Xplor-NIH Tutorial

Charles Schwieters

Center for Information Technology
National Institutes of Health

Bethesda, MD USA



outline

1. description, history, installation

Scripting Languages: XPLOR, Python, TCL
e Introduction to Python

o

Overview of an Xplor-NIH Python script

Potential terms available from Python

IVM: dynamics and minimization in internal coordinates
Parallel determination of multiple structures

VMD molecular graphics interface

Line-by-line analysis of an Xplor-NIH script.
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Refinement against solution scattering data.
10. Ensemble refinement for a dynamical representation.

11. The PASD facility for automatic NOE assignment

goal of this session:
Xplor-NIH’s Python interface will be introduced, described in enough detail such that scripts

can be understood, and modified.
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Overview of structure determination

unknown atom positions correct structure

Minimize energy: %ot = ‘/expt + ‘/covalent + anowledge + ...

initial high temperature

e molecular dynamics to explore the energy
surface.

e slowly decrease the temperature to find
the global minimum.

e surface smoothed at high temperature
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What 1s Xplor-NIH?

Biomolecular structure determination/manipulation
e Determine structure using minimization protocols based on molecular dynamics/ simulated

anneali.n%, and other algorithms.
e Potential energy terms:

— terms based on input from NMR (and other) experiments: NOE, dipolar coupling,

chemical shift data, SAXS, SANS, fiber diffraction, etc.
— other potential terms enforce reasonable covalent geometry (bonds and angles), and to

revent_atomic overlap. ,
— Enowfédge— aseg pote%tial terms incorporate info from structure database - packing,

~ torsion angles, etc. _
e includes: program, topology, covalent parameters , potential energy parameters, databases

for knowledge-based potentials, helper programs, example scripts, and high level protocols

for structure helper scripts/programs determination and analysis.
e freely available for non-commercial work. Source code is available.
e For commercial use, please contact mailto:Charles@Schwieters.org.


mailto:Charles@Schwieters.org

Xplor-NIH Description

New contributions, additions are encouraged.

Source code of Xplor-NIH:
e original XPLOR Fortran source, with contributions from many groups.
e current work uses C++ for compute-intensive work.
e scripts and much code are written in Python, TCL scripting languages.
e SWIG used to “glue” scripting languages to C++.
e bazaar (bzr) repository of source code is available online.



Installation

. download two files from http://nmr.cit.nih.gov/xplor-nih/
a) a -db file: e.g. xplor-nih-2.32-db.tar.gz
b) a platform-specific file: e.g. xplor-nih-2.32-Linux_x86_64.tar.gz

. unpack these files where you wish them to live:

gzcat xplor-nih-2.32-db.tar.gz | (cd /opt ; tar xf -)

gzcat xplor-nih-2.32-Linux_x86_64.tar.gz | (cd /opt ; tar xf -)
. perform initial configuration:

cd /opt/xplor-nih-2.32

./configure -symlinks /usr/local/bin

(the -symlinks option creates symbolic links in the specified directory for xplor and other

commands - it is not necessary.)

. test the new installation:
bin/testDist


http://nmr.cit.nih.gov/xplor-nih/

Scripting Languages- three choices
scripting language:
e flexible interpreted language
e used to input filenames, parameters, protocols

e flexible enough to program non compute-intensive logic

e relatively user-friendly

XPLOR language:
strong point:
atom selection language quite powerful.
weaknesses:
String, Math support problematic.
no support for subroutines: difficult to encapsulate functionality.

Parser is hand-coded in Fortran: difficult to update.

XPLOR reference manual:
http://nmr.cit.nih.gov/xplor-nih/doc/current/xplor/
NOTE: all old XPLOR 3.851 scripts should run unmodified with Xplor-NIH.
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Language Examples - printing 1..10

XPLOR Python TCL

eval ($i=1) for {set i 1}

while ($i le 10) loop ploop {$i<11}
display $i for i in range(1,11): Eln;? 14
eval ($i=$i+1) print i . puts $i

end loop ploop

1 1 1

2 2 2

3 3 3

4 4 4

5 5 5

6 6 6

4 7 7

8 8 3

9 9 9

10 10 10




general purpose scripting languages: Python and TCL

e cxcellent string support.

e languages have functions and modules: can be used to better encapsulate protocols ( e.g.

call a function to perform simulated annealing. )

e well known: these languages are useful for other computing needs: replacements for AWK,

shell scripting, etc.

e contain extensive libraries with additional functionality (e.g. file processing, web access,
GUI library, etc).

e Facilitate interaction, tighter coupling with other tools.
— NMRWish has a TCL interface.
— pyMol has a Python interface.
— VMD has TCL and Python interfaces.

