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THE INFLUENCE OF STARTING COORDINATES IN 
FREE ENERGY SIMULATIONS OF LIGAND 

BINDING TO DIHYDROFOLATE REDUCTASE 
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Department of Biochemistry, University of Sydney, N.S.  W 2006, Australia 

(Received March 1995, accepted April 1995) 

Molecular dynamics (MD) simulation combined with free energy perturbation (FEP) methods have been 
used to study the key structural differences and relative free energies for the binding of 6-methyl-N5- 
deazapterin (N8 protonated) and the 8-substituted compound, 6,8-dimethyI-NS-deazapterin (N3 proto- 
nated), to dihydrofolate reductase (DHFR). The free energy changes have been calculated using a variety of 
initial X-ray coordinates derived from bacterial and vertebrate (including human) DHFRs, and both with 
and without the reduced cofactor nicotinamide adenine dinucleotide (NADPH) bound. Given a sufficiently 
long simulation time for the FEP calculations (ca. 200 ps), all structures obtained after mutating 6,8-methyl- 
N5-deazapterin to 6-methyl-N5-deazapterin exhibited hydrogen bond formation between a backbone 
carbonyl group of DHFR and H(N8) of 6-rnethyl-NS-deazapterin, analogous to that found in the X-ray 
crystal structure of N5-deazafolate(N8 protonated) bound to human DHFR. However, both simulation and 
experiment suggest this additional H-bonding does not greatly enhance thermodynamic stability, with 
experiment indicating at most a factor of 2 difference in the relative affinities of the two ligand cations for 
vertebrate DHFR. Moreover, a binding differential of 10 infuoour of the protonated 8-substituted compound 
is found experimentally for bacterial DHFR. The MD/FEP calculations suggest that the relative cost of 
ligand desolvation may largely cancel the lowering of free energy obtained in the active site, resulting in 
predicted binding differences within the range indicated by the vertebrate and bacterial DHFR experiments. 
However, the theoretical free energy changes could not be obtained with the accuracy required for the 
rationalization of the observed species dependence. While sampling difficulties are known to be inherent in 
MD simulation methodologies, these studies with several initial coordinate sets have demonstrated the 
contribution of coordinate choice to this problem. The results indicate that for demanding protein-ligand 
binding problems such as this one, the accuracy of the method may be no better than 2 kcal/mol. 

KEY WORDS molecular dynamics, free energy perturbation, dihydrofolate reductase inhibitors, hydro- 
phobic hydration. 

INTRODUCTION 

The goal of rational drug design is to optimize the physical and chemical properties of 
a molecule for a highly specific function, usually for strong binding to a particular 
protein or DNA. Information regarding the nature of specific ligand-protein interac- 
tions and the relationship between structure and biological function can be gleaned 
from X-ray crystallographic studies of complexes formed between substrates or 
inhibitors and the enzymes. The prediction of relative thermodynamic stabilities, 
however, requires free energy calculations using molecular dynamics (MD) or Monte 
Carlo simulation techniques. These so-called free energy perturbation (FEP) or 
thermodynamic cycle methods may prove to be useful tools in the overall drug-design 
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156 P. L. CUMMINS AND J. E. GREADY 

strategy [I]. The enzyme dihydrofolate reductase (DHFR) catalyses the nicotinamide 
adenine dinucleotide phosphate (NADPH) dependent reduction of folate to tetrahyd- 
rofolate, and dihydrofolate to tetrahydrofolate, and is a target for various antineoplas- 
tic and antibacterial drugs [2,3]. DHFR has become a popular test case for computer- 
aided drug design and consequently several MD/FEP calculations on the DHFR- 
binding of drugs such as methotrexate and trimethoprim have been reported in the 
literature [4-101. 

The design rationales we used in the development of mechanism-based 8-sub- 
stituted-pterin (8-R-pterin) substrates of DHFR [ 11-15] suggested that 8-R-N5- 
deazapterins might well be inhibitors of DHFR. We refer to the earlier work [ll-151 
for details, but simply note here that 8-substitution which produces a more basic 
compound is central to the pterin-substrate design. Recent experimental work carried 
out in this laboratory has shown that 8-substituted-NS-deazapterins, including 6,8- 
dimethyl-N5-deazapterin, are indeed inhibitors of DHFR and display strong binding 
in ternary complexes with NADPH cofactor [16]. The non-8-R-substituted com- 
pound, NS-deazafolate, is also known to be an inhibitor and binds more tightly than 
folate to DHFR from E .  coli and chicken liver [ 171. Quantum chemical calculations of 
protonation behaviour and electronic spectra [ 13,181 indicate that N5-deazapterins 
(i.e. analogues of NS-deazafolate) protonate at N8, whereas N3 is the protonation site 
for the 8-R-substituted compounds, findings also supported by experiment [lS, 18,191. 
Structures of the N8 protonated and neutral forms of 6-substituted-NS-deazapterins 
(e.g. 6-methyl-N5-deazapterin and NS-deazafolate) are shown in Figure 1. The struc- 
tures of N3 protonated and neutral 6-Rf-8-R-N5-deazapterins (e.g. 6,8-dimethy-NS- 
deazapterin) are shown in Figure 2. Both the 8-substituted (N3 protonated) and 
non-8-substituted (N8 protonated) cations are stabilized by the resonance-delocalized 
extended-guanidinium group [13,20,21]. 

One of the key features in the X-ray structure of human DHFR complexed with 
NS-deazafolate [22] is the hydrogen bond formed between H(N8) of the ligand and the 
carbonyl oxygen of Ile-7. It has been assumed that this H-bond interaction is 
responsible for the tighter binding of NS-deazafolate compared with folate which is not 

H 

Figure 1 Structures for (a) stable cations showing the extended guanidinium resonance, and (b) neutral 
formsof6-R'-NS-deazaptenn. In the inhibitor NS-deazafolate, the sidechain is R' = methylene(p-aminoben- 
zoyl)-L-glutamate. 
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FREE ENERGY SIMULATIONS 157 

Figure 2 Structures for (a) stable cations showing the extended guanidinium resonance, and (b) neutral 
forms of 6-R-8-R-NS-deazapterins. 

