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The MDAnalysis organization https://mdanalysis.org II <>

@mdanalysis &

e Focuson developingtoolsto handle N U M FCUS

simulation data OPEN CODE = BETTER SCIENCE
o  MDAnalysis library
o  GridDataFormats, distopia, pmda, etc...
o https://github.com/MDAnalysis/

Core
development
team

Community
developers

e Community-led development
o  Majority non-funded work
o CZIEOSS-4 grant (next 2 years)

Scientific
e NumFOCUS fiscally-sponsored project users



https://github.com/MDAnalysis/

The MDAnalysis library I %
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The MDAnalysis library

e Open source (GPLv2+) Python library for handling

simulation data
o  Focus on analysing molecular dynamics data
o ...butreally any N=const particle-based “trajectories”
e Components to build custom analyses and workflows

o Low level: trajectory data, distance calculations (with PBC), ...
o  High level: complete analysis classes (RMSD, RMSF, density,
dihedrals/Ramachandran, ENCORE, HOLE, g(r), ...)

e Platform agnostic

o  All major MD engine file formats
o  All major OS (Linux, macOS, Windows)
o  All* major CPU architectures

Woo-hoo!

(£

*missing: Apple M1



Core library components &
functionality



File readers and writers

e Support for over 40 file formats
o Topologies (read-only) & coordinates
(single frame & trajectories)
o  Extensible via Chemfiles converter
o Extensible via own classes (no source code
modification necessary)

e MD package independence
o own internal unit convention (A, ps ,...)

o consistent numbering
o seamless conversion

import MDAnalysis as mda
u = mda.Universe(“in.prmtop”, “in.nc”

u.atoms.write(“out.xtc”, frames=“all”)

| &

Software File Type

AMBER PRMTOP, RST7, TRJ, NETCDF
GROMACS ITP, TPR, GRO, TRR, XTC
CHARMM PSF, DCD, CRD
NAMD DCD, COOR, NAMDBIN
LAMMPS CONFIG, DATA, DUMP, DCD
DL_POLY CONFIG, HISTORY
HOOMD XML, GSD
GAMESS GMS
DESRES DMS

XYZ, TXYZ, PDB, PDBQT, PQR,
Others TRZ, MOL2, MMTF, FHIAIMS,

H5MD, etc...




Core MDAnNalysis data structures

e Universe” class analysis transformations
/
o Ties topology and trajectory together . /
o Holds all atom information selections\ _ converters
-
In [1]: import MDAnalysis as mda Universe &
u = mda.Universe('adk.pdb', 'adk.xtc')
u.atoms units . - AtomGroup _topo]ogy |/0

1]: <AtomGroup with 3341 atoms>

7/

utilities trajectory /O

In [2]: u.atoms.positions[:2]

2]: array([[63.960003, 39.170002, 41.930004],
[62.960007, 39.02 , 41.920006]], dtype=float32)

geometry & math

e AtomGroup class

o Access to Atoms = particles
o NumPy based (array-like)

* inspired by Konrad Hinsen’s MMTK hitps://aithub.com/khinsen/mmtk, J. Comp. Chem. 21, 79-85 (2000) 8



https://github.com/khinsen/mmtk

Core layers of MDAnalysis

What is this particle?

@i Topology I/0O : File %

Universe —>1 AtomGroup Analysis

Y

N .positions |- - ->| Maths utilities

@ { Coordinates 1/0 }- - - Timestep

Where is this particle?
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AtomGroup : array_like

protein = u.atoms[:2113]

slicing

protein
<AtomGroup with 2113 atoms> ~ /

4 e i ¢ >
print(protein[16:15]) P

: L\
<AtomGroup | ) ¥ &\ ¥y -
<Atom 11: C of type 206 of resname ALA, resid 1 and segid IFAB>, ‘ ks
<Atom 12: 0 of type 70 of resname ALA, resid 1 and segid IFAB>, | _;_‘:& A
<Atom 13: N of type 54 of resname PHE, resid 2 and segid IFAB>, ' . ﬁ¢
<Atom 14: HN of type 1 of resname PHE, resid 2 and segid IFAB>, | K ng i
<Atom 15: CA of type 22 of resname PHE, resid 2 and segid IFAB>]> 9 -ﬂ‘-ﬂ;’ )
b 4 » .

protein[10] mdexmg

<Atom 11: C of type 20 of resname ALA, resid 1 and segid IFAB>

11
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u.atoms.select_atoms selection)

Basic selection keywords

protein / backbone /
nucleic / nucleicbackbone
index 0-123

resid 1-5

resname LYS ARG GLU ASP
name CA

type 22, type CT

chainlD B

smarts [#7;R]

Geometric

around 3 (resid 157 and name OD*)
point000 3.5
sphzone / sphlayer
cyzone / cylayer

+ dynamic selections:

u.atoms.select_atoms(“name OW and

around 3.0 name OD*", updating=True)

Connectivity

same residue as (resname SOL and around 3 name NA)
name H and bonded name O

Composition

Boolean operators: not, and, or
Grouping: (...)
Globbing: ?, *, [sequence], [!sequence]

13



Segment > Residue > Atom Container Hierarchy

protein.residues[10:50]

print (protein.residues[10:50])

<ResidueGroup [<Residue ASN, 11>, 4 4110
<Residue GLU, 12>, <Residue ASN, 13>, 49 &
<Residue TYR, 14>, <Residue GLU, 15>, §
., <Residue LYS, 50>]> e

print (protein.segments)
<SegmentGroup [<Segment IFAB>]>

14

Universe




Core layers of MDAnalysis

What is this particle?

