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Methylenetetrahydrofolate dehydrogenase and methenyltetrahydrofolate cyclo- 
hydrolase are inactivated in parallel by carbodiimide-activated folic acid in an 
NADP-dependent reaction. Modification with tritium-labelled reagent resulted in 
the incorporation of 1 mole 3H-folate per mole polypeptide, which demonstrates 
that these activities share a single folate binding site. 0 1985 Academic Press, Inc. 

The three folate-dependent enzyme activities, methylenetetrahydrofolate 

dehydrogenase (E.C. 1.5.1.51, methenyltetrahydrofolate cyclohydrolase (E.C. 

3.5.4.9) and formyltetrahydrofolate synthetase (E.C. 6.3.4.3) occur as a 

trifunctional enzyme in mammalian (1,2,3) and avian (4) liver as well as in yeast 

(5,6). 

The results of a number of investigations of the trifunctional enzymes from 

various sources are consistent with the presence of a combined dehydrogenase- 

cyclohydrolase active-site (3,7-11) but no direct evidence for this has been 

obtained. With the enzyme from pig liver, chemical modification with two 

different reagents caused essentially coincident loss of these two activities, 

but the number of residues or sites modified was not determined (9). We report 

here the results of affinity labelling studies of the porcine trifunctional 

enzyme which show that the dehydrogenase and cyclohydrolase activities utilize a 

common folate binding site. 
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MATERIALS AND METHODS 

The trifunctional enzyme was purified from porcine liver as described by Tan 
et al. (1) and modified by Smith & MacKenzie (9). Prior to limited proteolysis --. 
experiments, enzyme was further purified by gradient elution from a cellulose 
phosphate column (19 x 1.5 cm) using a 160 ml gradient of 60-200 mM potassium 
phosphate pH 7.3120% (v/v) glycerol135 mM 2-mercaptoethanol. The three enzyme 
activities were assayed as previously described (1) except that the 2-mercapto- 
ethanol concentration was 140 mM. Protein determinations were by the method of 
Lowry et al. (121 after sample preparation as described by Bensadoun and 
WeinstZn713). 

Activated folic acid was prepared in a similar manner to (14) by reaction of 
5 nlvl folic acid with 15 aM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide in 
dimethylsulfoxide for 30 mins at 23°C. 

Reaction of the trifunctional enzyme with ac8 vated folate in solution was 
performed at 0°C in 60 rrlvl potassium phosphate pH 7.3 containing 20% (v/v) 
dimethylsulfoxide and any required ligands by adding aliquots of activated folate 
at 15 min intervals to a concentration of 20 $i each. The reaction of activated 
folate with 2',5'AADP Sepharose bound enzyme was performed at 4°C in 60 rr$l 
potassium phosphate pH 7.3 containing 20% (v/v) dimethylsulfoxide, 0.1 nEl EDTA 
and 10 $l NADP with 40-80 fl activated folate. After ten minutes of reaction the 
column was washed with fresh buffer and the cycle repeated the required number of 
times. 

Limited proteolysis of 2',5'-ADP Sepharose-bound enzyme was carried out by 
introducing 100 lg/ml trypsin (TPCK-treated) (Worthington) in 0.1 M triethano- 
lamine HCl pH 7.3/0.1 n+l EDTA into the column and stopping the flow for 3 hours 
at 4°C. After this time the column was washed with fresh buffer and the 33K 
molecular weight dehydrogenase-cyclohydrolase fragment formed eluted with 2 mM 
NADP in 0.2 M potassium phosphate pH 7.3120% (v/v) dimethylsulfoxide/O.l ti 
EDTA. 

The incorporation of radioactive reagent was determined by coprecipitating 
lo-15 Kg of labelled enzyme with 100 m BSA in ice-cold 10% (w/v) trichloroacetic 
acid, collecting the resulting precipitate on Whatman GF/C glass-fibre filters, 
followed by solubilization of the collected precipitate with 1 ml of NCS 
(Amershaml overnight at room temperature and the radioactivity measured by 
scintillation counting in 10 ml econofluor (NEN) after the addition of 35 $ 
glacial acetic acid to quench chemiluminescence. The counting efficiency was 
determined by addition of a ["HI-toluene internal standard (NENJ. 

RESULTS 

The susceptibility of the activities of the trifunctional enzyme to 

inactivation by carbodiimide-activated folate was tested in the presence and 

absence of NADP, a substrate of the dehydrogenase reaction which had previously 

been shown to affect the binding of folate at this active-site (9). In the 

absence of NADP none of the enzyme activities are particularly sensitive to 

inactivation. However, when the modification is performed in the presence of 

NADP, the dehydrogenase and cyclohydrolase activities are considerably more 

sensitive to inactivation and are lost in a parallel manner (Fig. 11. Moreover, 
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Additions of activated folate 

1 Inactivation of the trifunctional enzyme with activated folate. The 
%ctional enzyme was modiffed f n solution as described in 'Materials and 
Methods, using 20 $4 additions of activated folate. The reaction was performed 
in the absence of NADP monitoring the cyclohydrolase (Bl and dehydrogenase (0 1 
activities and in the presence of 200 $l NADP assaying the cyclohydrolase (0) 
and dehydrogenase (0). The effect on the synthetase (a) activity was the same 
in the absence and presence of NADP. 

the dehydrogenase and cyclohydrolase activities are protected to the same extent 

both by folate and by pteroyltetraglutamic acid (Table 1). These results, in 

conjunction with the parallel loss of the activities suggested that reaction of 

this reagent was occurring at a single folate site. 