H-bonded in the X-ray structure and, therefore, presumably is not protonated on N8 
[22]. In a recent crystal structure determination of the E. coli DHFR.N5-deazafolate 
complex [23] this H-bonding is absent, suggesting the binding of unprotonated ligand 
(at pH - 7). Clearly, the H-bond interaction will not be present if the NS-deaza- 
inhibitor is substituted in the 8 position, for example by a methyl group. Whether this 
8-substitution translates into reduced or increased affinity of the protonated species for 
DHFR will depend on the relative free energies of desolvation and ligand binding. The 
difference in the dissociation constants of the cation form of the two ligands (Figures 1 
and 2) from vertebrate DHFRs can be estimated from experiment [ 14,16,24] to be very 
small (no more than a factor of two). This result seems to suggest that the gain in 
stability due to possible H-bond formation may be offset by an almost equal gain in 
solution stability, thereby giving little net gain in binding. However, the experimental 
results for E. coli DHFR [24] suggest that the 8-substituted cation (Figure 2) binds 10 
times (1.5 kcal/mol) more strongly. In principle, MD simulation combined with the 
FEP approach is suited to the study of this type of problem, as it allows the calculation 
of both the relative solvation free energies for the binding of N8 protonated 6-methyl- 
N5-deazapterin and N3 protonated 6,8-dimethyl-NS-deazapterin to DHFR. 

The practical difficulties inherent in the estimation of free energy differences by 
molecular simulation are well known and have been discussed in various review articles 
[25-281. Many of these difficulties are associated with the choice of initial conditions, 
subsequent MD simulation conditions and the efficiency of configuration-space samp- 
ling. Note that the actual X-ray structure of the complex formed between DHFR and 
6,8-dimethyl-NS-deazapterin has not been determined. Consequently we must use 
starting coordinates for DHFR from the available X-ray studies on complexes where 
substrates or inhibitors are bound. These substrate or inhibitor molecules are then 
deleted from the structures and 6,8-dimethyl-NS-deazapterin modeled into the binding 
site using the known binding-geometry information [ 12-14]. If the initial X-ray 
structure turns out to be a poor guess to the structure of the true complex, lengthy 
equilibration may be required, and a priori it is not clear how long the simulation must 
be run in order to obtain adequate statistics for a free energy determination. A number 
of free energy determinations should be made by varying the simulation time in order 
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158 P. L. CUMMINS AND J. E. GREADY 

to test the validity of the result. The success of free energy simulations, therefore, 
depends critically on the development of protocols which are appropriate for a given 
problem. 

In this work we have examined the convergence of the computed free energies and 
structures obtained by MD simulation by performing calculations under different 
conditions, i.e. initial X-ray coordinates, simulation times and force-field parameters. 
The MD/FEP simulations were carried out on several examples of DHFR from 
bacterial [29-311 and vertebrate [22,32-341 sources. Many of these X-ray crystal 
structures have the cofactor NADP’ or NADPH bound, and all have either a known 
substrate or inhibitor molecule bound in the active site. For some of the complexes 
studied, the mutations were carried out in both directions, i.e. the free energy was 
calculated for the change 6,8-dimethyl-NS-deazapterin+ 6-methyl-NS-deazapterin 
and also for the change 6-methyl-N5-deazapterin + 6,8-dimethyl-N5-deazapterin. As 
an additional source of error in the calculations derives from the approximations used 
to obtain potential energy functions in MD simulations, the sensitivity of the computed 
free energies and structures to the possible H-bond interaction was tested by carrying 
out simulations using two potential energy functions which differ only in their 
parameter assignment for the description of interactions between the enzyme and 
H(N8) of the 6-methyLN5-deazaptenn ligand. 

METHODS 

Free Energy Perturbation Methods 

The free energy differences are obtained by transforming or “mutating” the potential 
energy parameters of a ligand A (6,8-dimethyl-NS-deazapterin) to those of a second 
ligand B (6-methyl-NS-deazapterin) during the M D  simulation. The relative thermo- 
dynamic stability of A and B is given by the free energy difference [l] 

where A FWlv is obtained from the simulation in which the mutation A + B is carried out 
for the free ligand in solution and A Fbind is from the simulation in which the mutation 
A + B is carried out for the ligand bound to the protein. The procedure follows closely 
that used in a previous study on DHFR-binding ligands [35]. The MD/FEP simula- 
tions were carried out using the AMBER 3.2 programs [36] and the A + B mutation 
achieved via A coupling [37] of the potential energy function (V), where the entire 
ligand molecule was taken to be the perturbed group of atoms. The coupling param- 
eter A was divided into discrete values, li, to yield “windows” of uniform width 
A l i  = ,Iif - li. For each window an equilibration simulation was performed followed 
by a simulation in which all data were collected for the calculation of the perturbation 
free energy from the formula [ 1,373 
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FREE ENERGY SIMULATIONS 159 

where f l =  (kT)- and the ensemble average is taken over the intermediate state defined 
by ,Ii. The total free energy difference for the mutation is obtained by summing over 
windows and taking the average (and standard error) of the plus and minus perturba- 
tion free energies A F (+ Ani) and A F (- ALJ, 

1 
A F =-c {A F (+ Ani) - A  F ( -  Ani)) 

2 i  
(3) 

In AMBER [36] the potential energy functions used for MD simulations are of the 
general form 

where Vbad includes all bond, angle and dihedral terms, Vele is the electrostatic term 
arising from nonbonded interactions between atomic partial charges, and Vvdw is the 
nonbonded van der Waals (vdW) interaction term (which may be modified for H-bond 
interactions). In the MD/FEP calculations the bond energy terms were made redun- 
dant (all zero), since the SHAKE algorithm [38] was used to constrain all bond lengths 
to their specified equilibrium values. 

In the present study, the terms in V which correspond to the ligands’ intramolecular 
energy were omitted from the free energy calculation. These terms represent the 
interactions between atoms of the ligand, i.e. the perturbed group of atoms. These 
energies have no physical meaning for these ring systems dtte to the approximate nature 
of MD force-fields [4,14,35]. For example, the ligands’ atomic charges are derived to 
reproduce the electrostatic potential outside the molecules [39], and consequently 
electrostatic interactions between atoms in the ligand are poorly defined. The use of 
SHAKE [38] constrains the distances between chemically-bonded atoms and, hence, 
the ligands’ internal vibrations are not properly described. Also, the angle and dihedral 
terms are only crude approximations taken from the AMBER protein force field [40]. 
However, accurate vibrational contributions to the free energy for molecules in the gas 
phase can be estimated readily at the semiempirical AM1 level [41] using standard 
procedures [42]. For 6,8-dimethyl-NS-deazapterin and 6-methyl-NS-deazapterin 
we calculate values of - 3.3 and - 3.2 kcal/mol, respectively. Thus, the free energy 
difference is negligible. Moreover, these ligands are compact resonance-stabilised 
[20,21] ring systems with rigid torsions. Therefore, internal vibrations are only weakly 
coupled to intermolecular motions in condensed phases, thereby justifying their neglect 
in MD/FEP calculations. 

