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1.1

1.2

Infroduction

Normal mode analysis (NMA) is an old and well established technique [1] that has recently found
many new applications in the field of structural biology and structural bioinformatics [2]. NMA
uses a quadratic approximation of the potential energy, and thus it produces linear deformations
of the initial structure, which are accurate only for small-amplitude motions. Larger amplitudes
can destroy, for example, the secondary structure and break interatomic bonds, when NMA is
applied to a protein. An obvious circumvention for this problem will be to take smaller amplitude
steps and iteratively recompute and diagonalize the Hessian matrix from the updated positions.
This procedure would indeed produce a more realistic deformation of the initial structure thanks
to the non-linearity of the obtained deformation. However, such an approach requires multiple
diagonalization steps, which may be computationally expensive for some of the applications.
Thus, multiple attempts were made to introduce non-linear deformations without the need of
multiple diagonalizations. Here we present a new scheme for non-linear normal mode analysis
that extrapolates a motion computed from instantaneous linear and angular velocities to large
amplitudes. The scheme can be considered as an evolution of the widely used rotations-translations
of blocks (RTB) method.

NMA theory

Let us consider a molecular system with N, atoms at an equilibrium position go € R3Ve, We
call V : R* 1 R the potential energy of our molecular system. We introduce g : Rt > R3Ve, a
small time-dependent molecular displacement of our system around gg. The potential energy V in
the vicinity of gg is given by its quadratic approximation, which allows to analytically solve the
Newton’s equation of motion,

M(G+do)+VV(go+q) ~Mi+Kq=0, (1.1)

where M is the diagonal mass matrix, and K is the Hessian matrix (or stiffness matrix) of the
potential energy V evaluated at the equilibrium position gg. We then compute the square matrix
of eigenvectors L and the diagonal matrix of eigenvalues A of the mass-weighted stiffness matrix
Ky=M""2KM~12,

K, = LALT. (1.2)

Wecalln: RT R3Na the projection of ¢ into the eigenspace of K,, and we call (4;);—o. 3y, the
diagonal values in A. Then, left multiplication of eq. 1.1 by L"M'/2 gives the following system of
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uncoupled equations,

n=L"M" w3
T']','—I—)Lini:() izl...?)Na’ ‘

which can be solved by the classical ordinary differential equation (ODE) theory.

RTB projection method
B C

A
./ U:ﬁL+ﬁ| g

Figure 1.1: (A) All-atom representation of a protein. (B) RTB representation of the same protein.
(C) Each rigid block has six degrees of freedom.

The main idea of the RTB projection method is to approximate the system as n rigid blocks.
Figure 1.1.A-B schematically shows the all-atom and the RTB representations of the same system.
The transition from the RTB coordinate system with 6n DOFs to the all-atom coordinate system
with 3N DOFs is performed by an orthogonal projection matrix P € R3V*%" The conservation laws
of the linear momentum and the angular momentum of a rigid block consisting of N, atoms written
in mass-weighted coordinates are

Np
MG =Y /megi  for a translation
k=1
. : (1.4)
1124 = Z Vmi(qr < ¢)  for arotation
k=1

where M,, is the total mass of the rigid block, I is the rigid block’s inertia tensor, § is the blocks’s
displacement, my is the mass of the k" atom of the block, and ¢ is the displacement of the k"
atom of the block. The elements constituting P’ , the matrix projecting an all-atom motion ¢ into a
motion of rigid block § are then obtained by differentiating (1.4) with respect to g [3]. This leads
to translation P; and rotation P, matrices of size 3N}, x 3 each, computed for each of the rigid blocks
and written through their k£ 3 x 3 square components,

Py = M Es for a translation
\V M, , (1.5)
P = —/me(D) ™2 [r — FCOM] for a rotation

where k is one of N, atom indices, ry, is the position of the corresponding atom in the block, and
r€OM the position of the block’s center of mass (COM). The rigid block’s displacement (§,6)
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6-vector is then obtained by summing up the displacements in the RTB coordinate frame,

Np
0= Z Pl g for a translation

k=1

N, (1.6)
0= Z Pr,{ qk for a rotation

k=1

Having written these equations, we can write the projection matrix P as a diagonal block matrix,
P! P/
P=\|- . . . 1.7
P P
The normal modes are then computed by the diagonalization of the RTB-projected mass-
weighted stiffness matrix,

PT'K,P=LAL", (1.8)

where L is the matrix composed of the RTB normal modes with the corresponding diagonal
eigenvalue matrix A. This equation can be rewritten as

K, = (PL)A(PL)". (1.9)

The all-atom normal modes L" (in mass-weighted coordinates) are then obtained as a projection of
RTB normal modes L according to

L" =PL. (1.10)

