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Abstract: The following report intends to provide a survey over the compu-
tational chemistry molecular structure software installed on CRAY X-MP/24
at ZIB. It shows what kind of problems can be tackled with the existing chem-
istry software, which covers a wide range of ab initio, semiempirical, molecular
mechanics, and dynamics applications.



Chapter 1

Introduction

Chemistry was a long time seen as a real experimental science. But this traditional
pictureis no more valid. During the last 20 years the computer has received more and
more attention for chemistry. This is mainly due to increasing hardware performance
and development of sophisticated program packages. These new programs became
important research tools in chemistry. The sometimes hugh output data can be
transformed into the chemists language by various analysis and visualization tools.

It is nowadays possible to simulate chemical and physical processes on the atomic
and molecular level by using fast computers. This offers the opportunity to avoid
expensive experimental investigations. On the other hand, computer simulation
gives the possibility to study chemical species which are inaccessible to experiments.

Calculations in Computational Chemistry are in many cases numerically highly
intensive. The use of sophisticated hard- and software is therefore necessary. The
development of vector computers had a great impact on this field, because many
problems in Computational Chemistry can be reduced to simple matrix multipli-
cations which can easily be vectorized and run at high Mflops rates. The today
available parallel computers with vector hardware open new perspectives. These
machines have the potential to perform expensive numerical calculations, particu-
larly simulations, in some cases more effectively than conventional supercomputers.
But nevertheless Computational Chemistry is still a challenge for computer vendors
and software developing scientists.

Here at ZIB the chemistry community is using our high performance supercom-
puter CRAY X-MP/24 to a large extend. More then 30 % of the yearly CPU time

is used for a broad spectrum of chemical projects:
e Molecular orbital calculations for large organic systems

e Quantum mechanical electronic structure calculations for molecules and clus-
ters

e Quantum mechanical calculations of photochemical and photophysical pro-
cesses

¢ Molecular dynamics of clusters
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¢ Quantum mechanical calculations of unusual gas phase molecules

Quantum theoretical calculations on ions (PTICR)
e X-Ray refinements for transition metal complexes

e Determination of the second virial coeflicient of molecule models in the con-
tinuum

e Determination of the second osmotic virial coefficient of polymers
e ab initio treatment of isoelectronic molecules

e Molecular dynamics calculations for macromolecules

e Computer simulation of the molecule movement in liquid ethen

It is clear that these research projects require sophisticated soft- and hardware.
As a kind of user support at ZIB we felt it important to provide a set of standard
computational chemistry programs which utilize to a large extend the given vector
facilities and contain the currently best algorithms.

The X-Window system is getting more and more important for distributed graphic
applications. We support X-Window graphical output for some of the programs.
This allows to display 3 dimensional structures, orbital plots or electrostatic poten-
tial maps in an easy way on workstations on the network.

This report intends to provide a comprehensive information about the compu-
tational chemistry software installed at the CRAY X-MP/24 at ZIB and it should
show what kind of problems can be tackled with the existing chemistry software.
For detailed information, the user should consult the DOC’s and manuals.



Chapter 2

ab initio Programs

2.1

GAMESS-USA

GAMESS-USA (Generalized Atomic and Molecular Electronic Struture System,
developed in USA) is an molecular orbital program developed through the Na-
tional Resource of Computational Chemistry by M. Depuis, D. Spangler and J.
Wendoloski. The program is available for a wide range of computers: Alliant,
Apollo, Ardent, Celerity, Cray X/Y-MP (Unicos), Convex, DecStation, FPS500,
IBM RS/6000, MIPS, SGI and SUN. It is capable of performing a wide range of

quantum chemical computations such as:

Calculates RHF- SCF molecular wavefunctions.

Calculates UHF- SCF molecular wavefunctions.

Calculates ROHF- SCF molecular wavefunctions.

Calculates GVB- SCF molecular wavefunctions.

Calculates MCSCF- wavefunctions.

Calculates CI- wavefunctions using the unitary group method.

Calculates analytic energy gradients for all these wavefunctions except CI.

Optimizes molecular geometries using an energy gradient in terms of Cartesian
or internal coordinates.

Searches for potential energy surface saddle points.

Traces the intrinsic reaction path from a saddle point to reactants or products.
Computes normal modes, vibrational frequencies and IR intensities.
Computes radiative transition probabilities.

Obtains Boys localized orbitals.
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e Calculates the following molecular properties:

— dipole, quadrupole, and octupole moments
— electrostatic potential

— electric field and electric field gradients

— electron density and spin density

— Mulliken and Lowdin population analysis

— virial theorem and energy components.

2.1.1 MOLPLT

This program draws ball-and-stick molecular figures, automatically centering the
molecule. Optionally, the program will draw a normal mode displacement at each
atom. Once drawn on a graphics terminal, almost everything about the picture can
be changed interactively. The changes include rotation of the molecule, color and
size changes, and rescaling of the normal mode. Once the molecule looks right, the
current variable values can be written back to disk, so that a hardcopy run may be
made.

2.1.2 MEPMAP

This program draws a contour map of a molecular electrostatic potential grid. The
grid is produced by the GAMESS-USA program before MEPMAP is run. The MEP
plot shows the energy of attraction or repulsion for a test positive charge, +q. The
units of the contour lines are kcal/mol*e, where e is the electron charge. Therefore,
negative contours show where electrophilic reagents will prefer to attack a molecule,
while positive contours show the preferred sites of nucleophilic attack. Note that
the MEP map is computed by GAMESS-USA in the absence of the test charge, and
that the MEP seen by a full +1 charge will actually differ substantially from that
seen by a +0.001 test charge.