Clearly the inclusion of the intramolecular terms for these types of ligands may 
lead to physically unrealistic values for the free energy change. Our experience 
is that the neglect of the ligands’ intramolecular terms yields good agreement 
with the experimentally-observed trends in dissociation constants for similar 
DHFR-binding ligands [14,35]. In this model of the interaction only nonbonded 
terms between ligand and environment are used in the calculation of the free energy 
change, as these are physically well-defined when used to describe intermolecular 
forces. 
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160 P. L. CUMMINS AND J. E. GREADY 

As shown in Figure 3, the free energy calculations were divided into four stages. 
Energy minimization (BORN module) was followed by an initial MD equilibration for 
7 ps before the mutations were started (GIBBS module). The mutation A + B was 
carried out in two stages via an intermediate state A ’  (electrostatic decoupling) [43]. 
The intermediate state A’takes on the electrostatic terms of the final state B, but has the 
same intramolecular and vdW terms as the initial state A. Thus, the mutation A -+ A’ 
gives the “electrostatic” contribution A Fc,e.  The transformation is completed by the 
mutation A ’ + B  to give the “ v d W  contribution A Fvdw, where the vdW and all 
remaining potential energy terms are changed to those of the final state B. The total free 
energy is obtained as the sum of A Fele and A Fvdw. There are two reasons for 
performing the mutation in the stages described. Firstly, as pointed out by Rao and 
Singh [43], electrostatic decoupling reduces the likelihood of path dependencies that 
may arise in the calculation of A Frolv. Secondly, as in the present case the electrostatic 
mutation represents only a small perturbation on the system and contributes negligibly 
to the net free energy change [35], the transformation A + A ’  effectively allows 
additional equilibration time prior to the major structural mutation A’ + B (i.e. 
CH, + H). We have found that for the active-site dynamics approach used here, the rms 
deviations from the initial X-ray coordinates reach a maximum after 40 to 50 ps [44]. 
Hence, in this work we have economised by following a relatively short initial 
equilibration (7 ps) with a 42 ps mutation of the electrostatic terms. In previous work 
[35], we found that a 40ps simulation time for the calculation of A Fbind was sufficient 
to reproduce the experimentally-observed ordering of binding constants for a series of 
related DHFR-binding ligands. In the present work we have sampled configuration 

BORN Energy Minimization: 
1700 steps (SHAKE for last 100) 

3000 steps At=0.002 ps (SHAKE) 

500 steps equilibration At=0.002 ps (SHAKE) 
500 steps data collection At=0.002 ps (SHAKE) 

80.8 ps vdW Mutation (bl+O): 
101 windows AkO.01 
200 steps equilibration At=0.002 ps (SHAKE) 
200 steps data collection At=0.002 ps (SHAKE) 

101 windows AkO.01  
202 ps vdW Perturbation (kl+O): 

500 steps equilibration At=0.002 ps (SHAKE) 
500 steps data collection Ak0.002 ps (SHAKE) 

Figure 3 Simulation conditions for the calculation of the solvation free energy differences AF,,,, and 
binding free energy differences A F,,,,. Ar = integration time step, A 1. = increment in the coupling parameter. 
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FREE ENERGY SIMULATIONS 161 

space more thoroughly by performing the vdW mutation over longer simulation times 
of ca.80 and 200ps. The 200ps simulation is 1OOps longer than any previously- 
reported FEP simulation in DHFR [4-10,14,35,45]. For A F so,v, and A F bind for some 
of the ligand-protein complexes, the calculation of the free energy for the reverse vdW 
mutation, i.e. B + A', was carried out as a further test of the sampling quality. 

Potential Energy Parameters 

The standard AMBER all-atom force-field parameters of Weiner et al. [40] were 
adopted for the DHFR molecule, while the NADPH cofactor force field parameters 
that were used are described in an earlier work on cofactor binding to DHFR [45]. 
Water molecules were assigned the TIP3P force field parameters of Jorgensen et al. 
[46]. For the ligands, 6,8-dimethyl-N5-deazapterin and 6-rnethyl-NS-deazapterin, 
structural parameters and atomic partial charges were obtained at the semiempirical 
AM1 level [41]. The AM1 partial atomic charges (Q) and the vdW parameters (i.e. the 
Lennard-Jones well depth E and vdW radii R) for the ligands are given in Table 1. The 
atomic charges were obtained using methods [39] based on a least-squares fit of the 
molecular electrostatic potential (MEP) computed within the neglect of diatomic 

Table 1 
non-bonded potential terms for the 6,8-dimethyI-NS-deazapterin and 6-methyl-NS-deazapterin cations 

Partial charges Q (am) and van der Waals parameters, R(A)  and &(kcal/mol), used in the 

~~ 

atom" 6,8-dimethyl- NS-deazapterin 6-methyl- NS-deazapterin 

Q R & Q R & 

C8a 
N1 
c 2  
N2 
H2A 
H2Bb 
N3 
H3 
c 4  
0 4  
C4a 
c 5  
H5 
C6 
C6 
H6A 
H6B 
H6C 
c 7  
H7 
N8 
C8/H8 
H8A 
H8B 
H8C 

0.75902 

0.78848 

0.32454 
0.31536 

0.33181 
0.86360 

- 0.8 1704 

- 0.5 1692 

-0.64056 

- 0.46672 
-0.62301 

0.21355 
0.13016 

-0.09604 
- 0.24409 

0.10732 
0.1 1343 
0.10878 
0.06383 
0.15847 

-0,11044 
-0.10345 

0.10859 
0.10776 
0.12241 

1.85 
1.75 
1.85 
1.75 
1 .00 
1 .00 
1.75 
1 .00 
1.85 
1.60 
1.85 
1.85 
1.54 
1.85 
1.80 
1.54 
1.54 
1.54 
1.85 
1.54 
1.75 
1.80 
1.54 
1.54 
1.54 

0.12 
0.16 
0.12 
0.16 
0.00 
0.00 
0.16 
0.00 
0.12 
0.20 
0.12 
0.12 
0.01 
0.12 
0.06 
0.01 
0.01 
0.01 
0.12 
0.01 
0.16 
0.06 
0.01 
0.01 
0.0 1 

0.80869 

0.85078 

0.32980 
0.31761 

0.34137 
0.88708 

-0.86008 

-0.52741 

-0.68701 

- 0.46 1 85 
-0.67329 

0.27036 
0.11504 

-0.11401 
-0.23255 

0.10281 
0.11 185 
0.10858 
0.05536 
0.17674 

- 0.22605 
0.30503 
0.00000 
0.00000 
0.00000 

1.85 0.12 
1.75 0.16 
1.85 0.12 
1.75 0.16 
1 .oo 0.00 
1 .oo 0.00 
1.75 0.16 
1.00 0.00 
1.85 0.12 
1.60 0.20 
1.85 0.12 
1.85 0.12 
1.54 0.01 
1.85 0.12 
1.80 0.06 
1.54 0.01 
1.54 0.01 
1.54 0.0 1 
1.85 0.12 
1.54 0.01 
1.75 0.16 
1.00 0.00 & 0.02 
1.54 0.00 
1.54 0.00 
1.54 0.00 

"See Figures 1 and 2 for a guide to the atom labels. 
bThe hydrogen closest to N3. 
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differential overlap (NDDO) approximation. Apart from the 8-methyl group that is 
being mutated to H, the vdW parameters are exactly the same for both ligands and 
consequently do not contribute to the perturbation free energy given by Equation (2). 
The choices for R and E in Table 1 were derived from appropriate analogs in the 
all-atom force-field for proteins [40], except for hydrogen atoms attached to nitrogen 
for reasons we discuss below. 

