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�Introduction

The EGO/CPMD interface provides a coupling between the classical molecular mechanics (MM) simulation program EGO [1] and the density functional (DFT) program CPMD [2]. As an example application for such an coupling one may think of a protein with more than 1000 atoms and a small bound substrate with less than 100 atoms. Because of the computational effort of DFT methods the protein is much to large to be described by DFT methods; only the substrate is accessible to a DFT description. However, in order to approximately include the influence of the protein on the bound substrate the protein may be described by a molecular mechanics force field. 



�������������������������������������������������























��Figure � SEQ Figure \* ARABISCH �1�: Subdivision of a simulation system into an QM fragment (filled dots) and an MM fragment (empty circles).  Between the two fragments a covalent bond exists between atom A and B which must be treated by a link atom concept.��

As shown in figure 1, a natural approach to given by subdividing a given simulation system into two fragments. The atoms of the QM fragment (QM-atoms, filled dots) are treated by CPMD, whereas the atoms of the MM fragment (MM-atoms, empty circles) are treated by EGO. Such a system we call a QM/MM-hybrid model. CPMD calculates for the QM fragment the electronic ground state wavefunction which fixes all molecular properties of that QM fragment, e.g., the potential energy and the forces acting on the atoms. The force field of the MM fragment treated by EGO is similar to the CHARMM/XPLOR force field which uses simple energy functions to account for intramolecular forces (.e.g. harmonic potentials for covalent bonds). To account for the intermolecular inter�actions in MM models all MM-atoms carry partial charges qi which approximate the electrostatic potential of the given molecule. Van der Waals forces between not covalent bonded MM-atoms are parametrisized by a weakly attractive potential for larger distances and a strongly repulsive potential for short distances. The success of a QM/MM hybrid model depends on the proper interaction scheme between atoms of the QM fragemnt and atoms of the MM fragment. In the following section we briefly summarize the interaction scheme between the two fragments as implemented in the EGO/CPMD interface. A more accurate description of the coupling of EGO and CPMD and results of test simulations are given in [3,4].





Van der Waals Interaction

In a fully quantumchemicaly treated molecule the van der Waals interaction is obtained by the proper description of the antisymmetrizied wavefunction of the elec�trons. As in molecular mechanical force fields no wavefunctions are considered one has to treat the van der Waals interaction between atoms of the QM fragment and atoms of the MM fragment by the inter�action potential as provided by the molecular mechanical force field. That is, the van der Waals interaction between an atom of the QM fragment and an atom of the MM fragment is just the same as the van der Waals interaction between atoms which are both from the MM fragment. In the CHARMM/XPLOR force field used by EGO the van der Waals interaction between two atoms i and j at positions � EINBETTEN Equation.2  ��� and � EINBETTEN Equation.2  ��� is given by the so-called Lenard-Jones-Potential

� EINBETTEN Equation.2  ��� ,�(1)��in which � EINBETTEN Equation.2  ���and � EINBETTEN Equation.2  ��� are atom type depend parameters. The first term describes the strong Pauli repulsion between atoms at short distances, the second term describes the attractive interaction between atoms at larger distances. In an MM models atom types account for the different chemical environment of an atom. For example, a nitrogen atom located in a peptid bond is related to different parameters � EINBETTEN Equation.2  ��� and � EINBETTEN Equation.2  ���than a nitrogen atom located in a NH2 group. Note, that the van der Waals interaction between a QM-atom and an MM-atom does not couple to the wavefunction of the QM-fragment.

Electrostatic interaction

In contrast to the van der Waals interaction the electrostatic potential of the MM fragment Fext(r) directly couples to wavefunction of the QM fragment. This electrostatic potential Fext(r) adds up to the electrostatic potential arising from the atomic core charges of the atoms in the QM fragment and to the electrostatic potential arising from the electron density n(r). Since the ground state electron density n(r) of the QM fragment is affected by Fext(r), polarization effects of the QM fragment due to the electrostatic potential of the MM fragment can be investigated. 



As denoted in figure 1 the electrostatic potential of the MM fragment is generated by partial charges qi which are located at the atom positions. In MM models such partial charges are chosen in a way that they reasonably approximate the electrostatic potential outside the van der Waals boundary of a molecule. For a proper electrostatic interaction of the MM fragment with the QM fragment at small distances (van der Waals distances or closer) a Gaussian-like ((=0.8Å) density of the partial charge is assumed. Then, the electrostatic potential Fi(r) created by a partial charge qi of an MM atom at position ri is

� EINBETTEN Equation.2  ��� .�(2)��



For the reverse electrostatic interaction of the QM fragment with the MM fragment, the EGO/CPMD interface uses at each QM atom position partial charges qj, which are chosen such that they approximate the electrostatic potential of the QM fragment as good as possible. Note however, since the electrostatic potential of QM fragment is only approximated by the partial charges qj the principle of actio=reaction is not fulfilled strictly by that approach. To overcome problems arising from that, EGO provides a so-called translation/rotation correction procedure.



The Link Atom Concept

The coupling scheme given in the last two section is sufficient as long as the two fragments are not covalently bonded to each other. However, if the two fragments are covalently bonded as depicted in figure 1 between atom A and B, a special treatment is necessary. The unsaturated bond situation which happens to appear if one simply would neglect atom B is avoided by introducing an artificial link atom which is placed at a proper position. In the EGO/CPMD interface this link atom is placed at the interconnection line of atom A and atom B. An appropriate definition of the QM fragment and MM fragment tries to minimize the effects on the electronic structure in the QM fragment. The following rules should be observed:



define the QM fragment big enough, i.e., put the link regions far away from regions in QM fragment were you expect sensitive QM effects.