— Allow tight integration with CING structure validation suite (currently being
implemented).

separate processing of input files (assignment tables) is unnecessary: can all be done using
Xplor-NIH.

10



Introduction to Python

assignment and strings

a = ’a string’ # <- pound char introduces a comment
a = "a string" # ’ and " chars have same functionality

multiline strings - use three ’> or " characters

a = ’’’a multiline
string’’’

C-style string formatting - uses the % operator

s = "a float: %5.2f an integer: %d" % (3.14159, 42)
print s

a float: 3.14 an integer: 42
raw strings - special characters are not translated

a = r’strange characters: \J),”!’ # introduced by an r

lists and tuples

1 =1[1,2,3] #create a list

a = 1[1] #indexed from 0 (a = 2)

1[2] = 42 # 1 is now [1,2,42]

t = (1,2,3) #create a tuple (read-only list)
a = t[1] # a =2

t[2] = 42 # ERROR!
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Introduction to Python
calling functions
bigger = max(4,5) # max is a built-in function
defining functions - leading whitespace scoping

def sum(iteml,item2,item3=0):
"return the sum of the arguments" # comment string
retVal = iteml+item2+item3 # note indentation
return retVal

print sum(42,1) #un-indented line: not in function
43
using keyword arguments - specify arguments using the argument name
print sum(item3=2,item1=37,item2=3) # argument order is not important
42
loops - the for statement
for cnt in range(0,3): # loop over the list [0,1,2]
cnt += 10

print cnt

10
11
12
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Introduction to Python

Python is modular

most functions live in separate namespaces called modules

Loading modules - the import statement

import sys #import module sys
sys.exit(0) #call the function exit in module sys
or:

from sys import exit #import exit function from sys into current scope
exit (0) #don’t need to prepend sys.
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Introduction to Python

In Python objects are everywhere.

Objects: associated functions called methods

file = open("filename")  #open is built-in function returning an object
contents = file.read() #read is a method of this object
# returns a string containing file contents

dir(file) # list all methods of object file

[’ __class__’, ’__delattr__’, ’__doc__’, ’__getattribute__’,
> _hash__’, ’__init__’, ’__iter__’, ’__new__’, ’__reduce__’,
’__repr__’, ’__setattr__’, ’__str__’, ’close’, ’closed’, ’fileno’,

’flush’, ’isatty’, ’mode’, ’name’, ’read’, ’readinto’, ’readline’,
’readlines’, ’seek’, ’softspace’, ’tell’, ’truncate’, ’write’,
'writelines’, ’xreadlines’]
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Introduction to Python
A mapping type: Dictionaries

d={}

d[’any’] = 4 #elements indexed like arrays
d[’string’] = 5 # but the index can be (almost) any type
print d[’string’]

5

d.keys() #return list of all index keys
d.values() #return list of all indexed values

Tools for List Processing:

list comprehensions - convert a list to another list

stringlist=[’1’,’27,’3"]

[ int(i) for i in stringlist ] # convert list of string to ints
[1, 2, 3]

more list comprehensions:

[ 2%int(c) for c in [’3°,°27,°1°] ]

[6, 4, 2]

from math import pi, cos
[ cos(x)**2 for x in [0, pi/4 , pi/3, pi/2] ]
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[1.0, 0.50000000000000011, 0.25000000000000011, 3.749399456654644e-33]
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Introduction to Python

interactive help functionality: dir () is your friend!

import sys

dir(sys) #lists names in module sys
dir() # list names in current (global) namespace
dir(1) # list of methods of an integer object

the help function

import ivm
help( ivm ) #help on the ivm module
help(open) # help on the built-in function open

browse the Xplor-NIH python library using your web-browser on your local workstation:

% xplor -py -pydoc -g

Xplor-NIH Python module reference:
http://nmr.cit.nih.gov/xplor-nih/doc/current/python/ref/index.html
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Linear Algebra Facilities in Python

