfected with the respective siRNAs. The hours 

above the lanes indicate hours post siRNA removal. At the time of siRNA 

removal, mC1-THF synthase protein levels are much lower than cells 

without the siRNAs added. At 24 hours, the levels of knockdown are at 

intermediate levels. Those at 48 hours post-siRNA removal are at wild type 

levels. The heavy bands are at ~100 KDa. 

 

Figure 4-9 Two siRNAs, 153142 (-42) and 153143 (-43), were used to knockdown the 

expression of mC1-THF synthase in wild type

No siRNA siRNA -42 siRNA -43 
  0 h       24 h      48 h    0 h     24 h     48 h    0 h     24 h     48 h.
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 CHAPTER 5: SUMMARY AND CONCLUSION 

5.1 SUMMARY 

 

studies on adult rat liver m

mitochondrial 10-CHO-THF synthetase activity is needed. Additionally, for adult 

mitochondria, an enzyme(s) possessing CH -THF dehydrogenase and perhaps CH+-THF 

cyclohydrolase activities is needed. But despite much searching using traditional genetic 

and biochemical approaches, these activities remained elusive. With the advent of reverse 

genetics and sequenced genomes, things changed. 

Several years ago, using a human uterine RNA library, Dr. Appling was able to 

find a sequence homologous to human cC1-THF synthase except that it lacked a start 

 
In the preceding chapters, the identification and characterization of mitochondrial 

C1-THF synthase has been detailed. Before these studies, several gaps existed in our 

understanding of folate-dependent mammalian mitochondrial 1-C metabolism. The 

known GCV, mSHMT, sarcosine dehydrogenase and dimethylglycine dehydrogenase 

reactions all produce CH2-THF from the one-carbon donors glycine, serine, sarcosine and 

dimethylglycine, respectively (Appling, 1991). For several years, these were the only 

known 1-C enzymatic activities in adult mammalian mitochondria. However, from our

itochondria, showing that when these were incubated with 

radiolabeled 1-C donors, radiolabeled formate was produced, it was recognized that adult 

mitochondria had additional activities to oxidize the CH2-THF to formate (Garcia-

Martinez and Appling, 1993). In addition, embryos had no identified protein containing 

the 10CHO-THF synthetase activity. Yet because of the dependence on the mitochondrial 

pathway for purine de novo synthesis (Fu et al., 2001), embryonic tissues are especially 

likely to have need of this activity. So for all mammalian tissues a protein containing 

2
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codon. W uent publishi an genome, an additional exon was 

fo l 

targeting sequence. Comparison of the sequences revealed high homology in the C-

terminal domain to cC1-THF synthase, but significantly lower homology in the N-

terminal domain. The new sequence was on Chromosome 6 as compared to 14 for that of 

the cytoplasmic isozyme. The mRNA was cloned and the full-length cDNA ligated into a 

mammalian expression vector for subsequent studies. 

In these studies, we have shown that mC1-THF synthase is a mitochondrially 

targeted protein by transfection of a V5 epitope-tagged MTHFD1L cDNA into CHO 

cells. The fact that a correct-sized protein showed up in an immunoblot only in the

localization 

deletion yea

nine times m

vector. This 

eventually c

synthetase us

In ad

expression, a

isozyme. Hu 3.6-kb while that of MTHFD1 is 

3.3 kb. The transcript of the former gene is most highly expressed in placenta, brain and 

thymus, while the latter is elevated in liver, skeletal muscle and kidney. Noteworthy, 

these areas of higher MTHFD1 expression for MTHFD1 are lower for the MTHFD1L 

ith the subseq ng of the hum

und that contained the start codon and encoded what appeared to be a mitochondria

 

mitochondrial fraction of the transfected cells, demonstrated the mitochondrial 

conclusively. In addition, it was herein shown that a cC1-THF synthase 

st strain overexpressing the human mC1-THF synthase had approximately 

ore 10CHO-THF synthetase activity than the same strain with an empty 

clearly demonstrated the enzymatic nature of the new protein. Our laboratory 

onfirmed that mC1-THF synthase is a monofunctional 10CHO-THF 

ing purified protein (Walkup and Appling, 2005).  

ult human tissue, the MTHFD1L transcript is expressed. The pattern of 

s well as the size of the transcript, differs from that of the cytoplasmic 

man MTHFD1L mRNA is approximately 
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transcript. Th transcript in humans. 

This transcript arises by alternative splicing to a novel exon. This exon was originally an 

sertion that mutated to become a splice-site acceptor. Because Alu 

elemen

e MTHFD2 transcript which starts out 

relative

e Northern blot also demonstrated a short MTHFD1L 

Alu element in

ts are particular to primates, mice do not have this shorter isoform, thus, in the 

mouse work summarized below, the short isoform is not found. It was later demonstrated 

that the protein expressed by this short transcript is catalytically inactive (Prasannan, 

2006). 

In embryonic mitochondria, there was no known protein containing the 10CHO-

THF synthetase activities. However, the bifunctional NMDMC protein was known to 

catalyze the conversion of CH2-THF to 10CHO-THF in two successive steps (Mejia and 

MacKenzie, 1985). Moreover, there is a connection between folates and NTDs for which 

the majority of cases lack a biochemical mechanistic explanation (Beaudin and Stover, 

2007). Mitochondrial 1-C metabolism is important for de novo purine synthesis 

(Pasternack et al., 1994; Pasternack et al., 1996) and likely important for AdoMet 

production as well (Gregory et al., 2000; Herbig et al., 2002). This, with the fact that 

mC1-THF synthase is the final step in the synthesis of mitochondrial formate, suggests 

that abnormalities in mC1-THF synthase could also be detrimental to embryogenesis. 

Therefore, as a newly discovered folate-dependent mitochondrial 1-C enzyme, the 

transcript and protein of MTHFD1L were characterized in embryos.  

The temporal pattern of the transcript was examined by a developmentally staged 

Northern blot. The mRNA of mC1-THF synthase starts out relatively low, but increases 

as the embryo ages. This is in stark contrast with th

ly high and decreases as embryos approach birth. The cC1-THF synthase 
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ated expression for MTHFD2 and 

MTHF

ely low levels of mC1-

THF s

transcript remains less variable. However, densitometry studies indicate that even 

MTHFD1 is relatively high during early and late gestation.  

The spatial expression of MTHFD1L, as determined by in situ hybridization, is 

ubiquitous, but elevated in certain areas of the embryo. These higher expressing regions 

include the developing brain, the brachial arches, portions of the neural tube, the 

developing digits, the tail bud, and in later stages the whiskers. A uniformity of 

expression was observed between the regions of elev

D1L. For both transcripts, these higher expressing areas were also spatially and 

temporally dynamic. In this work, it was found the spatial patterning of MTHFD1L and 

MTHFD2 to be nearly the same. Previous reports have stated the same for MTHFD1 and 

MTHFD2 transcripts (Di Pietro et al., 2004). This suggests these three enzymes in 

embryos function cooperatively as would be expected for enzymes in the same metabolic 

pathway. 

It was likewise determined that embryonic mitochondria can produce formate and 

likely at higher rates than adult liver mitochondria. When the level of mC1-THF synthase 

was examined by immunoblotting in embryos E13.5 to E17.5, it seemed to be slightly 

increasing over the embryonic days examined. Given the extrem

ynthase in adult livers compared with embryos, and mitochondrial formate 

synthesis levels in embryos that are, at most, little more than double, it is highly unlikely 

that mC1-THF synthase rate-limiting - at least for E13 to E17.5 day embryos. It is 

possible, however, given the low transcript level of MTHFD1L earlier in development 

that it could be rate-limiting the other stages. However, the presence of mC1-THF in 

embryonic mitochondria shows that it is highly likely the enzyme which catalyzes the 
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 1-C units are of mitochondrial origin (Gregory et al., 2000). In MCF-7 cells, 

approx

rough a CH2-THF 

dehydr

final step (10CHO-THF to formate) in the mitochondrial 1-C pathway. Nevertheless, to 

determine this in vivo will require modulation of the enzyme in future studies. The 

immunoblots did confirm, at least for the days examined, the temporal protein expression 

pattern corresponds well with that of the transcript. 