Don’t cut p-bonds.

Don’t cut at highly polarized bonds.



In the EGO/CPMD interface you must define the link region between two s-bonded atoms A and B. In that case, as depicted in figure 2, the atom B can be replaced by an artificially introduced hydrogen atom, the so called link atom.

��������



Figure � SEQ Figure \* ARABISCH �2�: The QM fragment with a link atom. The atom B in figure 1 is replaced by an hydrogen atom in order to saturate the broken bond between atom A and B.

In order to account for the dynamical aspects of the covalent bond between the QM fragment and the MM fragment by the artificially introduced link atom the so-called SPLAM method is used. In that method, the link atom is placed at variable distance between the connection line of the atoms A and B such that the properties of the original covalent bond is approximated as good as possible.

�Program flow

As the two programs, EGO and CPMD, are maintained by different groups and the first is written in C and the other is written in FORTRAN, it is reasonable not merge them into one program, but rather to keep them separated. Consequently, each of the programs can be compiled and executed separately. However, in order to realize the concepts introduced above each of the programs possess the so called "interface mode" which manages the proper setup and interaction of the QM and MM fragment. In that interface mode both programs run simultaneously either on the same or on different machines and exchange all needed data via files which we call the interface files. CPMD can run in a parallel mode (e.g., on a IBM-SP2 or Cray-T3E), while EGO must run as a sequential program in the interface mode. The program flow is depicted in figure 4 and involves the following steps:



Initialization of EGO: As EGO has to know the total simulation system, e.g., all atom positions, atom types and force field parameters, while CPMD only has to know about the atoms and the electrostatic field in the QM fragment, EGO manages all the initial setup of the simulation system and later starts the CPMD as soon as all data is prepared for it. Thus, most specifications concerning the QM fragment are made in the control file of EGO (ctl.lis).

Prepare electrostatic potential: The CPMD program has to know the electrostatic potential Fext(r) in the volume of the QM fragment. The work to calculated Fext(r) is distributed between EGO and CPMD. EGO approximates the electrostatic potential arising from partial charges of the MD fragment which are more distant then about 6 Å from the QM fragment by a local Taylor expansion, whereas all closer atoms are listed in the so-called near-atom list. 

Create input-file: The file VDB_LDA.run is the input file the CPMD program. It is created by EGO in every integration step of the MD simulation from the so-called template-file (e.g., VDB_LDA.tmpl shown in example 1). A template-file is somewhat like an empty CPMD input file, that is, in the &ATOMS-section after the Pseudopotentials for each atom species no atom positions are listed. Furthermore, some keywords must appear in &CPMD-section in order to specify the interface mode for CPMD. EGO reads the template-file, appends the current atom positions of all atoms located in the QM fragment and adds a special section (&EXTELEC) which contains all data (e.g., local Taylor expansions and near atom list) needed by the CPMD program to calculate the electrostatic potential in the QM fragment. After that step EGO waits for the CPMD program to finish its calculation on the presented data (see point i.) ).

Start of the CPMD program: If the CPMD program has not been already started, EGO starts the CPMD program with the recently created input file. Based on the atom data in the input file CPMD performs all initialization steps and calculates the wavefunction of the ground state, but, at this stage, still disrespects the electrostatic potential Fext(r) attached to the input-file. 

Wait for next input-file: As soon as the input file is written by EGO also the signal-file QMCONTINUE is created. This signals the CPMD program that a new input file (with new atomic positions and a new electrostatic potential) is ready. 

Read input-file: As soon as CPMD detects the signal-file QMCONTINUE, it deletes that file, reads the input file and calculates the electrostatic potential Fext(r) in the QM fragment at grid points in the volume of the QM fragment. 

Minimize wavefunction: Now CPMD calculates the electronic groundstate of the wavefunction considering the electrostatic potential Fext(r) of the MD fragment and calculates, energies, forces and partial charges.

Write forces and partial charges to file: Then, CPMD writes these forces and the current partial charges to the interface-file qmoutput.out. As soon as this file is completed, CPMD creates the signal-file EGOCONTINUE. This is the signal to the EGO program that the CPMD program has calculated the forces acting on the atoms in the QM fragment.

Wait for next CPMD file: As soon as EGO detects the signal-file EGOCONTINUE, it deletes that file and reads the qmoutput.out file.

Add up other forces: Now, EGO combines the data provided by CPMD with energies and forces (e.g., VDW forces, bonded-forces), which have been calculated while waiting for CPMD.

Update atom positions: According to the resulting forces new atom positions and velocities are calculated by the Verlet integration scheme. Now, one integration step has finished and the next integration step starts with point b.) . 



&CPMD

INTERFACE EGO ESP

MOLECULE CENTER OFF

PROPERTIES

&END



&SYSTEM

SYMMETRY

0

CELL

10.0 1.0 1.0 0.0 0.0 0.0

CUTOFF

25.0

&END



&ATOMS

*H_VDB_LDA_080_060_075

0 0 0

*O_VDB_LDA_140_100_135

0 0 0

*C_VDB_LDA_140_090_130

0 0 0

*N_VDB_LDA_140_100_135

0 0 0

&END



&PROP

DIPOLE MOMENT

&END

�Example � SEQ Example \* ARABISCH �1�: A typical CPMD template file used by the EGO/CPMD interface. It is like an „empty“ CPMD input file in which the atomic positions have been left out. For an explanation of the keywords see the CPMD manual [2].��
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Figure � SEQ Figure \* ARABISCH �3�: Program flow of EGO and CPMD using the interface mode.