@[ Topology I/0O }

!
(Umvee )

N

@ { Coordinates I/O }-__:

Where is this particle?

AtomGroup

Y

.positions

t

Timestep

File

Analysis

- - - >

Maths utilities

15



Atom data as NumPy arrays

ag.names array(['N', 'HT1', 'HT2', ..., 'OH2', 'H1', 'H2'],
dtype="'|S4")
ag.charges arraY([—0-3 ’ 0.33 r 0.33 ’
ey
-0.834, 0.417, 0.417])
ag.positions array([[-12.57699966, 10.42199993, -5.22900009],
[-13.59200001, 10.19900036, -5.19299984],
[-12.31599998, 10.22900009, -6.21700001]
(I‘l(t),...,I'N<t)) L ! ’ !

[ -5.02600002, -12.31200027, 13.30200005],
[ -5.45100021, -11.82499981, 12.59500027],
[ -4.14099979, -12.47900009, 12.97900009]1],

. . d =fl 32
ag.velocities Fypestioatsa)

ag.forces

.. and many more 16



Core layers of MDAnalysis

What is this particle?

@[ Topology I/O }
!

[ Universe ]—> AtomGroup

N
@ { Coordinates I/O }___

Where is this particle?

v

.positions

A

Timestep

File

Analysis

- - - >

Maths utilities

17



Basic trajectory analysis pattern II <>

e Single trajectory frame (r ) at tis loaded into memory.
e AtomGroup properties (ag : p031t10ns, ag.velocities,ag.forces)update.
e Universe.trajectoryisiterable:

for ts in u.trajectory[start:stop:step]:
print(ts.frame, ts.time, ts.dimensions)
analyze(ag.positions)

e Timestep (ts)holdsall per-frame data.

e Randomaccess:u.trajectory[42]
e Booleanindexingu.trajectory[[False, True, False, True, ..]]
e Fancyindexingu.trajectory[[0, 3, 5, 42, 77]]

18



Example: Ca RMSF calculation [ERECIORENs)

import numpy as np > [ﬁ ]
import MDAnalysis as mda MD<
u = mda.Universe("topol.tpr", "trj.xtc")
ca = u.select_atoms("name CA")
means = np.zeros((len(ca), 3)) 6
[;umsq = np.zeros_like(means) §j
for k, ts in enumerate(u.trajectory): s 3
sumsq += k/(k+1) * (lca.positions - means)**2 s 1
means[:] = (k*means + ca.positions)/(k+1) i 50 100 15 200
rmsf = np.sqrt(sumsq.sum(axis=1)/(k+1)) Y Residue

matplotlib.pyplot.plot(ca.residues.resids), rmsf)

19



MDAnalysis.analysis II .<>

Library of commonly used analysis functionality (+ some specialized tools)

from MDAnalysis.analysis.rms import RMSF

e classes
* 1 = u.select_atoms("protei d CA")
¢ common API (based on AnalyS:LSBase) ir?lsfel; ieRﬁgF(ia())[?ls'unr()\cgrE;Zei?’rug?mgtart=9, step=1)

a. Initialize with AtomG roup or Universe+ parame matplotlib.pyplot.plot(ca.resnums, rmsfer.results.rmsf)

b. Call run() method.
c. Process collected datain . results attribute.

- 6
< 5
e Overview (see https://docs.mdanalysis.org/) % g
o Distances and contacts (distances, align, RMSD|F, native contacts, pathg,
o Hydrogen bonding & water bridges _
o  Structure of macromolecules, membranes, liquids (dihedrals, nucleieraeids; HELANAIE{,eT-'Id(%eLE,
LeafletFinder, RDF, MSD, ...)
o  Volumetric (1D and 3D density, water dynamics)
o Dimensionality reduction (PCA, DiffusionMap)

tarity, ENGORE,...)

I I I
50 100 150 200

* except some legacy code ... and many more 20
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Extending MDAnNalysis



Core layers of MDAnalysis

What is this particle?

@[ Topology I/O }
!

[ Universe ]—>

AtomGroup

v

N

.positions

t

@ { Coordinates I/O }-__:

Where is this particle?