In order to gauge the sensitivity of the free energies to the H-bond interaction of 
interest, i.e. between H(N8) and the enzyme, the vdW contributions have been 
computed in two ways corresponding to different choices of the Lennard-Jones 6- 12 
interactidn potential between H(N8) of the ligand and the protein atoms. The vdW 
term for any pair of atoms i a n d j  may be written in the form 

Evdw = ( E , E ~ ) ” ’  [(R, + Rj)l2/R;; - 2(Ri + RJ6/Rz1 ( 5 )  

where ci, cj, Ri, and Rj are parameters and Rij is the interatomic distance. We have used 
the two values E~ = 0.02 kcal/mol and ci = O(i.e. Evdw = 0), for the case where the atom (i) 
refers to H(N8) of the ligand. Hence, in Table 1 there are two values given for this 
parameter. For each value of E ,  the vdW radii were kept at R, = 1.0 8,. The AM1 partial 
atomic charges also remain the same for each simulation with a different value of E,. The 
value E,  = 0.02 is from the Weiner et al. [40] protein force-field for hydrogens attached 
to nitrogen, while ci = 0 is generally more appropriate for any H-bonded interaction, 
since ti > 0 usually leads to an underestimation of the H-bond strength [47]. For the 
remaining H atoms attached to N, i.e. H(N2) and H(N3), we have chosen E = 0 for both 
ligands, since these are known [12,13,22] to be involved in H-bonding with a conser- 
ved carboxylate side-chain in the enzyme (Asp in bacterial and Glu in vertebrate 
enzyme). 

Molecular Dynamics Simulation Conditions 

For the calculation of A F,,,,, the 6,8-dimethyl-NS-deazapterin ligand was solvated 
with boxes of Monte Carlo water using the EDIT module of AMBER. Only those 
water molecules within 128, (in the x , y  and z directions) of any solute atom were 
retained to form a rectangular simulation box of dimension 33.1 8, x 30.4 A x 26.0 8, ( z  
axis perpendicular to the plane of the ring system) containing 852 water molecules. The 
simulations for the ligands in solvent were carried out for the closed, isothermal, 
isobaric (NTP) ensemble under periodic boundary conditions using a cutoff radius of 
8 8, for all nonbonded interactions, a temperature of 300 K and pressure of 1 atm. For 
the calculation of A Fbind, the starting coordinates for the DHFR molecule (and 
NADP’ /NADPH where present) were taken from selected X-ray crystal structure 
determinations: IcDHFR (Lactobacillus casei DHFR) [29], ecDHFR (Escherichia coli 
DHFR) [30,31] clDHFR (chicken liver DHFR) [32,33] and rhDHFR (recombinant 
human DHFR) [34]. The DHFR.ligand and DHFR.NADPH.ligand complexes were 
neutralized by adding Na’ and C1- counterions. I t  is not computationally feasible at 
present to solvate the entire protein within a simulation box due to the excessively large 
numbers of water molecules that would be required. Consequently, in order to reduce 
the computational cost of the simulations to a reasonable level while minimizing the 
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FREE ENERGY SIMULATIONS 163 

loss of accuracy due to neglect of the bulk solvent effects, we have used an active-site 
dynamics approach [48]. In this approach a molecular dynamics zone is defined by 
including all atoms or residues within a certain radius of the active site, thus partition- 
ing the system into “non-dynamic”atoms whose positions are frozen at  the initial X-ray 
coordinate values and “dynamic” atoms which are the only ones allowed to move 
during the various stages of the calculations. An active-site dynamics zone confined to 
be within a radius ofca. 16 8, from the ligand center of mass appears to be a reasonable 
choice on the basis of previous studies on ligand-binding to DHFR [4-9,353. The 
region within this radius was solvated using EDIT (crystallographic water molecules 
were retained in the simulations) in order to fill any gaps in the structure. The dynamic 
atoms were then defined by including all protein residues, counterions and water 
molecules within the 168, radius from the ligand mass center (yielding 2000-2200 
dynamic atoms). Water molecules and counterions were restrained from leaving the 
16 8, dynamics region by applying a small half-harmonic (0.6 kcal/mol/8, ’) radial 
restoring force [48]. The A Fbind simulations were carried out at constant temperature 
of 300 K and using an 8 8, cutoff for all nonbonded interactions, consistent with the 
A Fsolv calculations. 

RESULTS AND DISCUSSION 

Both free energy changes, A Fbind and A FSo1,, defined in Equation (1) have been 
obtained as the sum of electrostatic (A FClJ and vdW (A Fvdw) contributions according 
to the scheme shown in Figure 3. The various free energy terms are given in Table 2, 
where the change for a total mutation (in solvent or DHFR) is given by AFtotal = 
A Fele + A Fvdw. The results in parentheses are for the 200ps vdW mutation. Note that 
for all systems the electrostatic components are quite small compared with the vdW 
components. A relatively small free energy change for A Fele (i.e. mutation of the 
coulomb term Vele) is to be expected since both the total ligand charge is conserved and 
the partial charges (Q) in Table 1 indicate only minor differences in the molecular 
charge distributions and, hence, MEPs of the two ligands. Thus, our original assump- 
tion that the electrostatic mutation should be regarded as essentially an equilibration 
phase seems well justified (see FEP methods). 

