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Abstract: The thermodynamic cycle perturbation approach, in conjunction with molecular dynamics simulations, has been 
used to calculate relative binding free energies for the closely related inhibitors 10-propargyl-5,8-dideazafolic acid (PDDF) 
and 10-formyl-5,8-dideazafolic acid (FDDF) to the binary complex consisting of the enzyme E. coli thymidylate synthase 
and 5-fluoro-2'-deoxyuridylate (FdUMP). The calculated difference in binding free energy (2.9 kcal/mol) is in good agreement 
with the experimentally observed preference for PDDF (3.75 kcal/mol). Energetically, PDDF is more difficult to desolvate 
than FDDF, but it more than compensates with favorable interactions in the complex. Entropic effects favor FDDF binding 
but are smaller in magnitude than energetic ones. The PDDF propargyl group makes several good hydrophobic contacts with 
protein and FdUMP atoms and terminates in a hydrogen bond to a protein carbonyl group. The FDDF formyl group makes 
a single hydrogen bond to a bound water molecule and has an electrostatically and sterically unfavorable contact with FdUMP. 
PDDF is predicted to have a more negative solvation free energy than FDDF, a trend opposite that found computationally 
and experimentally for but-1-yne and acetaldehyde, which are simple molecular analogues of the different functional groups 
which distinguish these two dideazafolic acid inhibitors. This result can be rationalized in terms of charge distribution shifts, 
steric blocking of water, and solvent polarization by the charged species. 

I. Introduction 
The recognition and subsequent binding of ligands to biological 

receptors is the most important step in many biochemical processes. 
Theoretical approaches which predict differences in binding af
finity for structurally similar ligands interacting with a common 
receptor would be useful in the rational design of therapeutic 
agents. The statistical mechanical technique of thermodynamic 
cycle perturbation (TCP) has been successfully used to calculate 
relative binding free energies of ligands with a common recep
tor.1"16 In this paper, we present results for such a calculation 
for inhibitors of the enzyme E. coli thymidylate synthase (TS). 
We also report studies of the solvation free energies of the in
hibitors and smaller molecules related to them. 

The TS enzyme plays a crucial role in DNA biosynthesis by 
catalyzing the reductive methylation of deoxyuridine mono
phosphate to produce thymidine monophosphate. In recent years, 
TS has been the focus of intense chemical, biological, and clinical 
research aimed at generating novel antitumor drugs with properties 
different from those of other antifolates such as methotrexate 
which acts against dihydrofolate reductase. 10-Propargyl-5,8-
dideazafolate (PDDF) was discovered to be a tight binding in
hibitor of TS, particularly after polyglutamylation, and was 
clinically evaluated in the early to mid eighties.17 10-Formyl-
5,8-dideazafolate (FDDF) is a related compound with modest 
activity.21,22 We have carefully measured the binding free energy 
difference against purified enzyme for this pair of inhibitors. 
Recently, Matthews and co-workers18"20 determined high-reso
lution crystal structures of E. coli TS ternary complexes containing 
5-fluoro-2'-deoxyuridylate (FdUMP) and either PDDF or FDDF. 
We have refined the crystallographic data for both complexes. 
With regard to the calculation of a binding free energy difference 
by TCP protein simulation methods, the crystal structure con
taining PDDF is a key input for the starting point, while the crystal 
structure involving FDDF provides a valuable check of the end 
point. In order to investigate the binding free energy difference, 
we utilize both crystal structures in conventional molecular dy
namics simulations. Additionally, we have calculated the relative 
solvation energy for PDDF and FDDF. The related smaller 
molecules but-1-yne and acetaldehyde were also studied because 
experimental data were available and the trend in solvation energy 
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was markedly different. The structures of these molecules are 
given in Figure 1. 
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Figure 1. Structures of the TS inhibitors PDDF and FDDF and the 
simple molecules acetaldehyde and but-1-yne used to test the force field 
parameters adopted for the formyl and propargyl functional groups. The 
geometric criteria used to define a hydrogen bond are shown. The 
maximum donor-acceptor distance (bold line) is 3.5 A for acetaldehyde 
and 3.6 A for but-1-yne. The minimum acceptor-hydrogen-donor and 
donor-"lone-pair"-acceptor angles (dotted lines) are 100°. 

