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Interactions of Pig Liver Methylenetetrahydrofolate Reductase with 
Methylenetetrahydropteroylpolyglutamate Substrates and with 
Dihydropteroylpolyglutamate Inhibitors? 

Rowena Ci. Matthews* and Charles 41. Baugh 

ABSTR 4cI: Dihydrofolate and dihydropteroylpolyglutamates 
inhibit pig liver methylenetetrahydrofolate reductase. In  all 
cases the inhibition is linearly competitive with respect to 
methylenetetrahydrofolate. The Ki values decrease with each 
additional glutamyl residue from one to six, from a value of 
6.5 p M  for dihydrofolate to 0.013 pLM for dihydropteroyl- 
hexaglutamate. Dihydropteroylheptaglutamate has a Ki of 
0.065 kM.  These data indicate a free energy of binding of 
-0.75 kcal/mol for each of the five terminal glutamyl residues 
in dihydropteroylhexaglutamate. Methylenetetrahydro- 
pteroylpolyglutamates are substrates for the enzyme, and the 
increased free energy of binding is reflected in increased values 

Fol lowing the isolation from yeast of a polyglutamyl peptide 
linked to p-aminobenzoic acid (Ratner et al., 1946), studies 
from many laboratories have demonstrated that intracellular 
folate derivatives are present mainly as polyglutamyl deriva- 
tives with from two to seven glutamyl residues linked through 
their y-carboxyl groups (Baugh & Krumdieck, 197 1; Leslie 
& Baugh, 1974; Brown et al., 1974; McBurney & Whitmore, 
1974; Taylor & Hanna, 1977). Generally, such pteroylpoly- 
glutamyl derivatives have been shown to lead to increases in 
VmaX/ K ,  relative to the corresponding monoglutamates. The 
following enzymes catalyzing folate-dependent reactions have 
been studied: mammalian dihydrofolate reductase (Coward 
et al., I974), methionine synthetase from bovine brain (Coward 
et al., 1975), clostridial formyltetrahydrofolate synthetase 
(Curthoys & Rabinowitz, 1972), avian AICAR’ trans- 
formylase (Baggott & Krumdieck, 1979), pig liver form- 
iminotransferase/cyclodeaminase (Mackenzie, 1979), and both 
bacterial (Kisliuk et al., 1974) and human (Dolnick & Cheng, 
1978) thymidylate synthetase [see, for example, Garrett et al. 

I n  general, polyglutamyl substrates are characterized by 
VmaX values which are the same as or only slightly (two- to 
threefold) greater than those of the corresponding mono- 
glutamate derivatives, and it is the K ,  values which are de- 
creased when polyglutamyl substrates are used. 

Selhub et al. (1971) showed that cystathionine y-synthase 
from Neurospora was activated by methyltetrahydrofolate and 
inactivated by S-adenosylmethionine. Methyltetrahydro- 
pteroylheptaglutamate was shown to be more effective tban 
the diglutamate a t  preventing S-adenosylmethionine inacti- 
vation. 

( 1979)]. 
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for Vmax/Km with polyglutamate substrates. V,,, is incredsed 
1.76-fold on going from the mono- to the diglutamate sub- 
strate; additional glutamyl residues lead to decreases in K ,  
values for methylenetetrahydropteroylpolyglutamates. Our 
results suggest that the in vivo activity of methylenetetra- 
hydrofolate reductase may also be sensitive to fluctuations in 
the ratio of methylenetetrahydropteroylpolyglutamates to 
dihydropteroylpolyglutamates and that this ratio may be im- 
portant in determining the relative fluxes of methylenetetra- 
hydropteroylpolyglutamates into the pathways leading to 
thymidylate biosynthesis and methionine regeneration. 

Kisliuk et al. (1974) showed that pteroyl- and dihydro- 
pteroylpolyglutamates were much more potent inhibitors of 
Lactobacillus casei thymidylate synthetase than the corre- 
sponding monoglutamates and suggested a regulatory role for 
cellular pteroylpolyglutamate derivatives in vivo as well as in 
vitro. 

In this paper we present data on the K ,  values of a series 
of dihydropteroylpolyglutamates which function as competitive 
inhibitors of methylenetetrahydrofolate reductase. Such 
studies can be used to estimate the free energy of binding 
associated with each additional glutamyl residue, yielding 
valuable information on the specificity of the binding site on 
the enzyme with respect to the polyglutamyl chain. 

