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Monte Carlo computer simulations have been performed in conjunction with free-energy perturbation
calculations to determine the relative binding constants of four benzamidine inhibitors with trypsin. The
protein backbone was constrained in the simulations, but sampling of the side chains was allowed. The
calculated free energies are very precise and are shown to yield closed thermodynamic cycles. The calculations
correctly predicp-aminobenzamidine to be the strongest inhibitor and give relative free energies of binding
for p-methyl- andp-chlorobenzamidine in excellent agreement with experiment. The predicted overly weak
binding of the parent benzamidine is most likely due to a deficiency in the partial charges. The relative
binding affinities are justified in terms of bulk-solvation arguments whereby the more polar inhibitors are
preferentially stabilized in water. The calculations demonstrate that Monte Carlo computer simulations can
be used to determine accurate and precise relative binding constants for protein systems.

Introduction with the considerable success of Monte Carlo free-energy
calculations on hostguest system3] has encouraged the
. ) . . - - authors to develop and apply this methodology to protein/
S|mulgt|pn§ to the calculatlo.n of rela}tlve b'”o."“g constants In jopipitor complexes. As a first approximation, the internal
proteln/|nh|b_|tor complexes is descrlbed_. It is appr(_)X|mater coordinates of the protein backbone were not sampled. How-
10 years since free-energy perturbation calculations Were g e the extension of this methodology to include the sampling

attemgted on slzch"systerf‘lns?rhebi.niggl o?timism thfm this b of the backbone through the implementation of a crankshaft
procedure would allow relative binding free energies to be algorithm is envisage®l,

calculated quickly and accurately, thereby providing an impor- The benzamidine series of inhibitors complexed with trypsin

tant counterpart for experiments, has been diminished. MOStwas chosen to test this approach for a number of reasons. First,
practitioners now recognize that considerable care must be taken

in deriving parameters and ensuring that the simulations are Ofreliable binding constants are available in the literature.
enving p N9 Second, this system has been the target of previous free-energy
sufficient length for the conformational space of the system to

be sampled adequaté¥. To date, only the molecular dynamics calculations using molecular dynamics simulations, allowing
) P d ' - Oy . y some comparisons to be made with other simulation restfts.
simulation procedure has been used in these free-energ

. . . yThird, the inhibitors are small and have only a few rotatable
calculations because of concerns regarding the sampling ef'bonds. Fourth, a number of crystal structures of trypsin are

2?';222?;;22'\éliitgé‘:;“;n'\s?enitﬁ tﬁ:i%g:::g?i p-llr—:tiitr?s\llilrr;\é? d availal_ale in th_e Iit(_arature t_hat_ h_ave been_prepared unde_r diﬁerent

large displacements at remote sites and will consequently havecpndltlons, with different |nh|b|tor§, and |nQeed crystalllze with

a very low acceptance probability The Monte Carlo method different space groups and unit C(.e” _dlmen5|éhs.'l'hese
o T structures show remarkably little variation in backbone coor-

does, however, offer a number of intrinsic advantages over

molecular dynamics simulations in that constraints are easil dinates, suggesting that changing the nature of the small-
i y e : o Y molecule inhibitor is likely to have a negligible effect on the
applied, the statistical mechanical ensemble is rigorously

. : - . protein, thereby justifying the assumption of backbone rigidity
zggort.(r:]z(rjn\qlgh;rltji}g;\gr;gs;zéizstgg fzitehxmcgmlrlgtﬂgggtmséf applied in the simulations. Finally, it should be emphasized
nonbonded interactions are not introduéedhe IaF;ter mav be that the calculation of relative binding free energies for protein/

) S y D€ inhibitor complexes requires two series of simulations to be
an important source of noise in free-energy calculations

performed using molecular dynamics simulations, Furthermore performed. The first involves the_ _simulation of single inhibitor
recent studies on liquid hexane suggest that tHe Monte Carl(’)molepules gnder agueous condltlon_s, _an(_j @he second involves
. . . the simulation of the hydrated protein/inhibitor complexes.
procedure is more efficient than molecular dynamics methods
in equilibrating the conformational populatiohsMonte Carlo
sampling of the internal coordinates of protein side chains is
therefore likely to be as efficient as molecular dynamics but  The X-ray crystal structure of trypsin complexed with the
with none of the disadvantages outlined above. This, together parent benzamidine was taken from the Brookhaven protein data
bank (structure 3ptb)¥ The structure consists of 223 amino