Free Energy Changes for 80 ps  vd W Mutation 

The vdW component depends heavily on the enzyme source of the initial coordinates 
for the complexes and also the E~ parameter (where i = H(N8)). With the exception of 
the 1cDHFR.ligand complex, the parameter E~ = 0 kcal/mol consistently gives lower 
A Fvdw values than E~ = 0.02 kcal/mol. However, no definite trend emerges when 
comparing A Fvdw for the different initial structures or when considering the presence 
or absence of NADPH cofactor. The relative thermodynamic stabilities of ligand bind- 
ing, AA Fbind, also vary markedly, giving a range of values depending on initial coordi- 
nates and E ~ .  The simulation performed on lcDHFR(6, = 0) yields AA Fbind = 
1.37 0.15 kcal/mol, i.e. the 6,8-dimethyl-NS-deazapterin complex is a factor of ca. 10 
more stable than the 6-methyl-NS-deazapterin complex. In contrast, rhDHFR(Ei = 0) 
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Table2 Free energy changes (kcal/mol) calculated using the procedure outlined in Figure 3 for the 
mutation 6.8-dimethyl-N5-deazapterin + 6-methyl-N5-deazapterin in solution and for the ligands bound to 
various dihydrofolate reductases with and without NADPH cofactor. Results for 80 ps simulation, with 
200ps simulation in parentheses 

System 

solution 

IcDHFRdl 

IcDHFR.NADPHd) 

ecDHFR‘’ 

ecDHFR” 

ecDHFR.NADPH” 

clDHFRB) 

clDHFR.NADPH@) 

rhDHFRh) 

0.02 

0.00 

0.02 
0.00 

0.02 
0.00 
0.02 
0.00 

0.02 
0.00 

0.02 
0.00 
0.02 

0.00 
0.02 
0.00 

0.02 
0.00 

-0.25 f 0.01 
-0.25 fO.01 
-0.25 f 0.01 
-0.25 fO.01 
-0.63 f 0.02 
-0.63 k 0.02 
-0.63 f 0.02 
- 0.43 f 0.01 
- 0.43 f 0.01 
-0.52 0.01 
-0.52 f 0.01 
-0.52 f 0.01 
- 0.69 f 0.02 
- 0.69 f 0.02 
- 0.69 f 0.02 
-0.49 f 0.01 
-0.49 f 0.01 
-0.54 fO.01 
-0.54f0.01 
-0.54 f 0.01 
- 0.43 f 0.01 
- 0.43 f 0.01 
- 0.43 f 0.01 
-0.25 f 0.01 
-0.25 f 0.01 
-0.25 f 0.01 

- 3.83 f 0.07 
( -  3.48 f 0.05) 
-6.63 f 0.02 

( - 6.11 k 0.06) 
-6.05 k 0.15 
-4.88 fO.10 

( - 7.42 f 0.02) 
- 6.53 f 0.08 
- 9.33 f 0.05 

- 7.90 0.09 
-3.82 fO.10 

( -  7.34 f 0.01) 
- 4.40 f 0.01 
- 5.82 f 0.03 

( - 5.57 f 0.07) 
- 3.79 k 0.02 
-7.02 k 0.1 1 
- 2.79 0.03 

( - 3.62 f 0.07) 
- 5.39 f 0.02 
- 3.60 f 0.02 
- 5.35 f 0.03 

(-4.41 fO.01) 
- 6.29 f 0.07 
- 10.29 f 0.17 
( - 7.34 f 0.02) 

- 4.08 f 0.08 
( - 3.73 f 0.06) 
-6.88 f 0.03 

( - 6.36 f 0.07) 
- 6.68 f 0.17 
-5.51 f0.12 

(- 8.05 f 0.04) 
- 6.96 f 0.09 
- 9.76 f 0.06 
-4.34 f 0.1 1 
- 8.42 f 0.10 

(-7.86 k 0.02) 
- 5.09 f 0.03 
-6.51 f0.05 

( - 6.26 f 0.09) 
-4.28 f 0.03 
-7.51 f0.12 
- 3.33 f 0.04 

(-4.16fO.08) 
- 5.93 f 0.03 
- 4.03 f 0.03 
- 5.78 k 0.04 

(-4.84 k 0.02) 
- 6.54 f 0.08 
- 10.54 f0.18 
( - 7.59 f 0.03) 

- 

- 

- 

- 

- 2.60 k 0.25 
1.37 k0.15 

-1.69+0.11) 
- 2.88 k 0.17 
- 2.88 f 0.09 
-0.26 kO.19 
-1.54kO.13 
- 1.50 f 0.09) 
-1.01 f O . 1 1  

0.37 k 0.08 
(0.10 f 0.16) 

-0.20 f 0.1 1 
-0.63 50.15 

0.85 kO.12 

0.95 k 0.06 
0.05 fO.ll  
1.10 f0.07 

(1.52 kO.09) 

(-0.43 k0.14) 

-2.46 f0.16 
- 3.66 k 0.21 

(-1.23fO.10) 

“)vdW parameters E~ = 0.0 and 0.02 kcal/mol for H(N8) of 6-methyl-NS-deazapterin. 
b)mean value [Equation (3)] and standard error of the two free energies, A F(  + AA) and A F(  - An). 
‘1 the total free energy change (i.e. A Fsolv for solvation or A Fbind for binding) is the sum of the electrostatic 

dl DHFR.NADPH.methotrexate coordinates (ref. 28) 
e, DHFR.methotrexate coordinates (ref. 29) 
/)DHFR.NADP + .Tolate coordinates (ref. 30) 
B)DHFR.NADP+.biopterin coordinates (ref. 32) 
h’DHFR.folate coordinates (ref. 33) 

(A Fe,=) and vdW (A Frdw) components 

yields AA Fbind = - 3.66 k 0.21 kcal/mol, i.e. the 6-methyl-NS-deazapterin complex is 
the more stable by a factor greater than lo2. 

The simulations for rhDHFR(q = 0), lcDHFR(q = 0), clDHFR.NADPH(q = 0), 
ecDHFR(q = 0.02) and in solution (q = 0 and E~ = 0.02) were carried out in the reverse 
direction (i.e. 1 = 0 -+ 1) for the vdW mutation. In these reverse-mutation calculations, 
the final structure obtained from the forward mutation is used as the initial structure for 
the reverse mutation. The results (note that the signs have been changed for comparison 
with results in Table 2) are summarized in Table 3, together with the differences 
between the corresponding forward mutations given in Table 2. The differences 
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Table 3 The free energy A F,,,,,,, = - A FVdw (kcal/mol) for the reverse van der Waals mutation and the 
corresponding forward-reverse differences (A Fforward - A F,,,,,,,) between vd W terms 

system time" 

solvent 80 
80 

IcDHFR 80 
ecDHFR 80 
clDHFR.NADPH 80 
rhDHFR 80 

200 

0.02 -3.38 f 0.02 
0.00 - 5.56 0.10 
0.00 - 3.90 k 0.04 
0.02 -4.29 0.08 
0.00 - 5.63 k 0.05 
0.00 -8.55 + 0.01 
0.00 -9.15 k0.05 

- 0.45 
- 1.07 
-0.98 

0.41 
0.28 

- 1.74 
1.81 

Simulation time (ps) for vdW mutation. 
* A  FforWard are the A FvdW values from Table 2. 

between free energies calculated for the forward and reverse mutations vary consider- 
ably. In some cases, particularly rhDHFR where the difference is almost 2 kcal/mol, the 
free energy change appears to be quite strongly coupled to the mutation pathway, while 
for clDHFR.NADPH the difference is only 0.3 kcal/mol indicating weak path depehd- 
ence. Also, with regard to sampling in the A Fbind calculations, it will be noted in Table 2 
that simulations were carried out on ecDHFR binary complexes with initial coordi- 
nates from two different X-ray determinations. In one simulation the initial coordinates 
for the DHFR molecule were taken from the ecDHFR.methotrexate structure, while 
in the second simulation the DHFR coordinates originated from the 
ecDHFR.NADP+ .folate structure. The differences between A Fbind for these two 
simulations are calculated from the results in Table 2 to be 0.7 kcal/mol for ei = 0.02 
and 2 kcal/mol for E~ = 0.0. Uncertainties of these magnitudes (ca. 2 kcal/mol) are likely 
to obscure any species-dependent (i.e. bacterial vs vertebrate) or cofactor-dependent 
trends in inhibitor binding [15-171. 