We have also examined the specificity of the enzyme with 
respect to methylenetetrahydropteroylplyglutamate substrates. 
Our observations were designed to provide data which could 
be used to assess the possibility that regulation of the CH2- 
H4PteGlu,/H2PteGlu, ratio might be physiologically important 
in regulating the partitioning of CH2-H,PteGlu, into the 
competing pathways of thymidylate biosynthesis and the re- 
generation of methionine from homocysteine. 

Experimental Procedure 
Purification and Assay of Methylenetetrahydrofolate Re- 

ductase. Purification of pig liver methylenetetrahydrofolate 
reductase was performed as described by Matthews & Hay- 
wood (1979b). Enzyme preparations with specific activities 
of 0.5-1.0 pmol of CH3-H4PteGlu, oxidized per min per mg 
of protein were used for these experiments. NADPH- 
methylenetetrahydrofolate reductase activities were measured 
at  25 O C ,  under nitrogen, in 50 m M  phosphate buffer, pH 6.7, 
0.3 m M  in EDTA, 2 pM in FAD, and 50 mM in P-mercap- 
toethanol. The buffer was bubbled with nitrogen in a cuvette 
and covered with parafilm. NADPH, any inhibitors, enzyme, 
~~~~~ ~~~ 

’ Abbreviations used: H2PteGlu,, dihydropteroylpolyglutamate with 
n glutamyl residues; CH,-H,PteGlu,, methylenetetrahydropteroylpoly- 
glutamate with n glutamyl residues; PteGlu,, pteroylpolyglutamate with 
n glutamyl residues; AICAR, 5’-phosphoribosyl-5-amino-4-imidazole- 
carboxamide; EHZ, two electron reduced methylenetetrahydrofolate re- 
ductase. 
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and finally CH2-H4PteGlu, were introduced into the cuvette 
by using Hamilton gas-tight syringes. When V,,, determi- 
nations of plyglutamate substrates were being performed, they 
were compared with a standard curve obtained by using 
1&100 pM (&)-CH2-H4PteGlu,.Z This substrate was freshly 
prepared each day by dissolving Sigma Chemical Co. (&)- 
tetrahydrofolate in nitrogen-equilibrated 0.1 M ammonium 
carbonate buffer, pH 9.2, 50 mM in formaldehyde. The so- 
lution was stored a t  25 "C for l h prior to use. Preincubation 
of the enzyme for 15 min in a solution containing 2 pM FAD 
and 100 pM N A D P H  was performed prior to each series of 
assays. 

Preparation of Substrates and Inhibitors. Pteroylpoly- 
glutamates were synthesized by the solid-phase method pre- 
viously described (Krumdieck & Baugh, 1969, 1980). 

Dihydropteroylpolyglutamates were prepared by dithionite 
reduction of pteroylpolyglutamates by a modification of the 
method described by Coward et al. (1975). PteGlu, (10-20 
hmol) was dissolved in 2-5 mL of 0.05 M phosphate buffer, 
p H  7.6, 0.3 m M  in EDTA, and placed in a Thunberg tube. 
Dithionite, in the amount indicated in  Table I, was placed in 
the side arm. The Thunberg tube was alternately evacuated 
and equilibrated with oxygen-free nitrogen by using an 
anaerobic train previously described (Williams et al., 1979). 
The dithionite was then tipped into the solution, and the so- 
lution was incubated in the dark for 30 min. The H2PteGlu, 
was purified by chromatography on DEAE-Sephadex A-25. 
A 0.9 X 25 cm column was equilibrated with 5 mM Tris 
buffer, pH 8.0, 0.2 M in NaCl and 50 mM in P-mercapto- 
ethanol, and the H,PteGlu, was eluted with a linear gradient 
of 500 mL of 0.2-0.7 M NaCl in the same buffer. The 
HzPteGlu, concentration was determined by using an ex- 
tinction coefficient of 28 400 M-' cm-' a t  282 nm (Blakley, 
1969). 
