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Abstract

This work demonstrates the conceptual feasibility of a method for systematic and concerted design of a molecu-
lar structure with a favorable interaction toward a prescribed target. Since a semi-empirical QM hamiltonian is
used to calculate energies, the method described here allows the continual atomic change and reassessment of
molecular structure with respect to its own internal energy and its target interaction energy. Modelling the
ligand molecular structure on an atomistic basis, in contrast to a fragment basis, permits the construction of
higher energy transitional structures which bridge between viable ligand structures. This allows a most thorough
way to accomplish meticulous configurational sampling. The use of two examples, the creation of an ammonia
molecule to interact with a formic acid target, and a formic acid molecule to form a dimer with a target, more
clearly illustrates the features of a temperature guided Monte Carlo simulation which was developed to allow
thorough configurational sampling. This is accomplished by appropriately varying the temperature of the MC
simulation. A sees of random starting configurations underwent this systematic MC sampling procedure to
locate various structural and interaction energy minima. The results of these simulations demonstrate thorough
configurational sampling and convergence.

Keywords: Monte Carlo simulation, automated drug design, molecular recognition, temperature dependent Monte Carlo,
molecular design

plish this in a knowledge-based and automated fashion. Two

Introduction fundamentally differentle novoalgorithms have been used.
One type docks molecular fragments, selected from a
Background predefined library, into the binding site as isolated units and

then connects them to form molecules. The programs

A central problem in current drug design research is to findCSS [1/HOOK, [2] GROW, [3] and LUDI [4] are exam-
an inhibitor starting with a known macromolecular binding ples of this strategy. A second approaelguentiallygrows
site. Many procedures have appeared recently which acconfrolecules in the binding site in stepwise fashion. Examples
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such as SPROUT, [5] LEGEND, [6] GROUPBUILD, [7] and atomic number. This is accomplished through variable occu-
GROWMOL [8] utilize this strategy. The program, LEGEND, pancy (ie. spacially overlapping populations of atoms). How-
fills the binding site with atoms by vater Waals potential  ever, although the pseudo-energy scoring may be conducive
and then connects favorable combinations by force fieldowards convergence, interaction energies would not be well
methods. In this manner the ligand interaction and structureepresented. QM methods are much more suited for this type
are optimized separately. In GROWMOL, atoms and sub-of ligand development since many possible transitional struc-
structure fragments are constructed in the binding site byures that are created would usually not be included in force
force field geometries and fit to the target via bindingfield substructure libraries.

complementarity scores. [8] Its algorithm applies a MC-me-

diated construction strategy at each step. Both approach&peration: This study initially suggests that a ligand be de-
have sequential features and are force field/functional grougsigned to fit a binding site by continually modifying its struc-
based. However, we dedlmg anQM non-sequentiainethod  ture in a randomly driven manner. These changes are accom-

using a Monte Carlo (MC) approach. [12] plished by randomly choosing to create, destroy, move, or
change the atomic number of an atom. In any of these cases
Central Idea the initial atom position, changes in position or atomic number

are chosen randomly within boundary parameter guidelines.
Reasons for QM approactBecause of the complexity in Changes in structure are continually sampled in varied re-
computational details MM- two body potential functions are gions and assessed with respect to ligand structural and tar-
widely used. An important feature of theseeefive pair-  get binding energies.
wise potential functions is that the many-body polarization
effects are incorporated in an average manner into the pd&arameter Limits:Although an unrestricted random search
rameters fitted to reproduce experimental fluid continuumwould be the most thorough in theory, the practicalities of
properties. [9-11] Unfortunately these parametrisations d&CPU limitations dictate the use of boundary parameters that
not fare so well in nonuniform environments. One of the maindirect the process towards more meaningful changes with
difficulties in de novoligand design is the reliability of the minimal compromise towards the thoroughness of the search.
calculated nonbonded interaction energies. Nonbonded inFhese fixed spatial parameters include the ligand box bounda-
teractions are much more sensitive to anomeric effects, andes, the maximum move displacement, minimum interatomic
electron density displacements are on the same order as iligand-target atom distance, and minimum interatomic lig-
teraction distances. In fact, the authors of GROWMOL stateand-ligand atom distance to improve the chances of a modi-
that the binding complementarity score is not meant to accufication being accepted. A maximum interatomic ligand-lig-
rately represent contributions to the free energy of bindingand atom distance has also been incorporated in order to pre-
[8] In order to improve the reliability, using semi-empirical vent decreased interatomic orbital overlap causing a mini-
QM would be a marked improvement. An additional advan-mally interacting neutral unbonded atom with weak and un-
tage demonstrated by using QM is the ability to form struc+esponsive interaction energies. Since interactions from non-
tures without the need to predispose atoms to a fixed type (aserlapping atoms do not at all reflect their electrostatic and
required in force field substructs). This would also allow van der Waals pperties when bonded, their existance is
amuch less restricted construction than the substructure/atoravoided.
type based force field.