In this paper the application of Monte Carlo computer

Methodology

:To_who_m correspondence should be addressed. acid residues, the benzamidine inhibitor, a single calcium ion,
: ggg’ﬁésg%’oggiggé‘éhampm”- and 62 water molecules. To simplify the calculation, the size
I'Yale University. of the simulgtion system was reduced by inclludi_ng only thpse
® Abstract published ifdvance ACS Abstract€ctober 1, 1997. residues with atoms within 20 A of the inhibitor. This
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Figure 1. Division of the protein into sampled, constrained, and Figure 2. Protein simulation system. The protein is displayed
eliminated regions. Only the protein backbone is displayed. Residues schematically by a ribbon representation using the program Molséript.
outside the outer sphere were removed from the simulation. Residuesa-Helixes are displayed in blue arfdsheets in purple.

inside the inner sphere were sampled in the course of the simulation.

simplification reduced the number of amino acids explicitty mol~* A~2 was applied if the distance from a water oxygen
simulated to 153. Only those residues with atoms within 14 A atom to the sphere center exceeded 20 A. Use of a spherical
of the inhibitor were sampled in the course of the simulation, hydration scheme rather than conventional periodic boundary
unless they also had side-chain atoms further than 17 A from conditions has been demonstrated to affect calculated free
the inhibitor. All cystine, alanine, and glycine residues were energies of hydration in simple systefis.To reduce the
constrained. Thus, side-chain motion in a total of 52 residues influence of this approximation on free energies of binding, an
was included in the simulation. This choice of distances identical approximation should be adopted for the perturbations
represents a compromise between simulating as large a fragmengonducted in the aqueous phds&he aqueous-phase simulation
of the protein as possible and the available computational System was therefore constructed by placing a sphere of TIP4P
resources. Since a nonbonded cutoff of 12 A was applied in water of radius 20 A on thipso-carbon atom of each inhibitor.
the simulations, the radius of the sampled region of the protein Water molecules were discarded from the simulation using
should ideally exceed this value. Furthermore, including identical distance criteria to that described in the protein case,
residues out to 20 A will mean that the critical amino acids in leaving a total of 1120 water molecules to be sampled. An
the binding pocket will experience their full complement of identical half-harmonic boundary restraint was also applied. The
nonbonded interactions. Finally, constraining residues with protein simulation system is illustrated in Figure 2.

atoms withh 3 A of thesimulation boundary will reduce artifacts The OPLS united-atom force field was adopted in this study
arising from the incomplete solvation of charged amino acid for the proteint” However, the basic force field was extended
side chains. The four inhibitorsp-aminobenzamidinep- through the explicit inclusion of hydrogen atoms on aromatic

chlorobenzamidingg-methylbenzamidine, and the parent ben-
zamidine, were placed in the specificity pocket of the enzyme
by fitting to the crystallographic coordinates of benzamidine.
The division of the protein system into sampled, constrained,
and eliminated regions is illustrated in Figure 1. Since the

rings. These hydrogen atoms are required if aromaiomatic

and aromatie-charge interactions are to be modeled correétly.
The Lennard-Jones parameters for the inhibitors were derived
by comparison with related molecules for which OPLS param-
eters have been report&® To derive the electrostatic

experimental data were obtained at pH 8.0, all histidines were parameters for the inhibitors, ab initio calculations at the RHF/
electrically neutral; experimental titration data on various 6-31G(d) level were performed using the Gaussian 92 progftam.
trypsins and trypsinogens gav&ds for the histidines of less =~ The CHELPG proceduféwas used to fit atom-centered point
than 813 The appropriate tautomeric states were assigned charges to the quantum mechanical electrostatic potentials of
manually to allow the maximum number of hydrogen bonds to each inhibitor optimized withC, symmetry. This optimized