In understanding the origin of differences between the various results for A Fbind and 
A Fsolv in Table 2, it is instructive to examine the change in the vdW component of the 
free energy as a function of the coupling parameter A (or window number), as shown in 
Figure 4, and also to examine differences in active-site structures obtained from MD 
simulation, as depicted in the stereo views in Figures 5 and 6. Note first that the 
magnitude of the vdW component will depend on the strength of the interaction 
between ligand and its surroundings. In solution, strong electrostatic interactions cause 
the polar water molecules to be attracted to the ion, which at equilibrium result in 
a significant overlap between the electronic charge clouds of the water and ion. In the 
simulations, this effect' is manifested in repulsive vdW interaction terms for the solvent 
in direct contact with the molecular ion, which may be quite large for the hydrophobic 
points of contact. Consequently, as the hydrophobic CH, group is contracted into 
H during the forward mutation, the negative free energy change can be seen as a release 
of vdW energy. 

In principle, similar arguments apply to interactions in the active site of an enzyme, 
although the important difference here is that the active site structure is comparatively 
rigid and inhomogeneous, rather than fluid and homogeneous as in water. An obvious 
consequence of this rigidity is that the vdW repulsion may also be influenced by the 
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solution 

-8-1 
\ 

'. '. '. '-.. 

-12 ! I I I 

1 .oo 0.75 0.50 0.25 0 

h 
I0 

Figure 4 van der Waals components (ci = 0 kcal/mol) of the free energy change 6,8-dimethyl-NS-deazap- 
terin + 6-methyl-NS-deazapterin as a function of the coupling parameter I for A Fbind (where the ligand is 
bound to clDHFR and rhDHFR) and for A F,,,,. A "window" corresponds to an increment of 0.01 in I .  

Figure 5 Least-squares superposition of 6,8-dimethyl-NS-deazapterIn and 6-methyl-NS-deazapterin com- 
plexes of rhDHFR obtained from MD simulation (ci = 0 kcal/mol). The H-bond between the carbonyl 
oxygen of Ile-7 and H(N8) ofthe ligand (H atoms not shown) is indicated by a broken line. Positions of water 
molecules are indicated by the small triangles. 

packing arrangement of the ligand and enzyme in the active site. An example of the 
effect this difference may have on free energies is illustrated graphically in Figure 4. 
During the initial stage of the mutation the vdW components of ligand-binding 
(AFbind) to rhDHFR and clDHFR are quite similar, but after about 30 windows 
(i - 0.7) the two rates of free energy change diverge abruptly. In fact, the rate of free 
energy change in clDHFR falls below that in solution, A FEOIV. As the vdW repulsive 
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i i- 

Figure 6 Least-squares superposition of 6,8-dimethyl-NS-deazapterin and 6-methyl-NS-deazapterin com- 
plexes ofclDHFR obtained from MD simulation (ei = 0 kcal/mol). The H-bond between the carbonyl oxygen 
of Ile-7 and H(N8) of the ligand (H atoms not shown) is indicated by a broken line. Positions of water 
molecules are indicated by the small triangles. 

energy arises from steric interactions, it would appear that the clDHFR simulation 
takes a different path and begins sampling configurations in which the overlap of CH, 
with the protein is much reduced. It is evident from Figures 5 and 6 that quite large 
structural changes take place in the active site during the mutation, and consequently 
significant variations in sampling for the free energy calculation may also be expected. 
The least-squares superposition of structures in Figure 5 (clDHFR) and Figure 6 
(rhDHFR) show that the ligand and solvent-exposed side chains of the protein have 
orientations that change si nificantly between the final and initial states. Figure 7 

X-ray values obtained after a least-squares superposition (note that the non-dynamic 
shows the RMS deviations ( i ) of the rhDHFR(E, = 0) C,  coordinates from their initial 

2.5 
__ 6.8-dimethyl-NS-dcaapterin complex 

g 2.0 . . ~ ~ ~  6-methyl-NS-dcaiaptcnn complex 

cd 
.r( c1 

.r( > 1.5 
43 

0.5 

0.0 
0 50 100 150 2 

Residue 
Figure 7 RMS deviations (A) of the MD simulation C,  (DHFR backbone) coordinates from their initial 
X-ray values. The MD simulation coordinates were taken from the rhDHFR (ti = 0) calculation and the C,  
coordinates least-squares fitted to the rhDHFR X-ray coordinates. 
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residues show effectively zero deviation). Some structural variations are also apparent 
between the DHFR backbones of the 6-methyl-NS-deazapterin and 6,8-dimethyl-NS- 
deazapterin complexes. 

Relative Thermodynamic Stabilities and Hydrogen Bonding Based 
on the 80ps vdW Mutation 

In the initial state the 8-methyl compound is bound. During the course of the FEP 
mutation, the 8-methyl group is transformed into a hydrogen and the distance between 
the protein backbone and the H(N8)-position of the ligand becomes progressively 
shorter. The resulting H-bonds between H(N8) of 6-methyl-NS-deazapterin and 
a carbonyl oxygen of the protein backbone obtained at the end of a simulation can be 
seen in Figures 5 and 6. The complete H-bonding pattern between the 6-methyl-N5- 
deazapterin ligand and enzyme is illustrated schematically in Figure 8. The H-bond 
interaction of H(N3) and H(N2) with the carboxylic acid side chain of Asp (bacterial) or 
Glu (vertebrate) is conserved for both ligands in all the DHFRs. Various H-bonding 
geometries between water molecules and the carboxylate-ligand system are also 
evident in Figures 5 and 6. In the majority of structures obtained by MD simulation 
(typified by Figures 5 and 6), the carbonyl oxygens of Leu-4 in IcDHFR, Ile-5 in 
ecDHFR, Ile-7 in clDHFR and rhDHFR are H-bonded to H(N8) of 6-methyl-NS- 
deazapterin. In order to see the possible effect of the H-bondingat H(N8) on the relative 
thermodynamic stabilities of 6-methyl-NS-deazapterin and 6,8-dimethyl-NS-deazap- 
terin bound to DHFR, it would be useful to compare AAFbind with the H-bond 
strength. For the purposes of such a comparison, the H-bond distances may be taken as 
a suitable indicator of the H-bond strength. 