Overview
Reasons for non-sequential constructitmall of these cur-
rent methods thde novocreation of the ligand to fit a bind- In order to achieve this parallel ligand construction the scheme
ing site is executed in a seria@shion. The only gparent  would require a continuous sampling of all regions compris-
allowance occurs in GROWMOL where a sequentially cre-ng the ligand space to attain a constant reassessment of the
ated atom may fuse with a previously created atom in théigand-binding site interaction. Two general types of interac-
chain to permit cyclic structuref8] However, even in this tions must be assessed during the ligand design procedure.
program, no provision is allowed for a sequentially later con-One type, the interactions between the binding site and the
struction to be an alteration in an earlier construction. This igroposed atomic arrangement in the ligand region (ligand
due to the limitations inherent in force field dependent lig-molecule), determine the binding interaction energy. The
and construction. Prior constructs predetermine those thatecond type, interactions among the ligand atoms, determine
follow in a given design sequence, ie. later constructs are ithe internal molecular geometry and energy of the ligand
response not only to the binding site but also to earlier conitself. A crucial requirement of this ligand design simulation
structs. hus a continuously metamorphic/non-serial con-is the ability to sample the series of atom positionseoeg-
struction would favor a more extensive structural explora-ated ligand configurations that simultaneously minimize both
tion of regiochemical and configurational space. Similar struc-of these interaction energies without overbias. In other words,
ture perturbation is also used in DLD [15] which allows athe internal energies guide the ligand atom positions into a
particular atom to change hybridization/connectivity, andviable molecular structure while the ligand binding energies
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guide the ligand atom positions into favorably interactingapproach is used in the GROWMOL program where a
structures. The intersection contains the viable solution conBoltzmann weighting factor is utilized to bias the selection
figurations. of atoms with high complementarity score. This permits struc-
Ultimately, the proposed method for generating this ex-tures to be constructed in which groups of atoms with
tensively sampled series of ligand configurations would bdavorable interactions can be connected by atoms which show
to run a grand canonical MC-controlled simulation of a sedess target binding complementar[8} In this manner mo-
ries of atoms that would be allowed to change position, atomitecular construction need not be obstructed by an unfavorable
number, and to be created or destroyed. Initially the ligand i®inding complementarity score. The Boltzmann weighting
modelled as free atomic potentials in space, which will evenfactor in GROWMOL is determined by the user and run at
tually coalesce into a molecular structure through repeatedonstant value throughout the program, however the method
MC generated coigfurations. In the interest of purposeful described here continuously varies the weighting factors ac-
convergence, the molecular formula of the simulated ligandording to acceptance ratios of their respective structural and
must correspond to a complete molecule (fulfilling the octetinteraction energy trajectory profiles.
rule) for all configurations. Since speed of calculation is of
concern in MC procedures, molecular mechanics empirical/ariable Boltzmann-search temperature/parallel Metropolis
methods might be the obvious choice. However, the accualgorithm
racy of assigned partial charges, force constants, and polari-
zation coefficients may become misleading especially sincehe decision to accept or reject a proposed MC-change in
the model uses molecular atom types in a precariouslyigand structure in these simulations is not obvious. Changes
unbonded fashion. Due to the difficulties and lack of paramare to be analyzed according to the interaction energy be-
eter continuity present between geometry and adjacent atoeen ligand and target atoms, and the internal bonding en-
dependent atom types in library functions such as in MM, itergy of the ligand itself. Each energy value is assessed sepa-
is necessary to calculate energies required for MC by semiately by Metropolis algorithm. Difficulties arise when one
empirical QM methods to allow energy convergence. energy change value is accepted and not the other. A cau-
Aside from the energy calculation method utilized, thetious approach would require both energy change conditions
internal and binding energies must be appropriately weighte¢b be satisfied before allowing an overall acceptance. This
in the Boltzmann term so as to afford a maximum number ofeads to slow but steady convergence uporiagaeptable
both well bound and unstrained ligand structures. A similasstructure’ whereas the requirement of only one satisfactory
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change in energy to allow an overall acceptance leads to detheres is the sample size of trials to be scrutinized. At this

structive interference in obtaining (convergence) minimalpoint the simulation (ligand or interaction energy trajectory)

energy \alues. temperatureT; , is systematically set evesynumber of tri-
Control of the MC process mainly relies upon adjustmentls as

of the Boltzmann-search temperature which guides the sen-

sitivity of the acceptance critar While using fixed maxi- 0

mum displacements, the temperatures of each Metropolis g]_

process are periodically and separately adjusted so that their [ i~1bncr

acceptanceftrial ratios are maintained around a set value. In U

this manner the temperatures are a function of the energy =

space that is being sampled, and regulation of the accept: = %Ti—l/tincr

ance ratios is then controlled by the tempeestukccord-

ingly, acceptances are controlled by the locally sampled en- O

ergy space. When the acceptance ratio becomes lower than .

the set value (eg. the system has already sampled an energy Eﬂ_l, lo_thresholds Acpt ratio

minimum (Figure 1a) and MC movements correspond to = < up_threshold

higher energy contours), the temperature is raised to allow

escapeand facilitate configurational expldian. When the

acceptance ratio becomes higher (eg. the system energy ifherei=k/s,

on a slope contour (Figure 1b) where decreasing energies are

accessible to at least half of the MC movements), the tem¢

incr1S the multiplicative incremental temperature adjustment,

perature is lowered to favor energy decrease. For this aRip_ thresholdis the optimum upper acceptance ratio value,

proach to work effectively the maximum displacement valuey g thresholds the optimum lower acceptance ratio value.

must be large enough so that it significantly spans the edg&g,e sample sizes, for the acceptance ratio (ie. the number

of the possible energy minima near enough to their nadir. Ot yia|s per ratio assessment) and the incremental tempera-

a_ccount of the diffgrences in well width th_e maxin_wm atomicy ;e adjustment,, influences the delay of the energy pro-
displacement for ligand energy (bonded interactions) explogjje response so that this feedback control information is

_rations _is smaller than the ma>_<imum I_igand translat_ion fordamped. This is necessary since the acceptance ratio is
interaction energy (nonbonc!ed interactions) explorations. "?ecursively correlated to the temperature, and without a suit-
addition the acceptance ratio thresholds should have apprgpe gelay destructive feedback would occur. In this pulsed
priate upper and lower bounds to adequately detect the 10C&55nner the Boltzmann-search interaction temperature suc-
tion of a trajectory. In this manner the simulation allows thecessfully guides the interaction energies in and out of poten-

capability of finding and climbing out of energy minima 10 ;5| \yells on the energy surface. Thengral sheme of this
explore configurational space effectively. At first glance this .o qure is outlined in Figure 2.

approach would appear to suffer from a negative feedback 5. trajectory, ligand energy and interaction energy, is

feature in which it is simultaneously trying to jump out of gyamined separately and independently by their own accept-
energy wells that it is also trying to locate. However, this iSyce ratios, temperatures, and threshold values. For a con-
overcome with the delayed temperature adjustment reSPoNggurational change from stateto staten to occur, the Me-

by using a sufficient acceptance ratio sampling rate (ie. SaMtopolis algorithms of both energy changes must permit

ple size). _ an acceptance.
For each separate energy calculation an acceptance of a

new configuration energy may be summarized by the Me-
tropolis MC algorithm, Method Details

Acpt_ratig < lo_threshold

Acpt_ratig > up_ threshold

A _ [Acpt +1, min(1,expEAV,,/ KT)= raif0,]) Initially, it is necessary to prove the feasibility of this novel
CPYy = EACPI'I(, min(L,expE AV, / KT)< rai0,]) approach by demonstrating a successful pilot study where
only some of the above mentioned types of random changes
are operational to limit the configurational space and com-
wherek is the trial number\cpt, is the number of accepted putational burden. For this muse, a simulation was devised
confguration transitions, andV, . is the (interaction or lig-  to show that a nitrogen and three hydrogen atoms, initially
and) energy difference between the propossthte and ini-  and randomly positioned around a target formic acid mol-
tial mstate. The acceptancetica Acpt_ratig can now be  ecule, would arrange themselves into an appropriately inter
defined as, and intramolecularily oriented ammonia molecule. The
number of atom types are fixed, but they are allowed to mu-
Acpt_ratio= Acpt - ACDL-S, mod (k,s)= 0 ;tate (d)ne into another in a pairwise fashion. Each atom is a_l-
s owed to move separately with a (0.3A) maximum displace
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new configuration
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based upon based upon
Alnteraction Energy ALigand Energy

Figure 2. General scheme describing the Temperature Searchiance, and minimum (1.8A) ligand-target interatomic dis-
MC procedure. tance. In this manner unacceptable energy trials are avoided
by preventing unfavorably close nonbonded interactions with
target and bonded interactions between ligand atoms them-
ment, and the entire ligand can move with a (0.8A) maxi-selves. A maximum ligand-ligand interatomic distance guar-
mum translation or rotate in two orthogonal planes. Spatiahntees that any particular atom will be near bonding distance
parameters include the ligand box bouieawhich are con-  to at least one other ligand atom.
fined within 10.0A of the formic acid target, a maximum Due to the existence of relativellyng ‘transition-bond’
(2.5A) and minimum (0.8A) ligand-ligand interatomic dis- distances in the ligand, all energies are calculated by semi-
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Table 1.Intermolecular H-bonding distances and Ligand and
Interaction Energies of optimized general orientations and
best simulation configurations (av.-average H-bond length
of the trifurcated H-bond).

