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SUMMARY: 

[2-13C]Methotrexate bound to dihydrofolate reductase from Lactobaci l lus 
casei has been studied by nuclear magnetic resonance. The chemical s h i f t  for  
enzyme-bound methotrexate over the range pH 6.0 to 9.0 is constant and close to 
that for  f ree,  protonated methotrexate. Furthermore, the u l t r a v i o l e t  spectrum 
of bound methotrexate is the same from pH 6.4 to pH 10.0 and considerably d i f -  
ferent  from that of f ree, unprotonated methotrexate. These data indicate that 
N-1 of bound methotrexate has pK  > 10. From th is  and from the measured appar- 
ent association constants of metMotrexate and fo late i t  can be concluded that 
the charge in teract ion between the protonated N-1 of bound methotrexate and the 
act ive s i te  carbo~ l  accounts for  the pa r t i cu la r l y  t i gh t  binding of the inh ib i -  
tor.  

INTRODUCTION: 

The ant ineoplast ic  agent methotrexate arrests the p ro l i f e ra t i on  of ce l ls  

pr imar i ly  due to the metabolic consequences of i t s  very t i gh t  binding to dihy- 

drofo late reductase (EC 1.5.1.3) .  Although the molecular basis of th is  t i gh t  

binding has been a matter of debate, a great deal of evidence, has accumulated to 

indicate that ,  when bound to the reductase, methotrexate has N-1 of the p te r i -  

dine r ing protonated (1-8). This despite a pK a of 5.7 for  th is  protonation in 

the absence of enzyme (9,10). I t  has been general ly assumed that the protonated 

pter id ine r ing of enzyme-bound methotrexate interacts e l e c t r o s t a t i c a l l y  with an 

anionic group on the enzyme, and that th is  is at least par t ly  responsible for  

the t ightness of methotrexate binding. However, there have been few estimates 

of the magnitude of th is  contr ibut ion to the to ta l  binding energy. 
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Hood and Roberts (11) addressed the question of the contr ibut ion of metho- 

trexate protonation to overal l  binding energy by carrying out di f ference spec- 

troscopy on the complex of methotrexate with dihydrofolate reductase from L. casei 

In the i r  experiments excess methotrexate mixed with reductase was present in the 

sample ce l l ,  whereas the methotrexate and reductase solutions were kept separate 

in the reference ce l l .  A p lot  of the ext inct ion di f ference, at a selected wave- 

length, versus pH gave a bell-shaped curve (concave up). The data were f i t t e d  

to an appropriate equation for  deprotonation of free and bound methotrexate with 

d i f f e ren t  acid dissociat ion constants, and binding of protonated and unpro- 

tonated methotrexate to the enzyme with d i f f e ren t  association constants. This 

gave a pK a value of 5.35 for free methotrexate and 8.55 for bound methotrexate. 

At pH 7.5 the association constant calculated for binding of unprotonated metho- 

trexate was 1.75 x 107 M -1, and since that observed for fo la te was 9.8 x 104 

M -1, two-thirds of the addit ional binding energy for  methotrexate appears to 

arise from the dif ference in binding of neutral methotrexate and neutral fo la te.  

In view of the s i m i l a r i t y  of the structures th is  is an unexpected resul t .  

We have reported (10) that the chemical s h i f t  in nuclear magnetic resonance 

spectra of [2-~3C]methotrexate bound to dihydrofolate reductase from Streptococcus 

faecium indicates that bound methotrexate remains protonated to at least pH 10, 

which resul ts in quite d i f f e ren t  association constants from those calculated by 

Hood and Roberts, To determine whether th is  discrepancy is due to differences 

in the reductase from the two bacter ial  species, we now report NMR resul ts on 

[2-13C]methotrexate bound to L. casei dihydrofolate reductase. We also report 

UV spectra of methotrexate bound to the reductase. 

MATERIALS AND METHODS 
A culture of methotrexate-resistant L. casei was kindly provided by Dr. 

J.H. Freisheim. The reductase was pur i f ied  by a modif icat ion of the procedure 
of Gundersen et al .  (12). The act ive f ract ions from a G75 column were applied 
to a p teroy l lys ine  Sepharose column (3.5 x 11 cm) and a f f i n i t y  chromatography 
was carr ied out according to Pastore et al.  (13). The f ina l  preparation was 
homogeneous on polyacrylamide gel electrophoresis and had a speci f ic  a c t i v i t y  of 
29 IU per mg under conditions used for  assay of the S. faecium reductase (14). 

