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I N T R O D U C T I O N  

Methy lene te t r ahydro fo la t e  reductase  (EC !. 1.99.15) catalyzes  the reduct ion 
of  me thy lene te t r ahydro fo la t e  to me thy l t e t r ahydro fo l a t e  [equat ion  I] 

N A D P H  + H + + CH2-H4folate > N A D P + + C H 3 - H 4 f o l a t e  [I]  

This overal l  reac t ion  ts effectively irreversible t n  v l v o  (1) and commi ts  one 
ca rbon  units to the pa thways  of  a d e n o s y l m e t h l o n m e - d e p e n d e n t  methyla t ton  
m m a m m a l i a n  cells. As shown m Figure  I, me thy lene te t rahydrofo la te  
reductase  is located at a branch poin t  in folate  metabo l i sm,  and can be viewed 
as compe t ing  for t e t r a h y d r o f o l a t e - b o u n d  one ca rbon  units with thymldy la te  
synthase (EC 2. I. 1.45) and with the A I C A R *  and G A R  t ransformylases  (EC 
2.1.2.3; EC 2. 1.2.2) which cata lyze  the i nco rpo ra t i on  of  one ca rbon  units into 
the nascent  pur ine  r ing system. We have been interested in s tudying  the 
regula t ion  of  f lux at this b ranch  point ,  which has impor t an t  impl ica t ions  for 
our  unde r s t and ing  of  folate me tabo l i sm in both normal  and neoplas t ic  cells 

M a m m a l i a n  me thy lene te t r ahydro fo la t e  reductase  act ivi ty  was first ~dentl- 
fled by D o n a l d s o n  and Keresztesy (2), who showed that  F A D  was required for 
m ax i ma l  actwlty.  The enzyme was purif ied abou t  500-fold f rom pig and rat 
liver by Kutzbach  and S toks tad  (3). They demons t r a t ed  that  the enzyme was 
inhibi ted by A d o M e t  and that  the inhibi t ion  could be reversed by 
adenosy lhomocys te ine ,  and they prov ided  evidence that  these effectors were 
bound  at an al loster ic  site on the enzyme Thus regula t ion of  methylene te t ra -  

*Abbreviations used are AICAR, 5'-phosphonbosyl-5-ammo-4-1mldazolecarboxamtde, GAR, 
glycmeamlde nbonucleotlde, CH3-H4folate, methyltetrahydrofolate, CH2-H4folate, methylene- 
tetrahydrofolate, CH2-H4PteGIun, methylenetetrahydropteroyl-polyglutamate wtth n glutamyl 
residues, H2PteGlun, dlhydropteroylpolyglutamate with n glutamyl residues, AdoMet, 
adenosylmethlonme 
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FIG I Pathways of mammahan folate metabohsm 

hydrofolate reductase actlwty appeared to conform to the pattern of feedback 
inhlbmon by the final common product of a reaction pathway 

Regulanon of methylenetetrahydrofolate reductase act~vmt~ by the 
AdoMet/adenosylhomocysteme ratxo is responsive only to the demands for 
one carbon umts ~mposed by AdoMet-dependent biological methylanons, 
and not to demands of the competing pathways of thym~dylate and purme 
bxosynthesls Thus, a p r i o r i ,  one might expect that methylenetetrahydrofolate 
reductase actwlty would also be modulated by cellular reqmrements tor de  

n o v o  biosynthesis of purmes and pynmldmes as well as by cellular levels of 
AdoMet 

We have now purified p~g hver methylenetetrahydrofolate reductase to 
homogeneity and demonstrated that the enzyme contains non-covalently 
bound FAD as a prosthetic group (4, 5). In this paper we shall rewew our 
stu&es on the inhibition of the enzyme by dxhydrofolate and Its polyglutamate 
analogues (6, 7) and report the results of more recent studies on the 
modulation of enzymanc actiwty by AdoMet 
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M A T E R I A L S  AND M E T H O D S  