Starting an EGO/CPMD simulation

In this section we briefly describe a typical configuration of EGO and CPMD on an UNIX environ�ment which enables one to use the interface mode described above. For more detailed information we refer to the corresponding user manuals. The directory names given below are not mandatory. Only the name of the environment variable PP_LIBRARY_PATH used by CPMD must not be changed. 



Configuration of CPMD

Let us assume that the source code of CPMD program is located in your home directory in the subdirectory $HOME/cpmd/SOURCE/. After compiling CPMD with make you should find the executable cpmd.x  in that directory. Note, that the compilation options have to be set in the file Makefile.

Let us further assume that the Pseudopotentials needed by CPMD are located in the directory $HOME/cpmd/PP_LIBRARY/. Then you have to set (e.g., by your login-scripts) the environ�ment variable PP_LIBRARY_PATH to that later path, e.g., type

setenv PP_LIBRARY_PATH $HOME/cpmd/PP_LIBRARY/	(csh, tcsh) or

export PP_LIBRARY_PATH=$HOME/cpmd/PP_LIBRARY/ 	(bash)



Usually one has a $HOME/bin/ directory in which all important executables are located. This directory should be included to your search path environment variable PATH. In that case all executables in the $HOME/bin/ directory are accessible from any of your directories. You should do one of the following things:

copy cpmd.x to the $HOME/bin/ directory, e.g., type 

cd $HOME/bin/; cp $HOME/cpmd/SOURCE/cpmd.x .

or create a soft link from the $HOME/bin/ directory to $HOME/cpmd/SOURCE/cpmd.x, e.g., type

cd $HOME/bin/; ln -s $HOME/cpmd/SOURCE/cpmd.x .



Now cpmd.x is accessible from any of your directories and can be started in the usual manner using an ordinary CPMD-input file (e.g., type cpmd.x h2o) or it can be started automatically by EGO making use of the EGO/CPMD interface mode. 



Note: Before using the EGO/CPMD interface for hybrid simulations you should check, whether CPMD works in the usual way. For that purpose you will find some example input files for CPMD in the EGO/CPMD distribution (see ego_cpmd/example_cpmd/). If these example files do not work, the EGO/CPMD interface surly will not work either!



Configuration of EGO

Let us assume that the source code of EGO is located in the subdirectory $HOME/ego8/. Compilation of EGO is done with the script file aimk included in the EGO distribution. This script file accepts some options (see EGO manual or Makefile.aimk) which specify the machine type (e.g., ALPHA, RS6K, T3E) for which EGO is to be compiled or whether the parallel or sequential version of EGO should be created.

Note: For the EGO/CPMD interface you must compile EGO in the sequential version. 

Without any further options the script file aimk automatically creates the sequential executable named ego_seq together with other EGO utility executables (e.g., xpl2lis). The object files of the compilation and the executables will be located in a subdirectory denoting the machine type, e.g., $HOME/ego8/RS6K_SEQ.  Similar to section 1.3.1 the executable of EGO should be made accessible from any directory by copying it to your $HOME/bin/ directory, or by creating a soft link. The same should be done with the utility programs which come with the EGO distribution, e.g., xpl2lis or mkmaxw



Note: Before using the EGO/CPMD interface for hybrid simulations you should check, whether EGO works in the usual way. For that purpose the EGO distr�ibution provides a directory with a small sample system (see testpti in the EGO distribution). If this example does not work, the EGO/CPMD interface surly will not work either!



Tutorial Examples

The EGO/CPMD provides a tutorial example which demonstrates how simulation data and parameters are prepared for the EGO/CPMD interface. The first example is a water dimer in which one water molecule is the QM fragment and the other water molecule is the MM fragment. For more details about that system see [3,4]. All needed data for this system and a README.txt file are located in the directory /ego_cpmd/example_waterdimer/.



As a second tutorial example the EGO/CPMD distribution provides a ethane molecule. All concerning data and a README.txt file are located in the /ego_cpmd/example_ethane/.



Note: In the water dimer example no link atoms are need as there are no covalent bonds between the QM fragment and the MM fragment. In the ethane example on CH3-part of the molecule is the QM fragment and the other is the MM fragment. From that follows that a covalent C–C bond exists between the two fragments which has to be treated by the link-atom method SPLAM.





�Parameters for the EGO/CPMD Interface



In this section all parameters of the EGO/CPMD interface are described. These parameters have to be appended to the usual EGO control file ctl.lis in the so-called free format section. For a detailed description of the other parameters in the EGO control file see the EGO manual [1].



Very important EGO/CPMD interface parameters



QMATOM <atom_selection_string>

The keyword QMATOM is followed by an atom selection string <atom_selection_string> which selects the subset of atoms defining the QM fragment. All other atoms are the MM-Fragment. The syntax of atom selection strings is described in the EGO manual in section 3.3. If there is a covalent bond between the QM fragment and the MM fragment even the atom of MM fragment which is replaced by the hydrogen link atom must be included in that selection string (see also the QMLINK keyword).

Examples:	QMATOM A*		!the whole simulation system is treated by CPMD

QMATOM A1-4		!selects atoms 1,2,3,4 as the QM fragment

QMATOM R145		!selects residue 145 as the QM fragment



Note: The occurrence of that keyword QMATOM is required for every QM/MM hybrid simulation. 



QMSTART <start_step> <CPMD_executable> <input_file>.run

The occurrence of the keyword QMSTART is required for every QM/MM hybrid simulation. The first parameter <start_step> specifies the starting integration step of the hybrid simulation, i.e., the integration step at which EGO starts CPMD. Usually this parameter is chosen to be 0, i.e., the hybrid simulation starts with the first integration step. 