Affinity labelling of the trifunctional enzyme could lead to modification of 

not only the dehydrogenase-cyclohydrolase region of the enzyme, but also the 

TABLE 1 

Protection of the Activities of the Trifunctional Enzyme 
Against Inactivation 

Percent Activity Remaining 

Addition Dehydrogenase Cyclohydrolase Synthetase 

None 24.5 26.1 59.6 

Folate 52.3 54.8 67.5 

Pte(glu), 76.3 77.4 91.6 

Enzyme was modified in the presence of 100 $4 NADP as described in 'Materials and 
Methods' in the absence of other added ligands and in the presence of 200 fl 
folate or 200 $4 Pte(glu1,. The activities are expressed as percentages of a 
control to which no reagent was added. 
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mole reogent / mole fragment 

#kiih~oncil enzyme reversibly imnobi 1 i 
2 Incorporation of C3Hl reagent into reversibly innnobilfzed enzyme. 

zed on 2’ 5’-ADP Sepharose was modified 
with activated C3Hl-folate, then limited proteoly&s with trypsln was performed 
as in 'Materials and Methods'. A plot of the residual specific activity as a 
percent of control versus the incorporation of radioactive ligand into the 33K 
dehydrogenase-cyclohydrolase domain is shown; cyclohydrolase activity (o 1, 
dehydrogenase (0) or if the activities coincide (0). Inset are dodecyl sulfate 
polyacrylamide gels of 5 ug loadings of trifunctional enzyme and the 33K 
dehydrogenase-cyclohydrolase domain formed by limited proteolysis. 

synthetase. In order to simplify the analysis of the data we measured the 

incorporation into the 33K dehydrogenase-cyclohydrolase fragment produced by 

trypsin proteolysis of the native enzyme. 

To measure the incorporation of the affinity label into the dehydrogenase- 

cyclohydrolase domain, the trifunctional enzyme was modified with CsH1-labelled 

reagent while reversibly immobilized on the 2',5'-ADP sepharose affinity column 

followed by limited proteolysis and elution of the fragment. The use of 

reversibly immobilized enzyme allowed the facile removal of hydrolyzed reagent 

between cycles of modification and of the trypsin used to form the 33K 

dehydrogenase-cyclohydrolase fragment from the native protein. The total 

incorporation into the domain was then found from plots of the residual specific 

activities after modification versus incorporation of reagent. The data for both 

the dehydrogenase and the cyclohydrolase activities lie on the same line (Fig. 2) 

and give an estimate of 1.08 mole reagent incorporated/mole fragment at complete 

inactivation. Thus a single modification with this reagent inactivates both the 

dehydrogenase and the cyclohydrolase activities. 
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mole reagent / mole fragment 

3 Incorporation of radioactive reagent into the dehydrogenase-cyclohydro- 
bromaln. Following Ii mited proteolysis of the trifunctional enzyme the 
dehydrogenase-cyclohydrolase domain produced was modified in solution with 
activated [atllfolate as in 'Materials and Methods'. The graph shows the percent 
specific activity remaining versus incorporation of reagent' into the proteolytic 
fragment for the cyclohydrolase (0) and dehydrogenase (0) activities. 

A further incorporation experiment was also performed by first forming the 

dehydrogenase-cyclohydrolase domain by limited proteolysis of 2',5'-ADP sepharose 

bound trifunctional enzyme, eluting the domain thus formed with NADP and 

performing the modification in solution. Using this method the dehydrogenase and 

cyclohydrolase activities were again equally sensitive to inactivation and the 

total incorporation of reagent was 1.22 mole/mole of domain as shown in Figure 3. 

DISCUSSION 

A number of lines of evidence from protein chemistry (limited proteolysis 

and modification with group specific reagents) (7,9,11) and kinetics (substrate 

channelling and inhibition data) (8,9,10) have suggested that the dehydrogenase 

and cyclohydrolase activities of the trifunctional enzyme are intimately related 

and may share a common folate sub-site at the active-site. To obtain more direct 

evidence for the occurrence of a combined active-site we have used affinity 

labelling with carbodiimide-activated folic acid. 

We have shown that modification of the trifunctional enzyme with this 

reagent causes coincident loss of the dehydrogenase and cyclohydrolase activities 

and that the inactivation is dependent on the presence of NADP during the modifi- 
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cation. The requirement for NADP is in accord with previous results obtained 

using diethylpyrocarbonate modification of this enzyme which showed a tighter 

binding of folate to the active-site in the presence of NADP (91. 

If  the dehydrogenase and cyclohydrolase share a common folate site then 

incorporation of 1 mole reagent/mole active site should fully inactivate both 

these activities. In order to test this we measured the incorporation of reagent 

into the dehydrogenase-cyclohydrolase domain in two ways. Modification of the 

reversibly immobilized trifunctional enzyme prior to generation of the 33K 

dehydrogenase-cyclohydrolase fragment gave an incorporation of 1.08 mole/mole of 

fragment with inactivation of both activities. Very similar results were 

obtained when the modification was performed in solution after the limited 

proteolysis, both activities being lost with incorporation of 1.22 mole 

reagent/mole fragment. These experiments provide the most direct evidence to 

date that a single folate site is implicated in both the dehydrogenase and cyclo- 

hydrolase reactions. This combined site is consistent with the kinetic mechanism 

and substrate channelling (81, as well as with the observation that these two 

activities cannot function simultaneously (91, and indicates that on binding of 

NADP the dehydrogenase reaction is catalyzed, and, upon release of NADPH, the 

site is then capable of cyclohydrolase activity. 
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