2.1.3 DENDIF

This program will draw a contour plot of the total electron density of a molecule.
It also will plot a density difference map. The density difference map might be a
whole molecule’s density, minus the density of the individual atoms. Note that the
fragments could be molecular subunits larger than atoms.

The necessary information to run this program is a set of molecular orbital grids
of the natural orbitals of the whole molecule, produced by program PLTORB. If a
density difference map is desired, sets of orbital amplitude grids must be provided
for each fragment’s natural orbitals.
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2.1.4 PLTORB

This program draws contour plots of molecular orbitals expanded in a basis of con-
tracted Cartesian Gaussian functions. The basis may contain s, p, and d functions.
An arbitrary orientation of the plotting plane can be specified. The program con-
tains an algorithm which attempts to draw the orbital with a reasonable phase, but
this phase choice can be overridden if desired.

The Cartesian coordinates of the nuclei are referred to as the fundamental, or F
axes. The plot is drawn in the plotting, or P axes, specifically, the Px and Py plane
is plotted, in this fashion:

=H o o -
H o T

The X windows implementation rotates the entire picture, including axes, 90 degrees
clockwise from this picture.

In the most common situation, the plane you want to plot is one of the axis
planes of the original fundamental coordinate system. In this case you can ask for
the plane by name, for example, entering ZX makes the Px direction point along Fz,
and the Py direction is the Fx direction. You can choose an arbitrary orientation
of the Px,Py plane by inputing a translation from the F coordinate origin to the P
coordinate origin, along with a 3x3 orthogonal transformation matrix to rotate the
F axes into the P axes.

If all the orbitals which are occupied are plotted, the resulting information can
be used to draw total density or density difference maps (see program DENDIF).

2.2 GAMESS-UK

GAMESS-UK (Generalized Atomic and Molecular Electronic Struture System,
developed in UK) general purpose ab initio molecular electronic structure program
for performing SCF- and MCSCF-gradient calculations, together with a variety of
techniques for post Hartree Fock calculations. On-going development of the code is
carried out at Daresbury, with the program currently available on a wide range of
machines, including the CRAY X-MP, Amdahl VP, FPS-264, Convex C2, Cyber-
205, Alliant FX8, Apollo DN1000, SGI Power Series, VAX and SUN.
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The program utilises the Rys Polynomial or Rotation techniques to evaluate
repulsion integrals over s,p,d and f type Cartesian Gaussian orbitals. Open- and
closed-shell SCF treatments are available within both the RHF and UHF frame-
work, with convergence controls provided through a hybrid scheme of level shifters
and the DIIS method. In addition generalised valence bond, complete active space
SCF, and more general MCSCF calculations may be performed. The analytic en-
ergy gradient is available for each class of wavefunction above. Gradients for s and p
Gaussians are evaluated using the algorithm due to Schlegel, while gradients involv-
ing d and f Gaussians utilise the Rys Polynomial Method. Geometry optimisation
is performed using a quasi-Newton rank-2 update method, while transition state lo-
cation is available through either a synchronous transit trust region or ‘hill-walking’
method. Force constants may be evaluated by numerical differentiation.

Ab initio core potentials are provided in both semi-local and non-local formalism
for valence-only molecular orbital treatments.

Conventional CI (using the table-driven selection algorithms within the frame-
work of MR-DCI calculations, Direct-CI and Full-CI correlation treatments are avail-
able. The direct calculation of molecular valence ionization energies may be per-
formed though Green’s function techniques, using either the outer-valence Green’s
function (OVGF) or the two-particle-hole Tamm-Dancoff method (2ph-TDA).

A variety of wavefunction analysis methods are provided, including population
analysis and distributed multipole analysis, localised orbitals, graphical analysis and
calculation of 1-electron properties.

With conventional processing of two-electron integrals, GAMESS-UK is limited
to a maximum of 255 basis functions . Direct-SCF calculations lift this restriction
however - the program structure is open-ended in this mode, so that calculations up
to 1000 basis functions have been performed.

In addition to the functionality outlined above, the program now includes a
utilities module concerned with house-keeping, library file creation, file manipulation
etc

Areas of application for GAMESS-UK include:

o Theoretical studies of reaction surfaces. SCF and MCSCF calculations of equi-
librium and transition state geometries, and the evaluation of force constants
and vibrational frequencies at these stationary points.

o Energy assignments in the entire field of electronic spectroscopy. Calculation
of spectroscopic properties of highly excited molecular and ionic states. Eval-
uation of transition moments.

¢ Graphical and numerical analysis of Hartree Fock and post-Hartree Fock wave-
functions.

o Generation of zero-order wavefunctions required in the more extensive treat-
ments of dynamical correlation energy. Applicability to general systems with
many electrons in this treatment of dynamical correlation energy. Benchmark
treatments of correlation energy using Full-CI calculations.
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e Theoretical mechanistic studies of chemisorption in heterogeneous catalysis.

¢ Treatment of bio—organic and related molecules through Direct-SCF calcula-
tions and electrostatic potential analysis.

2.3 GAUSSIAN 88

GAUSSIAN 88 is a connected system of programs for performing semiempirical and
ab initio molecular orbital calculations. It has been designed with the needs of the
user in mind. Thus, all of the standard input is free-fromat and mnemonic.

GAUSSIAN 88 allows the analysis of molecular potential energy surfaces to de-
termine molecular structures and spectral properties of stable and unstable species.
It provides a wide number of @b initio models, and some semiempirical models, us-
ing a user-friendly interface. The program is available for: Allinat, Ardent, Convex,
CRAY X/Y-MP, IBM RS6000, IBM (MVS, VM), Multiflow and VAX.