H o m o g e n e o u s  pig liver me thy lene te t r ahydro fo la t e  reductase  was prepared  
as descr ibed by D a u b n e r  and Mat thews  (4, 5) and was used for studies of  
A d o M e t  inhibi t ion  A d o M e t  was purchased  f rom Sigma or  f rom Boehringer-  
M a n n h e l m  (both  sources isolate A d o M e t  f rom yeast  so that  the me taboh te  IS 
the na tura l  s te reo lsomer  both at the a - c a r b o n  of methlonlne  and at  the 
su l fonlum pole). The purchased  A d o M e t  was further  purified by high 
performance liquid ch romatography  on an Altex Ultrasphere ODS column (8). 
Ade nosy lhomocys t e lne  was purchased  f rom Sigma and used without  fur ther  
pur i f ica t ion  Fo r  measurements  of the effects of A d o M e t  a n d / o r  adenosyl -  
homocys te lne  on me thy lene te t r ahydro fo la t e  reductase activity,  the assay 
methods  used were those descr ibed previously  (5, 6) except  that  all assays were 
pe r fo rmed  in 50 mM potass ium phospha te  buffer, pH 6.7, conta in ing  2 ~M 
F A D  F o r  measurements  of  N A D P H - m e n a d l o n e  or  NADPH-CH2-H4fo l a t e  
ox ldoreduc tase  activities in the presence of  A d o M e t  or adenosylhomocyste lne ,  
the enzyme and buffer and any A d o M e t  or adenosy lhomocys te lne  were 
p re lncuba ted  in the assay cuvette for  l0 mln at 25 ° and then substrates  were 
added  to start  the react ion F o r  CH3-H4fola te-menadlone  ox ldoreduc tase  
assays the enzyme was p re lncuba ted  with A d o M e t  and then diluted into an 
assay mix ture  con ta in ing  the same concen t ra t ion  of A d o M e t .  Assays were 
t emlna ted  after  incuba t ion  for  8 mln at 25 ° 

R E S U L T S  AND D I S C U S S I O N  

lnhtbttton of Methvlenetetrahydrofolate Reductase by 
Dihydroptero ylpolyglutamates 

Methy lene t e t r ahydro fo l a t e  reductase  exhibi ts  paral lel  line kinetics dur ing  
catalysis  of N A D P H - C H 2 - H 4 f o l a t e  ox idoreduc t lon .  D lhydro fo la t e  is an 
inh ib i to r  of  the reac t ion  and is compet i t ive  with respect to CH2-H4Pte Glu~ 
and uncompetl t lVe with respect to N A D P H .  Dlhydro fo la t e  is a more  potent  
inh ib i to r  than  s imi lar  concen t ra t ions  of  the na tura l  s tereolsomers  of  
t e t r ahydrofo la te ,  me thy l t e t r ahydro fo la t e ,  fohc acid or me theny l t e t r ahydro -  
folate  (6). The  K~ values for  inhibi t ion  of  N A D P H - C H 2 - H 4 P t e G I u  t 
ox ldo reduc t a se  act ivi ty  by H2PteGlu . der ivat ives  with one to seven g lu tamyl  
residues have been measured  (7) and are shown in Figure  2 In all cases the 
observed inhib i t ion  was hnear ly  compet i t ive  with respect to CH2-H4PteGIu ~. 
The K, values decreased f rom 6 5 #M for H2PteGlu ~ to 0.013 #M for 
H2PteGlu 6, and then increased to 0.065/~M for H2PteGlu 7. These da ta  indicate 
a free energy decrease of  0.75 kcal per  g lu tamyl  residue associa ted  with the 
b inding  of  the five te rminal  residues of  H2PteGlu 6. Me thy lene te t r ahydro -  
p te roy lpo lyg lu tamates  are substrates  for methylene te t rahydrofo la te  reductase 
and show increased values for kca,/Kcn:n,PteGlu, relative to the monog lu t a ma te  
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FIG 2 Variation of the K, values for dlhydropteroylpo b glutamate inhlbltors with the number of 
glutamyl residues Individual K, values were determined for the NADPH-CH2-H4PteGlu I 
oxldoreductase assay as described m reference (7) The K~ ~alues represent dissociation constants 
for the mteractmn of H2PteGlu n with that enzyme form which is binding the inhibitor, and are 
thus measures of the free energy decrease assocmted with binding o! inhibitor to enzyme On the 
right hand border of the figure are shown the free energy decreases corresponding to each K, 

value 

substrate, with the max imum k~,,t/K m value being observed for the 

hexaglutamyl  substrate  (Table 1) 
Intracel lular  CHz-H4PteGIu n is present mainly  as the hexaglutamate in pig 