be formed. Assignment of the conformation of the hydroxyl geometry was also used in the Monte Carlo simulations. This
protons of serine, threonine, and tyrosine was performed with method of electrostatic parameter generation has been demon-
the assistance of the 1ntp structure obtained by neutronstrated to give reliable free energies of hydration for a range of
diffraction1* The system was hydrated by a sphere of TIP4P organic molecule® The nonbonded parameters assigned to
waters of radius 20 A centered on thipso-carbon of the each inhibitor are given in Figure 3. Bond angles and dihedrals
inhibitor. If any water oxygen atom was within 2.5 A of a  of the amino acid side chains were sampled during the Monte
protein/inhibitor heavy-atom, then that water molecule was Carlo simulations, and the size of the attempted moves was
discarded. Crystallographic water molecules identified in the adjusted to give an acceptance probability of approximately
3ptb structure were explicitly added to the simulation system 40%. In the complex, the inhibitors were allowed to undergo
with random orientations. A total of 482 water molecules were rigid-body translation and rotation, and sampling of the impor-
included in the simulation. To prevent the evaporation of water tant dihedral angles was also performed. Identical sampling
molecules, a half-harmonic restraining potential of 0.5 kcal was performed in the aqueous phase, except that rigid-body
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Figure 3. Nonbonded parameters of the benzamidine inhibitqrs( €).

translations were not performed. The size of the attempted TABLE 1: Dihedral Energy Parameters for the
moves was again adjusted to yield an acceptance probability of8énzamidine Inhibitors

approximately 40%. The parameters for the dihedral angles of Vo V, A
the inhibitors were derived by fitting to the ab initio barriers torsion kcal/mol  kcal/mol kcal/mol
calculated at the RHF/6-31G(d) level using a combination of amidine NRin all inhibitors 0.000 20.700 0.000
energy minimization and transition-state optimization. A  p-NHin p-aminobenzamidine 0.000 10.500 0.000
number of the stationary points were characterized by frequency @midine inp-aminobenzamidine  2.006 3.500 —3.540
calculations to confirm that the appropriate dihedral-angle 2midine inp-chlorobenzamidine  3.272  —0.493  —3.020

e ' amidine in benzamidine 3.315 —-0.534 —3.040
transition states hz_ad been found. The force f|eld parameters 4midine inp-methylbenzamidine 2913 0.376 —3.100
adopted for each dihedral angle are presented in Table 1, where
the functional form is given in eq 1: AG; — AG; corresponds to the difference in the free energy of

1 1 association between the two inhibitors, ah@, and AG, are
V() = Vo + 1V,[1 — cos(2)] + 1,V [1 — cos(4)] (1) the differences in free energy between the two inhibitors while
bound to the enzyme and free in solution, respectivelGy,
Relative free energies of bindindAGy) for the benzamidine  and AG, were calculated using statistical perturbation theory
inhibitors were calculated using the thermodynamic cycle given with well-established proceduréd® In the aqueous-phase
in Scheme 1. Free energy is a state function, and consequentlycalculations, simulations were performed at coupling parameter
the relationship given in eq 2 holds: values of 0.0, 0.1, 0.2, ..., 0.9, 1.0, giving a total of 11 separate
windows. Double-wide samplidfywas adopted such that the
AG, — AG, = AG, — AG, @) change in coupling parameter used to generate the perturbed
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SCHEME 1
AG1
E+ 11 _— E:11
AGu AGb aq: -3.12 (0.15)
prot: —1.99 (0.09)
AG2
E+ I2 _— E:I2

Closure:

state wast0.05. In the bound calculations, simulations were ) w aq: 0.23 (0.25)
performed at coupling parameter values of 0.0, 0.05, 0.1, ..., N prot: 0.41 (0.13)
0.9, 0.95, 1.0, giving 21 separate windows. A change in Amincbenzamidine
coupling parameter a£0.05 was used to generate the perturbed
states, with the result that two values for the overall free-energy
change were obtained from each complete set of simulations. aq: 0.83 (0.17)
In practice, the simulations at each window were prepared and prot: 1.91 (0.09)
equilibrated independently, thereby minimizing the effect of
trajectory propagation. The free-energy results for each window
are therefore as statistically independent as possible.
The Metropolis Monte Carlo methédwas used for the
simulations, and a temperature of P& was applied for
consistency with the experimental data. The schs@ute
nonbonded interactions were truncated at a range of 12 A using
a residue-based cutoff. Thus, if two atoms of different residues
were within 12 A, then all the interactions between the residues
were evaluated. An identical cutoff was applied to the setute
solvent and solventsolvent interactions, but for the latter this
was based solely on the oxygen atoms of the water molecules.
For the agueous-phase calculations, a solute move was attemptedMemylbenzami dine

every 200 configurations. At each window, the simulation
system was equilibrated for a total of 8 millioNl( configura- ~ '9uré 4. Aqueous (aq) and bound (prot) free-energy changes for the
benzamidine inhibitors (kcal mol). Standard errors are given in

tions, although only water moves were attempted in the first o oniheses.
2M configurations. Three batches of data collection, each of