Our analysis of the simulations reported here has the following 
main results. Energetic interactions underlie the tighter binding 
of PDDF to TS. The formyl group of FDDF has two possible 
orientations differing by a 180° rotation; the crystallographically 
observed orientation is calculated to be 0.9 kcal/mol lower in 
energy. Excellent agreement with experimental results is obtained 
for the relative solvation free energy of but-1-yne and acetaldehyde. 
The relative solvation free energy of PDDF and FDDF has a sign 
opposite that found for but-1-yne and acetaldehyde, but a sem
iquantitative explanation is provided by several auxiliary calcu
lations. 

II. Simulation Methods 

Solvation and binding are complex physical processes that are usually 
difficult to simulate directly. Nonphysical but computationally more 
tractable processes can be used to form a thermodynamic cycle which 
must sum to zero regardless of path since free energy is a state function. 
Figure 2 illustrates such processes and the solvation and binding cycles 
for the species of interest in this study. The difference between the free 
energy changes for two real processes is often the quantity of most rel
evance, such as AA1 - AA6 for solvation. Clearly this is equal to the 
difference between the two nonphysical processes of the zero-sum sol
vation cycle, AA1 - AA$, which we will refer to as the relative solvation 
free energy, AAAsoh. Expressed in terms of the corresponding experi
mentally measurable equilibrium constants, AAAMlv is given by -kBT In 
(fc7/£6), where kBT is the product of Boltzmann's constant and the tem
perature. Binding free energy differences are analogous, i.e., we define 
AA^bind by the computed quantity AAt - AA3 and, equivalently, the 
physically relevant quantity AA2 - AAV The determination of A^5, AA2, 
and AAt by TCP simulations has been described.214 For all free energy 
calculations reported here, the entire ligand is defined as the group of 
atoms to be perturbed and both intramolecular and intermolecular energy 
terms are included. 

We accomplish the required nonphysical transformation of one mol
ecule into a related molecule with the thread procedure.5 A single to
pology is defined for those atoms which are identical in both molecules 
in the sense that force constants and equilibrium geometries are the same 
(partial charges can vary). For the portion of the molecule which must 
be transformed, both the starting (reactant) and ending (product) to
pologies are defined with their correct geometries, one beginning the 

Figure 2. Schematic solvation and binding free energy changes for re
lated substrates PDDF and FDDF and receptor TS. The horizontal free 
energies correspond to experimental measurements while the nonphysical, 
vertical ones are calculated. 

simulation entirely as dummy atoms and the other ending entirely as 
dummy atoms. Dummy atoms are identical to real atoms except for their 
Lennard-Jones parameters and charges which are zero. At intermediate 
points during the transformation, all atoms of both topologies have 
fractional Lennard-Jones parameters and charges and both topologies 
interact with the environment but not with each other. This should be 
contrasted with the quite different and commonly used procedure of 
employing a single topology for the entire molecule which has some real 
and some dummy atoms. In that method, real atoms are turned off 
(become dummies) and dummy atoms are turned on as necessary while 
equilibrium internal coordinates are gradually modified from those ap
propriate to reactant to those appropriate to product. 

III. Computational Details 
In this section we discuss the model and parameters used in the mo

lecular dynamics (MD) computer simulations for both solvent and pro
tein environments. All MD simulations were performed with a modified 
form of the AMBER program.2324 Standard MD techniques were 
employed, including use of the Verlet algorithm25 for integration with a 
2 fs time step and use of SHAKE for constraining all bond lengths.26 

Constant temperature (T = 298 K) was maintained by velocity scaling. 
A residue based cutoff of 9.5 A was used for nonbonded interactions in 
general. However, all interactions among solute atoms and atoms of 
charged residues were included regardless of distance. The aqueous small 
molecule simulations were performed in a periodic rectangular box di
mensioned to allow a 9.5-A layer of water to surround the solute atoms. 
For the macromolecule simulations, protein atoms beyond 25.0 A from 
the center of the mutating groups were frozen. The protein was im
mersed in a 26.0-A sphere of solvent centered at the same point and 
solvent molecules were subject to a half-harmonic restraint near the 
boundary to prevent evaporation. 