The second parameter <CPMD_executable> specifies the file name of the CPMD executable. Usually the file name is cpmd.x. If the location of the CPMD executable cpmd.x is not included in your environment PATH variable, you have to specify the location of CPMD executable explicitly , e.g., /home/mol/eichi/cpmd/SOURCE/cpmd.x. Some UNIX environ�ments or batch job queuing systems need a complex calling sequences for starting CPMD on a parallel computer, e.g., mpirun -n 10 cpmd.x. Since, however, the second parameter of QMSTART keyword allows only a single string, one must „hide“ such a complex starting se�quence in a shell-script, which may be named cpmd.sh. Then, one simply can specify that shell script as the second QMSTART parameter.

On the T3E we have made the experience that the strategy of starting CPMD by EGO automatically by a system-call leads to strange effects (i.e., the restart file of CPMD will be sometimes corrupted). For that reason another strategy is necessary. For the T3E one should specify „xxx“ for the second QMSTART parameter <CPMD_executable>. In that case EGO does not start CPMD. As a consequence the starting of CPMD has to be managed by yourself. In a batch queuing command file this easily can be managed by first starting EGO in the back�ground in the directory where all the lis-files and then starting CPMD in the output directory specified in the EGO control file (for an example see /ego_cpmd/batchjobs/). 

The third parameter <input_file> specifies the input file for CPMD. That name of the input file must have the extension .run. As explained above, in the EGO/CPMD interface mode EGO creates such an input file every integration step by modifying a template-file, which must be located in the same directory as the EGO lis-files and which must have the extension .tmpl (examples for such a template files are given in /ego_cpmd/templatefiles/). In each integration step, EGO reads the template file <input_file>.tmpl and writes a modified version <input_file>.run of it to the output directory given in control file of EGO (usually ./out). In that output directory EGO starts CPMD with the <input file>.run as an argument. Consequently, all files created by CPMD (e.g., GEOMETRY, RESTART.1, etc.) will be located in that output directory, too. 

Examples:	QMSTART 0 cpmd.x VDB_LDA.run	!start sequential version of CPMD

QMSTART 0 cpmd.sh MT_BLYP.run 	!hidden start of parallel CPMD with cpmd.sh

QMSTART 0 xxx MT_BLYP.run 	!On T3E start CPMD separately



Note: The occurrence of that keyword QMSTART is required for every QM/MM hybrid simulation. 



QMFIXBOX  <MinX> <MaxX> <MinY> <MaxY> <MinZ> <MaxZ>

QMFIXBOXB <MinX> <MaxX> <MinY> <MaxY> <MinZ> <MaxZ>

The occurrence of the keyword QMFIXBOX or QMFIXBOXB is required for every QM/MM hybrid simulation except if the keyword QMEXTENDBOX is specified. The keyword QMFIXBOX sets the cell size [<MaxX>-<MinX>,<MaxY>-<MinY>,<MaxZ>-<MinZ>] in Å of the rectangular QM box in which the atoms of the QM fragment are automatically centered by EGO for the calculation performed by CPMD. Note, that the computational effort of CPMD strongly increases with the volume of that QM box. In order to reduce the size of the QM box for a given QM fragment one should define proper rotation angles for the QMROT keyword. The keyword QMFIXBOXB has the same meaning as QMFIXBOX, but here the cell size is given in Bohr and not in Å. The settings given by QMFIXBOX or QMFIXBOXB modify the para�meters of the keyword CELL in the &SYSTEM section of the CPMD template-file (see the CPMD manual [2]). Please note, that the cell must be big enough for the QM-fragment, e.g., no atom of the QM-fragment must be closer than 2 Å to one of the sides of the cell. Otherwise EGO stops with an error message. A good minimum distance for calculations using BLYP is about 2.5 Å. 

Examples:	QMFIXBOX  0 6  0 6  0 6    !a cubic QM box with 6 Å each side 

QMFIXBOX  4 10 2 8 -3 3    !again a cubic QM box with 6 Å each side 

QMFIXBOXB 0 20 0 10 0 7    !a QM box with side length [20,10,7] bohr





QMLINK <QM-atom# A> <MM-atom# B> <d(A-L)> <k(A-L)> <d(A-B)> <k(A-B)>�The keyword QMLINK pins down the property of a possibly covalent bond between the QM fragment and the MM fragment and provides all data needed for the SPLAM method in order to treat the artificially introduced link atom. In the current EGO/CPMD implementation this link atom L is always a hydrogen atom. The first two numbers <QM-atom# A> and <MM-atom# B> specify the two atoms A and B between which the covalent bond is „broken“ by the QM/MM fragmentation (see figure1, atoms A and B). The first number <QM-atom# A> is the PDB number of the atom A in the QM fragment, the second number <QM-atom# B> is the corresponding PDB number of the atom B in the MM fragment. 

Important: The atom B must also be included in the selection of the QMATOM keyword even it is not a real part of the QM fragment!

For a proper work of the SPLAM method the parameters <d(A-L)> and <k(A-L)> should approximate the property of the artificially introduced A-L-bond in the QM fragment (see figure 2), i.e., the equilibrium distance d(A-L) given in Å and the force constant given in kcal/(mol Å2). The parameters <d(A-B)> and <k(A-B)> should specify the properties of the cor�respon�ding A-B bond. An easy way to find out the equilibrium distance of <d(A-L)>, which is important for the SPLAM method, is by using the keyword QMLINKMODE CLAMP (for more information see the tutorial example located in /ego_cpmd/example_ethane/). For the parameters <k(A-L)>, <d(A-B)> and <k(A-B)> a good approximation is gained by the molecular mechanics force field (see the BOND keyword in the parameter file). If there are more than one covalent bond between the QM fragment and the MM fragment for each such bond a corresponding line containing the QMLINK keyword and parameters must be given in the EGO control file.