6M configurations, were then performed. For the protein |, Figure 5, the relative binding constanteAGy, calculated
calculations, a single amino acid was moved every 11 configu- using eq 2, are presented. The hysteresis calculated over the
rations and an inhibitor move was attempted every 115 q45eq thermodynamic cycle was GE0.3 kcal mot, showing
configurations. At each window, the system was equilibrated 5 there was some cancellation of the discrepancies for the
for 5000 configurations with full sampling followed byM2  50,,60us and bound cycles, yielding a smaller overall hysteresis
configurations of solvent moves and theM donfigurations of o their difference. These are very propitious results for the
full sampling. Three batches of data collection, each Mf 4 ¢ rher application of the methodology. The experimental values
configurations, were then performed. Coordinate sets were,; the relative free energies of bindifigpgether with their

Chlorobenzamidine

aq: =0.35 (0.19) aq: 2.54 (0.04)
prot: 1.61 (0.09) prot: 3.19 (0.04)

Benzamidine

saved for analysis every &lMonte Carlo configurations. Al gqtimated errors, are also presented in Figure 5. Although the
calculations were performed using the MCPRO progfeon differences inAAGy are not large, the calculations correctly
Silicon Graphics computers. find p-aminobenzamidine to be the strongest inhibitor. The

AAG;, values formp-methylbenzamidine angtchlorobenzamidine
calculated with respect f@aminobenzamidine are in excellent
The aqueous-phase free-energy results are given in Figure 4agreement with experimental results. TAAG, values for
Each value is the average of three consecutive batches of datdbenzamidine are not in agreement with experimental results.
collection, and the quoted statistical uncertainty corresponds to The high precision of the simulation results suggests that the
the standard error on this average. A more reliable discriminator predicted overly weak binding of the parent benzamidine is not
of the precision of the simulation results is the determination due to sampling problems. A more likely possibility is a
of the extent to which the calculations yield closed thermody- deficiency in the partial charges derived from the RHF/6-31G-
namic cycleg’ To this end, the free-energy change for the (d) calculations. Calculations of free energies of hydration for
closed cyclep-aminobenzamidine~ p-chlorobenzamidine~ a range of organic molecules have given an average error of
benzamidine— p-aminobenzamidine was computed and found 1.1 kcal mof? using this charge generation procedtrand
to be 0.23+ 0.25 kcal mot?, very close to the ideal result of  the discrepancy in the calculatéd\G, observed here for the
zero. Thus, the precision of the aqueous-phase calculations isparent benzamidine is of this order of magnitude.
excellent, and moreover, the calculated hysteresis is consistent It is not possible to compare these results directly with other
with the reported standard errors, giving support to this method calculations described in the literature, since different inhibitors
of error estimation. The free-energy results obtained from the have been studied. Wong and McCamravere able to
protein/inhibitor complexes are also presented in Figure 4. Eachcalculate the difference in the free energy of binding between
value is the average of six results obtained from three consecu-benzamidine ang-fluorobenzamidine using molecular dynam-
tive batches of data collection. The hysteresis calculated overics simulations with an accuracy of approximately 0.5 kcal
the closed thermodynamic cycle was 0#410.13 kcal mot?, mol~1, a value comparable to that observed here. Aéfisis
again a value close to zero. investigated benzamidine apetarbethoxybenzamidine binding

Results and Discussion
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1.1(0.2)

expt: 1.1 (0.6)

Closure:
0.2(0.3)