Timestep

File

Analysis

- - - >

Maths utilities

22



R N || -+

Ways to create new analyses:
1. Creating an analysis from a function with AnalysisFromFunction
2. Creating an analysis class from a function with analysis_class

3. Directly subclassing AnalysisBase

23



Extending Analysis I <>

Calculating the radius of gyration

def radgyr(atomgroup, masses, total_mass):
# coordinates change for each frame

e Start Wlth a fu nction that can coordinates = atomgroup.positions
center_of_mass = atomgroup.center_of_mass()
be applled perframel # get squared distance from center

Ei ”ri”2mi 2 ri_sq = (coordinates-center_of_mass)**2
Rg = <—) # sum the unweighted positions
Zi m; sq = np.sum(ri_sq, axis=1)
1 sq_Xx np.sum(ri_sq[:,[1,2]], axis=1) # sum over y and z
Zi (riz,y +I’,%Z) m; \? sq_y np.sum(ri_sq[:,[0,2]], axis=1) # sum over x and z
Z " sq_z = np.sum(ri_sq[:,[0,1]], axis=1) # sum over x and y
i (4
# make into array
sq_rs = np.array([sq, sq_x, sq.y, sq_-z])

R,x =

from MDAnalysis.tests.datafiles import PSF, DCD
# weight positions

u = mda.Universe(PSF, DCD) rog_sq = np.sum(masses*sq_rs, axis=1)/total_mass
protein = u.select_atoms("protein") # square root and return
total_mass = protein.masses.sum() return np.sqrt(rog_sq)

24



Extending Analysis I <>

1. Creating an analysis from a function with AnalysisFromFunction

In [1]:

Out[1]:

In [2]:

Out[2]:

from MDAnalysis.analysis.base import AnalysisFromFunction AnalysisFromFunction(function,
rog = AnalysisFromFunction(radgyr, u.trajectory, trajectory=None,
protein, protein.masses, *args, **kwargs)

total_mass)

rog.run(start=1, stop=5)

<MDAnalysis.analysis.base.AnalysisFromFunction at 0x7fc@09e4fe50> radgyr(atomgroup, masses, total_mass)

rog.results.timeseries

array([[16.66901837, 12.6796255 , 13.74934255, 14.3490426 ],

[19.59157513, 13.44275041, 16.53792589, 17.7044938 ]])

25



Extending Analysis

2. Creating an analysis class from a function with analysis_class

In [1]:

Out[1]:

In [2]:

Out[2]:

from MDAnalysis.analysis.base import analysis_class

RadiusOfGyration = analysis_class(radgyr)

rog = RadiusOfGyration(u.trajectory, protein, protein.masses,
total_mass)

rog.run(start=1, stop=5)

<MDAnalysis.analysis.base.analysis_class.<locals>.WrapperClass at
0x7fb6bec3b610>

rog.results.timeseries

array([[16.66901837, 12.6796255 , 13.74934255, 14.3490426 ],

[19.59157513, 13.44275041, 16.53792589, 17.7044938 ]])

analysis_class(function)

| &

radgyr(atomgroup, masses, total_mass)

26



Extending Analysis

By

3. Creating a new class by subclassing AnalysisBase

How most analyses in MDAnalysis
are created

Includes a lot of nice things like
progress bars

—— .__init__(self, trajectory, verbose, **kwargs):
Class set-up

—— .run(self, start, stop, step, verbose):
I_Calls the below functions and sets up frames to run on

—— ._prepare(self):

Code to prepare for analysis. Usually sets up
result containers

._single_frame(self):
Code that runs for each frame of analysis

._conclude(self):

Any code that finishes up the analysis, e.g.
calculating means

27



Extending Analysis II %

3. Creating a new class by subclassing AnalysisBase Anagﬁs‘f’ase

class RadiusOfGyration(AnalysisBase):

def __init__(self, atomgroup, verbose=True):
"""Set up the initial analysis parameters."""

# must first run AnalysisBase.__init__
trajectory = atomgroup.universe.trajectory
super().__init__(trajectory, verbose=verbose)

# set atomgroup as a property for access in other methods
self.atomgroup = atomgroup

self.masses = self.atomgroup.masses

self.total_mass = np.sum(self.masses)

28



Extending Analysis II .{}

3. Creating a new class by subclassing AnalysisBase AnalysisBase

.run
class RadiusOfGyration(AnalysisBase): --prepare

def __init__(self, atomgroup, verbose=True):

def _prepare(self):
Create array of zeroes as a placeholder for results.
Must go here instead of __init__ because it depends on
the number of frames specified in .run()

self.results.radius = np.zeros((self.n_frames, 4))

29



Extending Analysis

3. Creating a new class by subclassing AnalysisBase

class RadiusOfGyration(AnalysisBase):

def __init__(self, atomgroup, verbose=True):
def _prepare(self):

def _single_frame(self):

rogs = radgyr(self.atomgroup, self.masses, self.total_mass)
# save it into self.results
self.results.radius[self._frame_index] = rogs

' This function is called for every frame chosen in run()."""

By

AnalysisBase
.run

._single_frame

30



Extending Analysis II >

AnalysisBase

3. Creating a new class by subclassing AnalysisBase

.run

class RadiusOfGyration(AnalysisBase):

def __init__(self, atomgroup, verbose=True): --conclude

def _prepare(self):
def _single_frame(self):

def _conclude(self):
"""Finish up by calculating an average"""
self.average = np.mean(self.results.radius, axis=0)

31



Extending Analysis II <>

AnalysisBase

3. Creating a new class by subclassing AnalysisBase

.run
In [1]: | rog = RadiusOfGyration(protein).run()

rog.average

Out[1]: array([18.26549552, 12.85342131, 15.37359575, 16.29185734])

In [2]: | import matplotlib.pyplot as plt
plt.plot(rog.results.radius);

32



Core layers of MDAnalysis

What is this particle?