The SPC/E27 water model, which provides a density, diffusion con
stant, and dielectric constant in excellent agreement28 with experiment, 
was chosen. The protein model adopted is that of the AMBER24 united 
atom force field. For small molecules, the AMBER all atom force field29 

was used. Some force constants for the fused rings and the propargyl 
group were missing from the published force field. They were estimated 
by linear interpolation of the ab initio bond length to experimental bond 
lengths and force constants for reference single and double bonds in
volving those elements.24 A complete listing of force constants and 
equilibrium geometries for the small molecules of this study is available 
upon request from the authors. Point partial charge models for the small 
molecules were fitted with CHELP30 to the quantum mechanical elec
trostatic potential computed from GAUSSIAN8831 ab initio 3-21G*// 
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Figure 3. Stereodrawing showing the ternary complex of PDDF, FdUMP, and nearby residues of E. coli TS. Protein and ligand atoms are shown 
in green (carbon), blue (nitrogen), red (oxygen), yellow (sulfur), and dark green (fluorine). Water molecules are represented as red crosses. The distance 
between the terminal propargyl carbon of PDDF and the carbonyl oxygen of GIy 173 is given. 

6-3IG* wave functions and are given in Table I. 
In all cases, the mutation propargyl —* formyl was carried out with 

the thread method5 described earlier. The propargyl group of PDDF and 
the formyl group of FDDF are threaded together at the NlO position. 
In the case of acetaldehyde -* but-1-yne, the mutating groups are 
threaded at the methyl carbon. For all simulations involving FDDF, 
PDDF, or TS, a two-stage procedure is used. During stage 1 the charges 
of the reactant atoms are turned off while the Lennard-Jones parameters 
of the product atoms are turned on. During stage 2 the Lennard-Jones 
parameters of the reactant atoms are turned off while the charges of the 
product atoms are turned on. 

In all free energy simulations, the system was initially equilibrated for 
20 ps followed by 1 ps of equilibrium and 2 ps of data collection for each 
window. A total of 51 windows were used for each complete mutation 
of but-1-yne — acetaldehyde, while 102 windows (51 for each of the two 
stages described above) were used for all simulations of PDDF —* FDDF, 
with or without TS. While these simulations are long, they are expected 
to achieve no more than a reasonably representative sampling of mic-
rostates. Recent work3233 has shown that some fairly simple systems 
require even longer runs for full convergence. Error bars are estimated 
for each window by dividing the window statistics into four groups and 
computing the standard deviation. The root mean square of these window 
errors is reported in Table II as a measure of the statistical uncertainty 
in the result for each complete mutation. 

Conventional molecular dynamics simulations are used to estimate and 
analyze energetic contributions to free energy changes and to determine 
average structural and geometric features of the systems.34 These 200-ps 
simulations of the solvated and protein-bound states are identical with 
the free energy simulations except that H(X) is fixed at the value X = 
0 or 1. For the solvated small molecules PDDF, FDDF, but-1-yne, and 
acetaldehyde, we compute the average total system energy, total solute-
water energy, and the propargyl or formyl H-bond energy. The H-bond 
energy is defined here as the sum of all AMBER force field pairwise 
energy terms involving atoms of the H-bonded waters interacting with 
either the C, O, and H of a formyl group or the two triple bonded Cs 
and H of a propargyl group. H-bonded waters are defined by the geo
metric criteria given in Figure 1. The difference between free energy 
changes and system energy changes yields -TAS. For the protein-bound 
simulations of PDDF and FDDF, we compute only the average interac
tion of all inhibitor atoms with all other atoms of the system, that is, with 
all solvent and protein atoms. We expect this to be the largest contri
bution to energy changes. 

IV. Determination of Inhibition Constants and 
Crystallographic Refinement 

Standard steady state analysis was utilized to determine the 
inhibition constants of FDDF against E. coli TS in the presence 
of saturating dUMP. The resultant observed inhibition constants 
were seen to be mixed noncompetitive with K1 slope of 1.6 nM 

Table I. Fitted ab Initio 
(electron units) 

