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Dihydrofolate Reductase as a Paradigm of Rational Drug Design.

Objectives: Dihdrofolate reductase (DHFR) is one of the most studied enzymes with respect to drug
design due to its central role in the synthesis of DNA.  Upon completion of the lecture the student will
know the biochemical background of DHFR and drugs that target DHFR.  In addition, concepts
associated with drug structure-activity relationships, pKa, QSAR, and target-based drug design will be
reinforced via DHFR based examples.
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Figure 1) Methyl donor cycle indicating the essential role of DHFR in the synthesis of thymine.

Essential role in DNA synthesis
     i) dihydrofolate to tetrahydrofolate
     ii) tetrahydrofolate is then converted to 1 carbon adducts
     iii) catalyzes synthesis of thymidine monophosphate (dTMP) from uracil monophosphate (dUMP)
     iv) strongly linked to availability of tetrahydrofolate
          leads to thymineless cell death
          related to use of folate supplements used during pregnancy

DHFR is also involved in synthesis of purines, serine and methionine
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Drugs targeting DHFR

1) anticancer agents: preferentially kill cells reproducing at a high rate

What is the mechanism of action of DHFR inhibitors with respect to their use as antitumor agents
(on a biochemical level)?

2) antibacterials
     i) due to variability of enzyme from different sources
     ii) Trimethoprim is 100,000x more potent against E.Coli DHFR as compared to humans

bacterial DHFR: only reduces dihydrofolate to tetrahydrofolate
animal and bacterial DHFR are approx. 25 % homologous

3) abortions (not FDA approved; off label use)
          i) Methotrexate with Misoprostol (prostaglandin)
          ii) used during early pregnancy

http://www.gynpages.com/ACOL/category/mm.html

DHFR substrates

dihydrofolic acid and NADPH
two adjacent binding sites (one for each substrate)
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Figure 2) Mechanism of reduction of dihydrofolate reductase to tetrahydrofolate

Which substrate is the most appropriate to design an inhibitor against?

Would it be feasible to make inhibitors that target the NADPH binding site?



MacKerell, DHFR notes 3

Figure 2b) Structure of dihydrofolate reductase with folate (red) and NADP+ (green)
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Figure 3) Breakdown of dihydrofolate into structural moieties.

What type of interactions can occur between dihydrofolic acid and the enzyme active site?  What
amino acids, based on their sidechains, could be involved?

What are the protonation states of the ionizable groups?
     at physiological pH?
     in the enzyme active site?

Multiple substrates make it appropriate for development of a Multisubstrate inhibitor
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Inhibitors of DHFR

Pteridines known to have bacterial inhibitory properties since the 1940s
     i) Inhibition reversed by substrate folates (indicates that pteridines are competitive inhibitors)
     ii) All parts of folic acid may be exploited as inhibitors; however, compounds without the pteridyl
moiety are weak inhibitors

N

N N

N

H
H2N

Figure 4) Structure of amino pteridine

Methotrexate: (1949) widely used antitumor drug

Why isn't Methotrexate a substrate itself?
     NH2 group (electron donating, lone pair on NH2 nitrogen donates e- into the ring) on pteridine ring,
instead of the carbonyl on the substrate, increases the basicity of the adjacent ring N, increasing the pKa,
making the ring N a poorer nucleophile, which makes it harder to reduce the ring at the N5 and C6
positions (reduction, add e-s (via hydride ion), base; e- donor, acid; e- acceptor)

N

N N

N

H2N

CH2 C
O

CHCH2CH2COOHN
H COOH

NH2

Methotrexate

N

CH3

Figure 5) Structure of Methotrexate

Trimethoprim: (1962)

N

N

CH2

NH2

H2N

OCH3

OCH3

OCH3

Trimethoprim

Figure 6) Structure of Trimethoprim (note pyrimidine ring instead of pteridine)
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What are the structural similarities with the substrate?