Direct access to efficient C++ routines for matrix/vector manipulation. Includes Numerical

Python-like operations.

from cdsMatrix import RMat, transpose, inverse

from cdsMatrix import svd, trace, det, eigen

m=RMat ([[1,2], #create a matrix object
[3,411)

print m

print m[0,1] #element access

m[0,1]=3.14 #element assignment

print trace(m) #matrix trace

print det(m) #determinant

print
print
print

print

print

transpose (m)#matrix transpose

inverse(m) #matrix inverse

0.5*m # multiplication by scalar
m+m,m-m # matrix addition, subtraction
mx*m # matrix multiplication
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from cdsVector import CDSVector_double as vector

from cdsVector import norm

v=vector([1,2]) # vectors

print norm(v) # vector norm

print 2x*v,v+v,v-v # vector arithmetic
print m*v # matrix multiplication

#singular value decomposition
r= svd(m)

print r.u, r.vT, r.sigma

#eigenvalue decomposition
e= eigen(m)
print e[0].value() #first eigenvalue

print list(e[0].vector()) #first eigenvector



Additional Mathematical Facilities

These modules are distributed with Xplor-NIH.

e cminpack: nonlinear least squares.

e fit: real and complex FFTs.

e moremath: special functions and constants.

e spline: 1-, 2-, and 3- dimensional cubic splines.

e numpy: Numeric Python library is distributed with Xplor-NIH.
e matplotlib: powerful plotting package.
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Accessing Xplor-NIH’s Python interpreter

from the command-line: use the -py flag:
% xplor -py

XPLOR-NIH version 2.32

C.D. Schwieters, J.J. Kuszewski, Progr. NMR Spectr. 48, 47-62 (2006) .
N. Tjandra, and G.M. Clore J. Magn. Res., 160, 66-74 (2003).
http://nmr.cit.nih.gov/xplor-nih based on X-PLOR 3.851 by A.T. Brunger
python>

or, the pyXplor executable - a bit quieter- and can be used as a complete replacement for the
python command:

% pyXplor
python>

or, as an extension to an external Python interpreter:

% ( eval ‘xplor -csh-env® ; thon)
p py

Python 2.4.4 (#1, Oct 26 2006, 10:23:26)

[GCC 3.4.3] on linux2
Type "help", "copyright", "credits" or "license" for more information.

>>> import xplorNIH
>>> execfile(’script.py’)

[extension use requires that Python version be consistent between the external interpreter and
Xplor-NIH. |
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using Python from XPLOR

accessing Python from XPLOR: PYTHon command

% xplor

XPLOR-NIH version 2.32
C.D. Schwieters, J.J. Kuszewski, Progr. NMR Spectr. 48, 47-62 (2006).
N. Tjandra, and G.M. Clore J. Magn. Res., 160, 66-74 (2003).
http://nmr.cit.nih.gov/xplor-nih based on X-PLOR 3.851 by A.T. Brunger
User: schwitrs on: khaki (x86/Linux ) at: 7-Dec-06 12:37:40
X-PLOR>python INOTE: can’t be used inside an XPLOR loop!

python> print ’hello world!’

hello world!
python> python_end ()

X-PLOR>

for a single line: CPYThon command

X-PLOR>cpython "print ’hello world!’" lcan be used in a loop
hello world!
X-PLOR>
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using XPLOR, TCL from Python

to call the XPLOR interpreter from Python

xplor.command(’’’struct Qlgbl.psf end
coor @lgbl.pdb’’’)

xplor is a built-in module - no need to import it for simple scripts.

to call the TCL interpreter from Python

from tclInterp import TCLInterp #import function
tcl = TCLInterp() #create TCLInterp object
tcl.command (’xplorSim setRandomSeed 778’) #initialize random seed
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Structure Calculation Overview: Script Skeleton

import protocol
protocol.loadPDB("model.pdb") #initialize coordinates

coolParams=[] # a list which specifies potential smoothing
# set up potential terms from NMR experiments, covalent geometry,
# and knowledge-based terms