Metabolic tracer study techniques have recently been developed to analyze the 

flow of 1-C units from the mitochondria. In human adult tissues, it was shown that up to 

70% of

imately 98% of 1-C units are of mitochondrial origin (Herbig et al., 2002). The 

major basis of this methodology states that 1-C units flow from serine to formate in the 

mitochondria and vice versa in the cytoplasm. If true, as most believe, mitochondrial 

formate would be the primary source for 1-C units in the methyl cycle as well as for 

purine synthesis. In these studies, if an originally doubly deuterated 1-C unit becomes 

singly deuterated, it is of mitochondrial origin. If it retains both deuteriums, it is 

considered to be of cytoplasmic origin. However, this view is controversial. By 

modulating the level of mitochondrial 1-C enzymes, we have the ability to help validate 

the premise of these experiments. Indeed, with wild type and MTHFD2 knockout MEFs, 

the deletion of MTHFD2 in the mitochondrial 1-C path results in a large decrease of 

singly deuterated 1-C units in methionine. These experiments indicate that the maximum 

number of 1-C units that possibly could be reduced back th

ogenase once they have lost a deuterium is about 23% of the total. But due to the 

redox potentials of the compartments (reducing in cytosol and oxidative in mitochondria), 

the real number of 1-C units oxidized through mitochondrial CH2-THF dehydrogenase 

and then subsequently reduced back through the same reaction is likely very low, if any. 
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irection in the mitochondria. 

5.2 CONCLUSIONS AND FUTURE DIRECTIONS 

 

HFD2L) protein is indeed the missing activity. Figure 5-1 shows the updated 

version

Thus, although not conclusive, our data add to the weight of evidence saying that the 

mitochondrial flux is largely unidirectional in the oxidative d

 

 In these studies, one of the gaps in our understanding of the mammalian one-

carbon cycle has been filled. We have demonstrated that the monofunctional 

mitochondrial C1-THF synthase transcript and protein is present in adult and embryonic 

tissues. Additionally, current experiments in our lab are characterizing a protein we 

believe will fill in the last blank left in the mammalian mitochondrial one-carbon 

pathway. This enzyme is homologous to MTHFD2, is NAD-dependent, and has, at least, 

the CH2-THF dehydrogenase activity. Further studies will determine if this MTHFD2-

Like (MT

 of mammalian 1-C metabolism at the end of the studies presented in this thesis. 

 Future work will better characterize the relationship between the enzymes of the 

mitochondrial 1-C pathway in both adults and embryos. This could possibly differ 

between tissue types and stages of development. Characterization of the interactions 

between the proteins physically, functionally and metabolically could then provide new 

insights into diseases such as NTDs and craniofacial defects. 
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Notice especially the MTHFD1L gene product in the mitochondria and 

+

THF cyclohydrolase in the mitochondria. 

CYTOPLASM 
 

serine 

glycine 

Figure 5-1 The mammalian one-carbon cycle as it is known at the end of these studies. 

MTHFD2L, which putatively is the missing CH2-THF dehydrogenase/CH -
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APPENDIX I 

List of Acronyms  

  
C 

cSHMT cytoplasmic serine hydroxymethyltransferase 
  
DHF dihydrofolate 
  
DHFR dihydrofolate reductase 
  
dpm disintegrations per minute 
  

 
10CHO-THF 10-formyl-tetrahydrofolate 

1- one-carbon 
  
5CHO-THF 5-formyl-tetrahydrofolate 
  
AdoMet S-adenosyl-methionine 
  
AICAR 5-aminoimidazole-4-carboxamide ribotide 
  
AP Alkaline Phosphatase 
  
ATCC American Type Culture Collection 
  
C1-THF synthase C1-tetrahydrofolate synthase 
  
cC1-THF synthase cytoplasmic C1-Tetrahydrofolate synthase  
  
CD2-THF doubly deuterated 5,10-methylene-tetrahydrofolate 
  
CDH-THF singly deuterated 5,10-methylene-tetrahydrofolate 
  
CH+-THF 5,10-methenyl-tetrahydrofolate 
  
CH2-THF 5,10-methylene-tetrahydrofolate 
  
CHO 10-formyl-tetrahydrofolate 
  
cpm counts per minute 
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dTMP  monophosphate 
 
D eitol 
  
E ys post conce
 
ECF ethylchlo
 
fMetinit-tRNA formylate or methionyl-tRNA 
  
FolBP folate in (a  of folate transp ter) 
 
Folr folate rnative n lBP transporte
  
G bonucleotide 
  
GC Gas C y 
 
GCV avage system 
  
m/z mass to charge ratio (used in mass spectometry) 

  
MCS 
 
MEF 
  

init-tRNA initiator methionyl-tRNA 
 

MS Mass Spectometry 
  
mSHMT mitochondrial serine hydroxymethyltransferase 
  
MTHFD1 methylene-tetrahydrofolate dehydrogenase one  

 
(cytoplasmic C1-tetrahydrofolate synthase gene or transcript) 

  
MTHFD1L methylene-tetrahydrofolate dehydrogenase one-like 

 
(mitochondrial C1-THF synthase)  
 
refers to gene or transcript in this work 

  
  
  

deoxythymidine
 

TT dithiothr

 embryo
 

nic day (da ption) 

roformate 
 

d inititiat

binding prote  class or
 

receptor (alte a ome for F rs) 

AR glycinamide ri

hromotagraph
 
glycine cle

  
mC1-THF synthase mitochondrial C1-tetrahydrofolate synthase (protein product of  

 
MTHFD1L) 

multiple cloning site 
 
mouse embryonic fibroblast 

Met
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MTHFD2 NAD-dependent 5,10-methylene-tetrahydrofolate dehydrogenase/ 
 
5,10-methe  cyclohydrolase  
 
(refers t is work) 

  
MTHFR methylene-tetrahydrofolate reductase 
  

 

AD-dependent  5,10-methylene-tetrahydrofolate dehydrogenase/ 

,10-methenyl-tetrahydrofolate cyclohydrolase protein 

T eural tube 

t ucleotide 

TD eural tube defect 

ABA ara-aminobenzoic acid 

BS hosphate buffered saline 

BST hosphate buffered saline/0.1% Tween 

C hosphatidylcholine 

E hosphatidylethanolamine 

S hosphatidylserine 

FC duced folate carrier 

PM tations per minute 

DS odium dodecyl sulfate                                                                        

DS-PAGE odium dodecyl sulfate-polyacrylamide electrophoresis gel  

s 

sferase 

nyl-tetrahydrofolate

o gene and transcript in th

NA Natural Abundance 
  

NCC neural crest cells 
  

NNMDMC 
 
5

  
N n
  
n n
  
N n
  
P p
  
P p
  
P p
  
P p
  
P p
  
P p
  
R re
  
R ro
  
S s
  
S s

 
lectrophoresie

 
HMT 

 
erine hydroxymethyltranS s

 
BS 

 
ris-buffered saline T

 
t
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ol 

F 

e 

or derivatization 

TBST tris-buffered saline/0.1% Tween 
  
TFE trifluoroethan
  
TH tetrahydrofolate 
  
TS thymidylate synthas
  
UTR untranslated region 
  
WTP water : trifluoroethanol : pyridine (60:32:8) solution f

f amino acids o
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List of Bacterial, Yeast and Mammalian Cell Lines 