@ Topology I/O

!

Universe

) (
J \ &

N

@ Coordinates I/O

Where is this particle?

File

Analysis

AtomGroup
.positions | —— >
Timestep

Maths utilities

33



Extending 1/0 II (:>

Creating new Topology and Coordinate readers

e Subclass TopologyReaderBase for topology
e Subclass ReaderBase or SingleFrameReaderBase for coordinates
e SubclassWriterBase to write out files

e Metaclass magic makes them immediately available through the standard
MDAnalysis interface

34



Extending |/O

Creating new Topology and Coordinate readers

In [1]:| from MDAnalysis.coordinates.base import ReaderBase

class NumpyArrayReader (ReaderBase) :
format = "NPY"

def __init__(self, filename, **kwargs):
super().__init__(filename, **kwargs)

self._coords = np.load(filename)

self.n_frames, self.n_atoms = self._coords.shape[:2]
self.ts = self._Timestep(self.n_atoms, **self._ts_kwargs)
self._read_next_timestep()

def _read_next_timestep(self, ts=None):
if ts is None:
ts = self.ts

ts.positions = self._all_coordinates[ts.frame + 1]
ts.frame += 1
return ts

35



Extending |/O

Creating new Topology and Coordinate readers

In [1]:| from MDAnalysis.coordinates.base import ReaderBase

clace NumnvArravReader(Reader ase):

format = "NPY"

— —— , ne, **kwargs):
super().__init__(filename, **kwargs)

self._coords = np.load(filename)

self.n_frames, self.n_atoms = self._coords.shape[:2]
self.ts = self._Timestep(self.n_atoms, **self._ts_kwargs)
self._read_next_timestep()

def _read_next_timestep(self, ts=None):
if ts is None:
ts = self.ts

ts.positions = self._all_coordinates[ts.frame + 1]
ts.frame += 1
return ts

36



Extending |/O I <>

Creating new Topology and Coordinate readers

In [1]:| from MDAnalysis.coordinates.base import ReaderBase

clace NHthAFFQVDQQHDF(DQQHQ//r \\

format = "NPY" In [2]:| from MDAnalysis.tests.datafiles import PDB
import numpy as np

==X

;aper().__ini%__(fil

m%:uﬁgoms==n%;o arr = np.random.rand(5, 47681, 3)

se .N_Trames, se h " . Tl

colf ts = self. Time np.save( my_coordlnateﬁ.npy , arr) ”
self._read_next_time u = mda.Universe(PDB, "my_coordinates.npy")

len(u.trajectory)

def _read_next_timestep(
if ts is None:
ts = self.ts

Out[2]: 5
ts.positions = self.§\> ,/
ts.frame += 1
return ts

37



Extending 1/0

Using the MemoryReader

/
In [2]: | from MDAnalysis.tests.datafiles import PDB
import numpy as np
arr = np.random.rand(5, 47681, 3)
u = mda.Universe(PDB, arr)
len(u.trajectory)
Out[2]: 5
\

38



Extending 1/0 II <>

Using the MemoryReader

4 N

In [2]: | from MDAnalysis.tests.datafiles import PDB
import numpy as np

arr = np.random.rand(5, 47681, 3)

u = mda.Urmmee PR ~
len(u.trg
In [2]: | from MDAnalysis.tests.datafiles import PDB, XTC
Out[2]: 5
\_ u = mda.Universe(PDB, XTC, in_memory=True)

u.trajectory

Out[2]: <MemoryReader with 10 frames of 47681 atoms>
\_ J

39



Extending 1/0 I (:}

Using the MemoryReader

e Fasterasdataisin memory
e Very flexible

e Can be used to construct Universes from scratch
(https://userguide.mdanalysis.org/stable/examples/constructing universe)

e Can be used to work with all coordinates of all frames at once

o u.trajectory.coordinate_array - 3D NumPy array

40


https://userguide.mdanalysis.org/stable/examples/constructing_universe

Core layers of MDAnalysis

What is this particle?

@ [ Topology I/O } e

!

[ Universe ]—>

AtomGroup

v

N

.positions

t

@ { Coordinates I/O }-__:

Where is this particle?