# initialize coolParams for annealing protocol for each energy term

from ivm import IVM  #configure which degrees of freedom to optimize
dyn = IVMQ)

from simulationTools import AnnealIVM
coolLoop=AnnealIVM(dyn,...) #create simulated annealing object, specify temperature schedule

def calcOneStructure( structData ):
""" a function to calculate a single structure """
# [ randomize velocities ]
# [ perform high temp dynamics ]
dyn.run()
# [ cooling loop ]
coolLoop.run()
# [ final minimization ]

dyn.run()
from simulationTools import StructureLoop
StructureLoop (numStructures=100, #calculate 100 structures
structLoopAction=calcOneStructure, #using this function
doWriteStructures=True, #then write to pdb file
pdbTemplate=’SCRIPT_STRUCTURE.sa’ #using this template
) .run() # a .viols file also written

23



StructureLoop handles parallel structure calculation, and optional structural statistics calculation and regularized mean
structure calculation.
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Loading and Generating Coordinates

PSF file - contains atomic connectivity, mass and covalent geometry information.
This information must be present before coordinates can be loaded.

generate via external helper scripts

1. seq2psf - generate a psf file from primary sequence
% seq2psf file.seq

2. pdb2pst - generate a psf file from a pdb file
% pdb2psf file.pdb

within the Python scripting interface (in the protocol module)

e protocol.initStruct - load pregenerated .psf file. Usually not necessary.
e protocol.initCoords - read pdb file

e protocol.loadPDB - read pdb and generate psf info on the fly. Also fixes-up input
coordinates (naming, symmetric sidechains, disulfide bonds, BIOMT records).

To delete atoms whose positions aren’t defined (but are in the psf):

xplor.simulation.deleteAtoms("not known")

To write out a PDB file use protocol.writePDB("file.pdb").
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Loading and Generating Coordinates - details

A Simulation object contains atom name, position, mass, etc and bonding information.
The default Simulation is xplor.simulation
A completely separate PSF can be loaded by creating a new XplorSimulation:

from xplorSimulation import XplorSimulation
new_xsim = XplorSimulation()

import protocol
protocol.initStruct(’other.psf’,simulation=new_xsim)

Each XplorSimulation has a separate XPLOR process associated with it.

initial atomic coordinate values: (x,y,z) = (9999.999, 9999.999, 9999.999) these are the
values if coordinates are not initialized.

To add atomic coordinates if some are not defined:

from protocol import addUnknownAtoms
addUnknownAtoms ()

These coordinates will have proper covalent geometry.

To correct covalent geometry (bonds, angles and impropers):

from protocol import fixupCovalentGeom
fixupCovalentGeom(’resid 30:50’) # this may cause significant changes in
# the selected atomic positions
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Atom Selections in Python
We use a subset of the XPLOR atom selection language, described here.

from atomSel import AtomSel

sel = AtomSel(’’’resid 22:30 and
(name CA or name C or name N)’’?)
print sel.string() #AtomSel objs remember their selection string

resid 22:30 and
(name CA or name C or name N)
AtomSel objects can be used as lists of Atom objects

print len(sel) # prints number of atoms in sel
for atom in sel: # iterate through atoms in sel

print atom.string(), atom.pos() # prints atom string, and its position.
AtomSel objects can be reevaluated:

xplor.simulation.deleteAtoms("resid 1:2")

sel.reevaluate()
print len(sel) # prints the correct number of atoms

Atomwise AtomSel operations:

from atomSel import intersection, union, notSelection

sel2 = AtomSel(’name C’)
intersection(sel,sel2); union (sel,sel2); notSelection(sel)

Named atom selections:

import atomSellLang
atomSelLang.setNamedSelection(xplor.simulation,"nTerminus",

27
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AtomSel ("resid 1:140") .indices())
atoms = AtomSel(’recall nTerminus’)
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Using potential terms in Python

Available potential terms in the following modules:

e noePot - NOE distance restraints

rdcPot - dipolar coupling

sardcPot - RDCs in steric alignment media - J.-r. Huang and S. Grzesiek
csaPot - Chemical Shift Anisotropy

cstMagPot - refine against chemical shift tensor magnitudes and orientations
jCoupPot - 3J-coupling

prePot - Paramagnetic relaxation enhancement

diffPot - refine against rotational diffusion tensor

relaxRatioPot - refine directly against NMR relaxation data

solnScatPot - potential for solution X-ray and neutron scattering
planeDistPot - distance between atoms and plane

gyrPot - pseudopotential enforcing correct protein density

residueAffPot - contact potential for hydrophobic attraction/repulsion
xplorPot - use XPLOR potential terms

posSymmPot - restrain atomic positions relative to those in a similar structure

potList - a collection of potential terms in a list-like object.