Methylenetetrahydropteroylpolyglutamates were prepared 

starting from the corresponding H2PteGlu, derivatives, formed 
by dithionite reduction as described above. The H2PteGlu, 
derivatives were separated from residual dithionite and sulfite 
by chromatography on Sephadex G-10 equilibrated with 5 mM 
Tris buffer, pH 8.0, 50 mM in P-mercaptoethanol. Fractions 
containing HzPteGlu, were pooled. Derivatives of chain length 
greater than two glutamyl residues eluted in a peak preceding 
the dithionite. The mono- and diglutamyl derivatives adsorb 
to the Sephadex under these conditions, and fractions eluting 
after the dithionite were pooled. Fractions containing 
H2PteGlun were brought to 10 mM in Tris buffer, pH 8.0, 100 
m M  in 0-mercaptoethanol, and reduced in the presence of a 
1.2-fold excess of N A D P H  by using purified dihydrofolate 
reductase from trimethoprim-resistant Escherichia coli (Poe 
et al., 1979). Formaldehyde was added to achieve a 10 mM 
concentration, and after 15 min the pH of the solution was 
raised above 8.6 by addition of 0.5 mL of 1 M ammonium 
carbonate, pH 9.2. The resultant (+)-CH2-H4PteGlu, was 
purified by chromatography on a 0.9 X 15 cm column of 
DEAE-52, equilibrated with 0.01 M ammonium carbonate, 
pH 9.2, 1 m M  in formaldehyde, and eluted with 200 mL of 
a 0-0.5 M NaCl gradient in the same buffer. Fractions of 
3 mL were collected in tubes containing 10 pL of 12.3 M 

The natural diastereoisomer of CH,-H,PteGlu, has the R configu- 
ration at C6 of the pteridine ring (Fontecilla-Camps et al., 1979) and the 
a-carbons of each glutamyl residue have S configurations. This isomer 
will be designated (+)-CH2-H4PteGlu, and the corresponding racemic 
mixture of isomers at C6 will be designated (f)-CH2-H4PteGlu,. The 
natural diastereoisomers of H,PteGlu, and CH3-H4PteGlu, have the S 
configuration at C6 and are designated (-)-H,PteGlu, and (-)-CH3- 
H,PteGlu,, respectively. 

Table I :  Preparation of Dihydropteroylpolyglutamates by 
Dithionite Reductiona 

pteroylglutamate yield (%) 

F'teClu, 48  
PteQu, 69 
Pte Glu 74 
PteGlu 55  
F'teGlu, 80 
PteGlu, 70 

a For reduction of PteClu,, a 25-fold excess of dithionite over 
PteGlu, was employed. For the longer chain pterolypolygluta- 
mates, a 100-fold excess of dithionite was used. 

formaldehyde. The CHz-H4PteGlu, content was determined 
in phosphate buffer, pH 7, by using an extinction coefficient 
of 32 000 M-' cm-I. The absorbance was maximal at 297 nm, 
rather than 294 nm as previously reported (Blakley, 1969). 
Purified CH,-H4PteGlun was equilibrated with nitrogen and 
stored under nitrogen during the kinetic studies, which were 
performed within 3 h of preparation of substrates. 

Determination of V,,, and K, Values fo r  Polyglutamate 
Substrates. All determinations of V,,, and K, for poly- 
glutamate substrates were performed on aliquots of enzyme 
from the same preparation. In each case V,,, for the poly- 
glutamate substrate was compared with V,,, for (&)-CH2- 
H,PteGlu, on the same day. Complete steady-state analyses, 
in which CH2-H4PteGlu, and NADPH were varied inde- 
pendently, were performed on the mono-, tri-, penta-, and 
hexaglutamate substrates. V,, for the diglutamate substrate 
was determined by extrapolation of data obtained at 130 p M  
NADPH and varied CH2-H4PteGlu,, assuming a K, for 
NADPH of 15 pM. V,,, was determined for tetra- and 
heptaglutamate substrates by fixed ratio extrapolation (Segel, 
1975) using an NADPH/CH2-H4PteGlu, ratio of 1O:l. In 
all cases the concentration of (f)-CH2-H4PteGlu, was varied 
between 4 and 50 pM. For substrates with three or more 
glutamyl residues, the K ,  for the plyglutamate substrate was 
too low to be measured directly from the slope of the dou- 
ble-reciprocal plot. For these substrates, the K,,, was deter- 
mined from the slope of double-reciprocal plots obtained a t  
several concentrations of H,PteGlu, of the same chain length 
as the substrate. Since the Ki values for these inhibitors have 
been measured, they can be used to calculate the K, for the 
substrates by using the equation (Segel, 1975) 

where the slopeljs is the slope of the Lineweaver-Burk plot at 
that concentration of I .  