Cell lines Description 

APPENDIX II 

    

XL1-Blue in from Stratagene used for amplification 

44  relA1 

roAB lacI*ZΔM15 Tn10 (Tet’)]) 

Escheria coli stra

      of vector plasmids 

Genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE

      lac[F’ p

DAY3 yces cerevisiae strain with ADE3 deletion 

ra3-52 trp1 leu2 ade3-130) 

Saccharom

Genotype: (ser1 u

IF22 Wild type mouse embryonic fibroblasts (MEFs)  

 large antigen 

zie laboratory 

     immortalized by SV40

Obtained from the Robert E. MacKen

IF74 MEFs immortalized by SV40 large  

Robert E. MacKenzie laboratory 

MTHFD2 deletant  

     antigen 

Obtained from the 
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APPENDIX III 

List of Plasmid Expression Vectors 

Expression Vectors Description  

pVT-103U ion vector  (Vernet et al., 1987) Yeast express

pVT-103U/humito 

expression in yeast, Same as pVT-103U/MTHFD1L 

humanMTHFD1L inserted into pVT-103U for 

pcDNA3.1/V5-His-TOPO Invitrogen  Mammalian expression vector 

pcDNA3.1/humito MTHFD1L inserted into pcDNA3.1/V5-His-TOPO 

pCMV-Sport6.1 Cloning vector from Invitrogen 

pSportCMV6.1/MTHFD1L ATCC cDNA containing the entire  open reading frame 

    of mouse MTHFD1L 

pBluescript II (SK+) Cloning vector from Stratagene 

24FL Mouse MTHFD2 cDNA truncated at a HindIII 

   restriction site 108 bp after stop codon and missing 

first 13 bp of coding region including the start codon in 

   the pBluescriptII (SK+) vector 

Obtained from the Robert E. MacKenzie Laboratory 

14EB Mouse MTHFD1 cDNA truncated 30 bp before the  

    stop codon in the pBluescriptII (SK+) vector 

Obtained from the Robert E. MacKenzie Laboratory 

XL292e10ex Xenopus laevis MTHFD1L insert in a pCS2p+ vector 
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APPENDIX IV 

 
Protocol 1 

Bacterial

1. Cut vector with restriction endonuclease in its respective buffer (typically 1 to 2 

hours at 37°C, but specific to endonuclease used.)  

2. If endonuclease m aline Phosphatase  

oche) to remove

a. Heat inactivate

 Add 0.9 μl 10 rimp alkaline 

phosphatase to

c. Incubate at 37°

d. Inactivate the shrimp alkaline phosphatase at 65°C for 15 minutes 

3. Add 1 μl of the linearized plasmid and 5 μl of RbCl-competent XL1-B Escheria 

coli cells to a microcentrifuge tube. 

4. Incubate on ice for

5. Heat shock at 45°C for 45 sec 

6. Add ml of LB broth (Sigma) 

7. Incubate at 37°C for 20 min with gentle shaking 

8. Plate an LB plates with correct selective reagent (i.e. ampicillin) for plasmid 

9. Incubate overnight 

10.  Perform concurrently with positive control (a vector known to have worked 

previously) and negative control (no vector) 
 

 

 Protocols 

 Transformations for Plasmid Amplifications 

akes blunt ended DNA, treat with Shrimp Alk

(R  5’ phosphate group to prevent religation. 

 the endonuclease at 64°C for 15 min 

b. X Dephosphorylation Buffer and 1 μl (1 U) sh

 tube. 

C for 10 min 

 1 hour. 
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Protocol 2 

Yeast Transformation 

 
S

50% Polyethyleneglycol 

1.0 M Lithium Acetate (LiOAc

S /m

 

M

t

2. Centrifuge at 1740 x g f

ell pelle  for 2 min. 

5. Place 100 μl of cells fro

6. Centrifuge briefly at top

7. Add to test tube in order ut PEG to shield them) 

a. 240 μl PEG (add firs

.   36 μl 1.0 M LiOAc

c.   5 μl Salmon Sperm

d.   5 μl (100 ng to 5 r as 

ive control) 

e. 65 μl ddH2O 

(Ito et al., 1983) 

tocks 

) 

almon Sperm DNA (10.0 mg l) 

ethod 

1. Grow a 25 ml overnigh  culture to A600 = 1.0 

or 2 minutes 

3. Resuspend the c t in 1 ml ddH2O and recentrifuge

4. Resuspend the cell pellet in 1 ml 100 mM LiOAc and incubate for 5 min at 30°C. 

m previous step into a 1.5 ml tube for each transformation 

 speed and remove supernatant from pellet. 

 (LiOAc is harmful to cells witho

t as this protects cells from LiOAc) 

b  

 DNA (10 mg/ml) 

 μg) plasmid (insert with vector and empty vecto

negat
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f. Vortex pellet for 1 minute or until fully suspended  

g. Incubate for at 42°C for 15 minutes (Heat Shock) 

h. Centrifuge to pellet cells at

i. Resuspend pellet gently in sterile ddH2O 

j. Plate cell on selective medium plate 

- for pVT103U vectors this is minus uracil 

 ~1000 x g 

k. Colonies should be visible within 2 to 5 days 
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1. Add standard according to following table 

 

 

 

 

 

 

 

 

 

 

2. Make a 200 μl dilution of cell lysate in 0.5 ml Eppendorf tube (Typically, a 1:50 

or 1:100) 

 

l μg/μl 

A final 

Protocol 3 

Bradford’s Assay 

(Bradford, 1976) 

 

 

 

 

 

ddH2O 0.1 mg/m

μl BSA (μl) BS

50 0 0 

45 5 0.01 

40 10 0.02 

35 15 0.03 

30 20 0.04 

25 25 0.05 

20 30 0.06 
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 Adjust number of rows per 

ed in mg/ml) 

8 9 10 11 12 

3. Divide plate according to the following pattern. 

section as needed (Columns 2 and 3 below are measur

 1 2 3 4 5 6 7
A  0 0  

B  0.01 0.01  

C  0.02 0.02  

D  0.03 0.03  

E  0.04 0.04  

F  0.05 0.05  

G  0.06 0.06  

H     

 

4. Load triplicate of each sample (in same row), 50 μl per well 

5. Make 1X Bradford’s reagent (Bio-Rad) from 5X stock according to number of 

wells used and add 150 μl per well for standards and samples 

6. Incubate for 5 minutes at room temperature and obtain absorbance (A595) in 

spectrophotometer plate reader at 595 nm 

7. Calculate standard curve equation and use OD of sample to calculate protein 

concentration from the equation 



Protocol 4 
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Glutamate Dehydrogenase Assay 

1. To a 1.5 ml microcentrifuge tube, add 

a. 350 μl  70 mM Triethanolamine (TRA) buffer, pH 8.0 

  NADH and 50 mM ADP 

c.   15 μ

d. 100 μl  Cell extract (cytoplasm itochondrial fractions) 

e.   10 μl  Lactate dehydrogenase (100 U/L) 

2. Mix and read at 1 min intervals for 10 min at 340 nm or until OD340 plateaus 

3. If ΔOD340/min is greater than 0.030 or the decrease in OD340 is non-linear, dilute 

the sample 2 fold 

4. If ΔOD340 is less than 0.100 then add 10μl NADH solution 

5. Add 15 μl  233 mM α-ketoglutarate 

e added lactate dehydrogenase to remove any contaminating pyruvate 

before proceeding with measuring the glutamate dehydrogenase. 