All potential objects have the following methods:

instanceName() - name given when created

potName() - name associated w/ potential type, e.g. "RDCPot”

scale() - scale factor or weight (force constant). Set with setScale(val).
calcEnergy() - calculate and return term’s (scaled) energy
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Distance Restraints - the NOE potential term

Most commonly used effective NOE distance R is computed:
R=(>la—al*)~"°
]

“sum averaging” - usually effectively picks out the shortest interatomic distance.

Potential Energy: piecewise quadratic

4 ] ] ]
“S tential” | a=49
quare potentia 3 | Ao = 2.2
' d =1.0
( (R—d — dmas)? forR > d+ dmas > max
V(R) =14 (R—d+dpm)? forR < d— dmas £
\ 0 in between 1 L
O L L L

R (A)
XPLOR assignment statement

assign (resid 2 and name HA ) (resid 19 and name HB# ) 4.0 2.2 1.0 '#
or (resid 6 and name HA ) (resid 27 and name HB# ) !ambiguity
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NOE potential term

creating an NOEPot object:

from noePotTools import create_NOEPot

noe = create_NOEPot("noe",'"noe_all.tbl")
#noe.setPotType("soft")  #uncomment if bad NOE restraints may be present

use:

print noe.instanceName ()
print noe.potName ()
noe.setAveExp(5)

prints ’noe’
prints ’NOEPot’

change exponent for 1/r"6 sum

a reduced value reduces barriers
the rmsd from the allowed distance range

violation threshold
number of violations

print noe.rms()

noe.setThreshold( 0.1 )
print noe.violations()

print noe.showViolations()

HH HHHHEH
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Residual Dipolar Couplings
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partial alignment in aligning medium
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residual dipolar coupling potential

Provides orientational information relative to axis fixed in molecule frame.

3
DB = D,[(3u — 1) + S R(u2 — u2)]

Uz, Uy, U,- Projection of bond vector onto axes of an alignment tensor. D, R- measure of axial
and rhombic tensor components.

rdcPot (in Python)

e tensor orientation encoded in four axis atoms

e allows Da, R to vary: values encoded using
extra atoms.

e reads both SANI and DIPO XPLOR assignment
tables.

e allows multiple assignments for bond-vector
atoms - for averaging.

e allows ignoring sign of D, (optional)

e can (optionally) include distance dependence:
Dy o< 1/73.

e tensor values can be computed using SVD.

—can also be used for paramagnetic pseudocontact shifts and ssNMR dipolar couplings.
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How to use the rdcPot potential

from varTensorTools import create_VarTensor, calcTensor, calcTensorOrientation
ptensor = create_VarTensor (’phage’) #create a tensor object

ptensor.setDa(7.8) #set initial tensor Da, rhombicity
ptensor.setRh(0.3)
ptensor.setFreedom(’varyDa, varyRh’) #allow Da, Rh to vary

from rdcPotTools import create_RDCPot
rdcNH = create_RDCPot ("NH",oTensor=ptensor,file=’NH.tbl’)

calcTensor (ptensor) #calc tensor parameters from current structure
#using SVD

calcTensorOrientation(ptensor) #calc tensor orientation (with fixed Da, Rh)
#from current structure using SVD

NOTE: no need to introduce psf files or coordinates for axis/parameter atoms- this is automatic.
analysis, accessing potential values:

print rdcNH.rms(), rdcNH.violations() # calculates and prints rms, violations
print ptensor.Da(), ptensor.Rh() prints these tensor quantities

#
rdcNH.setThreshold (0) # violation threshold
print rdcNH.showViolations() # print out list of violated terms

from rdcPotTools import Rfactor
print Rfactor(rdcNH) # calculate and print a quality factor
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RDCPot: additional details

using multiple media:

btensor=create_VarTensor(’bicelle’)
rdcNH_2 = create_RDCPot("NH_2",tensor=btensor,file=>NH_2.tbl’)
#[ set initial tensor parameters ]

btensor.setFreedom(’fixAxisTo phage’) #orientation same as phage
#Da, Rh vary

multiple expts. single medium:
rdcCAHA = create_RDCPot ("CAHA",oTensor=ptensor,file=’CAHA.tbl’)

rdcCAHA is a new potential term using the same alignment tensor as rdcNH.

