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Intro duc tion

Acti vated one-car bon units, car ried by tet ra hy dro fo late (THF)1, 

are essen tial for cel lu lar pro cesses such as de novo purine and 

thy mi dyl ate bio syn the sis, methi o nine bio syn the sis, amino acid 

metab o lism, and mito chon drial and chlo ro plast pro tein syn the sis. 

In eukary otes, the folate-in ter con vert ing activ i ties of 5,10-meth y-

lene-THF (CH2-THF) dehy dro ge nase, 5,10-methe nyl-THF (CH+-THF) 

cyclo hy dro lase, and 10-for myl-THF (CHO-THF) syn the tase (Fig. 1, 

reac tions 1–3) are usu ally pres ent on a sin gle tri func tion al poly-

pep tide termed C1-tet ra hy dro fo late (THF) syn thase. In the yeast 

Sac cha ro my ces ce re vi si ae, both the cyto plas mic and mito chon drial 

iso zymes of C1-THF syn thase have been stud ied exten sively [1,2]. 

Both iso zymes are tri func tion al in yeast. The native pro teins are 

homo di mers of 100 kDa sub units. Each sub unit has an N-ter mi nal 

dehy dro ge nase/cyclo hy dro lase domain (»30 kDa) linked through 

a pro teo lyt i cally sen si tive con nec tor region to a C-ter mi nal syn the-

tase domain (»70 kDa). These same char ac ter is tics are observed in 

all known cyto plas mic C1-THF syn thases [3–8].

Adult mam ma lian mito chon dria can oxi dize one-car bon units 

derived from ser ine [9,10], gly cine [11], or sar co sine [9,12–14] to 

for mate or CO2. All three one-car bon donors (ser ine, gly cine, and 

sar co sine) pro duce the com mon inter me di ate CH2-THF, in reac-

tions cat a lyzed by ser ine hy drox ym eth yl trans fer ase (Fig. 1, mito-

chon drial reac tion 4), gly cine cleav age sys tem (Fig. 1, reac tion 

5), and sar co sine dehy dro ge nase (Fig. 1, reac tion 9), respec tively. 

CH2-THF can then be oxi dized to for mate by mito chon drial reac-

tions 3, 2, and 1 (Fig. 1). This one-car bon metab o lism path way has 

been shown to be local ized to the matrix in both yeast [15,16] and 

mam ma lian [9,10] mito chon dria. How ever, the enzyme(s) cat a lyz-

ing this path way in adult mam ma lian mito chon dria have not been 

iden ti fied.

Pre vi ously, we reported the iden ti fi ca tion and char ac ter iza tion 

of a gene (MTHFD1L) encod ing human mito chon drial C1-THF syn-

thase [17]. This mito chon drial iso zyme exhib its 61% iden tity with 

cyto plas mic C1-THF syn thase, and pos sesses the same domain 

struc ture as the pre vi ously char ac ter ized tri func tion al C1-THF syn-

thases. How ever, enzyme assays on puri fied recombinant enzyme 

revealed that human mito chon drial C1-THF syn thase is a mono-

func tion al CHO-THF syn the tase, lack ing the CH2-THF dehy dro ge-

nase and CH+-THF cyclo hy dro lase activ i ties (Fig. 1, mito chon drial 

reac tions 2, 3) found to date in all other C1-THF syn thases [18]. 
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for the mito chon drial iso zyme. These anti bod ies detected endog e nous full-length mito chon drial C1-THF 

syn thase in mito chon dria from adult rat spleen and human pla centa, con firm ing the expres sion of the 

mito chon drial iso zyme in adult mam ma lian tis sues.
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The human mito chon drial iso zyme includes a 62-res i due N-ter mi-

nal exten sion, with the first 31 res i dues pre dicted to func tion as a 

mito chon drial tar get ing sequence [17]. Expres sion of a full-length 

cDNA clone in Chi nese ham ster ovary (CHO) cells con firmed that 

the recombinant pro tein was indeed tar geted to mito chon dria. The 

sub mi to chon drial local i za tion of the pro tein was not deter mined, 

how ever. Fur ther more, north ern blot anal y sis revealed that the 

human MTHFD1L gene expressed two tran scripts: a long tran script 

pro duc ing the full-length enzyme, and a shorter tran script derived 

from alter na tive splic ing [17]. If trans lated, this short tran script 

would pro duce a trun cated pro tein, com prised of only 275 amino 

acids. How ever, it was not known whether the pro tein encoded 

by this short tran script is trans lated in vivo, or whether it exhib its 

enzyme activ ity.

We show here that human mito chon drial C1-THF syn thase 

behaves as a periph e ral mem brane pro tein, tightly asso ci ated with 

the matrix side of the mito chon drial inner mem brane. Using anti-

bod ies spe cific for the mito chon drial iso zyme, we dem on strate 

that the full-length enzyme is expressed in adult tis sues, includ ing 

human pla centa and adult rat spleen. Finally, we report the puri-

fi ca tion and char ac ter iza tion of the short iso form of C1-THF syn-

thase.

Exper i men tal pro ce dures

Mate ri als

All chem i cals were of the high est avail able com mer cial qual ity. 