7. Start readings at 1 minute intervals 

8. Rate is monitored as the decrease in slope. 

9. See Lactate Dehydrogenase Assay to calculate activity (next page). 

(Schmidt, 1974) 

b.   10 μl  10.25 mM

l  3.3 M ammonium acetate  

ic or m

6. Incubate 5 minutes at 25°C for 5 minutes before beginning to take readings. This 

allows th
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o be , 1 55

Reaction Mixture  

a. 455.3 m    0.1M KPO4 buffer, pH 7.4 

b. 12.5 ml    10 mM Pyruvate 

c. 12.2 ml    20.5 mM NADH 

d. 20.0 ml    Sample (cytosolic or mitochondrial fractions)  

1. Add phosphate buffer, NADH and sample to cuvette 

2. Start reaction by adding pyruvate 

3. Read OD340 every 120 seconds for 10 minutes 

calculated from the extinction coefficient of 0.632/M based on the Lambert-Beer 

Law 

a. Slope = Abs/10 minutes 

 for each run to subtract background 

 

Protocol 5 

Lactate Dehydrogenase Assays 

(K rn rg 9 ) 

l

4. Determine the decreasing slope over 10 minutes. 

5. For both glutamate dehydrogenase and lactate dehydrogenase, activity can be 

b. Specific Activity = Slope / (10 min x ε) / mg total protein 

6. A non-sample blank was run
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6 

(Kirksey and Appling, 1996) 

e activity in a cell extract or purified 
protein. 

Stocks 

4

) 

a. 5.00 ml MgSO4 (10 mM MgSO4) 

b. 5.00 ml KCl (100 mM KCl) 

c. 5.00 ml NH4formate (100 mM NH4formate) 

Protocol 

10-Formyl-THF Synthetase Assay 

This method assays for 10-formy-THF synthetas

 

1. 1M Tris-SO , pH 7.5 

2. 1 M KCl 

3. 1 M Ammonium formate, pH 7.5 (formic acid (88%) with NH4OH

4. 0.1 M MgSO4 

5. 50 mM K·ATP, pH 7.5 (0.138 g/5 ml, pH 7.5 with KOH) 

6. 10 mM THF 

 

Extraction Buffer 

a. 25 mM  Tris-SO4 (pH 7.5) 

b. 10 mM KCl 

c. 10 mM β-mercaptoethanol (Sigma) 

d. 1 mM PMSF (phenylmethanesulphonylfluoride) (Sigma) 

 

Assay Cocktail 

1. Prepare Assay Cocktail (good for 1 month stored at 4°C) 
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d. 5.00 ml ATP (5 mM K·A

e. 1.25 ml Tris-

f. 13.75 ml ddH

TP) 

SO4 (25 mM Tris-SO4) 

2O 

l total = 100 assays at 350 μl/tube 

silicate tube 

 absorbance at 350 nm following the production of CH+-THF which is non-

0CHO-THF, the product of the 10CHO-THF 

Activity =  

A350 x 1 mM / (0.0249A350) / 10 min = 1 mmol/l·min = 1 nmol/ml·min x 1.5 ml 

              = nmol product/min = mU 

                 A350 x 6.02 = nmol/min = mU 

g. 35 m

 
2. Add 350 μl cocktail buffer to boro

3. Add 100 ml 10 μM THF 

4. Incubate at 37°C for 1 minute 

5. Initiate reaction by adding 50 μl crude cell extract 

6. Incubate at 37°C for 10 min 

7. Stop reaction with 1 ml 0.36 N HCl 

8. Vortex briefly 

9. Centrifuge briefly at 10,000 x g or greater to pull down proteins 

10. Blank spectrophotometer with water and then a “no enzyme” reaction mix  

11.  Read

enzymatically converted from 1

synthetase reaction in the reverse direction. 

Calculations 
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Pr

5,10-methylene-THF Dehydrogenase Assay 

(Scrimgeour and Huennekens, 1963) 

1. Make CH2-THF substrate for the reaction 

a. Dilute 37% formaldehyde 1:10 in ddH2O 

b. Add 18 μl of the diluted formaldehyde to 1.5 ml 10 mM THF 

2. Make the Reaction Cocktail 

b. 2.0 ml 1 M KCl 

c. 500 μl 20 mM NAD+ or NADP+ 

5 ml ddH2O 

ction cocktail to 50 μl of the CH2-THF 

t the reaction 

7. Stop reaction with 0.5 ml of 0.36 N HCl 

d let sit at room temperature for 5 minutes 

e done to subtract as background 

otocol 7 

 

c. Incubate at 37°C for 5 min 

a. 1.25 ml 0.8 M K·HEPES (pH 7.5) 

 

d. 12.7

3. Start reaction on ice 

4. Add 400 μl of the rea

5. Add 50 μl of the cell extract or sample to star

6. Incubate at 37°C for 10 minutes 

8. Vortex an

9. Read the OD350 of the sample 

10. Calculate the reaction rate 

a. A buffer-only blank should b
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CH+-THF, the measured product, at 350 nm 

Ca

Activity =  

350 x 1 mM / (0.0249A350) / 10 min = 1 mmol/l·min = 1 nmol /ml Χmin x 1.5 ml 

              = nmol product/min = mU 

                           A350 x 6.02 = nmol/min = mU 

b. The extinction coefficient for 

is 24.9/mMΧcm. 

lculations 

A
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(Tibbetts and Appling, 2000) 

es 144 to 145. 

SD

n any condensed liquid at the top of tube 

is-acrylamide gels and load appropriate 

nt of total protein onto each gel lane 

00 KDa marker band is middle of the gel 

another identical gel for Coomassie Staining and one for 

ie Brilliant-Blue R (BioRad), 25% isopropanol, 

inutes 

 glacial acetic acid) and destain for 

 levels are 

negligible 

Protocol 8 

SDS-PAGE and Immunoblotting 

Solution recipes for this protocol are found on pag

S-PAGE 

1. Add 1 μl 6X SDS-loading buffer to 5 μl sample 

2. Boil samples for 5 minutes  

3. Centrifuge briefly to pull dow

4. Use appropriate percent polyacrylamide/B

volume for desired amou

5. Run gel at 180 volts and 125 mA until 1

(~50 minutes) 

6. Use half of gel or 

Western Blotting or loading controls 

Coomassie Blue Staining 

1. Put gel in stain (0.05% Coomass

10% glacial acetic acid) solution for 30 m

2. Decant stain solution back into its container 

3. Add destain solution (25% isopropanol, 10%

10 min 

4. Discard destain and add fresh destain.  Destain until background
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6. to Whatman filter paper and drying in Gel Dryer (Model 

ioRad) for at least 45 minutes 

ng of Gel Proteins to Nitrocellulose Membrane 

llulose 

membrane 

b. Cut nitrocellulose membrane to an area of proper size for gel 

c. Cut two larger pieces of Whatman filter paper 

d. Put both nitrocellulose membrane and filter paper in 1X Transfer buffer 

for at least 1 minute 

e. Cut off stacking gel with a razor blade and put running gel into the 1X 

Transfer Buffer for at least 1 minute 

f. Stack according to the following scheme: 

i. on black side of transfer cassette, put one of the sponges or one 

from both sets if the sponges are thin 

ii. On this sponge(s), put one piece of Whatman filter paper with the 

gel on it 

iii. roll out any bubbles or wrinkles with a glass Pasteur pipette wetted  

with the transfer buffer 

iv. Put nitrocellulose membrane on top of gel and roll out bubbles and 

wrinkles with wetted glass Pasteur pipette 

5. Discard destain solution 

Dry gel by placing gel on

583, B

Electroblotti

1. Set up transfer apparatus (BioRad) to transfer proteins from gel to nitroce

a. Soak “sponges” in 1X Transfer buffer 
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v. Put other piece of Whatman filter paper on this and then the other 

sponge(s) on top of it all then close the cassette and clamp shut. 