atom 

Nl 
C2 
N2a 

H 
H 

N3 
H 

C4 
04 
C4a 
C5 

H 
C6 
C7 

H 
C8 

H 
C8a 
C9 

H 
H 

MO 

charge 

-0.80878 
1.04976 

-1.07155 
0.43501 
0.43501 

-0.76850 
0.36517 
0.79222 

-0.57181 
-0.35304 
-0.19901 

0.17181 
0.18910 

-0.19221 
0.15907 

-0.31857 
0.18157 
0.55307 

-0.21120 
0.08144 
0.08144 

-0.03982 

a Atomic Charges for PDDF and FDDF* 

atom 

CPl 
H 
H 

CP2 
CP3 

H 
CIl 
C12 

H 
C13 

H 
C14 
C15 

H 
C16 

H 
C17 
018 
N19 

H 
C20 

H 

charge 

-0.05590 
0.09755 
0.09755 
0.04273 

-0.46399 
0.30618 
0.26617 

-0.33011 
0.22234 

-0.05718 
0.11105 

-0.16780 
-0.05718 

0.11105 
-0.33011 

0.22234 
0.59756 

-0.57243 
-0.83300 
0.35900 
0.41200 

-0.02200 

atom 

C21 
022 
023 
C24 

H 
H 

C25 
H 
H 

C26 
027 
028 

NlOf 
Cf 

Hf 
Of 
ClIf 
C12f 

Hf 
C16f 

Hf 

charge 

0.71000 
-0.79050 
-0.79050 
-0.32600 

0.08900 
0.08900 

-0.21000 
0.04300 
0.04300 
0.97500 

-0.87400 
-0.87400 

-0.20597 
0.57500 

-0.01000 %^ * *^ » x^ ^ ^ x^ 

-0.51000 %^ * kr » ^r ^^ *^ 

0.29176 
-0.27527 

0.22234 
-0.27527 

0.22234 

°3-21G*//6-31G* with GAUSSIAN88 and CHELP. *PDDF = 
10-propargyl-5,8-dideazafolic acid; FDDF = 10-formyl-5,8-dideaza-
folic acid; attached hydrogens follow each heavy atom; see Figure 1 for 
atom names. 

and Kj intercept of 14 /aM.35 These values were calculated by 
fitting the observed data to a mixed noncompetitive inhibition 
scheme with EZ-FIT, a nonlinear regression analysis program.36 

The compound PDDF proved to be a much tighter binding 
inhibitor. The inhibition kinetics were such that the order of 
magnitude of the inhibition constant approached the concentration 
of the enzyme in the reaction mixture and free inhibitor could 
no longer be equated with total inhibitor.37,38 Consequently, the 
assays were modified to accommodate tight binding kinetics. The 
resulting data were analyzed with equations described by Mor
rison39 using a nonlinear regression analysis program described 
by Jackson et al.40 The independence of the observed inhibition 
constant, 2.8 nM, on the concentration of the variable substrate 
[(6i?,6S)-5,10-methylenetetrahydrofolate] revealed a noncom
petitive inhibition pattern as described by Henderson.41 

It should be noted that all binding affinity measurements were 
made in the presence of dUMP, while FdUMP was used for 
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Figure 4. Stereodrawing showing the ternary complex of FDDF, FdUMP, and nearby residues of E. coli TS. Protein and ligand atoms are shown 
in green (carbon), blue (nitrogen), red (oxygen), yellow (sulfur), and dark green (fluorine). Water molecules are represented as red crosses. The distances 
between the formyl oxygen of FDDF and the oxygens of water 401 and FdUMP are given. 

Table II. Relative Energy, Entropy, and Free Energy Differences (kcal/mol) 

changes of state" AAE calc 

BUT(aq) + ACE(g) — BUT(g) + ACE(aq) -5.5 ± 2.2 
PDDF(aq) + FDDF(g) — PDDF(g) + FDDF(aq) 9.9 ± 3.1 
TS:PDDF(aq) + FDDF(aq) — PDDF(aq) + TS:FDDF(aq) 8.6 ± 3.0* 

-TAAS calc 

2.1 ± 2.3 
-6.3 ± 3.2 
-5.7 ± 3.1* 

AAA calc 

-3.4 ± 0.6 
3.6 ± 0.7 
2.9 ± 0.8 

AAG expt 

-3.3C 

3.75 ± 0.1d 

°"aq" and "g" indicate aqueous and gas phase environments, respectively; BUT = but-1-yne; ACE = acetaldehyde; TS = thymidylate synthase; 
PDDF = 10-propargyl-5,8-dideazafolic acid; FDDF = 10-formyl-5,8-dideazafolic acid. * For this change of state only, the relative energy difference 
reported is the interaction energy of all solute atoms with all other atoms of the system for both the aqueous and protein simulations; the value given 
for -TAAS is obtained from AAA - AAE and includes any water-water, water-protein, and protein-protein contributions omitted from the reported 
value of AA£. cFrom ref 43. rfThis work, see Section IV. 