Dif co media com po nents were obtained from VWR (West Ches ter, 

PA). Restric tion enzymes were pur chased from New England Bio-

labs (Ips wich, MA). Prim ers for PCR and sequenc ing were made by 

IDT (Cor al ville, IA). TEV pro te ase was expressed and puri fied essen-

tially as described [18]. Sources of media and other sup ple ments 

for cell cul ture were as fol lows: HyQ a-min i mal Eagle’s medium 

(Hy clone, Logan, UT); Fetal Bovine Serum (Atlanta Bio log i cals, 

Law rence ville, GA); Gluta max and Pen i cil lin/Strep to my cin (GIB CO 

BRL, Gai thers burg, MD); G418 sul fate (EMD Bio sci ences, La Jolla, 

CA); Tryp sin (Cell gro, Hernd orn, VA). Human pla centa was kindly 

pro vided by St. David’s Med i cal Cen ter (Aus tin, TX) and given to us 

by Dr. JoAnn Hunter John son (Uni ver sity of Texas, Aus tin, TX).

cDNA clon ing of short iso form of mito chon drial C1-THF syn thase

cDNA for the short iso form was PCR-ampli fied from pcDNA3.1-

hu mi to [17] using KOD Hot Start DNA poly mer ase (Nova gen) and 

prim ers SHOT59 (59-CGCCA TATGGGCACGCGTCTGCCG-39; NdeI site 

under lined) and SHOT39 (59-CGCCTC GAGGATCACGCGCCTGCACTC

CAGCCTGGTGACAGAACGAGACTCCGTCTTGCTTTGAAGCTGGCG-39; 
XhoI site under lined). SHOT39 con tains the 45 extra nucle o tides 

pres ent only in the alter na tively spliced short (1.1-kb) tran script of 

human mito chon drial C1-THF syn thase [17]. The prod uct (825-bp) 

was cloned into NdeI/XhoI-digested E. coli expres sion vec tor 

pET22b (Nova gen), but attempts to express the short iso form pro-

tein from this con struct in E. coli were not suc cess ful. So the short 

iso form cDNA was sub cloned into the pMal-c2x H10TEV vec tor 

(obtained from Dr. John Tes mer [17]) using KOD Hot Start DNA 

poly mer ase and prim ers hmc leaved long59 (5’ TATAGGATCCAG CA 

GCGGCGGCGGCGGAGGC-39; Bam HI site under lined) and shor ti-

so form39 (59-CGCAAGCTTTTAGAT CACGCGCCTGC ACTC-39; Hin dIII 

site and stop codon fol low ing under lined). The 59 primer, hmc-

leaved long59 was designed to amplify the cDNA from nucle o tide 

+94 onwards only (the A of the ATG start codon is des ig nated 

+1), thereby elim i nat ing the N-ter mi nal 31 codons rep re sent ing 

the mito chon drial pre se quence [20], from the con struct. The PCR 

prod uct (731-bp) was cloned into Bam HI/Hin dIII-digested E. coli 

expres sion vec tor pMal-c2x H10TEV. This con struct, pMal-shor ti-

so form, was sequenced and the cor rect sequence con firmed.

Expres sion and puri fi ca tion of short iso form

pMal-shor ti so form was trans formed into chem i cally com pe-

tent Rosetta 2(DE3)pLysS E. coli (Nova gen) and trans for mants 

were selected on LB plates con tain ing 50 lg/ml ampi cil lin and 

30 lg/ml chlor am phen i col (LB/Amp/Chl) at 37 °C. A sin gle col ony 

was used to inoc u late 5 ml LB/Amp/Chl liquid media and grown 

at 37 °C with shak ing for »7 h. This was used to inoc u late a 25 ml 

Fig. 1. Com part men ta tion of folate-med i ated one-car bon metab o lism in eukary otes. Reac tions 1, 2, and 3 are cat a lyzed respec tively by 10-for myl-THF syn the tase (EC 6.3.4.3), 

5,10-methe nyl-THF cyclo hy dro lase (EC 3.5.4.9), and 5,10-meth y lene-THF dehy dro ge nase (EC 1.5.1.5) activ i ties of C1-THF syn thase. The other reac tions are cat a lyzed by 4, ser-

ine hy drox ym eth yl trans fer ase (EC 2.1.2.1); 5, gly cine cleav age sys tem (GCS) (EC 2.1.2.10); 6, 5,10-meth y lene-THF reduc tase (EC 1.5.1.20); 7, methi o nine syn thase (EC 2.1.1.13); 

8, dim eth yl gly cine dehy dro ge nase (EC 1.5.99.2); 9, sar co sine dehy dro ge nase (EC 1.5.99.1); 10, thy mi dyl ate syn thase (EC 2.1.1.45); 11, 10-for myl-THF dehy dro ge nase (EC 

1.5.1.6). Coen zymes for all reac tions are not shown. Reac tions 8, 9 and 11 are found only in mam mals. All reac tions from cho line to sar co sine are mito chon drial except the 

beta ine to dim eth yl gly cine con ver sion, which is cyto plas mic. Ado Met, S-aden o syl me thi o nine.
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