2. Fill transfer box wi m and put 

on the magnetic stirrin

ct the apparatus to the power supply.  Run at 250 mA and 200 V for 1 hour 

 out, open and cut the upper right hand corner of the 

 Creamer in 1X TBS for 1 hour on an orbital 

 on an orbital shaker 

ST for 1 hour 

ice for 5 minutes with 1X TBS 

th 1X transfer buffer. Put a stir magnet at the botto

g plate at 4°C 

3. Put in cassette and start magnet stirring 

4. Conne

and 35 minutes 

5. When finished, take cassette

membrane to mark gel orientation during development 

6. Carefully separate nitrocellulose membrane from gel and mark side of membrane 

next to gel with a pencil 

7. Dry gel and store in a dry, dark place in a bag, or begin Western Blot 

 

Western Blot  

1. Block membrane with 2% Non-Dairy

shaker 

2. Incubate with Primary Antibody in 1X TBS with 1% Non-Dairy Creamer for 1 hr 

3. Wash blot 3 times with 1X TBST for 5 min each 

4. Incubate with Secondary Antibody in 1X TB

5. Wash twice for 5 minutes with 1X TBST 

6. Wash tw
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r, ECL Detection kit solution A and B in ice bucket, P-

w clean sheet protector at hand 

ed down 

 flask and mix  

lot and let reaction proceed for 5 

d put into protective sheet 

12. m or a digital imaging system 

 

5X SD

• 72.0 g glycine 

• 5.0 g SDS 

• Water up to 1 liter 

• For use, dilute to 1X with water 

 

6X SDS-PAGE Sample Buffer 

• 1.5 M Tris-Cl (pH 6.8) 

• 0.4% SDS 

• 3% glycerol 

7. In dark room, have time

1000 Pipetteman set at 1000 μl and P-200 Pipetteman set at 50 μl, small 

Erlenmeyer flask, forceps, and one ne

8. In dark room, lay blot on plastic wrap, preferably tap

9. Add 2000 μl ECL Detection kit Solution A and 50 μl Solution B in small 

Erlenmeyer

10. Pipette mix from step 10 to cover whole b

minutes 

11. Pick up blot, shake off excess detection mixture an

cover and cover to keep away from light 

 Visualize blot using either fil

S-PAGE Running Buffer 

• 15.1 g Tris base 
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• 1 g SDS 

• 0.93 m

e (Do not adjust pH) 

l methanol and 

2

g Dithiothreitol (DTT) 

• 1.2 mg bromphenol blue 

• 10 ml water 

 

20X Western Blot Transfer Buffer 

• 200 mM Tris bas

• 2.0 M glycine 

• For 1X buffer, dilute 200 ml of the 20X stock buffer into 400 m

add ddH O to 4 liters. 
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vailable.) 

r amplification or by asymmetric amplification. In the 

mmetric amplification, the antisense primer is 100 times greater in 

e standard reaction mixtures and PCR 

 to have at least 30% 

bel incorporation in the DNA probe. 

ification 

  2 μl      10X PCR buffer 

μl  2.0 mM dNTPs 

      8 μl    Nuclease Free Water 

 μl   Antisense Primer (10 μM) 

Sense Primer (0.1 μM) 

      1 μl        1 μl    DNA template  

 [α-32P]-dATP (3000 Ci/mmol) 

 Taq polymerase

Protocol 9 

Northern Blot Analysis 

(Strip-EZTM PCR kit (Ambion)) 

(Note: according to Ambion Website, this kit is no longer a

Probe Synthesis  

Probes may be synthesized by linea

former, the template is linearized and just the antisense primer is used alone in the 

reaction. In asy

concentration than that the sense primer (1 mM verses 10 μM). Asymmetric 

amplification typically gave the best results. Th

parameters are listed below. Kit recommendations state it is best

la

Linearized        Asymmetric Ampl

         2 μl      

        2 μl         2 

      10 μl     

        2 μl          2

       --                                2 μl    

  

        2 μl         2 μl   

        1 μl        1 μl    

      20 μl      20 μl              Total 
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in 

 30 sec 

c. 54°C   20 sec 

 

erature is dependent upon primers. Typically it should be set ~5°C 

ized probes to human MTHFD1L and MTHFD1, see the 

Methods section, chapter 2. 

• Primers for the synthesized probes to mouse MTHFD1L, MTHFD2 and 

MTHFD1 are listed in the methods section of chapter 3. 

 

Determining Radiolabel Incorporation into Probe 

1. Take 2 μl of PCR probe and transfer to a glass test tube 

2. Add 150 μl Salmon Sperm DNA (1 mg/ml) 

3. Mix thoroughly 

4. Transfer 50 μl to a GF/C Whatman filter paper and let it dry 

5. Transfer another 50 μl to a 12 X 75 mm borosilicate tube and add 2 ml chilled 

10% TCA and mix well 

6. Incubate on ice for 10 min 

 

Typical PCR parameters 

a. 95°C    5 m

b. 95°C 

d. 72°C   30 sec

e. Cycle b to d 30 times 

• Annealing temp

less than the melting temperature of the two primers. 

• Primers for the synthes
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7. Collect [32P]-DNA through GF/C Whatman Filter paper in a vacuum filter 

system by placing fil n pump 

8. Rinse twice wit be and pour that into the 

ith 3 to 5 ml of cold absolute ethanol 

(total counts,  step 4) 

ide the total radioactivity in the sample by 50 

μl 

Prehybridize the blot in 8 ml of ffer (Ambion) at 

2. Remove prehybridization buffer and add 5 ml UltraHyb Hybridization buffer 

for hybridization 

3. Add 2 x 10  cpm of probe per ml of hybridization buffer 

Hy idize ours t 42°C ization incubator 

ter in vacuum filter collectio

h 1 ml TCA (add first to glass test tu

vacuum filtering system) 

9. Rinse w

10. Take filter out of collection device and let it air dry 

11. Place filter from collection device and filter from step four above into 

scintillation vials containing 3 ml Econo-SafeTM (Research International Corp, 

Mt. Prospect, IL) scintillation fluid and determine radioactivity (cpm) in a 

scintillation counter 

12. To find percent incorporation, divide the TCA-precipitated filter counts by the 

non-TCA-precipitated filter 

13. To calculate the cpm per μl, div

 

Hybridization of Northern Blot 

1.  UltraHyb Hybridization bu

68°C for 30 min in a roller incubator 

6

4. br 14  to 24 h  a  in rotating hybrid
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5. After hybridization, wash blot twice with 10 ml NorthernMax low stringency 

(Ambion), 10 min each 

o inute in 10 ml NorthernMax high stringency wash 

 twice in cellophane to avoid leaks. Make sure the 

d  on it 

creen with the signal side up facing the phosphoscreen 

1. Prepare Degradation Buffer 

uffer   

ne with degradation buffer for 2 min at room temperature 

 color) 

onstitution Buffer 

c. 5 μl  nuclease-free water 

wash solution 

6. Wash bl t twice for 30 m

solution (Ambion) 

7. Remove blot and wrap it 

signal si e has no wrinkles

8. Place in the phosphos

(Amersham Bioscience) 

9. Expose for 24 to 48 hours 

10.  Develop the phosphoscreen in the phosphoimager 

 