Timestep

File

Analysis

- - - >

Maths utilities

41



Tagging atoms with topology attributes

ag.names

The TopologyAttr system

ag.positions

(r1(t),...,rn(1))

e Label atoms, residues, segments

ag.velocities
ag.forces

e Static tags that don’t change over a
trajecto ry Static topology attributes

ag.names array(['N', 'HT1', 'HT2', ..., 'OH2', 'H1', 'H2'],
dtype="'|S4")

e Often read from file but can also be ag.charges arrey(-0.3 0.3, 0.33

:6:{334, 0.417, 0.417])
added and set by user
Dynamic trajectory data

ag.positions array([[-12.57699966, 10.42199993, -5.22900009],
[-13.59200001, 10.19900036, -5.19299984],
[-12.31599998, 10.22900009, -6.21700001],

(l‘l(t), ce ,I‘N(t))

[ -5.02600002, -12.31200027, 13.30200005],
[ -5.45100021, -11.82499981, 12.59500027],
[ -4.14099979, -12.47900009, 12.97900009]],

. . d =f1 32
ag.velocities typestioatiz)

ag.forces

42



Tagging atoms with topology attributes

In [1]:

Out[1]:

In [2]:

Out[2]:

In [3]:

Out[3]:

from MDAnalysis.tests.datafiles import PDB
u = mda.Universe(PDB)
u.atoms.elements

NoDataError: This Universe does not contain element information

u.add_TopologyAttr("elements")
u.atoms.elements

array(["", """, "', ..., """, "', "'], dtype=object)

u.atoms.elements = "C"
u.atoms.elements

array(['Cc', 'Cc*, 'c', ..., 'C', 'C', 'C'], dtype=object)

43



Tagging atoms with topology attributes

In [4]: | u.atoms.elements = u.atoms.resnames
u.atoms.elements

Out[4]: array(['MET', 'MET', 'MET', ..., 'NA+', 'NA+', 'NA+'], dtype=object)

In [5]: | u.residues[0].atoms.elements = "Z"
u.atoms.elements

Out[5]: array(['Z", 'Z', 'Z', ..., 'NA+', 'NA+', 'NA+'], dtype=object)

In [6]: | u.atoms[0].element = "First"
u.atoms.elements

Out[6]: array(['First', "Z", 'Z', ..., 'NA+', 'NA+', 'NA+'], dtype=object)



Tagging atoms with topology attributes

Canonical attributes (assigned by MDAnalysis and immutable)
indices, resindices, segindices

Common attributes (read or guessed from every format)
ids, masses, resids, segids, types

Format-specific attributes

altLocs, chainlIDs, charges, elements, icodes, models, molnums,
moltypes, names, occupancies, radii, record_types, resnhames,
tempfactors, type_indices

Connectivity attributes
bonds, angles, dihedrals, impropers

https://userguide.mdanalysis.org/stable/topology system 45



https://userguide.mdanalysis.org/stable/topology_system

Tagging atoms with topology attributes

Creating new TopologyAttrs

e Subclass AtomAttr, ResidueAttr or
SegmentAttr

e e.g., labellinglipidsina membrane by leaflet

In [1]:| from MDAnalysis.tests.datafiles import GRO_MEMPROT

u = mda.Universe(GRO_MEMPROT)
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Tagging atoms with topology attributes

Creating new TopologyAttrs

In [2]:| from MDAnalysis.core.topologyattrs import _ResidueStringAttr

class LipidClass(_ResidueStringAttr):

attrname = "leaflets"”
singular = "leaflet"
@staticmethod

def _gen_initial_values(n_atoms, n_residues, n_segments):
return np.array(["Other"] * n_residues, dtype=object)

u.add_TopologyAttr("leaflets")
u.residues.leaflets

Out[2]: array(['Other', 'Other', 'Other', 'Other', 'Other', 'Other', )
'Other', 'Other', 'Other', 'Other', 'Other', 'Other'], dtype=object)
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Tagging atoms with topology attributes I (:>

Selection magic

e These labels can be used to select atoms with selection language
e New TopologyAttr classes are automatically picked up by the selection parser

In [3]:| from MDAnalysis.analysis import leaflet

finder = leaflet.LeafletFinder(u, select="name P", pbc=True)
atomgroup_1 = finder.groups(0)

atomgroup_1.residues.leaflets = "upper”
atomgroup_2 = finder.groups(1)
atomgroup_2.residues.leaflets = "lower"

upper_ring = u.select_atoms("leaflet upper and around 5 protein")

upper_ring

Out[3]: <AtomGroup with 1341 atoms>
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Tagging atoms with topology attributes I ¢:>

Selection magic

e These labels can be used to select atoms with selection language
e New TopologyAttr classes are arntnmaticalhs nickad 1in hv the calartinp parser

In [3]:| from MDAnalysis.analysis import

finder = leaflet.LeafletFinder(u
atomgroup_1 = finder.groups(0)
atomgroup_1.residues.leaflets =
atomgroup_2 = finder.groups(1)
atomgroup_2.residues.leaflets =

upper_ring = u.select_atoms("lea

upper_ring

Out[3]: <AtomGroup with 1341 atoms>
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Hidden layers of MDAnNalysis

What is this particle?

@[ Topology I/0O }—u

Selections

!

v

[ Universe ]—

AtomGroup

v

N

.positions

t

@ { Coordinates I/O }-__:

Timestep

¥

File

Analysis

- - - >

Where is this particle?