The capabilities of the GAUSSIAN 88 system include:

o Calculation of one- and two-electron integrals over s, p, d and f contracted
gaussian functions. The basis functions can either be cartesian gaussians or
pure angular momentum functions, and a variety of basis sets are stored in the
program and can be requested by name. Integrals may be stored externally or
recomputed as needed via the Direct SCF procedures.

o Self-consistent field calculations for restricted closed-shell (RHF), unrestricted
open-shell (UHF), and open-shell restricted (ROHF) Hartree-Fock wavefunc-
tions as well those type of multiconfigurational wavefunctions that fall within

the Generalized Valence Bond-Perfect Pairing (GVB-PP) formalism.

e Evaluation of various one-electron properties of the Hartree-Fock, MP2 and CI
energies and wavefunctions, including Mulliken population analysis, multipole
moments and electrostatic fields.

e Semi-empirical calculations using the CNDO, INDO, MINDO/3, MNDO and
AM]1 model Hamiltonians.

e Automated geometry optimization to either minima or saddle points, numerical
differentiation to produce force constants, polarizabilities and dipole derivatives
and reaction path following.

e Correlation energy calculations using Mgller-Plesset perturbation theory car-

ried out to second (MP2), third (MP3) or fourth (MP4) order.

e Correlation energy calculations using configuration interaction (CI) using ei-
ther all double excitations (CID) or all single and double excitations (CISD).

o Correlation energy calculations using coupled cluster theory with double sub-
stitutions (QCISD).
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2.4

Analytic computation of the nuclear coordinate gradient of the RHF, UHF,
ROHF, GVB-PP, MP2, RCID and RCISD.

Computation of force constants (nuclear coordinate second derivatives), polar-
izabilities, hyperpolarizabilities, dipole derivatives and polarizabilities deriva-
tives analytically for RHF and UHF energies, and numerically for RHF, UHF,
MP2, CID and CISD energies.

Harmonic vibrational analysis.

Determination of intensities for vibrational transitions at the HF, MP2, and
CI levels.

Testing the SCF wave functions for stability under release of constraints.

GRADSCF

GRADSCF (GRADient-SCF-program) is able to predict equilibrium structures,
locates saddle points on many dimensional potential surfaces, and calculates har-
monic force constants and vibrational frequencies. The most prominent feature of
GRADSCEF is its ability to calculate analytically the gradient of the potential energy
with respect to the nuclear coordinates for several types of SCF or limited MCSCF
wavefunctions. It is available only for CRAY X/Y-MP computers.

The program system is capable of the following functions:

Evaluate an SCF wavefunction and energy at a specified geometry. The re-
sults of such a calculation can be further used to evaluate some one-electron
properties.

Locate an optimum geometry for a molecular system which lies at an energy
minimum, subject only to the implied symmetry constraints present in the
inital structure.

Evaluate the matrix of second derivatives, from which the force constants and
vibrational frequencies can be derived. This can be done either analytically or
by finite difference techniques. The analytical calculation is especially efficient.
If done analytically, the atomic polar tensors, from which the analytic infrared
intensities are obtained, can be evaluated.

Locate stationary points which are not nescessarily minima with respect to
the energy, and thereby find saddle points, or transition states, in chemical
reactions.

Correlation energy corrections for closed-shell SCF wavefunctions can be in-

cluded at the MP2 level of theory.

Properties calculated from the wavefunctions include a Mulliken population
analysis, dipole and quadrupole moments, and expectation values. For closed
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shell SCF wavefunctions, the program is also capable of evaluating analytically
the polarizability tensor.

2.5 RPAC

The program RPAC (Random Phase Approximation) is designed to calculate a
variety of molecular linear response properties. It is available for CRAY X-MP,
Convex and IBM (MVS) computers. The area of applications includes:

o electronic excitation energies

o oscillator and rotatory strengths

o nuclear magnetic shieldings for diamagnetic polyatomic molecules
e static and dynamic polarizabilities

e analyse of the result into molecular structure features

The excitation properties can be calculated for both singlet and triplet transitions
using one of the following particle-hole schemes:

¢ the random phase approximation (RPA)
¢ diagonalisation of A4+B or A-B matrices
e monoexcited CI (TDA)

e single excitation approximation (STA)

The RPA provides the correct linear response of a closed shell Hartree-Fock ground
state to an external perturbation. It is particularly suited for spin-singlet properties.
The magnetic shieldings can be calculated by the LORG (localized orbital/local
origin) variant of the coupled Hartree-Fock theory (CHF) or by common-origin CHF
theory, both of which use the inverse of A-B in the calculation of the paramagnetic
contribution. Polarizabilities may be calculated using RPA, TDA, or STA methods.

The LORG method and some of the methods for the analysis of the computed re-
sults require the use of localized molecular orbitals. Therefore the program includes
routines for Forster-Boys localization of occupied orbitals and intensity localization
of virtual orbitals.

The analysis of the excitations and the optical properties includes the calcula-
tion of gross transition and rearrangement charges and of effective bond intensity
contributions mimicking the terms in Kirkwood’s theory of optical activity. Alter-
natively the excitations can be analyzed by plotting relevant molecular orbitals or
various densities, namely ground and excited state densities or rearrangement and
transition densities. These plots are generated as crude printer plots or as files for

off-line plots (see. PSI88A).



Computational Chemistry Software at ZIB 12

The nuclear magnetic shieldings and polarizabilities can be analyzed into bond
and bond-bond coupling contributions. For the shielding tensors the options allow
analysis into contributions along bond directions. Shielding vectors may be plotted.