General H;N:—HC- H N:-HO- NH ,—-O= NH, - O- Ligand Energy Interaction Energy
Orientations  -formic (A) -formic (A) =formic (A) -formic (A) (kcal/mol) (kcal/mol)
Config-A 2.69 2.21 -308.65 -3.58
Config-B 2.41 2.36 -308.65 -2.70
Config-C 2.26 2.22 -308.65 -4.10

Simulation-Trial step

1-926 2.85 2.32 -304.29 -2.05
2-1101 2.66av -300.41 -3.26
2-373 2.14 2.26 -285.77 -4.17
3-754 2.10 -260.24 -3.04
4-493 2.61 -294.55 -1.80
4-1052 2.74 2.63 -289.23 -1.85
5-1487 2.60 -240.81 -2.21
6-1327 2.67 -293.20 -1.67
6-579 2.75 2.45 -286.32 -2.06
7-1403 2.63 2.77 -293.68 -2.02
8-1131 2.42 -299.39 -2.65
8-1208 2.62av -299.02 -3.21
9-325 3.32 -305.71 -1.12
10-1088 241 -307.08 -2.16

empirical unrestricted HF QM methods (MOPACG6.0). [13] wherei is atomic number and, the number of atoms of

The total energy of the fixed geometry target molecule isatomic number. Only a constant is subtracted from the total

calculated once at the beginning of the simulation while thdigand energy throughout the simulations presented here,
total energy of the entire system (target+ligand) and totahowever this is included as a reminder for future simulations

energy of the lignd are calculated at each step of the simuwhere the number of atoms are varied. The Boltzmann-search
lation. The ligand-target interaction energi@ﬂter , are cal- temperatures are each periodically adjusted after 10 Metropo-

culated by subtracting the individual targ mget, and lig- lis energy trals. All trajectories are limited to 1500 steps
and, E}?‘and, total energies from the total energy of the entirewhere all attempted and accepted moves including their as-
system, E‘é’;me, simply as, sociated energies and temperatures are accumulated. Through-
out each simulation the five lowest internal ligand energy
Einter = B ntire — E‘Ot”gand— E‘Ottarget, and ligand-target interaction energy structures are saved.

where the total energies are just the sum of the electronic

and core-core repulsion eneg Theinternal ligand ener- Results and discussion

gies, E|I ang @r€ calculated by subtracting the monatomic to-

tal energ|esE from the total ligand energy as Each simulation begins with the random placement of the
set of atoms required to form an Nhholecule. Although

of the random atomic positions satisfy spatial parameters such

Eigana = lgand z N Bom(y | as the minimum and maximum inter-atomic distances and

box boundaries, they still typically correspond to a very high

atom(i)
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Figure 3a. Configuration A: corresponding to JN:---HC-
formic acid and NE+--O=formic acid H-bonds

Figure 3b. Confguration B: coresponding to EN:---HC-
formic acid and NEt--O-formic acid H-bonds.

Figure 3c. Configuration C: corresponding to JN:---HO-
formic acid and Ni-- O=formic acid H-bonds
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Figure 4a. Trajectory snapshot (trial-457 simulation-1.1)
corresponding to the N-H/Hocal minimum:

N-H fragment: N-H---O=formic acid 2.19A

H-H---N-H fragment 2.34A

H-H bond length 0.89A

Figure 4b. A trajectory snapshot (trial-569 simulation-2.3) Initial outline of energy minima
depicting the concerted development of,Nigland through

target interaction and internal ligand interaction In order to determine the effectiveness of this MC search
H,N---HO-formic acid 2.86A method, the optimum ligand and interaction energies and their
H,N-H---O=formic acid 2.10A respective orientations were obtained for assessment of tra-
H,N---H 2.72A jectory efficiency. General ammonia ligand structure and

orientations to the formic acid in vacuo were determined
beforehand from all chemically viable arr@ngents. Three
o - o ) general orientations of the ammonia-formic acid interaction
initial temperature. In order to facilitate continuity the simu-,.are found to be stable and were assessededs in Ta-
lation is started initially at a high temperature corresponding,|o 1, these eriers, configuréions A-C (Figures 3a-c), are
to 3000 K for both the internal ligand energy and interactiony,, H-bond systems of the possiblgN:#+-HC-formic acid,
energy Metopolis partition functions, and then self regula-  N-___HO-formic acid, NH---O=formic acid, and Nk}--O-
tion of Boltzmann-search temperature becomes operativgormic acid inteactions. Theother chemically viable pair
Lower initial simulation temperatures such as 600 K wouldsqmpinations were unstable and converge into the three listed
more often result in early delay of trajectories in local poten-g iantations. Fiese were all evaluated by the same energy
tial energy wells. calculation parameters used in the MC search. The H-bond-
ing distances and interaction energies of these semi-empiri-
cal unrestricted HF geometry optimized systems are listed in
Table 1. Optimal ammonia internal ligand energy is a found



J. Mol. Model.1997, 3 269

Figure 4c. A trajectory snapshot (trial-1487 simulation-2.5)
depicting the concerted development of;Nigland through
target interaction and internal ligand interaction
H,-NH---O=formic acid 4.19A

H,-(H)N---HO-formic acid 2.56A

(H---H)NH 1.22A

H,---NH 0.88A, 1.22A

Figure 4d. A trajectory snapshot (trial-1327 simulation-2.6) interatomic distance to at least one other ligand atom, and a
depicting the concerted development of Nigland through 1.8A minimum ligand-target distance parameters. It would

target interaction and internal ligand interaction seem plausible that maintaining the atoms at closer distances
H,-(H)N---H-formyl 2.67A should aid the atomic trajectories in finding the optimum
(H---H)NH 1.37A configuration more efficiently. Thus a second pilot set of simu-
H,---NH 0.96A, 1.00A lations was run with maximum intra-ligand interatomic dis-

tance and minimum ligand-target distance parameters de-
creased to 2.0A and 1.4A, respectively. In order to expedite
the energy calculations for each proposed step the SCF con-

to have a minimum of -308.66 kcal/mol and N-H bond lengths o gence ‘criteria was set at 0.1 kcal/mol. Each siioula

are appropriately 1.00A for these systems. was executed with different random number sets to allow
_ _ o o different starting configurations and to assess the path inde-
Pilot runs and identifcation of initial difficulties pendence of the search thoroughness and convergence to-