Aminobenzamidine Chlorobenzamidine

1.1(0.2) 0.7 (0.1)
expt: 0.7 (0.2) expt: 0.4 (0.1) expt: ~0.7 (0.6)
Figure 6. Single structure of the trypsin active site taken from the
simulation of thep-aminobenzamidine inhibitor. Hydrogen bonds are
identified by dotted lines.
TABLE 2: Free-Energy Changes (kcal/mol) and Associated
Dipole Moments
mutation dipole
p-NH2 exptP  moment
—X AGy calcdAGy AAGy AAGy D
p-NH; 4.59
p-H —0.35+0.19 1.61+0.09 2.0+0.2 0.4+0.1 6.00
idi B idi p-CHs 0.83+0.17 1.91+0.09 1.1+0.2 0.7£0.2 7.69
Methylbenzamidine enzamidine p-Cl  —3.12+0.15 —1.99+0.09 1.1£0.2 1.1+06 12.12

Figure 5. Calculated and experimental relative free energies of binding
for the benzamidine inhibitors (kcal md). Standard errors are given
in parentheses. As well as forming the salt bridge with Asp 189, hydrogen bonds

are identified between the inhibitor and the oxygen of Gly 219,
using the linear interaction energy approximation. Excellent the side chain of Ser 195, and with two water molecules. On
agreement with experimental results for the absolute binding average, the side-chain oxygen atom of Ser 195 formst0.4
free energies was obtained, but the relative free energy of 0.2 hydrogen bonds with thgamino inhibitor, but no hydrogen
binding between these inhibitors differed from experimental bonds with water. This atom cannot form any hydrogen bonds
values by 0.4 kcal mol. Furthermore, since this procedure with the other inhibitors but instead recovers these interactions
relies on taking the difference between average energies thatby forming an identical number of hydrogen bonds with water.
are typically large, the calculate®¥AGy, suffers from significant In general, the total number of hydrogen bonds involving protein
statistical uncertainty;=0.7 kcal mot? in this case. atoms in the active site is independent of the inhibitor, to within

To determine the origin of the trend in binding free energies, statistical error, but the precise pattern of the hydrogen bonding
the number of hydrogen bonds formed by each inhibitor was varies.
examined. Hydrogen bonds between the inhibitors and protein In Table 2, the free-energy changes for the mutations are
were assigned if the hydrogen-bonding distance was less tharpresented, together with the calculated dipole moments for each
2.5 A. For solute-solvent hydrogen bonding, this distance inhibitor. Since the inhibitors are charged, the dipole moments
criterion was applied, together with the requirement that the are dependent on the choice of coordinate origin; the data
intermolecular interaction energy should be less thar5 kcal presented here were evaluated with respect to coordinate axes
mol~1. The analysis of the bound simulations was performed centered on each molecule’s center of mass. On purely
over the three batches of data collection, each consisting of 40continuum electrostatic grounds, as the dipole moment of a
coordinate sets, whereas the aqueous phase results were analyzewblecule increases, its free energy of solvation should become
over three batches each of 60 coordinate sets. In the agueousnore negativ8® The higher the dielectric constant of the
phase p-aminobenzamidine forms 58 0.1 hydrogen bonds,  surrounding medium, the more pronounced this effect will be.
p-methylbenzamidine forms 48 0.0, p-chlorobenzamidine 3.7  The dielectric constant of a protein lies somewhere between 2
+ 0.1, and benzamidine 3.Z 0.1. Thus, on mutating the  and 30%° whereas that of bulk water is approximately380n
p-amino group to any other substituent, between 1.3 and 1.6the complex, the inhibitor is partly exposed to water, so some
hydrogen bonds are lost. In the protein/inhibitor complexes, solvent response to changes in the inhibitor dipole moment is
removing thegp-amino group loses a total of 146 0.2 hydrogen expected, although this will be much less significant than that
bonds. Thus, the change in the number of hydrogen bondsobserved in the agueous-phase simulations. On this basis, with
between the inhibitors was virtually identical in the aqueous all other effects being equal, the most polar molecule should
and protein systems and hydrogen bonding cannot therefore bebind the weakest, and the least polar the strongest. This bulk
invoked to rationalize the trends in binding constant. solvation effect might be expected to dominate, since it has