Measurements of Solvent Isotope Effects on CH2- 
H4PteGlu, Reduction. Values of pD were obtained by adding 
0.4 to the pH meter readings. V,,, was determined a t  each 
pH by fixed ratio extrapolation (Segel, 1975). The assay 
conditions were as described above. For the measurements 
in DzO, enzyme stock in H 2 0  was diluted 10-fold with D 2 0  
and incubated for 2 h prior to kinetic measurements. Dilution 
of this enzyme stock into an H z O  assay mixture established 
that enzyme activity was not lost during incubation in D20 .  
The D 2 0  assays were performed at a final DzO concentration 
of 97%. 

Results 
When H2PteGlu, was produced by dithionite reduction 

under anaerobic conditions and the product rapidly separated 
from residual dithionite and sulfite, yields were considerably 
better than those reported by Coward et al. (1979,  as shown 
in Table I. Presumably, side chain cleavage occurs during 
aerobic dithionite reductions. Amino acid analyses were 

slopel/s = (Km/Vmax)(l + I/Ki) 
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FIGURE 1 : Inhibition of methylenetetrahydrofolate reductase activity 
by H2PteGlu7. Assay mixtures (2.0" volume) contained 125 pM 
N A D P H  and the indicated concentrations of (+)-CH2-H4PtGlu, 
[added as  a (k) mixturej and H,PteGlu, in 0.05 M phosphate buffer, 
p H  6.7, 0.3 mM in EDTA,  2 pM in FAD, and 50 m M  in p-mer- 
captoethanol. The enzyme-bound FAD concentration was 4.9 X 
M. Concentrations of H2PteGlu7 were (0) 0, (0) 0.14, ( X )  0.29, 
and (A) 0.57 pM. 

performed on hydrolyzed samples of H2PteGlu3 and 
H2Pte(ilus, using the procedure described by Matthews et al. 
(1974). The results indicated 2.90 and 5.09 mol of glutamic 
acid per mol of dihydropteroylglutamate, respectively, sug- 
gesting that little if any side cleavage occurred under the 
described conditions of preparation. 

Inhibition of the methylenetetrahydrofolate reductase ac- 
tivity was measured at three different inhibitor concentrations. 
The increment in  NaCl concentration due to addition of in-  
hibitor never exceeded 0.01 M. A typical experiment, utilizing 
H2PteGlu, as the inhibitor, is shown in Figure 1. In each case 
the substrate utilized was (+)-CH2-H4PteGlul, added as a (*) 
racemic, mixture. The Ki values for each dihydropteroyl- 
glutamyl derivative were determined from secondary plots of 
slope,,, vs. inhibitor concentration. Each derivative showed 
linear competitive inhibition with respect to methylenetetra- 
hydrofolate. The variation of Ki with the number of glutamyl 
residues is shown in Figure 2. 

The Ki value for H2PteGlu, was also measured by using 
(+)-CH2-H4PteGlu3, and the value obtained was 6.5 pM, in 
good agreement with data obtained by using ( f ) -CH2-  
H,PteGlu, as the substrate. 

Preparations of (+)-CH2-H4PteGlu, prepared by the present 
method were free of detectable H2PteClu, contamination as 
judged by the symmetry of the 297-nm peak and the 3401297 
nni absorbance ratio, which was 0.048. Amino acid analyses 
of CH2-H4PteClu4 and CH,-H,PteClu, indicated 4.1 6 and 
7.44 mol of glutamic acid per mol of methylenetetrahydro- 
pteroylglutamate. Spectroscopic examination of 10 and 50 
pM (f)-CI-12-H4PteGlul, diluted into assay cuvettes containing 
0.05 M phosphate, pI3 6.7, 2 pM in FAD and 50 mM in 
@-mercaptoethanol, and degassed as described under Exper- 
imental Procedure, showed no detectable formation of 
HzPteGlul during 30 min. although slow dissociation of 
formaldehyde took place as evidenced by decreases in the 
297-nm absorbance. 