The program includes iterative methods for solving the RPA or CHF equations
that allow the use of the full set of particle-hole configurations supported by the
obital basis. Limits in the current version of the program are:

o No. of atoms: 50
e No. of atomic orbitals: 255 (s,p, and only d)
e Connected to GAMESS-USA, interface to GAMESS-UK and GAUSSIAN 88

in progress

2.5.1 PSI88A

This program accepts a set of nuclear shielding tensors and determines contours of
the shielding (tb) vector in the planes which are specified. Closed contours at the
specified level(s) are drawn through the shielding vector arrays and the points (in
angstroms) for each contour are stored as output. The total number of points, the
number of curves along with the number of points in each curve and an indicator
for whether the contour level is positive or negative are stored in the output disk
file. For proper hidden line elimination in the 3-D drawing program, it is essential
that all contours which are constructed be closed. If this condition is not met,
an error message is printed. The current program version generates output in the

HPGL-plotter language.



Chapter 3

Semiempirical Molecular Orbital
Programs

3.1 MOPAC

MOPAC is a general-purpose semi-empirical Molecular Qrbital PACkage for the
study of chemical reactions. The program is available for nearly all kown computers,
ranging from small IBM PC to large mainframes like the CRAY Y-MP.

The semi-empirical Hamiltonians MNDO, MINDO, and AM1 are implemented,
and calculations of vibrational spectra, thermodynamic quantities, isotopic substi-
tution effects and force constants for molecules, radicals, ions, and polymers are
combined in a fully integrated package. Within the electronic part of the calcula-
tion, eigenvectors and localized orbitals, chemical bond indices, charges, molecular
orbitals etc. are calculable. For studying chemical reactions, a transition-state loca-
tion routine and two transition-state optimizing routines are available. For potential
users to get the most out of the program they must understand how the program
works, how to enter data, how to interpret the results, and what to do when things
go wrong.

While MOPAC calls upon many concepts in quantum theory and thermodynam-
ics and uses some fairly advanced mathematics, the user who is not familiar with
these specialized topics should not feel excluded from using it. On the contrary,
MOPAC is written with the non-theoretician in mind. To this end the data are kept
as simple as possible; this means that users can give their attention to the chemistry
involved, and not concern themselves with quantum and thermodynamic exotica.

Areas of applications:

¢ MNDO, MINDO/3, and AM1 Hamiltonians.
¢ RHF and UHF methods.

e Extensive Configuration Interaction

13
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— 100 configurations
— Singlets, Doublets, Triplets, Quartets, Quintets, and Sextets
— Excited states

— Geometry optimizations on specified states
e Single SCF calculation
o Geometry optimization
¢ Gradient minimization
¢ Transition state location
¢ Reaction path coordinate calculation
e Force constant calculation
e Normal coordinate analysis
e Transition dipole calculation
e Thermodynamic properties calculation
e Localized orbitals
¢ Covalent bond orders
e Bond analysis into sigma and pi
e One dimensional polymer calculation
e Dynamic Reaction Coordinate calculation

e Intrinsic Reaction Coordinate calculation

3.1.1 XDRAW2

XDRAW2is a powerful editing program specifically written to interface with MOPAC.
Among the various facilities it offers are:

e The on-line editing and analysis of a data file, starting from scratch or from
an existing data file, an archive file, or from a results file.

o The option of continuous graphical representation of the system being studied.
Several types of terminals are supported, including DIGITAL, HEATHKIT,
TEKTRONIX, X-Window and TERAK terminals.

e The drawing of electron density contour maps generated by DENSITY on
graphical devices.

¢ The drawing of solid-state band structures generated by MOSOL.

o The sketching of molecular vibrations, generated by a normal coordinate anal-
ysis.



Chapter 4

Molecular Modelling Programs

4.1 AMBER

AMBER is an acronym for Assisted Model Building with Energy Refinement. AM-
BER is a set of programs called modules to do different tasks and the function of
different modules are documented seperately. It is available for COnvex, CRAY
X/Y-MP, SGI, Stellar and SUN.

AMBER is a general purpose molecular mechanics and dynamics program de-
signed for the refinement of macro molecular conformations using the analytical
potential energy function. The empirical parameters for the potential function are
derived from both experimental results on smaller molecules of diverse chemical
structure and ab initio quantum mechanical results on smaller molecules. The trans-
ferability of these parameters to related system has been the sucess of the use of
molecular mechanics approach to study the conformations of macro molecules such
as DNA and protein which would otherwise be an impossible task.

Molecular mechanics method is becoming increasingly important in the study
of the binding of small molecules to macro molecules of biological interest. Their
-binding affinity could be satisfactorily determined by the existing potential energy
function.

4.1.1 PREP Module

The purpose of this module is to generate the necessary connectivity and internal
parameter list for a given residue or set of residues for linking this residue with
others to form a macromolecule. The geometry of the residue is to be described by
a tree structure for the use in the next module (LINK) to successfully connect these
residues into a super molecule. The standard residues for protein and nucleic acids
are kept as a data base and can be input to this module to generate the data base
for the link module

15



Computational Chemistry Software at ZIB 16

4.1.2 LINK Module

The purpose of this module is to link different residues to form a macromolecule.
It reads the geometries of a given set of residues either from the data base or from
specified files and links them together in a specific manner to form the macro-
molecules. It adopts the tree convention for the residue connectivity and always
connects the first main type atom of the current residue to the last main type atom
of the previous residue. In addition to this standard linking process, it can cross
link specified atoms in a molecule or different molecules to form a covalent bond.
The macro- molecule can be specified as a single molecule or set of molecules. For
example, double stranded DNA can be defined as two molecules and each strand
constitutes a molecule (different molecules are not linked by a covalent bond unless
explicitly specified by the cross linking information).

The residues which constitute nucleic acids and proteins are put in a data base
and the program will fetch them whenever they are needed.