. o _ wards a solution configuration. Of these 20 simulations 14
In order to test the search capabilities and sensitivity of ligsimulation trajectories (seven from each simulation series)
and assembly, interatomic distance limits must be set to alsuccessfu"y converged upon and sampled the optimal con-
low effective yet non-restrictive trajectory guidance. Basedﬁgur‘—,monS and energies.
upon the equilibrium N-H bond and H-bond distances a pilot ~ Foyr of the simulations became detained in a local ligand
set of simulations were run with a 1.0A minimum intra-lig- energy minimum of ~ —200 kcal/mol and did not sample or
and interatomic distance, a 2.5A maximum |ntra-I|g(:1ndcom,erge towards the optimum configurational energies
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within 1500 trals. These local minima correspond to gen- ing configuration (random number set) allows successful sam-
eration of the N-H nitrene and,tdnd their unrestricted trans- pling of the optimal configurations and energies without any
lational separation (Figure 4a). This is due to the statisticallgeterred movement (Plot 2.7). Nevertheless, the fact that nine
driven tendency to form the less ordered diatomic structuresut of ten simulations (Plots 2.1-2.10) successfully converge
rather than a single pyramidal 4-atom molecule. In an examdpon optimum configurations and energies within 1500 MC
ple of such a detained simulation (Plot 1.1/see appendix) theeials (steps) with only 0.01 kcal/mol SCF convergence crite-
search temperature associated with the internal ligand comion, shows much promise.
figuration jumps to 2500 K at ~400 trial steps and then 3000
K at ~1100 trial steps in an attempt to escape this local ligMinima Search Capabilities
and energy minimum. Although most of the trajectories tem-
porarily sample this state, eventual nitrene insertion into thgor each simulation run, the five configurations with the best
H-H bond produces the energetically optimum_ Nidordi-  overall ligand and interaction energies weeearded. The
nation. best examples of each general type of ammoniaitoacid

In one simulation of each series the trajectory becomemteraction of each simulation are showrTable 1. Of par-
restrained within a configuration that is more susceptible taicular note is that a trifurcated H-bond configuration from
inaccurately calculated energy values due to insufficiently|\||-|3 to the O=formic acid was located and sampled in
converged SCF calcuians. These artifactually occuring simulations-2 and -8 (Plots 2.2,2.8) as trials 2-1101 and 8-
errors in interaction energy arise due to the comparitively1 208 (Table 1), respectively. This configuration easily falls
uneven total ligand and total system energy calculations whickhto the single H-bond Nf+-O=formic acid orientation (con-
are susceptible to insufficient SCF convergence. Both enfiguration-C) upon MM steepest descent energy minimiza-
ergy surfaces in this region (Plot 1.2) appears to form afion thus demonstrating the sensitivity of the MC-tempera-
artificially wide and flat nadir thus producing a high MC- ture search sampling method. Simulation-2 (Plot 2.2) addi-
acceptance t&. The algorithm then sets colder Boltzmann- tionally located a conduration (trial 373) incorporating
search temperatures (Plot 1.2) with the aim of finding a mini-HSN:---HO-formic acid and NE--O=formic acid interac-
mum since the fixed maximum displacement and translatiorions (Table 1) while simulation-8 (Plot 2.8) also located a
values do not significanly span this region. Evidence for suclzoniguration (trial 1131) of a single Nj-O=formic acid
poor convergence is shown by the inordinately low interacH-bond (Tablel). Theinteraction energy of -4.17 kcal and
tions energies (~-30 kcal/mol) produced by the separate ligH-bond distances of 2.14A and 2.26A of trial 2-373 are simi-
and and target total energies subtracted from the energy @ir to that of the -4.10 kcal and 2.26A and 2.22A H-bond
the entire system. Similar behavior is even evident in nine oflistances of the same optimized configuration-C (Table 1).
the trajectories that successfully converge upon and sampimilarily for trials 3-754 and 8-1131, their interaction ener-
the optimum configurations, however these trajectories sugies and H-bond distances are comparable to that of optimized
ceed in escaping these regions of poorly calculated energyoniguration-A, and the results of trials 4-1052 and 7-1403

configurations. comparable to that of optimized configuration-B (Table 1).
Further substantiation of the sampling efficiency of this MC
Design improvements search routine is also shown by simulations-4 and -6 (Plots

2.4,2.6) (Table 1) each locating and sampling more than one

In order to circumvent these fragmentations of the ligandgyeneral type of configuration within only 1500atrsteps.
molecule into less ordered species, additional restrictions werglthough no single simulation is capable of sampling all of
next incorporated which required each ligand atom to be corthe available interaction energy minima within the alotted
nected to any other ligand atom through a chain network ofrial length, the collective results of these simulations cer-
distances within the allowed 2.0A maximum intra-ligandtainly do. In this manner it may be more effective to run a
interatomic distance. This condition would more directly ar-number of simulations due to the various starting configura-
rest the dissociation of the ligand atoms into separate unitsions rather than a single simulation of extreme length.
As seen in the series of simulations that incorporate these
conditions, Plots 2.1-2.10, none of these ten trajectories reSimulationsAllowing Multiple Prodict Formation
mains trapped within the energy minima corresponding to
the N-H and H configuration. In addition to the ammonia fomation/formic acid-binding