When Lineweaver-Burk plots for ( f ) -CH2-H4PteGlu,  
prepared from Sigma tetrahydrofolate without further puri- 
fication were compared with those for enzymatically prepared 
(+)-CH2-H,PteGlu,, no differences were noted, provided that 
the results were plotted assuming that (-)-CH2-PteGlul is not 
a substrate. Thus, (-)-CH,-H,PteGlu, is not an inhibitor, in 
agreement with previous observations of Kutzbach & Stokstad 

NUMBER OF GLUTAMYL RESIDUES (H2PleGlu,! 

FIGURE 2: Variation of K,  values for dihydropteroylglutamate inhibitors 
with the number of glutamyl residues. Individual K ,  values were 
determined in experiments like that  shown in Figure 1 .  I n  no case 
was the concentration of enzyme-bound flavin more than 4% of the 
inhibitor concentration. 

Table 11: Kinetic Parameters f o r  NADPH-CH,-H,PteClu, 
Oxidoreduction 

__ 
CH, - H, F-teGlu, 1.00 7.1 16 
CH,-H, PteGlu, 1.76 5.2 
CH,-H,PteClu, 1.71 1.7 15 

CH,-H, PteClu 0.64 0.26 12s 
CH,-H, PteGlu, 1.73 0.62 76 

CH,-H, PteGlu, 0.68 0.10 185 
176 CH,-H, R e  Glu, 0 .68 0.5 1 
___I_ 

( 1  97 I ) .  Values obtained for VmaX and K, for reactions in- 
volving polyglutamate substrates are shown in Table 11. The 
increment in NaCl concentration due to addition of substrate 
to the assay mixture did not exceed 0.05 M. Parallel-line 
kinetics are observed for each of the substrates. For chain 
lengths of three glutamyl residues or more, inhibition of the 
NADPH-CH2-H4PteGlu,  oxidoreductase reaction by 
H2PteClu, was examined, in order to determine the K ,  for 
the polyglutamate substrate, and H2PteGlu, was found to be 
linearly competitive with respect to the polyglutamate sub- 
strate. 

Measurements of V,,, for the NADPH-CH2-H,PteGlul 
oxidoreductase reaction in D 2 0  and H 2 0  are shown in Figure 
3A, and the analogous experiments for the NADPH-CH2- 
H4PteGlu5 reaction are shown in Figure 3B. The results 
indicate a solvent isotope effect ( V,Vmax,H20/Vm~max,~2~) of 3.4 for 
the reduction of the monoglutamate substrate and of 1.4 for 
the pentaglutamate substrate. 

We have also examined the effect of H,PteGlu,, on the 
NADPH-CH,-H,PteGlu, oxidoreductase reaction when 
NADPH is the varied substrate. H,PteGlul and H2PteGlu6 
are uncompetitive with respect to NADPH with CH2- 
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FIGURE 3: Measurements of the solvent isotope on V,,, for reduction 
of CH2-H4PteGlu, (A) and CH2-H,PteGlu5 (B). V,,, values were 
determined by fixed ratio extrapolation. A ratio of NADPH/ 
(+)-CH2-H4PteGlul of 3.1 was used in (A), and in (B) a ratio of 
NADPH/(+)-CH2-H4PteGlu5 of 21 was used. In both cases the 
enzyme-bound FAD concentration was 2.4 X M. (X)  V,,, 
determined in H 2 0 ;  (0) V,,, determined in D20. 

H4PteGlul as the fixed substrate (Matthews & Haywood, 
1979a,b), while H2PteGlu5 shows mixed-type inhibition with 
respect to N A D P H  when CH,-H,PteGlu, is the fixed sub- 
strate. 

Discussion 
Methylenetetrahydrofolate reductase exhibits parallel-line 

kinetics when the NADPH-methylenetetrahydropteroyl- 
monoglutamate oxidoreductase activity is examined. While 
these results are consistent with a ping-pong bi-bi mechanism, 
an  ordered bi-bi mechanism may also show such kinetic 
patterns if the rate constants are of appropriate magnitude. 
The inhibition pattern in the presence of either dihydro- 
pteroylmonoglutamate or dihydropteroylhexaglutamate, both 
of which are competitive with respect to methylenetetra- 
hydrofolate and uncompetitive with respect to NADPH, 
eliminates many possible ternary mechanisms but fails to 
distinguish between a ping-pong bi-bi mechanism and an or- 
dered bi-bi mechanism of the type 

NADPH S P NADP+ 

I I t t 
t t I I 

E E-NADPH (E,S - E , ~  E-NADP+ E 

where inhibitor would combine with the E-NADPH binary 
complex to form a dead end ternary complex. However, in 
both these cases plots of slope,,, vs. inhibitor concentration, 
measured a t  saturating NADPH, can be used to measure the 
Ki of the dead end inhibitor, and this Ki represents a disso- 
ciation constant for the enzyme form which is binding the 
inhibitor (Segel, 1975). 