It is important to note that this module will generate the connectivity and the
internal parameter lists such as bond, bond angle, dihedral angle, and excluded
atoms pointers correctly. However, the coordinates are not meaningful except for
smaller molecules. For example, the coordinates generated for double helical DNA
will be completely meaningless, since it does not use any of the topological property
of the actual double helix. The same is true for proteins. Hence, the user needs to
read the "correct” coordinates at the next stage (the EDIT module).

4.1.3 EDIT Module

The main purpose of this module is to read the initial cartesian coordinates of the
macromolecules preferebly in pdb format for the energy refinement. This is necessary
because the coordinates passed from the LINK module would not be realistic except
for smaller molecules. This module reads those coordinates obtained either from
xray crystallography or from user model building. The coordinates are assigned
uniquely for each atom based on its graph name and the residue to which it belongs.
In addition, some of the undefined atom coordinates such as begining hydrogens are
generated from connectivity information.

In addition, this module performs some other options to manipulate the coordi-
nates and can also put counter-ions and solvent molecules around the solute molecule
if necessary.

4.1.4 NUCGEN Module

The purpose of this module is to generate the cartesian coordinates for either double
helical DNA or RNA with a given type of conformation. The helical topology of the
double helix is stored for individual types in terms of cylindrical coordinates and
the program loads the required topoplogy and applies the two-fold symmetry with
necessary helical repeat and height values.

The cartesian coordinates are output in the pdb format suitable for the minimi-
sation. The residue informations are read as in the LINK module either for DNA
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or RNA.

4.1.5 PARM Module

The purpose of this module is to allocate the force field parameters for all the con-
stants in the potential energy function using the lists passed from the edit module.
The constants such as equilibrium bondlengths, bondangles, dihedral angles, and
their force constants and the non-bonded 6-12 parameters and H-bond 10-12 param-
eters are read in from the user source and allocated to all the quantities occuring
in the system the respective values. The parameters are allocated based on atom
symbols and all the quantities which are equivalent are assigned the same value.
Once the assignment of the parameters is completed the information needed for the
next modules is written out. This can subsequently be used by different modules,
namely, BORN, NEWTON, NMODE, QUEST, GIBBS, ANALYS and MDANAL

to perform different tasks.

4.1.6 BORN Module

The purpose of this module is to minimize the energy of a system in cartesian
space using either steepest descent and conjugate gradient minimizer or conjugate
minimizer alone. The module has been fully vectorised for CRAY X-MP.

There are provisions for putting the position constraints for groups of atoms with
different harmonic force constraints for each group and for the selective minimisation
of certain part of the system keeping the rest of the system as frozen environment.
The forces between the unfrozen and frozen part are calculated while that between
the frozen part alone is ignored.

4.1.7 NEWTON Module

The purpose of this module is to perform molecular dynamics. The driver for the
molecular dynamics is taken from the program written by Van Gunsteren, Nether-
land. The module has been fully vectorised for CRAY X-MP.

4.1.8 QUEST Module

This module is a hybrid of ab initio quantum mechanical program GAUSSIANS0
(UCSF) and the empirical molecular mechanical program AMBER(UCSF) for simu-
lating the molecular interactions and reactions in solution and enzymes. The atoms
in the system are divided into two sets, namely, the G80 atoms and the AMBER
atoms. The G80 atoms are treated quantum mechanically while the AMBER atoms
are treated by molecular mechanics method. The interaction between the two sys-
tems is treated either purely by the molecular mechanics method or by a quasi quan-
tum mechanical way, meaning that AMBER atoms are assumed as point charges
and the charges are entering into the one-electron Hamiltonian of the G80 atoms and
the repulsive interaction between the G80 and the AMBER atoms are determined
by a 6-12 potential. In addition, the geometry optimisation of smaller molecules by
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ab initio method can be routed through AMBER to this module so that one does
not need to give a guess for the Hessian. There is an option to calculate the Hessian
by molecular mechanics method which is found to be quite accurate for the initial
guess of the second derivative so that the geometry optimisation would converge
rather rapidly.

4.1.9 GIBBS Module

The purpose of this module is to perform Free Energy Perturbation calculation using
molecular dynamics approach. There are two methods available for evaluating the
Free Energy change for a given system. One is the Monte Carlo type Mutation,
which means that the Free Energy is calculated at discrete values of the mutation
parameter Lambda. The number of steps for taking the average and the width of
the window can be changed at each run. The program automatically tabulates the
accumulated free energy and other statistics for each run. The other is the Molecular
Dynamics type Mutation, which means that the Mutation parameter Lambda is a
function of time and the Free Energy is accumulated over a period of time by defining
the conversion time and the number of MD steps.

4.1.10 ANALYS Module

The purpose is to do different types of analysis to get the meaningful results out of
the energy refined structure. There are several types of options available to perform
the analysis.

The important part of the program is to decompose the energy among different
groups of atoms in order to get the interaction energies between different parts of
the system. It can also decompose the gradients into individual groups so that one
can understand the direction of forces in different groups of atoms. The program
puts those atoms which are not defined as groups explicitly into a seperate group.

4.1.11 MDANAL Module

The purpose of this module is to do various analysis on the molecular dynamics
trajectory of a system. There are several options available for doing different types of
analysis such as internal coordinates averaging, cartesian coordinate averaging, and
special DNA helical parameters analysis. It can also make the output for dynamics
trajectory and normal mode movies in the Evans and Sutherland PS2 picture system.