The synthesis of [2-13C]methotrexate and [2-13C]folate has been described 
(10), and the procedures used for  determining the chemical s h i f t  of 13C in 

414 



Vol. I00, No. I, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

162 

160 
g, 

E 158 

0 

1 5 6  

f i i I 

2 4 8 10 

pH* 

Figure 1. Dependence on pH* of the lac chemical shi f t  of [2-13C]methotrexate. 
The continuous line shows the chemical shi f t  of methotrexate C-2 in absence of 
enzyme, o •  Chemical shifts at 50.30 MHz of [2-13C]methotrexate (1.0 mM) in the 
presence of dihydrofolate reductase from L. casei (0.5 mM). Other details as 
previously described (10). 

enzyme-bound methotrexate at var ious pH values were the same as used fo r  metho- 
t rexa te  bound to the S. faecium enzyme ( I 0 ) .  Under these cond i t ions  the b inary  
complex of  methotrexate w i th  the reductase was s tab le  up to pH 9.5,  wh i le  the 
f o l a t e  complex was s tab le  to pH 8.5. 

The spectrum of  methotrexate bound to the reductase was determined at 24°C 
w i th  a Cary 14 spectrophotometer set to give 0.1 absorbance u n i t  at f u l l  scale. 
Standard 1 cm c e l l s  in both reference and sample compartments contained the 
buf fered reductase so lu t i on .  In the sample ce l l  the s o l u t i o n  also contained 
methotrexate at  a much lower concent ra t ion  than enzyme. 

Fluorimetr ic determination of association constants was carried out on 
reductase in 50 mM potassium phosphate buffer containing 0.3 M KCI as previously 
(15), but with computer-assisted calculat ions based on the equation in the form 
used by Torikata et al. (16). 

RESULTS AND DISCUSSION: 

The dependence of  the chemical s h i f t  o f  [2-13C]methotrexate in the presence 

of L. casei d i hyd ro fo l a t e  reductase is shown in Figure 1. Two resonances are 

seen in the NMR spectrum, one of  which has a chemical s h i f t  at each pH s i m i l a r  

to t ha t  fo r  f ree methotrexate. The other  has a chemical s h i f t  (157.51 ppm) 

which is  unchanged over the pH range 6.0 to 9.0, a l though at pH 9.5 there is  a 

s l i g h t  downf ie ld  s h i f t  of  t h i s  resonance. This r e s u l t  is  e s s e n t i a l l y  the same 

as tha t  p rev ious l y  observed fo r  [2-1SC]methotrexate in  the presence of S. faecium 

d i hyd ro fo l a t e  reductase (10) and, as in  tha t  case, is  i n te rp re ted  to mean tha t  

there is  no change in  the s ta te  of  p ro tona t ion  of  bound methotrexate over the pH 

range explored. The chemical s h i f t  f o r  the bound methotrexate is  much c loser  to 
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that for free, protonated methotrexate (156.19 ppm) than that for free, unpro- 

tonated methotrexate (162.54 ppm, Fig. 1). As we have previously argued in the 

case of the S. faecium reductase complex, th is  indicates that bound methotrexate 

remains protonated at pH values up to 9.5. As in the case of S. faecium (10) 

[2-13C]folate showed no change in chemical s h i f t  due to binding. 

Since th is  resu l t  is in con f l i c t  with the conclusions of Hood and Roberts 

( I I ) ,  we performed a dif ference spectrum t i t r a t i o n  with methotrexate and S. fae- 

cium reductase essent ia l l y  according to the method used by Hood and Roberts. 

Enzyme and methotrexate were present in separate compartments in the reference 

beam, but in the sample beam buffer was in one compartment and a mixture of 

enzyme and methotrexate (equimolar) in the other. When the absorbance d i f f e r -  

ence at an appropriate wavelength (400 nm) was plot ted as a function of pH, we 

obtained essent ia l l y  the same resu l t  as Hood and Roberts. However, when the 

actual spectrum of bound methotrexate was obtained (as described in Methods and 

Figure 2) th is  spectrum was unchanged between pH 6 and pH 10. Further, metho- 

trexate bound to L. casei dihydrofolate reductase had exact ly the same spectrum 

as obtained with the S. faecium enzyme. This spectrum is shown in Figure 2, and 

i t  may be seen that there was no s ign i f i can t  change in i t  between pH 6.4 and 

10.0. These resul ts c lear ly  support the conclusion, derived from the NMR study, 

that reductase-bound methotrexate is protonated at pH values up to 10. 