Stripping and Reconstituting Membrane (Strip-EZ kit following manufacture’s 

instructions) 

a. 50 μl  100X Degradation dilution b

b. 25 μl  200X Degradation buffer 

c.  5 μl  nuclease free water 

2. Incubate membra

3. Incubate at 68°C for 10 minutes (the blot should be orange in

4. Prepare blot Reconstitution buffer 

a. 50 μl  100X Blot Rec

b. 25 μl  20% SDS 
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robe synthesis, first incubate, 

eaction buffer for 1 to 2 

5. Incubate membrane with blot Reconstitution Buffer for 10 min at 68°C (blot 

should be white color again) 

6. Reuse blot or store in dry area away from light at 4°C 

Note: To linearize DNA vectors and plasmids for p

typically, at 37°C with a selected endonuclease and r

hours.  Purify PCR product either by gel purification (Qiagen Gel Purification kit) 

or by Qiagen PCR Purification kit. 
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le Mouse Embryos 

Harvest and Fixation of Embryos 

os so cleanliness is important. 

older need to have punctures in their neuropores 

s. 

rmaldehyde in 1X PBS) at 

 temperature, inverting the tube several times, replacing the fixation 

 3 times with 1X PBS with 0.1% Tween-20 (PBST). Embryos may be 

tinued on to the next step. 

n peroxide for 5 to 6 hours at 

6. Embryos may be stored in 100% methanol or continued on into the next step. 

7. Transfer embryos to a new tube and treat with 10 μg/ml Proteinase K for 5 to10 

minutes at 37°C with gentle shaking. (Proteinase K lots vary as to activity so 

each lot has to be tritrated for optimum treatment time for the embryos.) 

8.  Wash twice in PBST with 2 mg/ml glycine. 

9. Refix the embryos in 0.2% gluteraldehyde/4% paraformaldehyde in 1X PBS for 

20 minutes at room temperature with gentle rocking. 

Protocol 10 

In situ Hybridizations of Who

(Method from Rashmi Rajendra, modified from (Conlon and Rossant, 1992)) 

 
1. Dirt and debris cling easily to embry

2. Dissect embryos out of dams into autoclaved 1X PBS made with DEPC-treated 

water. Embryos E9.5 and 

(anterior neural tubes) to allow access of probes and solution

3. Fix embryos by adding the fixing solution (4% parafo

room

solution and incubating for at least at 4°C overnight. 

4. Wash

stored in 100% methanol or con

5. Bleach embryos in 5:1 methanol/30% hydroge

room temperature. 
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11. odium borohydrate for 20 minutes in 1X 

se them to explode due 

to the gas evolved by the sodium borohydrate.) 

13.

14. r at least 1 hour at 63°C. 

15. Discard prehybridization buffer and add fresh hybridization buffer with 10 ml of 

probe. Hybridize overnight at 63°C with rocking. 

16. Rinse once with Wash Buffer 1, then two more times for 30 min at 63°C with 

rocking. 

17. Wash twice with Wash Buffer 1.5 for 30 min at 50°C with rocking. 

18. Wash once with RNase buffer then treat with 0.1 mg/ml RNase A (Ambion) and 

100 Units/ml RNase T1 (Ambion) in RNase buffer with gentle rocking at 37°C 

for 1 hour. 

19. Wash once with RNase buffer. 

20. Wash with Wash Buffer 2 for 30 min at 50° C with rocking. 

21. During wash steps, prepare 1% BMP blocking reagent (Roche). 

a. Prepare 1% BMB blocking reagent in 1X PBST at 70°C with stirring for 

30 min. 

b. Inactivate several mg of embryo powder (see page 154) for preadsorbing 

antibodies by heating at 70° for 30 minutes. 

10. Wash three times with 1X PBST. 

 Treat with freshly prepared 0.1% s

PBST in uncapped upright tubes. (Capping tubes can cau

12. Wash three times with 1X PBST. 

 Wash twice with hybridization buffer. The embryos become translucent with this 

treatment so care must be taken to avoid damaging them. 

 Prehybridize in hybridization buffe
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22. Wash embryos 30 min in Wa or 50°C with rocking (45°C for AT-

rich probe

in at 70°C. 

25. Incubate embryos in 2 mM Levamisole (alkaline phosphatase inhibitor, Sigma) 

ntibody is in the 

 1X PBST followed by 5 or 

er. 

 with rocking. 

es) 

ipts and 

 the reaction can proceed overnight. 

sh Buffer 3 f

s). 

23. Wash twice (invert tube several times) in Wash Buffer 4. 

24. Place embryos in water bath for 20 m

and 1% BMB blocking reagent for 1 hour at room temperature. 

26. Concurrently, preadsorb antibodies in embryo powder in 2 mM Levamisole, 1% 

BMB blocking reagent (Roche) and the embryo powder for 30 minutes at 4°C. 

Centrifuge at 10,00 x g for 10 min at 4°C. The preadsorbed a

supernatant. 

27. Incubate embryos overnight at 4°C with preadsorbed antibodies with rocking. 

28.  Wash embryos three times with 2 mM Levamisole in

6, 1 hour washes with rocking in the same buffer at room temperature. Nine or 

ten embryos can be washed together in about 10 ml of buff

29. Wash twice with freshly prepared NTMT with 2 mM Levamisole for 20 minutes 

at room temperature

30. Start the alkaline phosphatase (conjugated to the anti-Digoxigenin antibodi

reactions by adding 4.5 μl/ml BM Purple (Roche), 2 mM Levamisole in 1X 

NTMT buffer to the tubes. Rock for 5 minutes then place tube in rack standing 

up. Purple color should be  visible in 5 minutes for abundant transcr

complete within 20 min. For most transcripts

Keep from light and avoid excess handling as movement can cause unwanted 

precipitates to form. 
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 with three washes of 1X PBST. Embryos may 

. 

ST. 

washes followed by 

ocking. Glycerol should have 

Preparing Embryo Acetone Powder to Preadsorb Anti-Digoxigenin Antibodies 

es cold acetone and shake vigorously. Incubate 30 min on ice with 

t 10,000 x g for 10 min.  

ake vigorously and 

5. t and transfer pellet to filter paper. Air dry. Occasionally 

6. 

31. Stop alkaline phosphatase reaction

be stored at 4°C or washed in three washes 1X TBST before proceeding to next 

step. 

32. Fix embryos for 20 min in 4% paraformaldehyde

33. Wash with three washes of 1X TB

34. Dehydrate in successive washes in 30%, 50% and 70% methanol followed by 

two washes in 100% methanol. 

35. Rehydration is achieved by 70%, 50% and 30% methanol 

two washes in 1X TBST. To clear embryos, incubate in 1:1 glycerol/CMFET and 

then 4:1 glycerol/CMFET for 1 hr each with r

0.02% sodium azide to prevent bacterial contamination. 

(Harlow and Lane, 1988) 

1. Homogenize E13.5 embryos in a minimal amount of PBS buffer on ice. 

2. Add 4 volum

occasional shaking. Centrifuge a

3. Discard supernatant and resuspend pellet in cold acetone, sh

incubate on ice 10 min. 

4. Centrifuge at 10,000 x g for 10 minutes 

Discard supernatan

agitate the cell material to hurry drying process. 