W e  have observed a linear relationship between -log Ki and 
the number of glutamyl residues on H2PteGlun for up to six 
glutamyl residues. These results indicate that each of the five 

,NADPH ,NADPC 

terminal glutamyl residues in dihydropteroylhexaglutamate 
contributes equally to the net free energy of binding, with a 
binding energy of about 0.75 kcal/mol. Since dihydro- 
pteroylglutamates are linearly competitive inhibitors with 
respect to methylenetetrahydrofolate and are structurally 
analogous compounds, we presume that they are binding a t  
the substrate binding site on methylenetetrahydrofolate re- 
ductase. We may infer from these data that the enzyme active 
center contains a cleft which can accommodate up  to six 
glutamyl residues. It should be noted that the observed binding 
energy of 0.75 kcal per glutamyl residue must represent a 
difference in binding energy between the glutamyl residue in 
aqueous solution and that on the enzyme surface. 

While the affinity of the enzyme for its polyglutamate 
substrates may differ from its affinity for dihydropteroyl- 
polyglutamates, the variation in affinity with chain length 
should be the same. The studies on the variation of V,,, and 
the K,  for CH2-H4PteGlu, with substrate chain length thus 
tell us how the binding energy is expressed in the catalytic 
reaction. Substrate binding energy can be expressed as en- 
hanced substrate affinity in the Michaelis complex (lower K,) 
or in the transition state (higher V,,,) as has been pointed out 
by Jencks (1975). In the present case, V,,, is increased 
1.76-fold on introduction of the second glutamyl residue, but 
thereafter the increased free energy of binding serves to lower 
the K,  for CH2-H4PteGlu,. 

With short-chain substrates (one to three glutamyl residues), 
the kinetic studies are consistent with simple ping-pong bi-bi 
kinetics in which the enzyme-bound flavin is alternately re- 
duced by NADPH and reoxidized by CH2-H,PteGlu,. In 
agreement with this, H2PteGlu, is competitive with respect 
to CH2-H4PteGlu, and uncompetitive with respect to NADPH, 
and the K,  for NADPH is unaffected by the number of glu- 
tamyl residues. The overall reaction is characterized by a 
rather large (3.4) solvent isotope effect on V,,,. Since the 
reactions involved in methylenetetrahydrofolate reduction 
(Matthews & Haywood, 1979b) (shown in Scheme I) could 
all show solvent isotope effects, whereas NADPH-linked re- 
duction of FAD would not be expected to show a solvent 
isotope effect, these results are consistent with a rate-limiting 
step in the half-reaction in which CH2-H,PteGlu, is reduced. 

With longer chain substrates (four or more glutamyl resi- 
dues), we see an increase in the value for the K, for NADPH, 
from 15 to 185 pM, and a small decrease in Vmx. H,PteGlu6 
is now a mixed-type inhibitor with respect to NADPH, in- 
dicating a transition to a mechanism involving ternary com- 
plexes. At the same time we see a reduction in the solvent 
isotope effect from 3.4 to 1.4. These results are consistent with 
a shift to a sequential mechanism. A mechanism which is 
consistent with the data is 

NADPH 

NADP+ 

EH2 J-gi-4 
NADPH P 

The results suggest that the reduction of CH2-H4PteGlun is 
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H2PteGlu, ratio in cells. The K ,  of dihydrofolate reductase 
from mammalian tumor cell lines for its dihydropteroyl- 
glutamate substrates lies between 0.6 and 10 pM and is rather 
independent of the number of glutamyl residues (Coward et 
al., 1974). Thus, increases in the rate at  which dihydro- 
pteroylglutaniates are produced (e.g., when thymidylate bio- 
synthesis is activated) will result in increased steady-state levels 
of H,PteGlu,. We suggest that the consequent decrease i n  
the CH2-H4Pte(ilu,/H,PteCllu, ratio will lead to inhibition 
of CH2-H4PteGlu,, reduction, sparing CH2-I14PteGlu, for 
purine and pyrimidine biosynthesis. 