Table III. Number of Hydrogen Bonds, Hydrogen Bond Energies, and Interaction Energy of Solute with Solvent (kcal/mol) 

system" 

ACE 
BUT 
FDDF 
PDDF 

between 
formyl or 

av no. of H bonds 

1.98 ± 0.05 
0.98 ± 0.04 
1.49 ±0.04 
1.01 ±0.03 

waters and the 
propargyl group 

av energy of H bonds 

-4.20 ±0.11 
-1.33 ±0.05 
-3.30 ± 0.10 
-1.43 ±0.06 

"BUT = but-1-yne; ACE = acetaldehyde; PDDF = 10-propargyl-5,8-dideazafolic acid; FDDF 

Table IV. Contributions to Relative Energy Differences (kcal/mol) 

interaction energy between 
all solute and all solvent atoms 

-14.98 ± 0.45 
-12.18 ±0.36 

-435.3 ± 1.20 
-441.8 ± 1.30 

= 10-formyl-5,8-dideazafolic acid. 

AA£ solute-waler 

system" 

formyl-water and 
propargyl-water H-bond energy 

differences 

remainder of 
solute-water interaction 

differences AAE. water-water AA£ total 

ACE-BUT 
FDDF-PDDF 

-2.87 ±0.12 
-1.87 ±0.11 

0.07 
8.37 

-2.7 
3.4 

-5.5 
9.9 

"BUT = but-1-yne; ACE = acetaldehyde; PDDF = 10-propargyl-5,8-dideazafolic acid; FDDF = 10-formyl-5,8-dideazafolic acid. 

crystallographic work and subsequent molecular dynamics sim
ulations. A negligible effect on inhibitor binding is expected for 
this substitution. 

The crystallographic TS:FdUMP:PDDF structure obtained by 
Matthews et al.18 was refined by restrained least squares42 with 
programs PROTIN and PROFFT.43 Disordered water was 
modeled by the procedure for Bolin et al.,44 and all measured 
reflections were used in the refinement. The crystallographic R 
factor after least squares cycle 72 was 19.2% for all measured 
reflections to 2.3-A resolution. This trial structure was used as 
the starting point of the TCP simulation. 

Subsequent to the simulations described in this paper the PDDF 
ternary complex was further refined to an R factor of 16.2% and 
the FDDF ternary complex was refined to an R factor of 15.6%.45 

No significant structural changes occurred for TS:FdUMP:PDDF 

(42) Hendrickson, W. A.; Konnert, J. H. Computing in Crystallography; 
Diamond, Ramaseshan, Venkatesan, Eds.; Indian Academy of Sciences: 
Bangalore, 1980; pp 13.01-13.23. 

(43) Finzel, B. C. J. Appl. Crystallogr. 1987, 20, 53-55. 
(44) Bolin, J. T.; Filman, D. J.; Matthews, D. A.; Hamlin, R. C; Kraut, 

J. J. Biol. Chem. 1982, 257, 13650-13662. 
(45) Freer, S.; Matthews, D. A., unpublished results. 

during the additional refinement; the root-mean-square shift in 
a binding region of 20.0-A diameter was 0.2 A. The refined 
TS:FdUMP:FDDF coordinates are very similar to those of the 
PDDF complex. The root-mean-square difference between 
equivalent atoms for these structures is 0.3 A. The binding site 
regions of these complexes are shown in Figures 3 and 4. 

V. Solvation Free Energy Results 
The mutation PDDF -*• FDDF was carried out in water and 

in the gas phase in order to obtain the relative solvation free energy. 
All relative free energies reported in this paper are in the direction 
propargyl —*• formyl, thus a positive number indicates that pro
pargyl is preferred. The calculated AAv4so!v is 3.6 kcal/mol but 
no experimental value is known for comparison. However, the 
related smaller compounds but-1-yne and acetaldehyde have a 
measured relative solvation free energy of-3.3 kcal/mol,46 dif
fering even in sign. In order to test the force field parameters 
describing the formyl and propargyl groups, a calculation of the 
relative solvation free energy of but-1-yne and acetaldehyde was 
performed. The result of -3.4 kcal/mol agreed closely with ex-

(46) Hine, J.; Mookerjee, P. K. J. Org. Chem. 1975, 40, 292-298. 
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periment, confirming the suitability of the parameters and sup
porting our result for the inhibitors PDDF and FDDF. 