Store powder in an air tight container at 4°C. 
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iii. 250 mM DTT-- 1 μl 

d. Digoxigenin labeling mix (Roche): 

i. 3.5 mM digoxigenin-UTP--  0.8 μl 

0 U/μl) (Ambion) – 0.5 μl 

Probe Synthesis 

1. Reaction mix: 

a. 1 μg/μl linearized template – 1 μl 

b. Water – 5.5 μl 

c. Ampliscribe (Epicentre) RNA polymerase kit 

i. T7, T3 or SP6 polymerase-- 2 μl 

ii. 10X Transcription buffer--  2 μl 

ii. 10 mM ATP -- 2 μl 

iii. 10 mM GTP—2 μl 

iv. 10 mM CTP -- 2 μl 

v. 10 mM UTP – 1.2 μl 

e. Placental RNase Inhibitor (4

f. Total of 20 μl 

2. Incubate at 37°C for 2 hours. 

3. Add 2 μl 0.2 M EDTA, 2.5 μl 4 M LiCl and 75 μl ethanol and precipitate probe 

by incubating at -20°C for 2 hours. 

4. Dissolve pellet in DEPC-treated water and add 2.5 μl 4 M LiCl and 75 μl ethanol 

and precipitate at -20°C for 2 hours. 
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ine if probe is labeled: 

n of the probe to a nylon 

B blocking reagent. 

BST. 

e. Stop reaction with CFET and store in CFET. 

Solutions 

1L, 8 g NaCl, 0.2 g KCl, 1.15 g Na2HPO4, 0.2 g KH2PO4 

• Wash 3—50% formamide, 150 mM NaCl, 1X PE, 0.1% Tween-20 

• Wash 4—0.5 M NaCl, 1X PE buffer, 0.1% Tween-20 

5. Resuspend probe in 200 μl hybridization buffer. Concentration should be between 

0.05 and 0.20 μg/μl. 

6. To determ

a. Add 2 μl of a 1:100 and 1:1000 dilutio

membrane, blocked with 1% BM

b. Dilute antibody 1:5000 in 1X TBST and incubate nylon membrane for 30 

minutes with this Wash twice with T

c. Equilibrate membrane for 2 min in NTM buffer. 

d. Incubate filter in dark for 20 minutes with BM Purple substrate (Roche) 

(4.5 μl/ml) in NTM buffer. 

 

• 10X PBS (pH7.4)—

• PE buffer (pH6.8)—10mM PIPES buffer, 1 mM EDTA 

• Hybridization Buffer—50% formamide, 0.75 M NaCl, 1X PE buffer, 0.1 mg/ml 

tRNA, 0.05% heparin, 0.1% BSA, 1% SDS 

• Wash 1—300 mM NaCl, 1X PE, 1% SDS 

• Wash 1.5—50 mM NaCl, 1X PE, 0.1% SDS 

• Wash 2—50% formamide, 300 mM NaCl, 1X PE, 1% SDS 



 161

ffer—0.5 M NaCl, 10 mM PIPES pH7.2 

 NaCl, 0.02 g KCl, 3 g Tris-base, pH 7.6 in 100 ml 

Cl, 100 mM Tris base (pH 9.5), 50 mM MgCl2 

• Wa ylpyrocarbonate (DEPC)-treated 

water 

• N 70% dimethylformamide 

 

dim

• CMFET—0.8 g NaCl, 0.02 g KCl, 0.115 g Na2HPO4 anhydrous, 0.02 g KH2PO4 

anhydrous, 0.02 g EDTA, 0.1% Tween-20 

 

 

• RNase Bu

• 10X TBS—8 g

• 10X TBST—add 0.1% Tween-20 to Tris buffer 

• 1X NTM—100 mM Na

• 1X NTMT—add 0.1% Tween-20 to NTM  buffer 

ter for all solutions should be 0.1% dieth

BT—nitroblue tetrazolium salts in 

• BCIP—5-bromo-4-chloro-3-indoyl phosphate, toluidine salt in 100%

ethylformamide 
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Metabolic Tracer Studies 

 Shane as published in (Herbig et al., 2002)) 

Th

withou eoxyribonucleosides 

fol

at 4 m  μM.  Fifteen percent dialyzed 

fet onic fibroblasts (MEFs) 

although m

2H3]-s ,5-2H3]-leucine was added at 100 μM (a non-

mo nce of incorporation if this 

formation is needed). 

cedure that can then be 

eps of this method are modified from 

rnia, Berkley). 

2 plates or 3 ml 

for 100 mm2 plates. Allow the reaction to proceed for 5 minutes then add at least 

10 ml of cold 1X PBS to dilute trypsin and slow the reaction. 

Protocol 11 

(modified from method of Dr. Barry

e labeling media is a special mixture α-MEM media (Hyclone). It comes as a powder 

t ribonucleotides, deoxyribonucleotides, ribonucleosides, d

ate, glycine, serine, histidine, methionine, or bicarbonate. Folic acid was added back in 

g/L, bicarbonate at 2.6 g/liter and methionine at 10

al bovine serum (FBS) was also added for mouse embry

any cell lines only require 10% FBS. The labeled one-carbon donor, [2,3,3-

erine, was added at 500 μM and [5,5

dified label which may be used as an internal refere

in

 

Isolation of Cell Proteins 

A crude cell protein extract is obtained in the following pro

subjected to acid hydrolysis. The resultant amino acids can be directly derivatized using 

the ethylchloroformate method listed below. The st

those sent by Dr. Barry Shane (University of Califo

1. Harvest cells by trypsinizing. Use 5 ml cold trypsin for 150 mm
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ifuge tube and pellet the cells 

much liquid as 

on of protein or store at -70°C. 

 15 to 20 

μ

308) and transfer to a 10 X 75 mm rimless borosilicate test 

d hot and pull gently with 

forceps to make a long narrow neck in the test tube. Let the tube cool at room 

temperature or at -20°C before proceeding to the next step. 

8. Put the test tube under vacuum and wait till test tube turns cold to the touch.  

9. Apply torch heat to the thin neck and pull top to seal the neck of the tube and 

retain the vacuum inside. 

10. Incubate the cells at 110°C for 20 hours. 

11. To break tube, score tube with file or sharp object at level just below the neck of 

the tube.  

12. Apply liquid to the score line (water or spit) and then apply a white hot glass rod. 

A “snap” sound should be heard. 

2. Place PBS with suspended cells in an conical centr

at  1750 x g. Wash the cells twice with PBS, then remove as 

possible from the cell pellet. Proceed with isolati

3. Resuspend cells in cold 5% Trichloroacetic acid and incubate on ice

minutes. 

4. Centrifuge at 14,000 x g for 30 minutes at 4°C and decant supernatant from pellet. 

Pipette off any excess fluid. 

5. Store at -20°C or proceed to next step. 

6. Resuspend pellet in 100 to 200 l 6N HCl (Constant Boiling, Sequanal Grade) 

(Pierce, product # 24

tube (Corning, Cat. # 9820). 

7. With an oxygen torch, heat an area of the tube to re
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13. Transfer the hydrolysate to be and lyophilize – 

preferably overnight bu id is left. 

a 1.5 ml microcentrifuge tu

t at least until no visible liqu

14. Store at -20°C or proceed with derivatization. 
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 on the carboxyl end with a trifluoroethanol and on the amino end 

ng better volatility in Gas Chromotagraphy. 

oup on either end allows for better 

is method, amino acids are readily recognized in the 

existent.  