Figure 9 shows the correlation between thermodynamic stability (AA Fbind results 
from Table 2) and the N8-oxygen distance in the 6-methyl-NS-deazapterin complexes. 
This distance has a value of 2.7 8, in the X-ray structure of the rhDHFR.N5-deazafolate 
complex [ 2 2 ] ,  from which ligand protonation and H-bonding are inferred, compared 

Solvent 
interactions 

I v Sotvent + H 
interactions 

Ile/Leu A 
Figure 8 Schematic of the H-bonding between 6-methyl-NS-deazapterin and DHFR obtained in the 
MD/FEP simulations. Arrowed atoms are also involved in H-bonding with solvent water molecules. 
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- 1  
‘1 

- 1  OI 

0 
0 0  

0 

-2 J 
-4 I . .  

2.0 2.5 3.0 3.5 4.0 4.5 

NS-0 distance (8, ) 

Figure 9 Correlation between the calculated AAFbind values (Table 2) and the N8-0 distances (0 = car- 
bony1 oxygen of protein backbone, Figure 8) in the 6-methyl-NS-deazapterin MD complexes. 

with a distance of 3.4 %i in the ecDHFR.NS-deazafolatex-ray structure [23] suggesting 
binding of unprotonated ligand. As Figure 9 shows, although a ran e of distances is 

regarded as the H-bonded range. These distances for E,. = 0 are within f 0.2 8, of the 
experimentally observed distance (i.e. 2.7 A) in the rhDHFR.N5-deazafolate complex, 
whereas the parameter ti = 0.02 kcal/mol yields H-bonds which are longer by 0.2 to 
0.5 A ,  consistent with previous experience that E~ > 0 leads to an underestimation of 
H-bond strength [47]. The majority of simulations with N8-0  distance within the 
H-bonded range yield AA Fbind < 0, suggesting that complexes involving H-bonded 
6-methyl-N5-deazapterin are the thermodynamically more stable ones. Nevertheless, 
several of the H-bonded structures at the higher end of the H-bonded range are found 
to give AA Fbind > 0, namely lcDHFR ( E ~  = 0), ecDHFR (ci = 0) and clDHFR ( E ~  = 0), 
while clDHFR.NADPH (ci = 0.02) gives AA Fbind % 0. Two of the structures 
[clDHFR(Ei = 0.02) and clDHFR.NADPH (ci = O)] are well outside the H-bonded 
range at 4.0 and 4.58,, respectively, i.e. distances which are typical of the N8-0  
separations found in the initial 6,8-dimethyl-NS-deazapterin complexes. Both of these 
structures correspond to AA Fbind > 0. It can be seen that the 6-methyl-N5-deazapterin 
structures in Figures 10 and 11 exhibit a higher degree of overlap with the initial 
6,8-dimethyl-NS-deazapterin structures than those shown in Figures 5 and 6 where 
H-bonding at N8 takes place. Not surprisingly, therefore, H-bonding appears to 
involve quite a substantial displacement of the binding geometry from the initial 
non-H-bonded state. This fact is also reflected in the small difference (Table 3) between 
the free energies for the forward and reverse vdW mutations in the calculations on 

obtained from the simulations, the majority lie between 2.5 and 3.2 w , which may be 
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170 P. L. CUMMINS AND J. E. GREADY 

Figure 10 Least-squares superposition of 6,8-dimethyl-N5-deazapterin and 6-methyl-NS-deazapterin 
complexes of clDHFR obtained from MD simulation (6, = 0.02 kcal/mol). The interaction between the 
carbonyl oxygen of lle-7 and H(N8) of the ligand (H atoms not shown) is indicated by broken lines. Positions 
of water molecules are indicated by the small triangles. 

Figure 11 Least-squares superposition of 6.8-dimethyl-NS-deazapterin and 6-methyLN5-deazapterin 
complexesofclDHFR.NADPH obtainedfrom MD simulation(Ei = 0 kcal/mol). Theinteraction between the 
carbonyl oxygen of Ile-7 and H(N8) of the ligand (H atoms not shown) is indicated by broken lines. Positions 
of water molecules are indicated by the small triangles. 

clDHFR.NADPH (q = 0) (Figure 11). As no large variations in structure occur during 
the vdW mutation (in either direction), the free energies are not expected to be very 
dependent on the mutation path, unlike the H-bonded structures which often give rise 
to a much larger hysteresis. 

Free Energies and H-bonding from the 200ps vdW Mutation 

The vdW mutation was repeated for several complexes using the longer simulation 
time of 200 ps (500 MD steps equilibration, 500 M D  steps data collection). The results 
are included in Tables 2 and 3 for comparison with the 80ps simulations. There are 
only small ( < 0.5 kcal/mol) differences between the 80 and 200 ps estimates of AA Fbind 
for the two ecDHFR(& = 0) simulations. Thus, regardless of whether the simulation 
time for the vdW mutation is 80ps or 200ps, values for AAFbind differ by almost 
2 kcal/mol for the two initial ecDHFR structures ( E  = 0). A small ( < 0.5 kcal/mol) 
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difference between the 80 and 200ps simulations is also obtained for 
clDHFR.NADPH(& = 0). By contrast, on increasing the simulation time substantial 
changes in AA Fbind (> 1 kcal/mol) are obtained for lcDHFR(e = 0), clDHFR(& = 0.02) 
and rhDHFR(e = 0). For lcDHFR the change on going from 80 ps to 200 ps is as high 
as 3 kcal/mol. The reverse 200 ps mutation for rhDHFR(& = 0) gives a hysteresis of 
1.8 kcal/mol which is approximately the same absolute magnitude as for the corre- 
sponding 80ps mutation (Table 3). These results indicate that the free energies are 
generally still not converged after 200 ps. 

For the clDHFR.NADPH(q=O) complex, the 200ps simulation gave an MD 
structure with an N8-0 distance of 2.75 8, compared with 4.44 8, obtained from the 
80ps simulation. The simulations performed for clDHFR(8 = 0.02) yielded 3.21 8, for 
200 ps and 4.03 8, for 80 ps. Thus, we observe that the H-bond has formed over a longer 
simulation time. 