A wealth of structural information is available from the already been shown that the change in the number of hydrogen
simulations. For example, in Figei6 a single structure of the  bonds between the inhibitors was virtually identical in the
p-aminobenzamidine complex, chosen at random, is presentedaqueous and protein systems. Thus, the free energies of binding

a Experimental data taken from ref 9.
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Figure 7. Molecular surface of the trypsin binding-pocket. The surface
is colored according to electrostatic potential.

p-Amincbenzamid ine P-Chiorobenzamidine

of the inhibitors, on the basis of their dipole moments alone,
should bep-aminobenzamidine< benzamidine< p-methyl-
benzamidine< p-chlorobenzamidine. This is in exact accord
with experimental results. In the experimental binding sttidy,
a roughly linear relationship was found betwed pnd the !
Hammetto, substituent constant for the para substituent with !
weaker binding for the more electron-withdrawing groups. This
trend was rationalized with reference only to effects on the
energetics for the bound structures. The explanation invoked Bercamidine p-Methylberc amidine
a new dipole-dipole attraction in the complexes with an
electron-donating para substituent like amino and a new dipole
dipole repulsion for an electron-withdrawing substituent like
chloro. The present data indicate that this rationalization is false;
the amino-to-chloro perturbation is favorable both in the agueous
phase and while bound to the protein. Electron-withdrawing
groups serve only to make the molecule more polar, increasing Conclusion
the stability of the inhibitor in water over that in the complex.
Thus, the more polar an inhibitor is, the weaker its binding. Monte Carlo computer simulations have been performed in

In Figure 7 the electrostatic potential of the protein in the conjunction with free-energy perturbation calculations to de-
vicinity of the binding pocket, as calculated using the linear termine the relative binding constants of a number of benza-
Poissor-Boltzmann equatioft is presented using the program  midine inhibitors with trypsin. The simulation results are very
Grasp®? The electrostatic potential is predominantly negative, precise; the standard errors calculated from batch averages are
supporting the fact that positively charged ligands make good small and, more importantly, closed thermodynamic cycles are
inhibitors of this enzyme. In Figure 8, the equivalent electro- obtained. This conclusion supports the use of the Monte Carlo
static potential maps are presented for the benzamidine inhibi- sampling procedure in the determination of association constants
tors; the electrostatic potential surfaces are predominantly for protein/inhibitor complexes. The calculations correctly
positive, showing good complementarity between the inhibitors predict p-aminobenzamidine to be the strongest inhibitor and
and the active site. The molecular structures used are singlegive AAGy values forp-methylbenzamidine ang-chloroben-
representative configurations taken from the computer simula- zamidine that are in excellent agreement with experimental
tions. The electrostatic parameters are identical with those usedvalues. The predicted overly weak binding of the parent
in the simulations, and the molecular surface is determined usingbenzamidine is most likely due to a deficiency in the partial
the default atomic radii provided with the program. The polarity charges. Analysis of the simulation trajectories reveals that
of each molecule may also be estimated from these figures bychanges in hydrogen bonding provide no assistance in rational-
observing the asymmetry in the electrostatic potential on the izing the calculated free energies. Instead, the relative binding
molecular surfacesp-Aminobenzamidine has a positive elec- affinities arise solely from bulk solvation effects whereby the
trostatic potential at both ends of the molecule and consequentlymore polar inhibitors are preferentially stabilized in water. This
the smallest dipole moment. The parent benzamidine also showss in agreement with the conclusions of ref 1. The explanation
this effect and does indeed have the next smallest dipole for the trend in association constants given in the experimental
moment. Inspection of thp-methylbenzamidine ang-chlo- binding study has been shown to be incorrect.
robenzamidine surfaces suggests that these molecules should This study has demonstrated that Monte Carlo computer
be the most polar, as is observed. simulations of proteins can be used to calculate accurate and

Figure 8. Molecular surface of the benzamidine inhibitors. The surface
is colored according to electrostatic potential.
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precise free energies of binding. The wealth of structural 1978 17, 4640. Sakiyama, F.; Kawata, ¥. Biochem1983 94, 1661.
information available from the simulations has been analyzed (14) Kossiakoff, A. A.Basic Life Sci1984 27, 281.
and used to rationalize the calculation results, enabling predic- (1) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;

tions to be made. These auspicious results bode well for the

future application of this methodology to other protein/inhibitor
complexes.
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