Because it could be argued that 3-(dimethylamino)propyne and 
dimethyl formamide are better simple models of PDDF and 
FDDF, we also computed their relative solvation free energy. The 
result of -2.8 kcal/mol was similar to that of but-1-yne -*• ac-
etaldehyde. Experimental solvation data for 3-(dimethyl-
amino)propyne was unavailable and no further work was done 
for these compounds. 

Decompositions into AA£ and -TAAS were accomplished with 
the aid of conventional molecular dynamics trajectories for each 
of the four solutes and are listed in Table II. For these simulations 
some further structural and energetic analysis of the trajectories 
was done as described in Section III. Those results are given in 
Tables III and IV. Experimental data for AA£ were unavailable 
for these precise systems. However, some validation of our results 
is provided by measurements for acetone and but-1-yne, which 
have a AA#so,valion of -6.0 kcal/mol and a AAGsolvation of -3.7 
kcal/mol.47 Energy changes are found to dominate the free energy 
changes for both PDDF — FDDF and BUT —• ACE. 

For BUT -*• ACE, the majority of the energy change can be 
traced to hydrogen bond differences between water and the 
propargyl or formyl group. The acetaldehyde oxygen accepts on 
the average two good hydrogen bonds from water, which together 
contribute -4.2 kcal/mol, whereas the carbon of but-1-yne donates 
one weak hydrogen bond of-1.33 kcal/mol, consistent with other 
studies of acetylenic hydrogens.48 A dispersion interaction be
tween non-hydrogen bonding groups would be considerably weaker, 
perhaps -0.5 kcal/mol. The contribution to AAE arising from 
all other interactions between the solute and waters is less than 
0.1 kcal/mol. 

For PDDF -*• FDDF, the situation is quite different. Here the 
energy difference is primarily due to the 8.37 kcal/mol arising 
from solute:water interactions other than H bonding between 
waters and the propargyl or formyl groups. These "other 
interactions" consist of dispersion and H bonding by the non-
propargyl and non-formyl atoms of the solute as well as longer-
ranged solvent polarization by the solute's overall charge distri
bution and magnitude. The -2 net charge of these inhibitors 
strongly polarizes water. The rearrangement of highly polarized 
water induced by the mutation PDDF -* FDDF may contribute 
substantially to the large energy difference even though the net 
charge remains constant. In order to explore this idea we mutated 
neutralized PDDF (both carboxylates protonated) into neutralized 
FDDF in both the aqueous and gas phase environments. The 
relative solvation free energy was -1.15 kcal/mol, differing from 
the PDDF -* FDDF result by -4.75 kcal/mol. This calculation 
supports the energetic importance of rearrangements of highly 
polarized water but should be interpreted with caution. For 
example, the conformations of the neutralized solutes may be 
different from those found for the -2 charge states. 

It is also instructive to compare directly the results for for-
myl-containing molecules and to do the same for propargyl-con-
taining molecules. In acetaldehyde, the formyl group is fully 
exposed to solvent and accepts an average of two good hydrogen 
bonds with water, whereas in FDDF the formyl group accepts an 
average of 1.5 hydrogen bonds from water. The steric bulk of 
FDDF interferes with full solvation of the formyl group, resulting 
in a loss in hydrogen bond energy compared to acetaldehyde. For 
the propargyl group of PDDF, no hindrance in hydrogen bonding 
occurs since the acidic hydrogen is pointing directly into solvent. 
The propargyl groups of PDDF and but-1-yne both donate one 
hydrogen bond to water. 

Another factor contributing to differences in solvation free 
energy trends for PDDF -»• FDDF and but-1-yne -*• acetaldehyde 
can be seen in the partial charges listed in Table I. The charges 

(47) Cabani, S.; Gianni, P.; Mollica, V.; Lepori, L. J. Solution Chem. 
1981, 10, 563-595. 

(48) (a) Berkovitch-Yellin, Z.; Leiserowitz, L. Acta Crystallogr. 1984, 
B40, 159. (b) Copley, M. J.; Holley, C. E., Jr. J. Am. Chem. Soc. 1939, 61, 
1599. (c) DeLaat, A. M.; AuIt, B. S. J. Am. Chem. Soc. 1987, 109, 4232. 
(d) West, R.; Kraihanzel, C. S. J. Am. Chem. Soc. 1961, 83, 765. 