4.2 GROMOS

GROMOS (GROningen MOlecular Simualation package) is a general-purpose molec-
ular dynamics computer simulation package for the study of biomolecular systems.
The prgram is available for: CDC, IBM, DEC, VAX, Amdahl, Cyber-205, CRAY
X/Y-MP, Fujitsu, Convex and FPS. Its purpose is threefold:
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e Simulation of arbitary molecules in solution or crystalline state by the method

of molecular dynamics (MD) or stochastic dynamics (SD).

¢ Energy minimisation of arbitary molecules.

Analysis of conformations obtained by experiment or by computer simulation.

The simualtion package contains the GROMOS force field (proteins, nucleotides,
sugars, etc.).
Applications of GROMOS are:

Prediction of the dependence of a molecular conformation on the type of envi-
ronment (water, apolar solvent, crystal, etc.)

Calculation of relative binding constants by evaluating free energy differences
between various molecular complexes

Prediction of the energetic and structural changes caused by modifications of
amino acids in enzymes or base pairs in DNA

Derivation of (3D) molecular structure on the basis of 2D NMR data by using
restrained MD techniques

Dynamic modelling of molecular complexes by searching the configuration
space using MD

Prediction of properties of materials under extreme conditions of temperature
and pressure, which may be experimentally inaccessible

4.2.1 Programs that build a molecular topology

PRORMT: The program generates a molecular topology by plain reading;
useful for small molecules, when a (formatted) molecular topology has been
edited (changed by hand) or when special interaction parameters are to be
used

PROGMT: The program generates a molecular topology file containing the
information that is required for a MD or SD simulation or energy minimization
of a (set of) molecule(s). Given the amino acid sequence, the disulphide bridges
and the terminal groups, it forms the peptide links and disulphide bridges
between the residues, makes lists of bonds, bond-angles, improper dihedrals,
dihedrals, and lists of atoms (neighbours) to be excluded from non-bonded
interactions. Given the nucleotide sequence, the same can be done for nucleic
acids. Given the glucose sequence, the same can be done for saccharides.
Besides, a solvent topology file can be generated. The program can handle:

— all kinds of amino acid residues, provided they are only linked together
by peptide links or cys-cys bridges, two separate residue-chains can be
generated, all kinds of nucleotides, provided they are only linked together
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by phospho-ester links, two separate nucleotide chains can be generated,
all kinds of sugars, provided they are only linked together by c4-o4-cl
links,

an arbitrary number of atoms to be added to the two ends of the chains;
in addition, the name, type and charge of the atoms making up the ends
of the chains can be changed,

a heme-group, linked to a histidine residue as well as not linked to the
residue-chain,

any set of molecules, provided their topologies are given (like residues)
and no links to the residue-, nucleotide- or glucose-chains are to be made,
an arbitrary number of atom types, bare as well as extended atoms,

non-bonded interactions requiring the exclusion of neighbours up to the

second or up to the third neighbour inclusive.

¢ PROMMT : The program merges two molecular topology files

e PROCMT : The program allows for changes in a molecular topology file by
producing a formatted molecular topology, or removes specific parts (atoms)
from a molecular topology file, according to a distance criterion, or an atom

pointer list.

4.2.2 Transformation Programs

Programs that transform a given atom coordinate sequence to the atom sequence in
the molecular topology, and to the GROMOS coordinate format:

e PROBRK : The program reads Brookhaven tape format.

PROCS1 : The program changes atom sequence and format.

e PROCS2 : The program changes atom sequence and format, transforms from

oblique to cartesian coordinates.

4.2.3 Programs that generate atom coordinates

PROGCA : The program generates cartesian coordinates from internal coor-

dinates (bond-lengths, -angles and dihedrals).

PROSSC : The program substitutes amino acid side-chain coordinates.

PROGCH : The program generates hydrogen atom coordinates (polar hydro-

gens).
PROGHW : idem, but for waters
PROCRY : The program performs crystal symmetry transformations.

PROBOX : The program puts solute molecule(s) in box with solvent molecules.

PROION : The program substitutes charged ions for solvent molecules.
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4.2.4 Programs that perform simulations

e PROEM : The program performs energy minimization (steepest descents, conj.
grad.).

o PROMD : The program performs molecular dynamics (classical, constant tem-
perature or constant pressure).

e PROSD : stochastic dynamics
4.2.5 Programs that analyse configurations or sequences of configura-
tions

e PROAVX : The program calculates the means and root mean square fluctua-
tions of the atom coordinates from a sequence of given protein configurations.
It also gives the RMS fluctuations in the atomic principal axes systems. Be-
sides, it yields the third and fourth moments of the distributions of atom
coordinates, and the angles between the principal axes and the bondvectors to
neighbour atoms.

e PROAVQ : The program calculates for quantities q the means, the root mean
square fluctuations, the third and fourth moments, the minima and maxima
from a sequence of given protein configurations. q may denote bond-lengths,
bond-angles or (improper) dihedrals. The corresponding energies are also av-
eraged. When dihedrals are considered, the transitions between the potential
minima are monitored.

e PROAJC : The program averages nmr j-coupling constants.

e PRODR : The program averages atom-atom distance restraints.

e PROAVN : The program averages number of neighbour atoms.

¢ PROAHB : The program averages hydrogen bonds.

¢ PROMHB : The program monitors hydrogen bonds (lifetimes).

e PROCOC : The program averages solute or solvent site occupancies.

e PROAVS : The program averages solvent atom positions.

¢ PROCOX : The program compares two solute configurations: atom positions.
e PROCOQ : The program compares two solute configurations: internal coord.
e PROCOB : The program compares two solute configurations: isotr. b-factors.
e PROCAB : The program compares two solute configurations: aniso. b-factors.

e PROCOD : The program compares two solute configurations: distances.
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e PRONBL : The program generates a neighbour list.

e PROCHB : The program generates a hydrogen bond list.

o PROCPS : The program determines solute-solvent nearest neighbours.

e PROCOS : The program compares two solvent configurations: atom positions.

e PROTCF : The program calculates various time correlation functions.