liver (9) and al though the concent ra t ion  of this metabohte  has not been 
determined it is probably  in the range from 0 5 to 5 #M in the interphase cell 
Thus, the free energy decrease associated with the binding of the polyglutamyl 
side chain of CH2-H4PteGIu 6 is used to lower the K m for this substrate well 
below the probable  concent ra t ion  of this metabohte  in the cell While we have 
no in format ion  on the polyglutamyl chain length of H2PteGlu n in pig liver, we 
may perhaps assume that this too is largely present as the hexaglutamyl 
derivative, since It is generated primarily,  If not exclusively, l rom 
CH2-H4PteGIu . by the act ion of thymidyla te  synthase The cellular concentra-  
t ion of H2PteGlu . is too low to measure (<  I ~M). Its concent ra t ion  m cells 
has been estimated from the rate of thymidylate  incorpora t ion  into DNA and 
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TABLE 1 KINETIC PARAMETERS ASSOCIATED WITH NADPH-CH2-H4PteGIun 
OXIDOREDUCTION 

k c a t  KCH2-H,Ptc(,lun KNADPH kcat/Kc~lrH,Pt¢_qlun 
Substrate (mm) -I (#M) (~.M) (#M)-" (ram)- 

CH2-H4PteGIu I 1600 7 1 16 225 
CH2-H4PteGIu 2 2820 5 2 --  542 
CH2-H4PteGlu 3 2740 I 7 15 1610 
CH2-H4PteGIu 4 2770 0 62 76 4470 
CH2-H4PteGlu 5 1020 0 26 125 3920 
CH2-H4PteGlu 6 1090 0.10 185 10900 
C H 2 - H 4 PteG lu 7 1090 0.51 176 2140 

f rom the concen t ra t ion  and kinetic pa ramete r s  of  d lhydrofo la te  reductase in 
these cells. The es t imated  value ob ta ined  by J ac kson  and Har r ap  was 
0.02-0.06 ~M (10) while the da t a  of  Whi te  and G o l d m a n  (I I) suggest s teady 
state concen t ra t ions  m the range of  2-5 nm (Cour t l and  White,  personal  
communica t ion ) .  Values es t imated  in this manner  are based on mean values of  
the rate of  t hymidy la t e  i nco rpo ra t i on  into D N A  for an entire popu la t ion  of 
logar i thmica l ly  g rowing  cells. Since only a small  por t ion  of  the cells are 
ac tua l ly  synthesiz ing D N A  at any given t ime, these values p robab ly  
underes t ima te  the rate of  t hymidy la t e  biosynthesis  dur ing  D N A  synthesis.  At 
present ,  we do  not  have sufficiently accura te  da ta  to assess the quant i ta t ive  
significance of  H 2 P teGlu  6 inhibi t ion  of me thy lene te t rahydrofo la te  reductase.  

We have demons t r a t ed  that  the actwit~es of thym~dylate synthase,  
me thy lene t e t r ahydro fo l a t e  reductase  and methlonine  synthase are all 
associa ted  with the cy top lasmic  f rac t ion of  rat  liver cells (F igure  3). In the case 
of  t hymldy la t e  synthase ,  this is true whether  the act ivi ty is measured m normal  
adul t  rat  hver or 24 hr after par t ia l  hepa tec tomy,  where thymidyla te  synthase 
act ivi ty  is increased abou t  I 0-fold.  Studies  of Werkhelser  (12) have shown that  
d lhydro fo l a t e  reductase  act ivi ty  Is also associated with the cy toplasmic  
f ract ion of rat  liver ceils Thus,  m the rat, there is no evidence for differential  
me tabohc  c o m p a r t m e n t a t i o n  of  thymldy la te  synthase,  d lhydro to l a t e  reduc- 
tase and me thy lene t e t r ahydro fo l a t e  reductase  activit ies 