Example:	QMLINK 4 9 1.101 450.0 1.52 340.0  !typical parameters for C-C/C-H situation



Note1: The occurrence of that keyword QMLINK is required for every QM/MM hybrid simulation in which you like to treat a covalent bond between the QM fragment and MM fragment. If there is a covalent bond between the two fragments and you do not specify the corresponding LINK atom keyword, no link atom is added to the QM fragment and you actually get a radicalic QM fragment!



Note2: An important question for every hybrid simulation in which covalent bonds between the QM fragment and the MM fragment can not be avoided is: Were should I place the cut between the QM and the MM fragment?

Here are some important rules

	a.) Don’t cut (-bonds

	b.) Don’t cut bonds which are very polar (e.g., don’t cut a peptid bond)

c.) Include (if possible) a CH2-group between a conjugated  (-electron system (QM fragment) and the MM fragment.



Note3: For QM fragments which are larger than about 6 Å the QM/FAMUSAMM algorithm, which is important for the calculation of the electrostatics, works correctly in connection with link atoms only if one cuts bonds between structural units (see drawing below).
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QMCUTOFF <cutoff>�The keyword QMCUTOFF is followed by the cutoff value given in Ry for the plane wave expansion of the wavefunction calculated by CPMD. The given value modifies the parameter of the CUTOFF keyword in the &SYSTEM section of the CPMD template-file (see the CPMD manual [2]). As an example, for CPMD calculations using the Vanderbilt-Pseudopotential cut-off values of 25 Ry are sufficient, whereas for calculations using the Martins-Troullier-Pseudopotential cut-off values of 70 Ry are necessary. If the QMCUTOFF keyword is omitted in the EGO control file the cut-off value specified in the CPMD template-file is used.

Example:	QMCUTOFF 25   !use only for VDB-Pseudopotentials 

QMCUTOFF 70   !use for MT-Pseudopotentials 





QMCHARGE <charge>

The keyword QMCHARGE specifies the total charge of the QM fragment. The given value modifies the parameter of the CHARGE keyword in the &SYSTEM section of the CPMD template-file (see the CPMD manual [2]). If the QMCHARGE keyword is omitted in the EGO control file the value specified in the CPMD template-file is used. If no CHARGE keyword is given in the &SYSTEM section of the template-file an uncharged QM fragment is assumed by CPMD automatically. 

Example:	QMCHARGE  0		!defines an uncharged QM fragment 

QMCHARGE  -1.0	!defines a negatively charged QM fragment 





QMCHARGEMODE QM

As default, the partial charges given in the molecular mechanical CHARMM model for the QM-fragment are used for the calculation of the interaction of the QM-fragment with MM-fragment. That mode is useful, if the partial charges calculated by CPMD are not reasonable. If, however, the partial charges for the QM fragment look reasonable (as they do in most cases) you should specify the keyword QMCHARGEMODE QM. Then, the partial charges calculated by CPMD are used for the electrostatic interaction between the QM fragment with the MM fragment. Since the electrostatic field produced by the MM fragment will change from time step to time step due to polarization effects of the QM fragment these partial charges will change slightly in each integration step.





QMRESTART

QMRESTART LATEST

The two keywords handle the CPMD restart of the wavefunction. If in the EGO control file the keyword  QMRESTART is specified, the line „RESTART WAVEFUNCTION“ is included in the &CPMD section of the input file created by EGO from the template file. As a result, CPMD will initialize the wavefunction from the restart file „RESTART“ which must be located in the output directory of EGO containing the output of the proceeding hybrid simulation. If in the EGO control file the keyword QMRESTART LATEST is specified, the restart file specified in the file LATEST is used. Another way to use the old wavefunction restart file would be to include QMRESTART or QMRESTART LATEST directly in the template file. The usage of restart files for the wavefunction helps to save time for the initialization of CPMD. Note however, that in the restart file written by CPMD only the wavefunction is included and the positions of the QM atoms. 





QMNOEXTELEC

If the keyword QMNOEXTELEC is specified in the EGO control file the electrostatic potential of the MM fragment will not be included in the input file for CPMD. Consequently no external electrostatic field will act on the QM fragment. All other aspects of the EGO/CPMD interface work as usual, e.g., link atoms will be included in the CPMD input file. EGO/CPMD calcu�lations without the MM electrostatic field can be useful, if the initial minimization of the wave�function, which is performed without the external field, was not successful in the first run and a restart file of the wavefunction has been written out in order to proceed in a subsequent EGO/CPMD run. Usually, if one uses that restart file for the next EGO/CPMD run by specifying QMRESTART LATEST and does not specify QMNOEXTELEC CPMD does include the external electrostatic field. If, however, one likes to calculate a wavefunction for the QM fragment without the external electrostatic field in subsequent EGO/CPMD calls one should specify QMNOEXTELEC.



Less important EGO/CPMD interface parameters



QMSIGMA <value> <selection>

Sets the width ( in Angstroem of the smoothing function for the Coulomb field of partial charges. Default is (=0.8 Å for all atoms. A minus sign signals that the erf-function given in Equ. 2 is applied. A positive sign signals that a more complicated, but not yet tested function is used. Usually one does not have to change the ( values for the atoms. If you choose values much smaller than 0.4 Å CPMD will get problems to converge. Much larger values than 0.8 Å will lead to an underestimation of the influence of partial charges which are close to the QM fragment.  