Setting a much narrower SCF convergence criterion ofnteraction simulation, a study was performed that would aim
0.01 kcal/mol decreases the likelihood of artifactual enertg create a formic acid molecule to interact as a dimer with
gies due to poorly converged SCF energy calculations as inan existing formic acid molecule. As in the previous series of
tially postulated. At this level of self-consistency, only one simulations the constituent set of atoms (1C, 20, 2H in this
simulation becomes susceptible to a configuration where itgase) are randomly distributed around the formic acid target
trajectory is restrained due to poorly converged energy cakmolecule, and the trajectories controlled by the same dis-
culations. Running another simulation with a narrower SCRance parameters, Monte Carlo thresholds, convergence cri-
convergence criterion of 0.0001 kcal/mol of the same startteria, and number of trial steps. However, unlike the previ-
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ous example which only constructed an ammonia orengitr  sponse. This is consistent with the pulsed delay-feedback
diatomic hydrogen pair, this simulation series can allow thecharacteristic of the search.
formation of many iso-energetic structures to that of the de- The ligand energies behave similarily, however when they
sired formic acid. In fact the randomly positioned atom setsare sampling their lowest energy minimum, they are not as
condense to either the G8, or CO/HO van der Wals  responsive to their Boltzmann-search temperature due to the
pairs, or the dihydroxy carbene as well as formic acid. Eaclsteepness of the energy wells of bonded atoms in compari-
of these trajectories incorporate orientations that sample sigson to the relatively shallow contour of the non-bonded in-
nificantly strong interaction energy space (Plots 3.1-3.10). teraction potential surface. This can be observed by the se-
Of the ten trials, two simulations (Plots 3.3,3.8) created aies of pulsed jumps to high temperature in the attempt to
formic acid molecule that interacted with the formic acid drag the ligand atom-set out of the well to explore others. In
target. In simulation-3.3 the formic acid molecules interactsimulation-2.5 (Plot 2.5) the ligand configuration becomes
via their formal carbonyl oxygens and formyl-hydrogens astemporarily detained in the nitreneyebnfiguration whereby
a dimer (Figure 5a) while in simulation-3.8 ligand atoms as-the high temperature pulse of 1500 K between 1100-1300
semble the formic acid at a much later stage of the simulatrial steps causes a slight rise in ligand energy peaking at
tion whereby only a single carbonyl oxygen to formyl-hy- ~trial step 1300 and eventually falling towards the -300 kcal
drogen intermolecular interaction is accomplished. Transitegion corresponding to the Nionfiguration. In simula-
tion to formic acid structure is best indicated by the bondtion-2.3 (Plot 2.3) the ligand configuration trajectory is
formation between the formyl and hydroxyl radicals of simu-similarily detained in the nitrene-}configurdion. Analo-
lation-3.8 (Figure 5b) and carbene decomposition transitiomgously, the temperature remains at ~2000 K until 450 trial
structures created during the simulations-3.1,3.§F8gure  steps until the ligand energy trajectory starts to fall towards
5c¢). TheCO/H,O van der Waals pairs created in simulations-the NH, configuration minimum. In simulation-3.8 a tem-
3.4,3.9,3.10 (Figures 5d,e) and the 8Q van der Vdals  perature increase from 1400 K to 3000 K during the 600-
pairs created in simulations-3.2,3.6 (Figures 5f,g) all dem-1000 trial step interval (Plot 3.8) moves a formyl and hy-
onstrate dipolar interactions with the formic acid target mol-droxyl radical configuration at -460 kcal into a formic acid

ecule. molecule at -520 kcal.
When the ligand atom set locates and samples the ammo-
Trajectory Control nia configuration, in all simulations the temperature responds

by generallyincreasing again or remaining high near the ini-

As seen in the figures of the simulation trajectories of thelial temperature if the ligand energies drop quickly at the
ligand and interaction energies and their accompanyingtart. This is also most evident in the simulations were
Boltzmann-search temperatures, the contours of the interat#COOH (Plots 3.3,3.8), CfH, (Plots 3.2,3.6), and CO/9

tion energy closely follow that of their temperatures for all (Plots 3.4,3.9,3.10) are formed. The temperature rise attempts
simulations (Plots 2.1-2.10, 3.1-3.10). Upon careful inspecto redirect the trajectory out of the steep ligand energy well.
tion it is evident that indeed the energy trajectories respondn this situation the acceptance ratio threshold for tempera-
to their temperature guidance by noting a short lag-periodure adjustment is not set low enough for the given atomic
between the initial temperature change and the energy rdMC maximum displacement to allow the trajectory to exit a

Figure 5a. A trajectory snapshot (trial-296 simulation-3)
depicting the final concerted development of HCOOH ligand
assembly as a dimer with the formic acid target
formic=0---H-formyl target 2.25A

formyl-H---O=formic target 2.03A
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Figure 5b. A trajectory snapshot (trial-584 simulation-8)
depicting the concerted development of HCOOH ligand
through target interaction and internal ligand interaction;
Note hydroxyl radical approaching formyl radical
formyl-C---O=formic target 3.13A

formyl-H---O=formic target 2.20A

formyl-C---OH 1.97A

Figure 5c. A trajectory snapshot (trial-544 simulation-5) tation during simulation are portrayed in Figures 4b-d. A
depicting the concerted development of HCOOH ligandcarbonyl dipole stabilized NHradical is seen acquiring a

through target interaction and internal ligand carbene hydrogen atom which is in turn stabilized by the carbonyl
rearrangement interaction; Note hydroxyl hydrogen shifting oxygen (Figure 4b). Insertion of diatomic hydrogen onto an

position to acquire more carbon overlap N-H nitrene can be seen where the amine nitrogen interacts
shifting-H---C 2.25A with the target molecule carboxyl proton (Figure 4c) or the

shifting-H---O-formic target 1.82A formyl hydrogen (Figure 4d). These trajectory snapshots are
shifting-H---O-C 1.74A indicative of the simultaneous assembly of the ammonia

molecule and its vanguard non-bonded interactions with the
formic acid targt. As showrespecially in simulations-2.3,2.5
NH, configuration (N, 3H simulation), and in the same re-(Plots 2.3,2.5) the ligand-target interaction energies start to
spect the iso-energetic formic acid, £, or CO/H,0 con-  decrease a few hundred trial steps before the ligand energies
figurations (C, 20, 2H simulation). In this manner it is possi-start to decrease to that of the NHonfiguration. In
ble to adjust the search routine to not escape well minima afimulations-2.2,2.4 (Plots 2.2,2.4) the ligand-target interac-
a particular width and depth. tion energies decrease almost synchronously with the ligand
energies.
Concerted Optimization of Ligand and Interaction Energies ~ Similar arrangements are demongidain Figure 5b
where the formic acid target interacts with the hydrogen of
Concerted development of the ligand and interaction enetthe formyl radical subsequent to the hydroxyl radical ap-
gies with respect to the ligand structure and its target orien-
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Figure 5d. A trajectory snapshot (trial-885 simulation-4)
depicting the concerted development of a close CO/H
ligand pair through target interaction and internal ligand
interaction; Note HO in close contact with CO and its proton
near target- formic hydroxyl-O