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1;ible 111: 
C H - - f l ,  IYcGlu, Reduction 

Values ForI , ,  For lI,PteClu, Inhibition of 

I , ,  at 5 p M  I , ,  at 1 p M  
substratea substrateu 

inliibitor/substrate h M 1 hht )  

no longer fully rate limiting and that either product release 
or flavin reduction by NADPH partially controls the rate of 
react ion. 

It  should be noted that our observations on the shift in the 
rate-limiting step(s) with longer chain length substrates and 
the appearance of a mixed-type pattern of inhibition with 
respect to NADPH can also be explained by a shift from an 
ordered bi-bi to a rapid equilibrium random sequential 
mechanism with longer chain length substrates. 

The present work contributes to the growing body of evi- 
dence suggesting that folate polyglutamates, rather than 
monoglutamates, are the physiologically significant intracel- 
lular metabolites. However, the rationale for the energetically 
expensive polyglutamyl chain remains controversial. In gen- 
eral, polyglutamate substrates and-inhibitors appear to bind 
folate-dependent enzymes more tightly than their mono- 
glutamate analogues, but the contribution to V,,, is generally 
small and in some cases V,,,, is decreased (Baggott & 
Krumdieck, 1979). Mackenzie (1979) has shown that sub- 
strate channeling occurs a t  the active center of formimino- 
transferase/cyclodeaminase, a multifunctional protein, and that 
channeling increases as the chain length is increased from one 
to five glutamyl residues. In the present case, the binding 
energy of the polyglutamyl side chain is used to lower the K ,  
for CH2-H4PteGlu, and CH2-H4PteGlu6 well below the es- 
timated concentration of these metabolites in cells. Intra- 
cellular CH2-H4PteGlu, is present mainly as the penta- 
glutamate and hexaglutamate in mouse liver, with an estimated 
concentration of 1-5 pM (D. G. Priest, personal communi- 
cation). Little is known about polyglutamate chain length 
distribution of intracellular H,PteGlu,, but we may perhaps 
assume that this too is largely present as the pentaglutamate 
and hexaglutamate in mammalian cells, since it is generated 
primarily, or exclusively, from methylenetetrahydrofolate by 
the action of thymidylate synthetase. The cellular concen- 
tration of dihydropteroylglutamates is less than 1 pM and has 
been estimated to lie between 0.02 and 0.06 pM (Jackson & 
Harrap, 1973). Segel (1975) has pointed out that inhibition 
is quantitatively most significant when both inhibitor and 
substrate are present at  concentrations greater than their K, 
and K,, values, respectively. This is illustrated for methy- 
lenetetrahydrofolate reductase in Table 111, where the I,, (the 
inhibitor concentration needed for a 50% inhibition of the 
reaction) is calculated for I and 5 pM substrate concentrations. 
It can be seen that increasing the polyglutamate chain length 
leads to a marked reduction in the inhibitor concentration 
necessary for 50% inhibition. With CH2-H4PteGlu6 as the 
substrate and H,PteGlu, as the inhibitor, the Is0 is 0.13 p M  
when the substrate concentration is 1 p M .  Thus, the me- 
thylenetetrahydrofolate reductase reaction velocity should be 
extremely sensitive to variations i n  the CH,-H,PteGlu,/ 
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Kinetics of Inactivation of Erythrocyte Carbonic Anhydrase by Sodium 

Y. Pocker* and Conrad T. 0. Fong 

ABSTRACT: The inactivation of bovine carbonic anhydrase by 
sodium 2,6-pyridinedicarboxylate (sodium dipicolinate) has 
been studied a t  pH 6.6, 25 O C .  The catalytically essential zinc 
ion of the enzyme is removed with unprecedented speed by 
this chelating agent, producing inert apoenzyme and a zinc 
dipicolinate complex. This zinc complex rapidly reacts further 
with dipicolinate, forming the more stable Zn(dipic),2- species. 