Protocol 12 

Derivatization of Amino Acids Using Ethylchloroformate / Trifluoroethanol 

(Helgadottir et al., 2007; Vatankhah and Moini, 1994) 

This derivatization process is easy and quick; it only takes about 15 minutes. Amino 

acids are derivatized

with an ethylchloroformate.  This gives the advantage that both charged groups of the 

amino acid backbone are derivatized thus givi

Moreover, the differentially derivatized gr

identification of amino acids among the multiple m/z peaks that arise in a crude cell 

extract. In crude cell extract, multiple compounds may elute simultaneously compared to 

simpler compound mixtures. With th

mass spectra by the 20 atomic mass unit difference of their di- and tri-fluoroethanol 

amino acid derivatives. In addition to the above, for completely derivatized methionine, 

background levels in the mass spectra are very low, practically non-

 

Note 1: Use of Gas Chromatography grade materials including water is essential to 

reduce background levels.  

tely six hours at -20°C, mass spectrometry analysis shows increased 

Note 3: Store ethylchloroformate under nitrogen at 4°C on dessicant to retard oxidation. 

 

Note 2: It is important that the derivatized samples be used in a timely manner. After 

approxima

background levels. 
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in new and clean 

2. Neutralize acidity of the above suspension to between pH 6 and 7 with 1 M 

ammonium bicarbonate 1 or 2 μl at a time (confirm with Litmus paper). If this 

step is not performed, little or no derivatization occurs in the acidic hydrolysate  

3. Add 100 μl WTP and mix vigorously either by shaking in hand or vortexing for 5 

to 10 seconds 

4. Add 5 μl ethylchloroformate (ECF) and mix vigorously by vortexing for 5 to 10 

seconds 

5. Incubate for 2 to 3 minutes at room temperature 

6. Add 100 μl 1% ECF in chloroform and allow layers to separate 

7. Carefully remove the top (chloroform) layer and transfer to a 250 μl crimp top 

vial (Fisher). Place top on the tube and crimp it on.  

8. Take sample for Mass Spectometry analysis immediately. Sample starts to slowly 

degrade after about 6 hours at -20°C 

Solutions 

WTP (60 parts water : 32 parts Trifluorethanol : 8 pyridine)  

1% ECF in Chloroform 

 

 

 

  

1. Resuspend lyophilized hydrolysate pellet in 20 μl ddH2O 

microcentrifuge tube 
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1. Wear glo

1. Centrifuge cells at 1000 RPM for 5 minutes 

3. 

4. Aliquot cells to cryotubes labeled with date, cell type, passage number and 

5. 

6. l viability after several days in liquid nitrogen 

Protocol 12 

Culturing Cells 

ves – keeping things sterile is extremely important! 

2. Warm media (DMEM or α-MEM typically, but cell line dependent) and trypsin if 

needed at 37°C for at least 10 minutes. 

3. Wipe down hood and everything that goes into hood with 70% EtOH 

4. Trypsinize cells for 3 to 5 minutes with enough trypsin to cover the bottom of the 

plate or flask 

5. Harvest with at least two volumes of cell media or 1X PBS over trypsin added to 

the plate 

To split cells 

6. Divide harvested cells into several (according to number of cells desired) plates or 

flasks and add in appropriate cell media to cover cells and bottom of dish. 

For Liquid Nitrogen, Long-term Storage of Cells 

2. Discard supernatant and resuspend pellet in 1 ml Cell Media per tube to be stored 

Add 5% DMSO 

preferably, cell number 

Store vials at -80°C for a day or two. Then transfer vials to liquid nitrogen 

Test one vial for cel
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Protocol 13 
 

 
 tissue culture flask. The reactions may be scaled as needed. 

the volume of media added. In this protocol, Mouse Embryonic Fibroblasts were the cells 

e 

performed as well. In addition to this, cell number, transfection reagent type and 

l lot.  

  
 μl Χ 1 flask (with 10% overage – i.e. 1.1 flasks) = 12 μl siPort NeoFX 

sks = 0.5 ml OptiMem in 

ks (with 10% overage) = 3.3 

Χ 1.1 flasks = 1.32 μl to 45.5 μl Χ 

1.1 flasks OptiMem = 52 μl in microcentrifuge tube. 

4. Let siRNA/OptiMem and NeoFX/OptiMem sit 10 minutes at Room Temperature 

(RT). 

5. Add 511 μl NeoFX/OptiMem mix to each flask (add in one corner of upright flask). 

6. Add 48.5 ml siRNA/OptiMem mix to each flask (add to opposite corner of upright 

flask). 

siRNA Knockdown Protocol 

This protocol is for 1, 25 cm2

Cell number needs to scaled according to the area of the plate, other reagents according to 

used. The siRNAs were from Ambion (catalog numbers 153142 and 153143). 

Additionally, a scrambled siRNA and/or a no siRNA negative controls should b

concentration, siRNA type and siRNA concentration may vary from cell line to cell line 

and from cell lot to cel

 
1. Determine the number of flasks needed for each siRNA and the negative controls 

2. Add 10.9

transfection reagent (Ambion) to 500 μl Χ 1.1 fla

appropriate sized tube. 

3. Dilute siRNAs to working concentrations.  

a. Add 3 μl siRNA -42 or -43 (20 mM) Χ 1 flas

μl to 45.5 μl X 1.1 flasks OptiMem = 50 μl in microcentrifuge tube. 

b. Add 1.2 μl scrambled siRNA (50 mM) 
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7. Let the tube sit at room temperature at least 10 minutes. 

8. Harvest cells by trypsinizing f  Add 2 volumes DMEM/High 

tube (1 flask Χ 2 = 2 

a.  

ith IF22 DMEM media (use calculations below).  

  NeoFX/OptiMem      
 μl  

or 3 to 5 minutes. 

medium over trypsin to the cells and harvest in a 50 ml Falcon 

ml IF22 DMEM media to add to each flask). 

9. Count cells on a hemocytometer. 

10. Add correct cell number to each flask according to the following formul

• x cells/flask   Χ  y cells/ml = z ml/flask 

11. Add to 2.0 ml w

 

    511.0 μl 
  +  48.5 siRNA/OptiMem     

 μl                        559.5
 +     z    μl cells (from step 10) 

           
 -      a    μl (total volume after adding cells suspended in DMEM/High media) 

+2000.0 μl total volume 
edia to add to bring volume up to 2 ml)  

 and 5% CO2. 

e needs to be mixed regularly to insure cells stay in 

 
 

 
 

               (total volume of DMEM/High m

 

12. Remove siRNAs by removing media and adding new after approximately 24 hours 

incubation at 37°C

 

Note:  when adding cells, the tub

suspension at equal cell distributions. 
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APPENDIX V 
List of Suppliers 

 
Company Location 

  
Ambion, Inc. Austin, TX 
  
Amersham Biosciences Corp. Piscataway, NJ 
  
Atlanta Biologicals, Inc. Lawrenceville, GA 
  
Bio-Rad Laboratories, Inc. Hercules,  CA 
  
CalBiochem (EMD) Gibbstown, NJ 

 

Coralville, IA 

TM CA 

Moravek, Inc. Brea, CA 
  
New  England Biolabs, Inc. Ipswich, MA 
  
Nunc (Thermo-Fisher) Rochester, NY 
  
PerkinElmer, Inc. Wellesley, MA 
  
Pierce, Inc. 

 Keene, NH 

nc. La Jolla, CA 

 
Corning Corning, NY 

  
Epi ®centre  Technologies Madison, WI 
  
Hyclone, Inc. Logan, UT 
  
Integrated DNA Technologies 
  
Invitrogen Life Technologies  Carlsbad, 
  

Rockford, IL 
  
Qiagen, Inc. Valencia, CA 
  
Schleicher and Schuell Biosciences
  
SeeGene, Inc. Seoul, South Korea 
  
Sigma-Aldrich St. Louis, MO 
  
Stratagene®, I
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Stressgen Biotechnologies San Diego, CA 

Thermo-Fisher Rochester, NY 

VWR West Chester, PA 

Zymed Laboratories San Francisco, CA 
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