Figure 5. 20-ps molecular dynamics averaged structure of protein TS 
(red) and ligand PDDF (yellow). X-ray structure of protein TS (blue) 
and ligand PDDF (white). 

on the nitrogen and three ring carbons closest to the mutation 
change significantly during PDDF —• FDDF and have an impact 
on solute-water interactions. This effect is entirely absent during 
the mutation but-1-yne -* acetaldehyde. In order to quantify this 
contribution, the conversion of PDDF to FDDF was carried out 
in two stages. In the first stage, the propargyl group atoms and 
their charges are converted into formyl group atoms and charges, 
but the charges on the nearby nitrogen and three closest ring 
carbons remain fixed at their original values (except for a small 
change in the nitrogen charge to maintain overall neutrality). The 
relative solvation free energy change for this stage, AA^1, is 1.29 
kcal/mol. In the second stage, the charges of the nearby nitrogen 
and closest three ring carbons are changed to the values which 
correspond to our FDDF model. The solvation free energy change 
in this stage, AAA2, is 2.16 kcal/mol, a sizable contribution not 
present in the but-1-yne to acetaldehyde case. The total solvation 
free energy change, AA^1 + AA^2, is 3.45 kcal/mol, in good 
agreement with the 3.6 kcal/mol obtained earlier for the direct 
conversion of PDDF to FDDF. 

VI. TS Binding Free Energy Results 
The high quality, 2.3 A resolution refined X-ray structure for 

the TS:FdUMP:PDDF complex and bound waters was used as 
a starting configuration for the TCP simulation (see Figure 3). 
Histidine protonation at one or both ring nitrogens was deduced 
from H bonding and other features of the environment. A bias 
toward protonation of both histidine nitrogens was applied in order 
to reduce the net charge on the dimeric protein to -4. FDDF, 
PDDF, and FdUMP each have a -2 charge. Since two inhibitor 
molecules and two FdUMP molecules are present in the TS dimer, 
the net charge on the system is -12. No counterions or changes 
in the customary charge of protein residues were used. While such 
an electrostatic model is far from ideal, alternatives sometimes 
adopted have their own drawbacks. The development and testing 
of better methods is an active and crucial area of research. 

To check our procedure and model for the complex, an average 
structure was computed from a 20-ps trajectory collected after 
a 20-ps equilibration of the minimized TS:FdUMP:PDDF system. 
A comparison with the experimental X-ray structure gave root-
mean-square deviations of 1.1 A for backbone atoms and 1.6 A 
for side chain atoms, indicating close agreement. The binding 
site region of these structures is displayed in Figure 5. Similar 
agreement was obtained for the TS:FdUMP:FDDF complex. 

The AA's computed from TCP simulations of the inhibitor in 
water and of the TS protein ternary complex are combined to give 
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the relative free energy change for the binding process, A.AAUni. 
As before, all relative free energies are in the direction propargyl 
-* formyl, so that a positive number indicates a preference for 
propargyl. Our net calculated value for AA/lbind is 2.9 kcal/mol, 
reproducing very well the experimental result of 3.8 kcal/mol. 
These and other relative free energies are reported in Table II 
along with an approximate decomposition. 

The binding energy change is obtained by averaging over 
conventional dynamics trajectories. For the ternary complex, we 
report in Table II only the relative interaction of the inhibitors 
with the rest of the system, a quantity collected during the sim
ulation. That is, differences in water-water, water-protein, and 
protein-protein interactions are neglected. By computing AE in 
water the same way, we obtain a relative binding energy, AAEbind, 
of 8.6 kcal/mol. As long as the neglected parts of AA£bind are 
small in magnitude or positive, it follows that the relative binding 
free energy change is controlled by relative energy changes. 