Maths utilities
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Selection exporters

Writing selections out to file

| &

Python
SLu)pchecifornwats: upper_ring.write("upper.vmd", name="upper_ring")
o CHARMM
o VMD
o  PvMol source upper.vmd
y set sel [atomselect top upper_ring]
o JMol

with mda.selections.gromacs.SelectionWriter('leaflets.ndx', mode='w') as ndx:
ndx.write(atomgroup_1, name='upper')
ndx.write(atomgroup_2, name='lower")
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Hidden layers of MDAnNalysis

What is this particle?

@[ Topology I/0O }—u

Selections

v

[ Converter 1/O H Universe ]—

AtomGroup

v

ObenMM N

.positions

t

@ { Coordinates I/O }-__:

Timestep
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File

Analysis

- - - >
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Need for interoperability

e Lotsof great tools
o Limit to one toolset problematic

e MolSSI 2019 workshop Molecular Dynamics Software Interoperability

(@) https://molssi.org/2019/07/29/molssi-workshop-molecular-dynamics-software-interoperability/

e Implement seamless conversion layers between MDAnalysis and other packages
o RDKit, ParmEd, OpenMM, Chemfiles
o More coming soon!
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https://molssi.org/2019/07/29/molssi-workshop-molecular-dynamics-software-interoperability/

Converters

H~
Chemfiles g@ https://chemfiles.org/

e Read and write many other formats D o
N
e Extension of topology and coordinate I/O system oqutg\lgg o %g°
PoB s 5 9
P 3830 & <
SR E”
In [1]:| from MDAnalysis.tests.datafiles import TPR, TRR Tn O

u = mda.Universe(TPR, TRR, format="CHEMFILES")
u.trajectory

Out[1]: <ChemfilesReader mdanalysis/testsuite/MDAnalysisTests/
data/adk_oplsaa.trr with 10 frames of 47681 atoms>
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https://chemfiles.org/

R || -+
+

RDKit

RD
Convert to and from RDKit

Guessing the correct Cédric Bouysset

chemistry (bond orders,
valence, etc) is a non-trivial
challenge!
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https://docs.google.com/file/d/1e4aPp91tdIiCuDOwSJpsGv1GZgYXpyvI/preview

e ||B
+

RDKit

In [1]:| ua = mda.Universe("hydroxystearic_acid.pdb")

Cédric Bouysset
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e ||B
+

RDKit

'
RD
In [1]:| ua = mda.Universe("hydroxystearic_acid.pdb") .

Cédric Bouysset
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e ||B
+

RDKit

7 Fok,
2)
In [1]:| ua = mda.Universe("hydroxystearic_acid.pdb") .

Cédric Bouysset

In [2]:| ua.add_TopologyAttr(“"elements", u.atoms.types)

rdmol = u.atoms.convert_to("RDKIT", NoImplicit=False)
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e ||B
+

RDKit e
ﬁﬁa;
In [1]:| ua = mda.Universe("hydroxystearic_acid.pdb") .
Cédric Bouysset
In [2]:| ua.add_TopologyAttr("elements", u.atoms.types

rdmol = u.atoms.convert_to("RDKIT", NoImplici
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e ||B
+

RDKit

7 ot
R
In [1]:| ua = mda.Universe("hydroxystearic_acid.pdb") .
Cédric Bouysset
In [2]:| ua.add_TopologyAttr("elements", u.atoms.types

rdmol = u.atoms.convert_to("RDKIT", NoImplici

In [3]:

rdmol = Chem.AddHs(rdmol, addCoords=True, addResidueInfo=True)

aa = mda.Universe(rdmol)
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e ||B
+

RDKit

7 ot
R
In [1]:| ua = mda.Universe("hydroxystearic_acid.pdb") .
Cédric Bouysset
In [2]:| ua.add_TopologyAttr("elements", u.atoms.types

rdmol = u.atoms.convert_to("RDKIT", NoImplici

In [3]:

rdmol = Chem.AddHs(rdmol, addCoords=True, add

aa = mda.Universe(rdmol)
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e ||B

OpenMM 2.7 ParmEd
e Convertfrom OpenMM objects: e Convertto and from ParmEd
o Topology Structures
o PDBFile
o  PDBxFile
o  Modeller
o  Simulation

import parmed

_ . from MDAnalysis.tests.datafiles import PRM
from simtk.openmm import app pmd = parmed.load_file(PRM)
structure = app.PDBxFile('41lzt.cif") u = mda.Universe(pmd)
u = mda.Universe(structure) pmd2 = u.atoms[:10].convert_to("PARMED")
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Hidden layers of MDAnNalysis

What is this particle?