Note: ( is more or less the same as RAGGIO in the CPMD program.

Example:	QMSIGMA  -0.5  A*		!use (=0.5 Å for all MM partial charges





QMCONTINUE <stride> <task>

The keyword QMCONTINUE originally was intended to provide a means to perform periodically special tasks, e.g., shell scripts, which may supervise the progress of the simulation. But this feature is not yet implemented. However, for some special link atom methods (LAMP, CLAMP) the value <stride> has a special meaning, which will be described in the corresponding section. For common hybrid simulations the QMCONTINUE keyword may be omitted. 





QMEXTENDBOX <X-> <X+> <Y-> <Y+> <Z-> <Z+>

QMEXTENDBOXB <X-> <X+> <Y-> <Y+> <Z-> <Z+>

Alternatively to the QMFIXBOX keyword, one can use the QMEXTENDBOX and QMEXTENDBOXB  keyword in order to specify the cell size of the rectangular volume in which the QM fragment is treated. Here, the cell size of the EGO/CPMD simulation is determined from the minimum rectangular box of the QM fragment to which the values <X-> <X+> <Y-> <Y+> <Z-> <Z+> are added. The disadvantage of that strategy is, that the cell size depends on the initial structure of the QM fragment. If, however, one wishes to compare energies of different configurations of the QM fragment, one always should use exactly the same cell size.

Example:	QMEXTENDBOX -2.5  2.5   -2.5  2.5   -2.5  2.5	!increase cell by 2.5Å in each direction.





QMENERGYOFFSET <energy_value>

With that keyword one can specify an energy offset value given in kcal/mol which is added to the total energy calculated by EGO and which is written to the output files (*.ego, qmtraj.out). If one chooses for <energy_value> the total energy of the QM-fragment in vacuo, the total energy of a hybrid simulation can easily be compared to the total energy of an corresponding MM simulation.

Example:	QMENERGYOFFSET  -2452.53



Other EGO parameters which may be useful



SHAKEOFF <atom_selection>�In MD simulations which use large integration time steps, e.g., 1 fs or more, the fastest degrees of freedom like the bond-stretching of hydrogen atoms is suppressed by using the SHAKE algorithm which fixes the bond length. In order to switch off the SHAKE algorithm for given set of atoms one can use the keyword followed by an EGO selection string.



FORCEOFF <atom_selection>�SPEEDOFF <atom_selection>

With that two keywords one can fix the position of atoms in space by completely turning of the acting force and the velocity of the selected set of atoms. Only the forces acting on the specified atoms are set to zero. The energy is calculated and printed as usual. For further details see the EGO manual.



TRANSROTCOR TRUE

With that keyword you switch on the translation/rotation correction. This is important since in a QM/MM-hybridsimulation the actio = reactio is usually not fulfilled exactly. For that reason the linear momentum and angular momentum will be not conserved during a hybrid simulation. However, if you switch on the translation/rotation correction a special algorithm is applied to avoid that problem (see Chapter 3.3 in [4]).





�Error messages and strange effects



First a list of common error messages and hints for their solution:

 



CPMD stops with an error message like this:

RECPNEW: ECPFILE NOT FOUND ./H_MT_BLYP

PROGRAM STOPS IN SUBROUTINE RECPNEW



CPMD did stop since it was not able to read in the file H_MT_BLYP which contains the Pseudopotential for the hydrogens. A reason for this might be, that

(1) the environment variable PP_LIBRARY_PATH was not set correctly (see Sec. 3.1),

(2) the pseudopotential file is not in the directory given in PP_LIBRARY_PATH,

(3) the pseudopotential file is corrupted





CPMD stops with an error message like this:

ZHRWF| RESTART FILE NOT FOUND:./RESTART

PROGRAM STOPS IN SUBROUTINE ZHRWF|  FILE NOT FOUND



CPMD did stop since it was not able to read in the file restart file for the wavefunction which is usually named RESTART or RESTART.1. This restart file is searched for in the output-directory (e.g., out) of the EGO/CPMD run which is specified in the EGO control file.

If, however, you don't want to use a wavefunction restart file, delete the QMRESTART line in the EGO control file or/and the RESTART WAVEFUNCTION line which is probably set in the CPMD template file.





CPMD stops with an error message like this

VALUE OF 176 NOT ALLOWED FOR FFT, ALLOWED VALUES ARE:

    	3    4    5    6    8    ....



CPMD uses a regular mesh of grid-points covering the QM-box. At this grid-points the electron density and the electrostatic potential is calculated using discrete fast fourier transformations (FFT). In order that the FFT’s will work, only certain numbers of mesh points are allowed. The number of mesh-points in x-, y- and z-direction depends on the size of QM-box. Sometimes CPMD chooses numbers of mesh-points for which the FFT’s will not work. 

One can solve this problem either by increasing the QM-box size until a valid number of mesh-points is choosen by CPMD or once can use the MESH-keyword which is documented in the CPMD-manual. Whith this keyword one explicitly can set the number of mesh-points for the x-,y- and z-direction.









Strange effects:



Problem 1: All calculated CPMD forces for the QM-atoms are sometimes (or always) exactly zero.

Reason: The calculation of the wavefunction did not converge. Usually the maximum number of iterations for the calculation of the wavefunction is a very high number (default is 100000) and usually a self-consistent solution is found within 10...30 iterations. However if one sets this maximum number of iterations to a lower value with the CPMD-keyword MAXSETPS (e.g. MAXSTEPS=10) and a self-consistent solution was not found during these numbers of steps, CPMD does not calculate any forces. Therefore the passed forces to EGO are all exactly zero.