I t  may be noted that although the UV-spectrum of enzyme-bound methotrexate 

d i f f e rs  markedly from that of free methotrexate at the same pH, i t  also d i f f e rs  

s i g n i f i c a n t l y  from that of free protonated methotrexate. This, together with 

the dif ference in chemical s h i f t  of bound [2-13C]methotrexate from that of free 

[2-13C]methotrexate at low pH, c lear ly  indicates that the in teract ion of metho- 

trexate with residues at the act ive s i te  is more complex than simple protonation 

of N-I. I t  should be noted that the chemical s h i f t  observed for methotrexate 

bound to S. faecium reductase is 157.09 ppm, whereas that for  methotrexate bound 

to the L. casei enzyme is 157.51 ppm. This undoubtedly re f lec ts  some dif ference 

in the in teract ion of methotrexate with the act ive s i te  of L. casei reductase 

416 



VOI. I00, No. I, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

[ i i ~ i - 

008 ///'/z:~ .... . .  pH 73. ,o  DHFR 
.,'., , ', - - -  pH 4 o  No D H F .  

i ', I.t/t' ; I t ~ pH 6.4, with DHFR 
' " i ~ l  '; |1 

0.06 t"  

!V 
' i " ,  

o.o2~ "....'~ "'. 

l 
" ~l '~' 

% • 
] I 

250 300 350 400 450 
Wavelength (nM) 

I T r 7 

0.08 1 ~ ------pH 10.0, with DHFR 
pH 6.4, with DHFFI 

ooze/ 
°.o41~ V 

300 350 400 450 
Wavelength (nM) 

Figure 2. U l t rav io le t - v i s ib le  spectrum of free and enzyme-bound methotrexate at 
various pH values. In a l l  cases the reference and sample cel ls  contained iden- 
t i ca l  solutions except for the presence of methotrexate (3.7 pM) in the sample 
ce l l .  L. casei dihydrofolate reductase (DHFR) when present was at a concentra- 
t ion of 71 pM. Reagents present were as follows. Left panel: - -  - - - - ,  50 mM 
sodium acetate buffer,  pH 4.0; . . . . .  , 10 mM potassium phosphate buffer,  pH 
7.3; - - ,  10 mM potassium phosphate buffer, pH 6.4, and DHFR. Right panel: 
- - ,  10 mM potassium phosphate buffer, pH 6.4, and DHFR; - - - -  - - ,  10 mM 
potassium phosphate and 50 mM Tris chloride buffer,  pH 10.0, and DHFR. Al l  mix- 
tures except the f i r s t  also contained 0.5 M KCI, 1 mM EDTA and 0.02% sodium 
azide. 

from i t s  i n t e r a c t i o n  w i th  the ac t i ve  s i t e  of the S. faecium enzyme, a d i f f e rence  

which is apparentl ly too subt le  to be re f l ec ted  in the UV spectrum. 

The source oi: the apparent pK a of 8.55 in the method of  Hood and Roberts is  

unc lear ,  but one p o s s i b i l i t y  is  the assumption in t h e i r  t reatment t ha t  the 

concent ra t ion  of  bound methotrexate is given accura te ly  by the concent ra t ion  of  

enzyme present ( i . e .  the concent ra t ion  of  uncomplexed enzyme ~s zero).  This 

assumption becomes i nc reas i ng l y  inaccurate as the pH is ra ised.  Since Hood and 

Roberts do not give the concent ra t ion  of  l igands used, the magnitude of  t h i s  

e r ro r  cannot be assessed from t h e i r  publ ished data. 

F l uo r ime t r i c  t i t r a t i o n  gave the assoc ia t ion  constants f o r  f o l a t e  and metho- 

t rexa te  shown in  Table 1. When combined w i th  a pK a of  5.7 fo r  f ree methotrexate 

(9,10) and a pK a of  10.5 fo r  bound methotrexate the observed constants led,  by 

the method p rev ious l y  used (11),  to the assoc ia t ion  constants fo r  unprotonated 
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Table 1. Association constants for the binding of folate and methotrexate to 
L. casei dihydrofolate reductase. 

Association Constants (M -1) 

Protonated Unprotonated 
pH Ligand Observed species species 

7.5 Methotrexate 2.0(±0.5)xi0 s 1.3 x 101° 2.1 x 10 s 

7.5 Folate 1.22(±0.04)x10 s 

8.5 Methotrexate 4.3(±1.1)x107 2.7 x 101° 4.3 x 10 s 

8.5 Folate 4.7(±0.9)x104 

methotrexate and protonated methotrexate shown in the Table. Since the calcu- 

lated association constant for  unprotonated methotrexate is about the same as 

the observed constant for fo la te  at pH 7.5, and only n ine-fo ld greater at pH 

8.5, the large dif ference between the observed association constants for fo la te  

and methotrexate is almost en t i r e l y  due to the capab i l i t y  for protonation at N-1 

in the l a t t e r  case. 
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