Selections

@[ Topology I/0O }—u
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Coordinate transformations

On-the-fly transformations

e Direct trajectory manipulations
o PBCfixing, centering, trajectory alignment, etc...
o  No need for file duplication
o Can be layered together
e Stillimproving
o  Substantial performance costs
o Issues with multi-chain proteins

from MDAnalysis import transformations as tform
transform = [tform.unwrap(protein),
tform.center_in_box(protein, wrap=True),
tform.wrap(not_protein),
tform.fit_rot_trans(c_alphas, c_alphas, weights="mass")]
u.trajectory.add_transformations(*transform)

64



Auxiliary data

e Loadin extrainformation per time-step

e Automatically iterate over frames where values are assigned

e Supported formats: XVG

e Subclass MDAnalysis.auxiliary.base.AuxReader for more
In [1]: | import MDAnalysis as mda

from MDAnalysisTests.datafiles import PDB_sub_sol, XTC_sub_sol, XVG_BZ2

u = mda.Universe(PDB_sub_sol, XTC_sub_sol)
u.trajectory.add_auxiliary('forces', XVG_BZ2)

# iterate over frames with force values assigned
for time_step in u.trajectory.iter_as_aux("forces"):
print(time_step.aux.forces)
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Hidden layers of MDAnalysis >

What is this particle?

¥

@ [ Topeletyy 1O }_' Selections | File ] 1=
[ Converter |/O }—> Universe AtomGroup Analysis —> Parallelism ]
@ N e
opent Transformations | N .positions |~ - - >| Maths utilities
@ { Coordinates 1/0 }--- Timestep

Where is this particle? 1‘

@ { Auxiliary 1/0
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. . Yuxuan Zhang
Most analyses are embarrassingly parallelizable

e Datasets increasingin size:

o Number of atoms [ - ] s/
o Number of frames raje|c ory

e Analyses increasing in complexity [ T T l

e New: serialisation of Universes [ Core O ] [ Core 1 ] [ Core 2 ] [ Core 3 ]

o Leverage common Python parallelism tools
o  Multiprocessing, Dask, etc...
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Bl | -+

Most analyses are embarrassingly parallelizable

e Datasets increasingin size:
o Number of atoms
o Number of frames

e Analyses increasing in complexity

e New: serialisation of Universes
o Leverage common Python parallelism tools
o  Multiprocessing, Dask, etc...

96 x 1 s
raw trajectory

on-the-fly = — = — — *
transformation ||| 96 % 1 s | preliminary analysis
s unwrap |, processing trajectory | e.g. RMSD
+ grouphug every 10 ns
+ center_in_box b
- wrap

. rot_fit_trans

250,000 atoms

cluster = dask.distributed.LocalCluster()
add_workers_to_cluster()
# workers can be distributed on multiple different machines.

]
serial RMSD analysis in total: 1000 s x 96

]
parallel RMSD analysis (230 workers): 1200 s
1/80 serial time

Yuxuan Zhang
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MDAnalysis " o
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Future directions




Future directions for MDAnalysis

Focusing on performance and ecosystem building C

e Chan Zuckerberg Initiative EOSS 4 funded project (2022 to 2023)

e Opportunity to focus on improving user experience

o Enable faster and more extensible simulation data analyses
o  Mature API - minimal impact on user facing components

e Two major aims:

1. Improving performance
2. Enabling the development of reproducible MDAnalysis-using codes
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Improving performance I <>

Towards faster data handling routines C

e Enable processing of increasingly large datasets

o  Cython centric strategy: from Python to C/C++

14 64k distance calculations

e Rewriting core data structures

o Reduced memory access overheads
o  Betterinteroperability / usability with non-Python libraries

MDAnNalysis interface C++ backend
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Improving performance II <>

Towards faster data handling routines

C

e Enable processing of increasingly large datasets
o  Cython centric strategy: from Python to C/C++

e Rewriting core data structures 6 1M atoms GRO file
o Reduced memory access overheads
o Betterinteroperability / usability with non-Python libraries

4.7 s

e Cythonization of file parsers

o Improved performance (especially for ASCII formats) 2
o  Streamed compressed reading of ASCII formats
o Direct interface with C-level libraries for binary I/O

Time (s)

0.2s
Python GRO Cython GRO
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Improving reproducibility I <>

Ensuring software reproducibility @
o L. Packages [
e Reproducibility crisis R
o Coderarely provided in publications
o Improved by recent community efforts

e Provided code often insufficient Fig 1. Number of published MDAnalysis-using “packages”
since 2017~

o Lacks tests, documentation, version control...
o Quickly becomes non-reproducible

m Pythonisaverydynamic language / hon reproducible
o Affects “packages” too! ( "
reproducible |
e QOutcomes \
o Time spent periodically re-implementing s

o Unknown changes can lead to erroneous results! _ ,
Fig 2. Breakdown of reproducible “packages™*

*Data gathered from years 2017+ Scopus & JOSS entries, “package” is defined as code advertised for re-use in a github, gitlab, or bitbucket repository.
N.B. Approximate, likely underestimated counts as Scopus has limited indexing of some journals and much validation was manual. 74

**Reproducible is counted as having unit tests, non-minimal documentation, and a means of installation (usually via setuptools)



Improving reproducibility I (:>

Ensuring software reproducibility C

e How do we tackle this issue?
o  Ensure better code development and sharing practices

m Unit tests, documentation, version control, ease of access, etc...
m Existing efforts in this space; NumFOCUS, MOLSSI, BioExcel, OMSF, etc...

o Increase adoption of user-developed codes in the MDAnalysis core library
m Notfeasible; developer time intensive, long release cycles, dependency limits, etc...