Solution: Look in the CPMD template file whether there occurs the keyword MAXSETPS followed by a line with a small integer number. If so, delete these two lines.



Problem 2: In a minimzation run (set in the EGO control-file), the forces for some atoms do not go down to zero but stay at a more or less large value.



Reason: The bondlength of hydrogen-atoms are constrained by the SHAKE algorithm. The equilibrium-bondlength is specified in the molecular mechanics force field. This is usually reasonable for MD-simulations since then the fastest degree of freedom, the hydrogen-stretches, are removed and one can use an integrationstep of 1 or 1.5 fs. However in an EGO/CPMD minimization run, the SHAKE algorithm constrains also the bondlength of the hydrogen-atoms in the QM-fragment.





Pitfall 1: The QM fragment must be given in a full-atom model. 

In molecular dynamics simulations using the CHAMRMM or X-PLOR force field, it is possible to avoid the explicit simulation of some hydrogen atoms by using so-called compound atoms. In MD simulations such compound atom model helps to reduce the number of explicitly simulated hydrogen atoms with vanishing partial charges by a proper modification of the VDW parameters and the mass of the heavy atoms to which the hydrogen atoms are connected. 

Simulation systems with compound atoms are problematic for the EGO/CPMD interface as for the QM fragment all atoms must be given explicitly. If compound atoms are selected for the QM fragment the hydrogen atoms which in reality should be connected to the compound atom will not show up in the QM fragment treated by CPMD. So make sure, that you do not include compound atoms in your selection for the QM fragment.

�

File Formats



The CPMD input file 

Most important for a hybridsimulation is a correct CPMD template file. In chapter 2 such a template file is given. Template files must have the extension „tmpl“ and they must be located in the directory of all EGO-lis files of your simulation data. We noted above, that such a template file is more or less an empty CPMD input file as described in the CPMD manual. „Empty“ means, that no atomic positions must be given in that template file. However for every atom type in the QM fragment, a pseudopotential must be specified (e.g. for hydrogenatoms the pseudopotential *H_VDB_LDA_080_060_075 or *H_MT_BLYP) . EGO inserts automatically the corresponding atomic positions. Note: In EGO all dimensions are Å, in CPMD usually dimensions are bohr. For that reason the atomic positions in the CPMD input file are given in bohr. Some examples for template files are given in the EGO/CPMD distribution (see VDB_LDA.tmpl, MT_BLYP.tmpl, MT_BP.tmpl).



EGO inserts in the CPMD template file not only the atomic positions but also adds the external electrostatic potential which is generated by the MM fragment in the volume of rhe QM fragment. This external potential is coded in the section which is denoted by &EXTELEC .... &END. Since this section is automatically generated by EGO usually „normal user“ must know nothing about this section. However, users which want to use other QM programs than CPMD or want to improve something have to understand the format of this section.



The &EXTELEC-Section



A prerequisite for understanding how the electrostatic potential of the MM fragment is coded in the &EXTELEC-Section you have to read section 3 in [4]. The file format of the &EXTELEC-Section is as follows:



&EXTELEC

QM-Box

<x-min>   <x-max>     <y-min>   <y-max>   <z-min>  <z-max>

Bounding-Box

<x-min>   <x-max>     <y-min>   <y-max>   <z-min>  <z-max>

Taylorexpansions

<number_of_taylorexpansions>

<atom number>    <x-pos>    <y-pos>   <z-pos>

<Phi>

<Kx>   <Ky>   <Kz>

<Txx>  <Tyy>  <Tzz>  <Txy>  <Txz>  <Tyz>

<number_of_close_atoms>

<index1>  <index2>  <index3>  <index4>  .  .  .

.

.

.

MM-Atoms

<number of atoms>

<atom number>  <c>  <d>  <w>  <Z>  <(>  <x>  <y>  <z>

.

.

.

&END

The first two lines specify the QM-box, i.e. the volume in which the electron density is calculated by CPMD. The next two lines specify the bounding box of the QM fragment, i.e. the smallest volume, in which the QM fragment fits in. The next two lines specify the number of Taylor expansions which are used to approximate the electrostatic potential generated by structural units. Every local Taylor expansion is coded by four lines. In the first line (<atom_number> <x-pos> <y-pos> <z-pos>) the position of the local Taylor expansion is given, which corresponds to the position of the QM-atom denoted by <atom number> (<atom number> corresponds to the numbering of the PDB-file which was used by xpl2lis). The next three lines contain the coefficients of the local Taylor expansion, i.e. the Coulombpotential <Phi> at the position <x-pos> <y-pos> <z-pos>, the first derivative of the potential (<Kx> <Ky> <Kz>) and the second derivative (<Txx> <Tyy> <Tzz> <Txy> <Txz> <Tyz>). It follows a line <number_of_close_atoms>, in which the number of all MM-atoms is given, whose electrostatic potential is not included in the local Taylor expansion given above. It follows a list of indices which explicitly denote these MM-atoms. The positions and partial charges of these MM-atoms are given further below:

<atom_number>  <c>  <d>  <w>  <Z>  <(>  <x>  <y>  <z>

<c> denotes the partial charge

<d> and <w> denote the parameters for the exclusion function for MM-atoms which are close to a covalent bond between the MM and QM fragment (see Section 4 in [4]). 

<Z> denotes the core charge of the MM atom (not used in current implementation).

<x> <y> <z> denote the position of the MM atom.