As the da ta  in Table  2 show, the me thy lene te t r ahydro fo la t e  reductase 
react ion veloci ty should  be ex t remely  sensltwe to var ia t ions  m the rat io of 
CH2-H4PteGIu 6 to H2PteGlu 6 in cells The K m o f d l h y d r o f o l a t e  reductase for 
its d i h y d r o p t e r o y l p o l y g l u t a m a t e  subs t ra tes  hes between 01 and 5 ~tM, 
d e p e n d m g  on the source of  the m a m m a l i a n  d lhydro fo la t e  reductase and on 
the condi t ions  under  which the K m values are measured (13, 14) In general ,  
the Kr~ of  the m a m m a l i a n  enzyme for H2PteGlu n derivat ives is ra ther  
independen t  of the number  of  g lu tamyl  residues (14) Since H2PteGlu . levels 
m the cell are genera l ly  lower than the K m for this enzyme,  elevat ions m the 
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FIG 3 (el lular  compartmentatmn of methylenetetrahydrololatc reductase, meth~onme synthase 
and thymtd}la tes)nthase  from rat hver Adult maleSprague-Dawle)  rats were lasted for 24hr  
prmr to sacrifice The h,,ers were excised and subjected to cellular fractmnatmn as described b) 
Hogeboom (16) Particulate fractmns were solubdized by somcatlon m the presence of 0 05(': 
Triton X-100 and 0 5q~ 2-mcrcaptoethanol From left to right are shown the relative specific 
actl,, rues of the nuclear, mltochondrml, mlcrosomal and cytoplasmic fractions The enz~ me assays 
used have been pre,,musly described thymJdylate synthase (17). methylenetetrahydrofolate 
reductase (6). methtonme synthase (18) and lactate dehJ.drogenase (19) The data shown here |or  
thymldylate synthase were obtained using rat hvers relno',ed 24 hr after partml hepatectomy, but 
slmdar results were obtained from normal adult rat hver The protein content of the cell fractmns 
was determined using Bto-Rad protein assay mix and bowne serum albumin as the protein 
standard The re',uhs shown here represent the averages of 3 separate cell fractmnatmn studtes 

]-ABLE 2 VALUES OF 150 FOR H2PteGlu n 
INHIBITION OF CH2-H4PteGlu n REDUCTION 

150 at 5 #M 150 at 0 5 /aM 
lnh~bltor;substrate substrate (tzM) substrate (#M) 

H2PteGlu I/CH2-H4PteGIu j I I I 
H2 PteGlu2 / C H2-H4 PteGlu 2 3 3 
H2 PteGlu3 / CHa-H4 PteGlu 3 2 8 
H2 PteGlu4 / CH2-H4 PteGlu 4 1 8 
H2 PteGlus,, CH2-H4 PteGlu 5 0 8 I 
H 2 PteGlu6/CH2-H4PteGI % 0 61 
H2PteGlu 7 , CH2-H4PteGIu 7 0 09 

6 95 
I 85 
0 89 
036 
011 
0 07 
0 13 

r a t e  oi  t h y m l d y l a t e  b t o s y n t h e s t s  wtl l  p r o d u c e  e l e v a t e d  s tead , , '  s t a t e  le , ,e ls  

o[ d l h \ d t o l o l a t c  W e  ~ugge ' , t  t h a t  t h e  c o n s e q u e n t  d c c r c a w  m t h e  

C H 2 - H 4 f o l a t e / H , f o l a t e  r a t i o  wil l  l e a d  t o  l n h l b t t l o n  o f  m e t h y l e n e t e t r a h y d r o -  

f o l a t e  r e d u c t a s e ,  s p a r i n g  C H 2 - H 4 f o l a t e  f o r  p u r m e  a n d  p y r l m l d m e  b l o s y n t h e s t s  

C e r t a m l y ,  m e t h y l e n e t e t r a h y d r o f o l a t e  r e d u c t a s e  a c m l t 5  wil l  be  d e c r e a s e d  m 

ce l l s  w ' h l c h  h a ~ e  b e e n  e x p o s e d  t o  m e t h o t r e x a t e ,  w h e r e  t h e  H 2 f o l a t e  

c o n c e n t r a t i o n  m a )  a p p r o a c h  20  #M  (I 1) 
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Inhibition o f  Methylenetetrahydrofolate Reductase by A denosvlmethtonme 

We have investigated the inhib~tion of methylenetetrahydrofolate reductase 
activity by AdoMet by measuring three different activities of the enzyme. 

NADPH + Menadlone > NADP + + Menadlol [2] 

NADPH + H + + CH2-H4folate > N A D W  + CH3-H4folate [3] 

CH3-H4folate + Menadione > CH2-H4folate + Menadlol [4] 

If these reactions are all studied under the same conditions, vtz. m 50 mM 
phosphate buffer, pH 6 7, 25 °, AdoMet inhibits all three reactions 