A more detailed breakdown of the time-averaged energy would 
be needed to identify with confidence the energetic reasons for 
tighter binding of the propargyl group. However, the following 
comments, some stated previously,18 can be made based on the 
structures obtained by X-ray crystallography (see Figures 3 and 
4). Clearly, a weak hydrogen bond exists between the terminal 
hydrogen of the propargyl group48,49 and the carbonyl oxygen of 
Glyl73, the donor-acceptor distance being 2.95 A and the car
bonyl carbon-oxygen-propargyl carbon angle being 117°. In 
addition, the propargyl atoms fit well in a TSiFdUMP pocket 
which may yield more dispersion interactions than would exist 
in water. This would arise from the more dense protein envi
ronment which offers a greater number of dispersion interactions 
compared to water, where strong hydrogen bonding leads to a more 
open structure. Such an effect may be partly offset however by 
the conformational entropy loss implied by burial in the protein. 
Good complementarity between the hydrophobic part of the 
propargyl group (atoms CPl and CP2, see Figure 1 and Table 
I) and hydrophobic atoms of the TS: FdUMP binary complex 
(phenyl ring of Phel76 and pyrimidine ring of FdUMP) con
tributes to tight binding. While the propargyl finds itself in a 
favorable environment, the opposite holds for the bound formyl 
group. The formyl oxygen has a repulsive 2.8-A interaction with 
a carbonyl oxygen of the substrate analogue FdUMP and has no 
direct interaction with protein atoms. The formyl oxygen accepts 
a hydrogen bond from a bound water molecule but would average 
1.5 hydrogen bonds if free in bulk water (see Table III). 

Can MD free energy computations be used to reliably predict 
binding conformations of a ligand? Examination of the 
FDDF:FdUMP:TS crystal structure suggests that the formyl 
group could be accommodated in either of two orientations related 
by a 180° rotation about the NlOf-Cf bond. Although electron 
density maps for the complex detect only one orientation, we 
carried out a TCP simulation of the other FDDF conformation 
which yielded a binding free energy relative to PDDF of 3.8 
kcal/mol. Along with our earlier result this places the unobserved 

(49) Such an interaction was postulated without protein structural data 
in: Jones, T. R.; Betteridge, R. F.; Neidle, S.; Jackman, A. L.; Calvert, A. 
H. Anti-Cancer Drug Design 1989, 3, 243-248. 

conformer 0.9 kcal/mol higher in calculated free energy than the 
observed one. Since the corresponding population ratio is 5:1, 
visibility of the minor component would not be expected in our 
2.3 A resolution electron density map. Modeling based on the 
refined X-ray structure suggests that the higher energy of the 
unobserved orientation is due in part to loss of the single hydrogen 
bond of the formyl oxygen. Additionally, although the repulsive 
interaction with FdUMP is relieved, the formyl group now has 
bad steric contacts with an intramolecular ortho hydrogen and 
with Phel76. 

VII. Conclusions 
We have calculated the free energy differences of both TS 

binding and solvation for the inhibitors PDDF and FDDF by 
means of the TCP molecular dynamics method. Solvation free 
energies were also determined for several related smaller molecules. 
Insight was provided by analysis of energetic contributions col
lected during conventional molecular dynamics. 

The solvation free energy calculation for PDDF - • FDDF 
showed that the propargyl-containing compound is favored in water 
by 3.6 kcal/mol, despite the greater polarity of the formyl group 
itself relative to the propargyl group. An opposite trend of about 
the same magnitude (-3.4 kcal/mol) is computed and measured 
experimentally for but-1-yne and acetaldehyde, resulting in a 
difference in the relative free energy changes of-7.0 kcal/mol. 
The actual conversion of PDDF into but-1-yne and FDDF into 
acetaldehyde was not carried out, but three other calculations 
provide semiquantitative support for the following explanations. 
There is a shift in charge distribution for the nitrogen and three 
ring carbons during the propargyl -* formyl conversion which 
contributes about -2 kcal/mol. Neutralizing the -2 net charge 
of both PDDF and FDDF may change AA^ by roughly -5 
kcal/mol. Finally, removing steric bulk allows an additional H 
bond for the formyl group which has an energy of approximately 
-1 kcal/mol. These three calculations are not precisely equivalent 
to the conversion of interest but they are similar. That their sum 
is -8 kcal/mol supports our rationalization of the computed 
difference in the relative free energy changes for PDDF - • FDDF 
and but-1-yne —• acetaldehyde. 

PDDF is predicted to have the stronger binding affinity for TS 
in full accord with experiment. With the reasonable assumption 
that contributions to AAE other than inhibitor-environment ones 
are small, we find that energetic contributions underlie the tighter 
binding of PDDF to TS. The propargyl of PDDF interacts with 
a backbone carbonyl and makes good hydrophobic contacts with 
protein atoms. The formyl of FDDF does not interact with protein 
atoms, accepts a single solvent H bond, and has a repulsive in
teraction with a carbonyl oxygen of FdUMP. 
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