Example for a water dimer hybridmodell. One of the water molecules is the QM fragment, the other water molecule is the MM fragment. In example given below, the MM fragment is close to QM fragment. For that reason the electrostatic potential coded by the local Taylor expansions is zero and the contribution of the MM fragment is explicitly given by Coulomb potential of the MM atoms.



&CPMD

INTERFACE EGO ESP 

MOLECULE CENTER OFF 

&END

&SYSTEM

SYMMETRY

0

CELL

11.0000000  1.0000000   1.0000000	0.0  0.0  0.0

CUTOFF

20

&END

&ATOMS

*H_VDB_LDA_080_060_075

0 0 0

 2

	5.8465123		6.9939468		5.0521922

5.8465146		4.0060532		5.0521895

*O_VDB_LDA_140_100_135

0 0 0

 1

	5.1534854		5.4999987		5.9478105

&END

&EXTELEC

QM-Box

	0.0000000		11.0000000		0.0000000		11.0000000    0.0000000   11.0000000

Bounding-Box

	0.0000000		0.7237654		0.0000000		3.0084452    0.0000000    0.8460307

Taylorexpansions

3

4  5.1534854	  5.4999987  	5.9478105

	0.0000000

	0.0000000		0.0000000		0.0000000

	0.0000000		0.0000000		0.0000000		0.0000000    0.0000000    0.0000000

3 

0	   1	 2      

5  5.8465123  	6.9939468	  5.0521922

	0.0000000

	0.0000000		0.0000000		0.0000000

	0.0000000		0.0000000		0.0000000		0.0000000    0.0000000    0.0000000

3 

0	   1	 2      

6  5.8465146	  4.0060532	  5.0521895

	0.0000000

	0.0000000		0.0000000		0.0000000

	0.0000000		0.0000000		0.0000000		0.0000000    0.0000000    0.0000000

3 

0	   1	 2      

MM-Atoms

3

1  -0.7800000  0.0000000  0.0000000  8.0000000  -1.5117815  -0.4013801  5.4999987  5.9471066

2   0.3600000	  0.0000000  0.0000000  1.0000000  -1.5117815  -1.0184767  5.5000005  7.7144002

3   0.4200000	  0.0000000  0.0000000  1.0000000  -1.5117815   1.4751592  5.5000038  6.0608145

&END



The CPMD output file



As soon as CPMD has calculated the electron density for the QM fragment, the energy of the QM fragment together with the forces and partial charges for all QM atoms is written to the file qmoutput.out which is read by EGO. The file format for qmoutput.out is simple:



<Etot> <Eext>

<Fx>   <Fy>  <Fz>  <c>

.

.

.

<Ex>     <Ey>    <Ez>   <E>     E-Field

<Px>     <Py>    <Pz>   <Ptot>  Debye

 

In the first line (<Etot> <Eext>) the total energy of the QM fragment and the electrostatic energy of the QM fragment in the external potential is given. The following lines (<Fx>   <Fy>  <Fz>  <c>) contain the forces and the partial charges for all QM atoms. The E-Filed line contains the electrostatic potential in the center of the QM-box (this line is of no importance; the field in the center of the QM-box was used during development for debug reasons). In the last line (<Px>     <Py>    <Pz>   <Ptot>) the dipole moment of the QM fragment is given. Note that the dipole moment is only calculated if the CPMD template file the corresponding PROPERTY parameters are set. If no dipole moment was calculated by CPMD the value -99999.90000 is written to the qmoutput.out file.



Example for the water dimer 

   -17.1245       -0.933848E-02

  -0.131477E-03    0.251077E-04   -0.579806E-04    0.350058    

  -0.131570E-03   -0.250358E-04   -0.579167E-04    0.367185    

  -0.406570E-02   -0.305341E-07    0.292571E-03   -0.717243    

     0.01247      0.00000     -0.00345      0.01294 E-Field

-99999.90000 -99999.90000 -99999.90000 -99999.90000 Debye





Short guide to molecular mechanics



�����How to set a up molecular mechanics data for the EGO/CPMD interface

��������������������������������
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VDB_LDA.run



CPMD



EGO



start: cpmd.x VDB_LDA.run





If not already

started, start 

CPMD with fork �



start: ego_seq ctl.lis



Initialization of CPMD





initialization of EGO





prepare electrostatic potential within �QM-fragment



create input-file for CPMD with electrostatic potential and QM-atom positions



Calculate energies and forces in the MM fragment



Wait for next CPMD file and read it



combine QM and MM energies, forces and partial charges



Update atom positions and velocities of all atoms



Wait for next �input-file



Read input-file and calculate electrostatic at  potential grid points



Minimize wavefunction, calculate energies, forces and partial charges



Write energies, forces and partial charges to file



qmoutput.out
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cut between structural units!



EGO/CPMD



EGO



xpl2lis



X-PLOR or

CHARMM



CPMD template file

this file proviedes default settings (e.g., the pseudopotential) for CPMD. In every integtartion step EGO construcats from the template file an input file for CPMD 



Now you have all data for an EGO/CPMD simulation



units.def file

defines a residue based defi�ni�tion of structural units necessary for the FAMUSAMM algo�rithm of EGO



A lot of lis-files

the lis-files now contain all data needed for a EGO simulation. The control parameters for a simulation are defined in ctl.lis. Other important files are, e.g. coord.lis and restart.lis.



PSF-file

(protein structure file)�atom names, types, masses, partial charges and connectivity  for a given protein



Parameter-file

equilibrium positions and force constants, van der Waals parameter. 



Topology-file

general residue based connectivity information,�atomic masses and partial charges 



PDB-file

(protein data base)�atomic coordinates, �atom names, atom types, residue names