4.2.6 Merge Programs

Programs that merge coordinate files or transform atom coordinates to a special
format (interfacing)

e PROTCF : The program calculates various time correlation functions.
e PROMCF : The program merges or reduces coordinate files.
e PROPSF : The program converts to oblique contra-variant fractional coord..

¢ PROPDF : The program converts to master coordinate file format (display).

4.2.7 Programs for MD X-Ray refinement

Programs that form the molecular dynamics crystallographic (x-ray) refinement
(mdxref) supplement to GROMOS87 have not yet completely been adapted to the
GROMOS style and are kept in a separate directory:

e PROISF : The program initiates an observed structure factor file in . so called
master data file mdf format

e PROESF : The program expands the observed structure factors mdf-format to
space group pl

e PROEMX : The program performs energy minimization with forces derived
from the difference between observed and calculated structure factors

e PROMDX : The program performs molecular dynamics with forces derived
from the difference between observed and calculated structure factors

4,3 Comparison between GROMOS and AMBER

4.3.1 Application

Both programs are used for the calculation of structures of biological macromolecules
as proteins or nucleic acids. In the calculations, the conformational space, which is
accessible to a given molecule, is searched for the global minimum in the energy. In
the programs two methods are available for this search, energy minimization (EM)
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and molecular dynamics (MD). As there are many local minima in the multidimen-
sional conformational space, the MD serves better than the EM as the latter is
often trapped by these local minima. Additionally, the MD can include effects of
temperature and flexibility of the molecule.

The calculations can be performed both in vacuum and in solvent. In GRO-
MOS, there is the possibility to include a solvent implicit as a source of friction,
so that the Langevin-equations of motion are used instead those of Newton. In
both programs external conformational data can be introduced as additional con-
straints for distances and angles. In this way experimental results, e. g. from
NMR-spectroscopy, can be used. GROMOS is in this point more flexibel, as it
provides a better potential-function for the restraints.

4.3.2 Structure of the Programs

Both programs show a similar structure, each being divided in three major building
blocks: preparation, simulation and analysis. In the preparation, the topology and
the coordinates of the macromolecules are built up. As proteins and nucleic acids
are linear polymers of standard building blocks, both programs provide these blocks.
So the topology of the whole molecule is obtained by only giving the sequence of the
standard residues. Coordinates can than be read in for parts or the whole molecule.
The molecule can then be dissolved and counterions can be added. In AMBER,
there are four programs for this purpose: PREP to construct building blocks which
are not yet in the database; LINK to generate the topology from the sequence; EDIT
to read coordinates and solvate; PARM to read all force field parameters which are
needed for the simulation. In GROMOS, there are fourteen programs, which perform
the same work. There are only little differences in the functions of the preparation
modules between AMBER and GROMOS. In AMBER these functions are just more
concentrated than in GROMOS.

In the simulation, the energy of the molecule can be minimized, or a trajectory
in phase space can be calculated. Each function is implemented in an own pro-
gram, MIN/MOLDYN in AMBER an PROEM/PROMD in GROMOS. In addition
AMBER provides the calculation of normal modes with NMODE and GROMOS
provides stochastic dynamics with PROSD.

In the analysis, the generated coordinate sets and trajectories can be used to
derive several additional data to simplify the interpretation of the calculation. So
internal coordinates can be calculated from cartesian. Other geometric data as
distance matrices can be calculated, too. The total energy can be decomposed in
the individual contributions of free selectible groups. Parts of the MD-trajectory
can be averaged to obtain the mean coordinates and energies. To observe time
dependent fluctuations, coordinates and energies can be printed via the simulation
time. Additionally, auto- and cross correlations can be calculated. Besides these
functions, which are common to both programs, GROMOS provides the calculation
of coupling constants, temperature factors, site occupancies and comparisons of
solute positions. In AMBER, there are only two programs for analysis, ANAL
for EM-calculations and MDANAL for MD-calculations. In GROMOS there are
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nineteen programs to analyse EM- and MD-calculations.

In both programs, the communication between the single modules is done by
reading and writing files, which contain the necessary data. In the preparation, the
topology and the starting coordinates are written to separate files. These are read
by the simulation modules, which in turn produce new coordinate files. The MD
modules produce a whole trajectory, so that a number of coordinate sets is written
to a file. Additionally, energies and velocities can be written in this manner. In the
analysis, these files are read, and new ones are produced, which include the final
data.

4.3.3 Examples

To cover the most applications in the test, a DNA-doublestrand of eight nucleotides
and a linear decapeptid where chosen. The starting coordinates where obtained
from the protein data bank at the Brookhaven laboratory. As these do not include
polar hydrogen atoms, which are needed for the united-atom calculations, these
had to be generated by the GROMOS module PROGCH. In AMBER they are
generated automatically from the internal coordinates. From each molecule EM
and MD calculations were performed in vacuum and in water. At the moment, the
calculations of the DNA with AMBER are still in progress, so that only the results
with the peptide will be presented. In GROMOS the solvation was performed with
the PROBOX module, in AMBER this was done in the EDIT module. In both
programs the same parameters for the solvation were used, so that the molecules
were immersed in the same number of solvent molecules. The dna was dissolved in
1675 and the peptid in 524 molecules of water. The calculation times for comparison
were chosen for 500 steps of calculation, which corresponds to one picosecond (ps)
of MD simulation.