QSAR studies on DHFR inhibitors

Correlation analysis using rat liver DHFR
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Figure 7) Structure of 2,4-diaminoquinazolines and results from the QSAR analysis. Subscripts refer to
positions of the substituents (except for the indicator variables)

MR6: molar refractivity of position 6 substituent (note squared term)
π5: hydrophobicity of position 5 substitutent (to the power of the hydrophobicity, such that the
contribution of this term is always positive; since the coefficient is a fraction, positive π, smaller
contribution, negative π, larger contribution)
Free and Wilson Enhancement factors/Indicator variables (substituent indicator variables)

I1: 1 if position 2 is a -SH or -OH, 0 if NH2

I2: 1 if position 2 is a H, 0 if NH2

I4: 1 if position 4 is a -SH or -OH, 0 if NH2

I5: 1 if the following bridges from position 5 to an aryl group: S, SO, SO2, CH2S, CH=CH
I6: 1 if position 6 is a -SO2Ar

molar refractivity, MR (originally proposed by Pauling and Pressman as an electronic parameter for the
correlation of dispersion forces involved in the binding of haptens to antibodies.). Now determined from
the refractive index, n, the molecular weight, MW and the density, d.
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Figure 8) Equation for molar refractivity

Since refractive index doesn't change much for organic molecules, the term is dominated by the MW
and density. larger MW, larger the steric effect and greater the density, the smaller the steric effect (the
molecules tend to pack better).

How do to values of the coefficients relate to the contributions of the individual terms?

Which term has the largest effect (what are the relative contributions)?

MR: positive coefficient indicates favorable contribution; the MR squared term allows for an optimal
MR (as with hydrophobicity squared).

π: term is based on the coefficient to the power of π, as π increases, the contribution of that term
decreases because the coefficient is a fraction, however, it is always favorable.   Note that negative π
values will lead to increased contributions because one is taking the reciprocal of the value (x-y = 1/xy).

I1: negative: -SH or -OH at 2 are unfavorable as compared to NH2

I2: negative: H at 2 is unfavorable as compared to NH2: largest magnitude coefficient (NH2 at position 2
is essential)

I4: negative: -SH or -OH are unfavorable as compared to NH2 at position 4

I5: negative: bridges from position 5 to an aryl group: S, SO, SO2, CH2S, CH=CH are unfavorable

I6: positive: -SO2Ar at position 6 is favorable (think about structure of normal substrate)

MR6I: negative cross term: indicates that the combination of a -SH or -OH at position 2 and a large
position 6 substituent (due to large MR) is unfavorable. 

Available 3D crystal structures of DHFR from different sources and with different inhibitors
bound allows for 3D structural information to be used to explain  the above QSAR equation.

How are the positions of the folate and NADP substrates relative to each other important for the
enzyme's catalytic activity?

What assumption has to be made concerning the binding of the quinazolines to the enzyme active
site to interpret results with respect to the structure of the active site?
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Figure 8b) Structure of Methotrexate bound to Dihydrofolate Reductase

Region around 2 and 3 positions:
     Asp interacts directly with the 2NH2 and the ring 1-NH groups.   Replacement of 2NH2 with -SH or -
OH leads to decreased interactions with asp27 as an hydrogen bond is still formed.  However,
replacement of 2NH2 with an H totally eliminates any favorable interaction (due to values of -2.15). 
This is why the I2 coefficient is larger than the I1 value.

Region around 4 position:
     Two backbone carbonyls Os will interact better with NH2.   The smaller magnitude coefficient for
I4 as compared to I1 and I2 is due to the interactions at position 4 being dipole-dipole interactions versus
the stronger ion-dipole interactions at position 2.

Region around 5 position:
     Ile backbone: addition of bridges to aryl groups is unfavorable due to the "hindered" nature of this
region (steric overlap)

Region around 6 position:
     Open due to this being the link atom to the remainder of the substrate: addition of the -SO2Ar groups
is therefore favorable.  This is consistent with the MR6 coefficent being positive, indicating that a large
moiety is favorable at that position, although there is an upper limit in the size as indicated by the MR
squared term with the negative coefficient.

What types of interactions are occurring between the enzyme and the substrate based on the
crystal structure?
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Free Energy Perturbation Calculations
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Figure 9) Structure of Trimethoprim

Trimethoprim
     i) inhibitor of dihydrofolate reductase
     ii) ionizable due to N1 of pyrimidine ring
          pKa approx. 4 in solution, therefore unprotonated at physiological pH
          N1 protonated when bound to the enzyme 
     iii) KD subnanomolar

What type of functional group would cause the pKa of the N1 in the pyrimidine ring to increase to
larger than 7 when bound to the enzyme?  