The partitioning of zinc ion between enzyme and dipicolinate 
chelates was measured by separation of the two species using 
ultrafiltration and determination of their respective zinc 
concentrations by atomic absorption. The concentration of 
catalytically active enzyme in the presence of dipicolinate was 
measured by using either bicarbonate ion or p-nitrophenyl 
acetate as substrate. The rates of disappearance of catalyt- 
ically active enzyme and appearance of zinc ions in the form 
of zinc dipicolinate chelates were measured in parallel runs 
and found to be identical. The exponential decay of enzymatic 
activity with dipicolinate in excess was analyzed by an inte- 
grated rate equation, and the resultant time dependence of the 
inactivation process was linear for nearly four half-lives. The 
apparent rate constant, kapp, was found to be directly pro- 

S a l t s  of 2,6-pyridinedicarboxylic acid (dipicolinic acid) are 
present in large amounts in the spores of microorganisms 
(Leanz & Gilvarg, 1973; Woodruff et a]., 1974). Dipicolinic 
acid has been studied as an inducer of sporulation (Fukuda 
et al., 1969), an enzymatic inhibitor (Mann & Byerrum, 1974; 
Tochikubo, 1974), and a herbicide (Naik et al., 1972). Re- 
cently it has been discovered that sodium dipicolinate is able 
to remove the catalytically essential zinc ion from the me- 
talloenzyme carbonic anhydrase (Kidani et al., 1976). 

The present paper reports on the kinetics and mechanism 
of the reaction between bovine erythrocyte carbonic anhydrase 
and sodium dipicolinate. Carbonic anhydrase catalyzes the 
interconversion of bicarbonate and carbon dioxide. Appro- 
priate conditions for the monitoring of bicarbonate dehydration 
and C 0 2  hydration have been delineated in some detail (Pocker 
& Bjorkquist, 1977; Pocker & Miksch, 1978). Accordingly, 
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portional to the dipicolinate concentration. The second-order 
rate constant for inactivation, k" = k,,,/[dipicolinate], with 
bicarbonate ion as the substrate was 1.1 M-' s-l a t  pH 6.6. 
Inactivation experiments employing p-nitrophenyl acetate as 
the substrate for determining enzymatic activity were per- 
formed in 1090 v/v acetone. Under these conditions, the results 
were k" = 0.6 M-'s-l at pH 6.5 and k" = 0.3 M-' s-l at  pH 
6.9. The equilibrium constant a t  p H  6.6 for the reaction of 
enzyme and dipicolinate to produce apoenzyme and Zn(di- 
~ i c ) ~ ~ -  calculated from the residual enzymatic activity is Kq 
= 1 X lo2 M-I. The formal binding constant of sodium di- 
picolinate to the enzyme was measured as K, with bicarbonate 
and C 0 2  as substrates under initial conditions so that no in- 
activation could occur through loss of zinc. Competitive and 
noncompetitive behavior were observed, respectively, with K, 
= 0.1 M for both substrates. The formal activation parameters 
for the extraction of zinc by dipicolinate a t  pH 6.6 and 25 O C  
are = 24 kcal, AS* = 22 eu, and AG' = 18 kcd. By way 
of comparison, 1 ,lo-phenanthroline, commonly used to produce 
the apoenzyme, is 5 X lo3  slower than dipicolinate a t  pH 6.6 
and 25 OC. 

the inactivation of carbonic anhydrase by dipicolinate was 
studied by monitoring these physiological reactions at  pH 6.6 
and 25 OC. Additional data are presented, utilizing the hy- 
drolysis of the synthetic substrate p-nitrophenyl acetate to 
measure the loss of enzymatic activity (Pocker & Stone, 1967, 
1968). 1,lO-Phenanthroline, a chelating agent commonly used 
with carbonic anhydrase for the removal of zinc a t  acid p H  
(Lindskog & Malmstrom, 1962), was also studied. We find 
that 2,6-pyridinedicarboxylate is much more efficient since 
it reacts 5 X lo3 times faster a t  pH 6.6. This unprecedented 
speed of zinc removal allowed us to develop a facile procedure 
for the replacement of the zinc ion in carbonic anhydrase by 
other metal ions. 

The inactivation of carbonic anhydrase by a chelating agent 
can be visualized as occurring through an initial binding 
equilibrium followed by a ligand exchange process, whereby 
the metal ion is transferred from the enzyme to the chelating 
agent through an intermediate which contains the zinc si- 
multaneously bound to both. A comparison of AG* for the 
dipicolinate-assisted removal of enzymatic zinc and the 
spontaneous dissociation [(E)Zn - E,? + Zn2+(aquo)] reveals 
that AG' is 6 kcal lower for dipicolinate. This substantial 
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