DNA (GROMOS) | Peptide (GROMOS) | Peptide (AMBER)
EM/vac 243 s 40 s 9s
EM/solv 1010 s 384 s 250 s
MD/vac 1675 s 325 s 10 s
MD/solv 456 s 200 s

As a picosecond is 107'% second, the MD simulation with both programs is
roughly 1035 times slower than nature. A comparison for GROMOS to the re-
sults from other vector computers shows for similar molecules (peptid in solution)
nearly the same results. On a CONVEX C2 450 s and on a CRAY-2 only 250 s are
needed for 500 steps in GROMOS. A comparison of the conformations and energies
at the end of the calculations shows only slight differences between the programs.
The remarkable difference is the much better performance of AMBER. On the other
hand, the simulation modules of AMBER need 1.7 MB of memory while those from
GROMOS need only 1 MB.



Chapter 5

Plans

The following program packages are candidates for future installations. If there are
other programs which seem to be more likely for installation, please do not hesitate
to contact us.

5.1 ab initio Programs

5.1.1 MOLCAS

MOLCAS is a package consisting of a set of computer programs for ab initio quan-
tum chemical computations, coupled to a unit to perform a wide variety of tasks.
These programs are assembled by the Quantum Chemistry group at Lund Univer-
sity, Sweden.

MOLCAS has been designed for accurate quantum chemical calculations on
ground and excited states of molecular systems, with special emphasis on multi-
configurational wavefunctions.

Highlights of MOLCAS:

e Driver routine for ease of use

e On-line help

o Integral generators

o Closed shell SCF wavefunction generator

e Complete and Restricted Active Space SCF wavefunction generator

e Multi Reference SDCI wavefunction generator

o Average Coupled Pair Functional wavefunction generator

e Coupled Pair (or Modified Coupled Pair) Functional wavefunction generator
e Many Body Perturbation Theory, up to full 4’th order

o One electron properties from any wavefunction generator

25
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e ANO bais set library
The program will be released in Mai 1991.

5.1.2 GAUSSIAN 90

Gaussian 90 introduces many new features to the Gaussian series, extending both
the range of systems which can be practically studied and the accuracy with which
calculations may be performed. Major new features are:

e Excited States:
Configuration Interaction with single excitations for energies and gradients.
This allows excited states structures, adiabatic excitation energies, 0-0 tran-
sitions to be predicted and related properties such as oscillator strengths and
electron densities to be computed.

e Direct SCF:
Ground state vibrational frequencies and excited state properties are now pos-
sible on the context of a direct SCF calculation.

¢ Semi-Direct MP2:
This method optimizes the calculation procedure for the particular disk and
memory configuration of the computer system.

e In-Core Methods:
In-core methods for SCF energies, gradients and second derivatives and MP2
energies and gradients are now available.

e QCI and CASSCF:
Gradients as well as energies can be calculated at the Quadratic CIlevel. Asso-
ciated properties, including polarizabilities, hyperpolarizabilities and electron
densities, are also computed using the QCI level of correlation. The Complete
Active Space SCF (CASSCF) method makes it possible to study systems with
unusual electronic structures.

o Interfaces to Other Programs:
Input from molecular modelling programs such as MacroModel can be read,
and it can run the RPAC program to predict NMR properties, and the Natural
Bond Orbital program.

5.2 Semiempirical Molecular Orbital Programs

5.2.1 MNDO90

MNDO90 is a semiempirical quantum chemistry program which allows calculations
for MNDO, AM1, PM3, MINDO/3, CNDO/2m, MNDO/H and MNDOC. Avail-
able SCF treatments include closed shell RHF, open shell UHF, and open shell half
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electron RHF, while electron correlation can be treated by second order perturba-
tion theory (eg. MP2, BWEN) or by minimal configuration interaction. MNDO90
may be used to calculate molecular structures, vibrational frequencies, charge dis-
tributions, and other molecular properties. Geometry optimizations for minima and
transition states can be either complete or constrained, and can use cartesian or in-
ternal coordinates. Force constant calculations yield harmonic vibrational frequen-
cies, infrared intensities, and thermodynamic properties. There are two input modes
available. Keyword controlled input is designed to be compatible to MOPAC(5.0)
allowing the use of identical input files. Some options of the program are not ac-
cessible via keywords, but only in the numeric input mode. The code is highly
vectorized.

5.3 Molecular Modelling

5.3.1 Prophet

The PROPHET environment includes tools for data management, statistical analy-
sis, graphical displays, modelling and simulation, molecular structure manipulation
and sequence handling. All tools are integrated by a consistent user interface. In
addition, PROPHET is an extensible system that includes a high-level programming
language that can be used to customize the scientists work environment.

e Structural Biochemistry

— Tools for building molecules and multimolecules

— Tools for displaying molecules and multimolecules

— Tools for manipulating molecules

— Tools for computing and analyzing molecular structures

— Tools for quantitative structure activity relationship studies

— Tools for database accessing
e Modeling

— Tools for regression analysis
— Tools for compartmental analysis
~ Tools : binkin2, drugmodel, fitcomp, fitria, fitsat, ligandplot probit

e Statistical Computation

— Descriptive Statistic
— Statistical Testing
— Curve Fitting

— Interface to SAS
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5.3.2 X-Plor

X-PLOR is a macromolecular modelling program that refines crystal structure data
more efficiently than traditional methods. It combines x-ray diffraction data with
molecular dynamics to produce structures that are both energy minimized and well
fitted to the x-ray data. The use of high temperature molecular dynamics allows the
refinement process to escape from local minima, thus decreasing the number of times
human intervention is necessary. The energy model used for X-PLOR’s molecular
dynamics is similar to that of CHARMm. X-PLOR has been implemented with
particular attention to efficiency.
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