CO---HOH 2.08A

OC---OH, 2.58A

HOH---O-formic target 2.40A

Figure 5e A trajectory snapshot (trial-1084 simulation-4) the carbene transition structure shows a beneficial interac-
depicting the concerted development of a close GO/H tion with the formic hydroxyl and formyl-hydrogen of the
ligand pair through target interaction and internal ligand target (Figure 5c). In the simulations that create thg/l€0O
interaction; Note HO in close contact with CO and its proton (Plots 3.2,3.6), and CO® (Plots 3.4,3.9,3.10) vater W\aals

near target- formic hydroxyl-O, and its water-O near formic pair ligands, the target interactions accomodate a transitional

acid proton ligand structure that approaches formic acid (Figures 5d-g).
CO---HOH 1.61A Consequently, in simulations-3.2, 3.3, 3.8,3.9, 3.10 (Plots
HOH---O-formic target 2.41A 3.2, 3.3, 3.7- 3.10) a concurrent decrease in ligand-target in-
H,0---HO-formic target 2.06A teraction energy and ligand energy is most easily seen. These

examples demonstrate the operation of the nonbonded inter-

actions as guidance for the ligand construction which is a
proach. External guidance imparted by the target moleculerucial feature of this study. Linking the construction of a
towards ligand formation in simulation-3.8 can also be seewiable molecular structure with the development of signifi-
by the formal carbonyl of the formic acid target interactioncant target interaction potential through their energy trajec-
with the hydrogen of the formyl radical ligand componenttories is the crucial feature and foundation of this study.
(Figure 5b) while in simulation-3.5 the hydroxyl moiety of
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Figure 5f. A trajectory snapshot (trial-431 simulation-6)
depicting the concerted development of a closgi@Q0igand
pair through target interaction and internal ligand
interaction; Note formyl C-O dipole interaction with GO
OCO---C-formyl target 3.18A

0,C---O-formic target 4.02A

H,---OCO (closest) 1.87A

H---H 0.97A

J. Mol. Model.1997,3

Figure 5g. A trajectory snapshot (trial-827 simulation-6) as modulating numbers of atoms and atom types would pose

depicting the concerted development of a closg/i&{igand
pair through target interaction and internal ligand
interaction; Note formyl C-O dipole interaction with GO
OCO---C-formyl target 3.40A

0,C---O-formic target 2.62A

H,---OCO (closest) 1.87A

H---H 0.80A

Conclusions

even further computational burden on attaining convergence
for location of meaningful configurations. (The use of en-
ergy gradient directing methods rather than a strictly Monte
Carlo type approach should possibly be more purposeful and
efficient if it were effectively installed). Fortunately, the ad-
vent of semi-empirical HF packages that use localized mo-
lecular orbitals such as MOZYME [14] offers considerable
relief from the CPU dependence of the necessary energy cal-
culations. (By using localized molecular orbitals instead of
matrix methods, the time required can be made almost pro-
portional to the size-N of the system rather than N [3].) This

The goal of producing an effective design algorithm whichwould make these simulations more viable in practice.
operates in a concerted manner at the semi-empirical HF level The presented parallel Metropolis algorithm offers ver-
is within reach, however systems of practical significancesatility in that more guiding values may be assessed and in-
~50 atoms would require an inconveniently large amount oforporated by just adding additional MC evaluation proc-
CPU time to complete a simulation of consequential (mean€sses. For example to ensure ligand binding specificity, si-
ingful) length. Including higher dimensions of variability such Multaneously maximizing unfavorable binding to a second
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target site may be incorporated by including an additionaReferences

MC evaluation for maximizing a second interaction energy.
Of course other Metropolis partition functions may be usedL.
to include variables specific to other ensembles.
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ammonia-formic acid complex with distance network
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criterion (simulation 7 required 0.0001 kcal/mol SCF
convergence criterion)



278 J. Mol. Model.1997,3

i)

5 4DDOE| T TTT TTT TTT TTT TTT TTT TT IE % 4000 ET 1T T 11T T 11T T 11T T 11T T 1T TTTETTTH
% — 3500E = F.— IS00E =
TS 3000F = TS 3000 3
23 25006 = o3 2500 =
E2 — = = [
©Z 20008 U 3 DX 2000 f] o | S
— 2 NRERN | — = 1L 4 [ =
= 1500 = = 1500 =
T 1000E 1 = S 1000l 1 E
5 soof 1 - = SR SR i -
= nE |-H1f‘=~.1_|| e A T T |5 = Oi?“r—uuﬁnﬁm_u (WY Lt SE N

m il 0 200 400 600 BOO 1000120014001 600
3—||| TTT TTT TTT TTT TTT TTT T T T4 8—||| LI LI LI LI LI LI L=
5 2f - 5 2f :
Eo qE : £5 of ;
(=] = = (=] = =
0k h - E
sE JETTTY, e = st : U
-GL'Ei il E IPW 5 -EJ'L'Ei _2; ‘-,‘J l—JIrU =
E% 2 E L\'Ln. | L U= EEO, SE =
] = E 0 3 E
E SE w‘ﬁ“ E E 4 E E
F SEEE NN ENEE ENEE ENEE AN EEEE AN SENS bbb b b b b g 3
D:||||||||||||||||||||||||: |3||||||||||||||||||||||||:
s0F - 50 -
5 ok IR z
55 eof - 5= . E E
LI%E 150 = LIC_IE:ISO: L]_ =
_DE-QDOELLWJLL = = C o =
gCE T - g}%zoo: ~ E
5 os0F L E 5 250 ~ :
AenbE Lo b b b b b b 3 _5:||||||||||||||||||||||||:

0 200 400 500 800 1000720014001 600 0 200 400 800 800 1000120014001 600

trial step trial step

Plot 2.3. Plot 2.4.



J. Mol. Model.1997, 3 279

i) Jab]
5 40005' TT TTT TTT TTT TTT TTT TTT IIIE 5 3500 EI T TTT TTT TTT TTT TTT TTT IIIE
E‘iE 3500; = E"E‘ 2000 =
2> 3000k E 2= o500 E
=2 2500:1: = =2 [ 0l 13
o i E o 2000 I e
== 200041 € g 4 .| — L
c 15008 g E c  TODOE — i
S 1000E Wi I, = S 1000F =
E b e Al [l EcooEM E
% 0§||1‘L|“‘~1"'|“-f'-~_LL bttt t™a] | J-r-‘lé % OEII‘}‘ILM"‘T‘W“"F-L_L i Lo gty o3

Wil m
3—||| TTT TTT TTT TTT TTT TTT T TT3 3—||| LI LI LI LI LI LI L=
s 2F 3 &  2E E
= 1E E T 1E =
g = = e = =
ul's O; " — = T} o§ I §
g:E_ 1E | 1, il "1‘1‘_ 3 gg 1 E A L | S
S RA s o D Y e W
o o = 3 W = =
g~ SE S 5~ JE =
E H4E = E AE =
S-) Sl NS NS N N N NS NNt LB b b b b b by e 3
O:||||||||||||||||||||II||: U:||||||||||||||||||||||||:
SO0 E 50 F -
510 E1 : B -100F £
o i 3 o= ]
ol | B ;
EE-200E - 2w 2 E
ég E i I, — '|--__Ll E ég -200 - L 3
4 -250: - 7 _250: IL_L 3
-SOUE E -3005 M_n“—‘l SN S 3
-SSOzlll""""""""""'E E||||||||||||||||||||||||E

0 200 400 800 800 1000120074001 800 _3500 200 400 §00 800 1000120074001 800
trial step trial step

Plot 2.5. Plot 2.6.