Comparison with Experiment 

Dissociation constants ( K d )  for binary complexes of 6,8-dimethyl-NS-deazapterin and 
6-methyl-N5-deazapterin with human, chicken and E. coli DHFRs have been meas- 
ured as a function of pH [16,24]. These show, respectively, pH minima or limiting 
values at pH - 6.6 and - 4.2, which are comparable with the pK,'s of the compounds 
[19] and consistent with the proposed mechanism for their binding to DHFR in terms 
of ionization constants of the ligands and the active-site carboxylate group [13,16]. 
K,'s for ternary complexes for 6,8-dimethyl-NS-deazapterin also show a minimum at 
pH - 6.6 but with values 15 to 45 times lower: 16 and 1 pM for chicken and 31 and 
0.7pM for human DHFRs [16]. Using the proposed ligand-binding model and the 
measured binary K,'s, it is possible to estimate pH-independent constants (or the 
equivalent free energies) for the dissociation of the cation form of ligands from the 
enzymes [ 16,491, i.e. analogous quantities as for the simulations. Unfortunately, K,'s 
for ternary complexes of 6-methyl-N5-deazapterin at pH 4.2 cannot be measured 
because NADPH is unstable at this low pH. Consequently, in Table 4 we compare the 

Table 4 Experimental and theoretical estimates of the differ- 
ence in binding free energy (kcal/mol) for the change 6,8- 
dimethyl-N5-deazapterin+ 6-methyl-N5-deazapterin in binary 
complexes 

Enzyme 
~ 

Experiment" Theoreticalb 

Ecoli  DHFR 1.4 + 0.5 -0.7W 
Chicken DHFR 0.0 k 0.5 - 0.43 
Human DHFR 0.0 _+ 0.5 - 1.23 

* Estimated difference based on measured dissociation con- 
stants corrected for pH dependence (see text): errors 
(k 0.5 kcal/mol) are due mostly to uncetainty in the binding 
of 6-methyl-N5-deazapterin. 
AA $,,d values from 200 ps simulations in Table 2. See text 
for discussion of errors. 
Mean of 200ps simulations for the two ecDHFR structures. 
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172 P. L. CUMMINS AND J. E. GREADY 

estimated experimental and FEP-calculated (selected from the 200 ps simulations in 
Table 2) differences in binding free energies for the binary complexes only. For 
6-methyl-N5-deazapterin and 6,8-dimethyl-N5-deazapterin with human and chicken 
DHFRs the dissociation constants are all in a very narrow range, and a difference in 
binding free energy of more thank  0.5 kcal/mol is unlikely. The FEP result for 
clDHFR only is within these experimental bounds. The experimental results for E .  coli 
DHFR are somewhat different, suggesting that the 6,8-dimethyl-compound binds of 
the order of 10 times ( -  1.4 kcal/mol) more strongly than the 6-methyl-compound in 
the binary complex. The FEP result deviates from the experimental ecDHFR value 
by - 2 kcal/mol. 

It is easy to see from the results in Table 2, that errors of 10 to 20% in the values of 
A Fbind and A Fsolv would lead to errors of up to 2 kcal/mol in the AA Fbind values. The 
values of AA Fbind from the MD/FEP calculations (in Table 2) when averaged over all 
simulation times and species of DHFR yield -0.59 & 1.59 kcal/mol for E = 0 and 
-0.99 k 1.26 kcal/mol for E = 0.02 consistent with a binding differential within a factor 
of 10 (i.e. about 1.4 kcal/mol difference in free energy). In addition to the sampling 
errors, the average differences between the E = 0 and E = 0.02 results indicate that some 
uncertainty can also be expected to arise from the approximate nature of the force 
fields. 

CONCLUSION 

Molecular dynamics (MD) combined with free energy perturbation (FEP) methods 
have been used to study the relative affinities of 6-methyl-N5-deazapterin (N8 proto- 
nated) and 6,8-dimethyI-NS-deazapterin (N3 protonated) ligands for dihydrofolate 
reductase from bacterial (L .  casei and E .  coli), avian (chicken liver) and human sources 
with and without the presence of NADPH cofactor. Both the computed free energies 
and final structures from the M D  simulations were found to vary considerably, 
depending on the source of the X-ray coordinates from which starting configurations 
are obtained, simulation time and description of the H-bond interaction. Even after 
200ps, for many of the complexes the free energies had not converged sufficiently to 
make a prediction of the relative thermodynamic stabilities accurate to within 
2 kcal/mol. Errors of less than 10% in the absolute values of the relative solvation and 
binding free energies (A Fsolv and A Fbind) would be required to achieve an uncertainty of 
less than 1 kcal/mol. As relatively long simulation times have been used compared with 
analogous work in the literature [4-10,14,35,45], a requirement for even longer 
simulation times would indicate that, in this particular case at least, conventional 
simulation techniques based on Boltzmann sampling is an inefficient way to predict 
precise values of relative thermodynamic stabilities. However, despite these uncertain- 
ties, an enzyme-binding differential between 6-methyl-N5-deazapterin and 63- 
dimethyl-N5-deazapterin cations of not more than 10 would be predicted, in broad 
agreement with estimates from experimental dissociation constants. 

The two different sets of initial X-ray coordinates for E .  coli (ecDHFR) that were used 
to model the binary complex gave quite different free energy changes. While these 
differences may be reduced over even longer simulation times, the results bring into 
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question the reliability of the molecular modelling process whereby the initial protein 
structure is assumed to be close to a known X-ray structure of a binary or ternary 
complex in which a structurally-similar ligand is bound. The very extensive structural 
information now available for DHFR complexes has demonstrated significant protein 
flexibility, including more recently dependence on crystal form [SO]. Even in this 
atypical modelling case where many sets of coordinates are available it is not possible 
to predict a priori which complex structure might provide the most appropriate starting 
structure for a new test ligand. Consequently, we strongly recommend calculating free 
energies using coordinates from more than one X-ray determination, if available, in 
order to check the validity of the results. The results also show that the nature of the 
interactions and force-field should be carefully considered in the error assessment. The 
molecular process studied here, i.e. formation of an H-bond during the mutations, is 
quite a demanding test of simulation protocols with respect to both sampling and 
force-fields, and to this extent our experience may be regarded as a “worst case”. 

Although configuration-space sampling problems in the MD/FEP simulations 
make the quantitative prediction of free energy differences and the rationalization of 
observed species dependencies difficult, the structures obtained by M D  simulation 
exhibited H-bond formation between H(N8) of the protonated 6-methyl-NS-deazap- 
terin ligand and the carbonyl oxygen of a conserved Ile or Leu residue in the active site 
of DHFR. While most of the H-bonds formed over the 80ps simulations for the vdW 
mutations, a small number of simulations resulted in only incomplete H-bond forma- 
tion. However, on increasing the simulation time to 200 ps, these latter structures also 
exhibited H-bonding. The H-bond formation between H(N8) and a carbonyl oxygen of 
the protein backbone obtained in the M D  simulations is consistent with that observed 
in the X-ray structure of NS-deazafolate bound to human DHFR in which the ligand is 
deduced to be protonated on N8. 
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