Normally, experiments are normalized to NH Da values.

from rdcPotTools import scale_toNH

scale_toNH(rdcCAHA, ’CAHA’) #rescales RDC prefactor relative to NH
# includes gyromagnetic ratios and
# bond lengths

Scaling convention: scale factor of non-NH terms is determined using the experimental error
relative to the NH term:

scale = (5/2)*%2
# ~ 1nverse error in expt. measurement relative to that for NH

rdcCAHA .setScale( scale )

Note: the square well potential is only used for nonbonded (e.g. H-H) experiments.
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RDCs 1n Steric Alignment Media

[J.-r. Huang and S. Grzesiek]
When alignment is due solely to molecular shape.

from sardcPotTools import create_SARDCPot
sardc = create_SARDCPot("saRDC","NH.tbl")

Input tables are the same format used in RDCPot.

One can also extract traditional Xplor-NIH alignment tensor:

from varTensorTools import saupeToVarTensor
from sardcPotTools import saupeMatrix

#generate a VarTensor representation of the SARDC alignment tensor
medium = saupeToVarTensor( saupeMatrix(sardc) ,dmax )

print medium.Rh() #print rhombicity
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Chemical Shift Anisotropy potential

Provides additional orientational information from the full chemical shift tensor from
measurements in an aligning medium.

Ad = Z Aidj COS2 ((91',]'>
]
A; - a principal moment of the alignment tensor
o; - a principal moment of the CSA tensor

0;; - angle between the " orientation tensor principal axis and the j® CSA tensor principal
axis.

How to use the csaPot potential

from csaPotTools import create_CSAPot
csaP = create_CSAPot(name,oTensor=tensor,file=’csaP.tbl’)

csaP.setDaScale( val ) # s.t. can be used with RDC alignment tensor
csaP.setScale( forceConstant )
calcTensor (tensor) #use 1f the structure is approximately correct

NOTE: create_CSAPot uses built-in values for the chemical shift tensor. Alternate values can
be specified by modifying csaPotTools.csaData.

—can be used with ssNMR CSA or chemical shift tensor data.
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J-coupling potential

Karplus relationship
3 = Acos*(0 + 6%) + Bcos(6 + 0*) + C,
6 is a torsion angle, defined by four atoms.

A, B, C and 0* are set using the COEF statement in the j-coupling assignment table (or using
object methods).

Use in Python

from jCoupPotTools import create_JCoupPot
# set Karplus parameters while creating the potential term.

jCoup = create_JCoupPot ("hnha","jna_coup.tbl",
A=15.3,B=-6.1,C=1.6,phase=0)

analysis:

print Jhnha.rms()
print Jhnha.violations()
print Jhnha.showViolations()
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Gyration Volume potential - a pseudopotential

NOE distance restraints: approximate, loose.

'''''''''''''''''
-
-

0O 100 200 300 400 500 600 700 800

N res

15000 F
Result: determined structures are too
loosely packed. 10000 |
S
But: Proteins pack to a constant density =
5000 |
of 1.4340.03 g cm 3
Approximate protein shape as ellipsoidal: 0
gyration tensor:
N
1 30 k
G:NZA%@)A%, g
1=1 S
B 20 |
gyration volume V; = 4/37/|G] 5
)
Predict 5T
Vg % Vg Nyes, 0
8
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The v, potential

_ 1 res.
Egyr = wgyr (wéy)rEp(Vg -V ;0) r (r— Az forz > Ax
"HUé?;)rEp(Vg - Vgres3 AVg)) E,(z,Ar) = ¢ (z+ Ax)? forxz < —Ax
\ 0 otherwise

Example of use of this term:

from gyrPotTools import create_GyrPot
gyr = create_GyrPot(’Vgyr’,’not resname ANI’)
potList.append(gyr)

Reference: C.D. Schwieters and G.M. Clore,J. Phys. Chem. B 112, 6070-6073 (2008).
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