100,000x more inhibitory of E.Coli DHFR than of human DHFR
assume E.Coli DHFR is representative of all bacterial DHFRs

What does this mean as a potential therapeutic agent?

What type of disease may TMP potentially be useful as a therapeutic agent?

Free energy perturbation calculations on Trimethoprim and analogs with DHFR

What sites on the inhibitor are suggested to be important for activity?
     from Xray structure
     from QSAR



MacKerell, DHFR notes 9

N

N

NH2

H2N

OCH3

OCH3

OCH3

Trimethoprim

N

N

NH2

H2N

OCH3

OCH3

OCH3

Trimethoprim

N

N

NH2

H2N

OCH3

CH2CH3

OCH3

p-ethyl-trimethoprim (PET)

N

N

NH2

H2N

CH2CH3

CH2CH3

CH2CH3

tri-ethyl-trimethoprim (TET)

Figure 10) Structures of Trimethoprim (TMP) and its p-ethyl (PET) and tri-ethyl (TET) analogs.
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Figure 11) Themodynamic cycle applied to trimethoprim (TMP) and the para-ethyl analog (PET) and
the relationship of the experimentally determined equilibrium constants to the computationally
determined "unphysical" equilibrium constants.
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Figure 12) Equation showing the equivalency between the ratio of the experimentally accessible
equilibrium constants, Keq,PET and Keq,TMP, and the computationally accessible KDHFRr and Ksolution,
equilibrium constants.

Note that KDHFR corresponds to the relative binding of PET versus TMP directly to the DHFR binding
site and Ksolution corresponds to the relative solvation of PET versus TMP. Since the empirical force field
calculations are based on energies the equilibrium constants are converted to free energies via the vant
Hoff equation to yield the difference in the free energy of binding of the two inhibitors, ΔΔG, as a
function of the experimentally accessible, ΔGeq,PET and ΔGeq,TMP, and computationally accessible, ΔGDHFR

and ΔGSolution, free energy differences.
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ΔΔG = ΔGeq,PET −ΔGeq,TMP = ΔGDHFR −ΔGsolution

Figure 13) Equation to calculate the free energy difference for the binding of PET versus TMP to
DHFR.



MacKerell, DHFR notes 10

Thus, free energy perturbation calculations must be performed directly from TMP to PET and from
TMP to TET both in aqueous solution and when bound to DHFR

Computational data for the binding differences between TMP and PET and TMP and TET to DHFR
(Free energies in kcal/mole)

Perturbation ΔGSolution ΔGreceptor ΔΔG ΔΔGexp

TMP to PET 1.9 2.3 0.4 -

TMP to TET 3.8 2.5 -1.3 -1.7

Remember a negative ΔΔG is more favorable. Therefore, PET binds less favorably than TMP by 0.4
kcal/mole and TET binds more favorably by 1.3 kcal/mole.

Both PET and TET are less favorably solvated than TMP as indicated by the positive ΔGSolution values:
this will favor PET and TET binding over TMP

Both PET and TET bind less favorable to the enzyme as indicated by the positive ΔGDHFR values: this is
unfavorable for PET and TET binding as compare to TMP

PET: because the change in solvation is favorable but of a smaller magnitude than the unfavorable
change in the interaction with the enzyme; overall PET binds worse than TMP.

TET: the change in solvation is very favorable for binding while the change in the interaction with the
enzyme is less unfavorable; leading to an overall decrease in binding (more favorable than TMP).

What do the positive values of the changes in ΔGSolution mean with respect to the solubility of the
compounds?

What do the positive values of the changes in ΔGDHFR mean with respect to the interaction of the
compounds with the enzyme?

What is responsible for the larger change in solution upon going to TET as compared to PET?

Is the relationship of methoxy to ethyl groups linear with respect to the free energy of solvation? 
Why?

Reference: Fleischman, S.H. and Brooks III, C.L. Protein-Drug Interactions: Characterization of
Inhibitor Binding in Complexes of DHFR with Trimethoprim and Related Derivatives.
PROTEINS: Structure, Function and Genetics, 7:52-61, 1990
 