280 J. Mol. Model.1997,3

b L

E 4000 ET 1T TTT TTT TTT TTT TTT TTT TT IE E 4000 ETTT T T T T T T T T T T T T T T T TTTILTTTH
5T 9500F E 5 £ S500E S
= = = = =
%6 2000 F I E %E 2000 2 E
(DE 2500 §|_| |_| E iqn pr 2500 " |
= i g5 3 c =1 Y] Ny - 1 =
c  1500H = c  1500E =
o Shali B iy E = E1 1 JUnir E
= 1000E = u [B— "y = = 1000E - =
5 sooft i A = B 5ot : e
IZOD 05|}"r-..1| I s I My 15 Doi‘l 05|-|~Lh_.|_|| |LJ._--‘r"’;n-:-|n-:1'ﬁ'~-v'r‘T“r"|||‘-4.._||5
3 ET T T TTT TTT TTT TTT TTT TTT T TT15 3 ETTT TTT TTT TTT TTT TTT TTT 7713
. 2F % 5 of %
o 1E = e 1E :
o= gE E ws O0E E
GE JF = | cE 4 E S AL NNE
o= = 3 = = E
=% 2F VI =8 2oF ! BT, LT =
%E_ 3E L K E gf S E ) i Nyl 3
- BLLL : E o 4f .l = -
_5 E| 11 111 111 111 111 111 111 11 |E _5 E| 11 111 111 111 111 111 111 11 |E
O :I 1 | | | | | | LI} |: D :I 1 1T | | | | LI LI |:
S0k = S0 F =
5 -mo?"]1 - 5 100F :
T = : T C :
L%E-‘ISOZ L . L%E—‘ISO_&I -
2% 200F - 2T 200 -
2 T E 5= EY )
3 -250F ‘—ﬁL . S =
_ggof . E -SOOf T _'_“'”L. _L_.I}Lr-' ]1_.‘ f
_350:||||||||||||||||||||||||: -35[:]E||||||||||||||||||||||||:

0 200 400 &00 800 1000120014001800 0 200 400 600 800 1000120014001800

trial step trial step

Plot 2.7. Plot 2.8.



J. Mol. Model.1997, 3 281

Juk] Juk]

E 4000 ET 1T TTT TTTgTTT TTT TTT TTT T T T3 E gggg ETTT TTT TTT TTT TTT TTT TTEITTT3
o= E = = E =
55 ook | I ] afoml I
E2 2500 3 £ 2500 E
=Sped LT I il =T = A c 150080 ] (e 10 ol E
% :LII__I_I =] 1 % 100051 - | r I | E
£ Wb e £ =1 -
5 500E = N S00E =
E 0=|1||“r~._L| el W RN WY, W NN E D=|-|H"r~a4||_- L1 |1_Ju-r-'r'1‘n:n"-rq~n---r-'1|=
S—III T TT TTT T T T T T T T T T T T T T T 13 3 T T T T T T T T T4

5 oF = & QI E
£~ 1E = . E
1S 0 G E wg 1 3
é% 1 E I_LH M .g“l__—“Eﬁ 0 4 = :
E% _gz L oy "kz gg K J' kLLd‘J Hj'lk JML,I'E =
T BE = T g E
E 4E = E PE e mﬂ:
N S N N NS K NS NS s Ez) RN NN EEE SRR NN RN AR NN
O:||||||||||||||||||||||||: 0:||||||||||||||||||,|,,|,:

S0 E - 50 F -

= -100% < & -100F -
T 3 TF = :
G 21504 : EE -1503 :
i = = I 3
58 3 ) 52 20 1 :
S sl : 57 aeof f
300 F N PR R . = _gogfi\ﬂ-r"m"ﬂ-"ﬁ, r"rI'Ll___ eSS
_350:||||||||||||||||||||||||: _55||||||||||||||||||||||||E
0 200 400 800 300 1000720014001&00 0 200 400 600 800 10007120014001&00

trial step trial step

Plot 2.9. Plot 2.10.



282 J. Mol. Model.1997,3

9 Ja]
E 7I"I“::““::I(:):I TT TTT TTT TTT TTT TTT TTT III: 5 ?OOO:I TT TTT TTT TTT TTT TTT TTT III:
T BO00E 3 T = B000E 3
2= s000E E L= s E
= E 3 g‘B 5OOG: 3
T 4000E = T 4000F =
"= so00f 1 mill = "= 3000k I
= ﬂ—l | J—‘I_ = J—L Fm = = —H—i ul o I =] J—L =
Jas 2000 = = 28] 2000 = - B — =
= Q.LLU'I pigiie = = E 'I_| IJ'L =
= -IOOO: -u""n"‘lk = I 1000: ¥ 3
=] D ELL [ A (s SN A =) O:|llli"7-_¢|||| T I 1113

il o
., 2_IIIIIIIIIIIIIIIIIIIIIIII_ 2||||||||||||||||||||||||
o 0k Ml ] S 0k 3
- - fak} = e =
Lcu:g 2 A | ES: s 2E =4 v, =
53 “E e SE 4 :
58 O i E 2e F =
T - S T = 3
E B < £ BE ;
'10:||||||IIIIIIIIIIIIIIIIII: —-IO:||||||||||||||||||||||||:
_-IOO_||||||||||||||||||||||||_ '1OO_||||||||||||||||||||||||_
200 . 200 | .
& E . = g .
T5-300 . 35300 F .
]= 1‘ ] '—%E St :
o5 - . ce® X 1 ]
5 C400f . §C 400 L .
— :Lk-q,_ 3 — - N
500 — .y 8 = -500 F = .
_6[:]0:,,..,..,..,.||||||||||||: 57 o] ) A VRN SR VAV A AN T A

0 200 400 00 B00 1000120014001 600 0 200 400 g00 BOO 1000120014001 600
trial step trial step
Plot 3.1. Plot 3.2.