e Solutions for MDAnalysis-using packages x
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Improving reproducibility

Ensuring software reproducibility C

e How do we tackle thisissue?

o  Ensure better code development and sharing practices
m Unit tests, documentation, version control, ease of access, etc...
m Existing efforts in this space; NumFOCUS, MOLSSI, BioExcel, OMSF, etc...

e Solutions for MDAnalysis-using packages

o Help enable the development of downstream packages
m Expose packages, encourage best practices, lower barrier to entry to package

development, etc... l
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Improving reproducibility

Enabling user-developed packages C

e Develop an MDAKIt ecosystem
o Inspired by scipy’s scikit system
o  Collection of packages that use MDAnalysis and meet standards of reproducibility
m Testing
e Unittests + Continuous integration
m Version control
m Documentation
e APl +userdocs
m  Community guidelines

e MDAnalysis support
o Tools and documentation
o Code review
o  Exposed via the MDAnalysis ecosystem
m  MDAKit registry
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MDAKits " .@-

Proposed MDAKit workflow C
MDAKit ¥ COOKIECUTTER e CookieCutter MDAKIts
[ Coo klecutter } https://github.com/cookiecutter/cookiecutter O Tem plateS fOF key com ponentS

AnalysisBase
Readers/Writers
Library components

Downstream
Package

Continuous integration
Documentation

[ _ } e Documentation
@ Documentation o  MDAKits requirements

o  Examples of MDAKIt building
o How to get the most out of MDAnalysis

Look out for our upcoming white paper! 78


https://github.com/cookiecutter/cookiecutter

MDAKits " .@-

Proposed MDAKit workflow C

[ MDAKit } [ __ ] e Non-scientific review process
CookieCutter MDAKIE Review e Checks MDAKIt adheres to

reproducibility and integration

Downstream requirements
Package o  Unit tests and continuous integration
T o Documentation
o APl compatibility
@ [ Documentation } m Use of AnalysisBase, etc...

Look out for our upcoming white paper! 79



MDAKIts

Proposed MDAKit workflow C
MDAKit Continuous
' : - Integration
[ CookieCutter } _)[ MDAKIt Review ]

)

[ Downstream 1 [ MDAKit } _____ { MDAnalysis core }

Package J repository library
T e Continuous integration of MDAKits
@ [ Documentation } e Checks:

o  Packages remain compatible with
upstream MDAnalysis

o  Conflicts between MDAK:its

o If MDAK:its still work

Look out for our upcoming white paper! 80



MDAKIts

Proposed MDAKit workflow C
: Continuous
MDAKit | )
i i Integration
[ CookieCutter } MDAKIit Review ]

[ Downstream 1 [ MDAKit } _____ { MDAnalysis core }

Package J repository library
T l’ e Encourage publication
@ [ Documentation } Journal e Work with editors to enable process
. ) o  e.g.adopt most JOSS review standards
publication

Look out for our upcoming white paper! 81



Other future directions

Continued improvement of MDAnalysis components

e New converters
o ASE, OpenBabel, LOOS, PyTraj, MDTraj, etc...
e New file formats
o  TNG reader/writer (https://github.com/MDAnalysis/pytng)
o  Multi-threaded read/write support (via HM5D, etc...)
e Command-line interface
o  https://github.com/MDAnalysis/mdacli
e Improved packaging / releases

o Adoption of NEP29
o  Fortnightly development releases

Hugo MacDermott-Opeskin
Modernising TNG code & python bindings

82


https://github.com/MDAnalysis/pytng
https://github.com/MDAnalysis/mdacli

Help develop MDAnNalysis

e All contributions appreciated!

e Participate

o  Emaillists

o Discord
e Letusknow what we dowrong

o Bugreports, feature requests, etc...
e Code contributions

o 324 entries to ourissue tracker

o New ideas /changes always welcome
e Google Summer of Code

o  Funds for student developers
o 10 week summer projects
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Google Summer of Code

MD -
MembraneCurvature ‘3‘ 4 e
Atool to calculatg MembraneCUNmure s p N\
mean and Gaussian F
—) e
membrane curvature :
— — o Estefania
MD simulation z(A) H (hm) K (nm2) Barreto-Ojeda
github.com/MDAnNalysis/membrane-curvature
Top Solvation Shell Compositions in BN:FEC:LiPFg Electrolyte Interpolatlon of RDF with quartic spline
Sol\{atlonAnalyS|s ) i S B — {ﬁﬁ . " Been
A suite of tools for 'l s :
analyzing the I L &t
. Ix S | A S——
solvation structure of w14 - ] e
. . o { .
a liquid * ... o Orion Cohen

qgithub.com/MDAnNalysis/solvation-analysis
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Thanks for listening ) II %

MDAnalysis 2.0 is now out! Acknowledgements

User Guide

All 137 MDAnalysis code contributors
and the many more community
members that use MDAnNalysis, report
bugs, and make feature requests.
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OPEN CODE = BETTER SCIENCE

github.com/MDAnNalysis userguide.mdanalysis.org

Join the conversation at

y@mdanalysis a discord.gg/fXTSfDJyxE
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