As reported by Kutzbach and Stokstad (3), we find that adenosylhomo- 
cysteme reverses the inhibition of the NADPH-menadione oxldoreductase 
activity exerted by AdoMet, and we obtain an apparent K o of 3 /.tM for 
adenosylhomocysteme. In contrast, methylthioadenosme (150 #M) and 
methlomne (560 #M) neither reverse the inhibition exerted by AdoMet nor 
have any Inhibitory effect themselves The transitions between uninhibited 
and Inhibited forms of the enzyme are slow, as previously observed by 
Kutzbach and Stokstad (3). Since all assays reported here were performed 
after a 10-ram preincubatlon of the enzyme with AdoMet and/or  adenosyl- 
homocysteine m the absence of NADPH,  we have assumed that the 
equlhbnum between inhibited and uninhibited forms of the cnzyme 
established during premcubatton did not change during the time reqmred for 
mitml velocity measurements Kmetlcs of this type can not be described by the 
conventional equations for competitive or noncompetitive inhibition, which 
assume rapid equilibrium binding of inhlb~tor and var~ed substrate to the 
enzyme Rather, the enzyme behaves in the presence of non-saturating 
xnhlbstor as if ~t were a mixture of two forms of enzyme, not m equilibrium, 
each of which is described by its own kinetic equation. The proportion of the 
two forms of enzyme is a function only of 1/K,. 

SUMMARY 

Methylenetetrahydrofolate reductase catalyzes the reduction of methylene- 
tetrahydrofolate to methyltetrahydrofolate This reaction commits one 
carbon units to the pathways of adenosylmethionme-dependent methylatlon 
m mammalian cells We have purified the pig liver enzyme to homogeneity 
and shown that it contains FAD as a non-covalently bound prosthetic group 
Methylenetetrahydrofolate is not only a substrate for the reductase, but also 
for thymldylate synthase and for methylenetetrahydrofolate dehydrogenase. 
The latter reaction leads to utdtzatlon of one carbon units m de novo purme 
biosynthesis. A priori, one might expect that methylenetetrahydrofolate 
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r educ ta se  ac t iv i ty  w o u l d  be m o d u l a t e d  by ce l lu la r  r e q u i r e m e n t s  for  de n o v o  

bmsyn thes l s  of  pu rmes  and  p y n m l d m e s ,  as well  as by ce l lu la r  levels o[ 

a d e n o s y l m e t h m n m e  M e t h y l e n e t e t r a h y d r o f o l a t e  r educ ta se  Is mh~blted by 

d l h y d r o f o l a t e  and  its p o l y g l u t a m a t e  a n a l o g u e s  The  K l, 6 5 ~zM lor  

d l h y d r o f o l a t e  and  decreases  wi th  each  a d d i t i o n a l  g l u t a m y l  res idue to a 

m i n i m u m  ~alue of  0 0 1 3  ~M for  d l h y d r o p t e r o y l h e x a g l u t a m a t e  l h c  150 lov 

d l h y d r o p t e r o y l h e x a g l u t a m a t e  m h l b m o n  of  r educ tase  act l~t , , '  m the presence  

of  0 5 #M meth3 l e n e t e t r a h y d r o p t e r o y l h e x a g l u t a m a t c  Ls 0 07 #M We p ropose  

that  s t i m u l a t i o n  oI thvmld31ate  syn thasc  ac t lwty  (as m the vephca tmg  cell) 

ma3 lead to e l eva t ions  m the s teady  s ta te  levels o f  ce l lu la r  d l h y d r o l o l a t e  

de r iva t ives  and to resu l tan t  m h l b m o n  o[ m e t h y l e n e t e t r a h y d r o l o l a t e  reduc tasc  

actl~lt3,' l-hus m e t h y l e n e t e t r a h y d r o f o l a t c  de r iva t ives  ~ o u l d  be spared for 

pur lne  and  p y r l m t d m e  biosynthes is .  

We have  a lso  e \ a m m e d  the inh ib i t ion  ol m e t h y l e n e t e t r a h y d r o l o l a t e  

r educ ta se  by a d e n o s y l m e t h m m n e ,  which  serves  as an  a l l o s t e n c  e f fec to r  ot the 

enzyma t i c  ac t iv i ty  A d e n o s y l m e t h l o n m e  reduces  a s low t r ans l tmn  in the 

enzyme ,  and leads to the m h l b m o n  of  N A D P H - m e n a d l o n e ,  N A D P H -  

m e t h y l e n e t e t r a h y d r o f o l a t e  and m e t h y l t e t r a h y d r o f o l a t e - m e n a d l o n e  ox~do- 

reduc tase  a c t w m e s  
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