Plots 3.1-3.10.MC temperature-guided simulations to form
formic acid dimer complex with distance network constraints
and run with 0.01 kcal/mol SCF convergence criterion



J. Mol. Model.1997, 3 283

i ab]
_§ ?OOO:IIIIIIIIIIIIIIIIIIIIIIII: _§ TOOOE"'""""""_""""'5
= ] E T = 6000 E
= 5000F 3 o= 5000F T 3
5 4000F | : 52 4000F E
= = B E = 2 | ] E
— =000 — 2000 =
= g‘! .r”-| E = §1 I —I_”_J_ il JE
@ 2000 1 = o 20003{_‘_'_ t =N
E 10008, S, Y E £ qooof Ty
=) 0 EL: i LR W e = OEILHH-III Ll Lkt d ey 3
m m
2
2

= TTT TTT TTT LLIL LLIL LLIL LLIL T 1 1] e :||| T T T T LI T |||:
5 of b, - - N ' :
5= oF »LP wf“ﬁf‘“ H.uf E S 2k uru 1 rﬂ.mL -
cE 4F L1 | S cE 4 ! ,.,,J s
= = | E = o E bl &
28 of | - 52 OF E
& C = i 2 E =
£ 8E - £ JE -

R SHEE NN SEEE NN SRR NN SR A 0B b b b b e B 1 13

A00 '1OO_||||||||||||||||||||||||_

200 : 200 f :
& i . & .
L3 -300 ] €3 -300 .
2500 - :
UE - . UE o
8.2 4001 . 58 400 L -
—l u ] — C N

- - — I - C i Vo S et L

500: b-ll_n.r"l—c.___,..J_ﬂ—._J LA ] 500: N

_SOO_IIIIIIIIIIIIIIIIIIIIIIII_ _GOO_IIIIIIIIIIIIIIIIIIIIIIII_

0 200 400 600 800 1000120014001800 0 200 400 800 BOD 1000120014001600
trial step trial step

Plot 3.3. Plot 3.4.



284 J. Mol. Model.1997,3

ok O
:é TOOO EI TT TTT TTT TTT TTT TTT TTT TT IE § YOOO El TT TTT TTT TTT TTT TTT TTT r| T IE
T BOOOE = m = BO00E =
- |- =5 S0 T] | L
T 4000F L E T 4000F Ll =
= S [T E — E [ | 1] [ E
- 3000 = - 2000 =
[ |-| ,,J_ L = [ |-| —I— =
fus] 2000 _'_LrJ = 03] 2000_ =
= g1r“1_|‘||—'l =l E = 1000E =
5 1000ES e . 3 o g E
o g ST S 1 s St SE S = 0 EL = 11 CELTH NS W

m m
., 2 [ TTT TTT TTT T T T T T T T 11T T 1T T 1T 1] ., 2 :II I LI LI LI LI LI T |||:
:_ Ok : I L A P b
u i = - =
5= of L U e = N =
3 | Lo v = = =
55 4f x"u - 8= “4E -
82 B[ = me BE -
T - 3 T - =
=R & : = -
_10:|||||||||||||||||||||||: Ao b e b b b b g b g
--I OO [T LI T T T T T T -1 OO [T L L L L L L I
=200 N 200 - =
5 - . 5 ¥ )
T5-300F . TS 900 .
GE - L ) SHE - .
2w N . o= L =
52400 S € 400 ] :
o C - N Or— N
— = o L ] 3 ihL a
500 P, Vet i 500 Ut s . .
1] 0] N VAT BV S W A N AR -&0 :||||||||||||||||||||||||_

0 200 400 800 B00 1000120014001 &600 0 200 400 00 BOO 1000120014001 600
frial step trial step

Plot 3.5. Plot 3.6.



J. Mol. Model.1997, 3 285

Ja] ab}
5 ?OOO EI TT TTT TTT TTT TTT TTT TTT TT IE 5 ?OOD EI T T T 11T T 11T T 11T LLIL TTT TTT TT IE
@ S000E ] @ B000F :
S SO0 [ S = 5000 E
552 4000 3 %E 4000 3
=" 3000k I 5 "= 3000 i =
£ 10008, |5, J ' E E 1000F = s
= Ozll'lh— 111 RN R i B E % OEI\I"'\L-—P"I—.I._ TP BV o, CYRTE, P S YOV
m m
2IIIIIIIIIIIIIIIIIIIIIIII_ 2||||||||||||||||||||||||
% 0 Bt L’l‘j = 5 O_u. 3
& = @ u B
2= LF RYINEE 2= oF 4/ ST A
L o - . L < - qu H |1.| ]
cE 4fF [y L g = cE 4F 1 E
5% of |4 I - v ]
@ _6: l{ﬂ T = EE '6: =
o7} nE = T = 3
- R ) E O -
BRI} =HEE FEEE NS AR AR NS A R A0Ea bbb b b b by g 43
_1OD_||||||||||||||||||||||||_ _1OD_||||||||||||||||||||||||_
200 ff i ook .
= j . 5 £ .
T 5300 a O 300 n
UEJE :L"_'L ] LIEJE N
EB400f . 28 400 :
S B \—LL . = i :
T C _LL — N 4 C 4 N
-500 - e -500 . L|_"‘—-—=._|-—-_L —
—BOD:||||||||||||||||||||||||: -600:||||||||||||||||||||||||:
0 200 400 800 300 1000720014001&00 0 200 400 £00 300 1000120014001 600
trial step trial step

Plot 3.7. Plot 3.8.



286 J. Mol. Model.1997,3

i) i)
§ TOOO EI TT T 1T T 1T T 1T TTT TTT LI T T IE § ?OOOEI TT T T T T T T |_| T T T T T T T T T T T |E
= 6000 F - == 6000 =
2= 5000 = 5= 5000 | =
S 4000 = T 4000F Y i
E 3000 - S = S000fT - 1
@ 2000 FH—T——= o 2000 —1 =
5 1000 Bt S - 5 o000y U s
= 0 Eh‘ﬂ-q._L METE T S W ] Lty |3 S 0 f|‘11|""|"‘-+_,|_| e o ey 3
m
2 T TT TTT TTT TTT TTT TTT TTT T T 1T }_‘ 2 LI T T T LI L LI LI LI
s 0 E . A E 5 o - E
i) w g ] - -
uCJg -2 E u‘\\ IHJ‘ H}]\___L,J\L \]!-‘m e uCJg 2 E Ilw va - _‘Jf =
- . - et -
§5 4 E SE b :
= = N 5 - =
E BE = E ° - =
_10 :| 11 111 111 111 111 111 111 11 |: _10 Ll L1 L1 L1 L1l L1l L1l L1 17
'100_||||||||||||||||||||||||_ _-IOO_IIIIIII|||||||||||||||||_
; : 200f -
-200 1 E. - 3
& ] o B ]
g3 . $35 -a00fF -
S g S0l : gg :
Tm M . = o ]
5.2 40P - sl R :
:-,_,- » L'.LW . — ZhL‘L ]
-500F DTS e S P S00f e |
_GOO:III|||||||||||||||||||||: -600:"'""""""""""':
0 200 400 &00 800 10001 20014001&00 0 200 400 600 800 10007120074007600
frial step trial step
Plot 3.9. Plot 3.10.

J.Mol.Model. (electronic publication) — ISSN 0948-5023