The NOLB method

Molecular vibrations in a multi-dimensional harmonic oscillator are all uncoupled and can be found
by solving (1.3). Diagonalization of of the RTB-projected mass-weighted stiffness matrix gives a
set of eigenvectors that are composed of instantaneous linear velocities and instantaneous angular
velocities of individual rigid blocks {V,,, @, }, see Fig. 1.1.C. For a rigid block with mass M} and
inertia tensor I, we first compute these in the non-mass weighted coordinates as follows,

v=M, "%
b v (1.11)
o=1"a,

Then, given a deformation amplitude a, the translational increment in the rigid block’s position AX
and the angular increment in its orientation A¢ can be computed as

AX = av
i=a/|@, (1.12)
A¢ = al|®][

where the rigid block’s rotation is described with a unit axis 7 passing though its COM and an angle
¢. Finally, we rewrite the the increment in the rigid block’s position AX as a sum of two orthogonal
vectors,

A)_C):A)_C‘L+A)_C‘H, (1.13)
where AX] is orthogonal to 7i and AX|; is collinear to 7, and represent the AX, related motion as a
pure rotation about a new center 7, such that the final rigid blocks’s position is

A" =R(A9,ii) (A —TFo) +To + AX, (1.14)

where R(A@,#) is the rotation matrix describing rigid block’s rotation about an axis 7 by an angle
A¢. See more details in [4].
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1.5 Potential function

In principle, our approach can be used with any potential function. Currently, to omit the need of
initial system’s energy minimization, we have only implimented an all-atom Anisotropic Network
Model (ANM) [5, 6], which is a type of elastic network model where the initial structure is always
at equilibrium. Figure 1.2 shows a schematic representation of this model. The all-atom ANM has
the following potential function,

Vi =) %/(dij_d?j)2a (1.15)

) <R.

where d;; is the distance between the i"* and the j* atoms, d?,- is the reference distance between
these atoms, as found in the original structure, 7 is the stiffness constant, and R, is a cutoff distance,
typically between 5 A and 15 A. The stiffness matrix corresponding to this potential function is
composed of the following blocks [2, 5, 6],

02 0,0 0.0
y (G TR
Hij = — YiiXij (yij) Yii%ij i#]

(@) \ 0,0 030 by (1.16)

Hi=—Y Hj
J#i

where x;; = x; —xj, yij = yi —yj, and z;; = z; — z;. To rapidly compute this matrix, we use an
efficient neighbor search algorithm [7].

Figure 1.2: Schematic representation of the elastic network model.
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Usage

Typing the *--help’ or ’-h’ flag produces the brief and more detailed description of the program

options,
NOLB --help

*okk *okk ok KKK *okk *okk *okk

Ko o e - *
R NOLB : a Non-Linear Rigid Block NMA method------------ *
LEEE TR Authors: Alexandre Hoffmann & Sergei Grudinin---------- *
*-Copyright (c): Nano-D team, Inria/CNRS Grenoble, France, 2017.--*
o e e e-mail: sergei.grudinin@inria.fr --------—---—-—-—-—- *
*-—-- http://team.inria.fr/nano-d/software/nolb-normal-modes/ ----*
O S S SO S S SO S C OSSO S S E O oSS S EEEEEEEEEEESS *

3k >k 3k >k 3k ok 3k ok 3k 3k >k 3k ok 3k ok >k ok >k 3k >k 3k ok 3k k >k 3k >k 3k >k 5k ok >k 3k >k 3k >k 3k >k 3k ok >k 5k >k 3k >k 3k >k 5k 5k >k 3k >k 3k >k >k ok >k %k >k %k >k %k %k >k >k *k k
USAGE:

NOLB <pdb filename> <pdb reference file> [-o <output name>] [-n <number
of modes>] [-c <cutoff distance>] [-s <number of output frames>]
[-a <maximum amplitude>] [-p <potential function>] [-m] [--linear]
[--trajectory] [--hetatm] [--zdock <Zdock transform filename>]
[--hex <Hex transform filename>] [--frames <max number of input
trajectory frames>] [--covScaling <scaling of covalent
interactions>] [--coords <input traj file>] [--weights <input
weights file>] [-r <maximum rmsd>] [--dist <RMSD distribution>]
[--nSteps <number of minimization steps>] [-t <minimization
tolerance>] [-h] [--version] [-log]

Where:

<pdb filename>
(required) Input PDB file, can be a PDB multi-model trajectory file

<pdb reference file>

Reference PDB file. Only to compute the least RMSD motion. Disabled by
default.

-o <output name>, --output <output name>
Output file name. If nothing provided, a default name will be chosen.

-n <number of modes>, --modes <number of modes>
Number of modes, 10 by default
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-c <cutoff distance>, --cutoff <cutoff distance>
Interactions cutoff distance in angstroms, 5 by default

-s <number of output frames>, --solutions <number of output frames>
Number of frames in the output NMA trajectory, 10 by default

-a <maximum amplitude>, --amplitude <maximum amplitude>
Maximum amplitude, 1.0 by default. The absolute amplitude value is
chosen automatically according to the system size. This option only
adjusts the absolute value.

-p <potential function>, --potential <potential function>
Potential function, 0 = Elastic Network, 1 = Gaussian Network.
Currently disabled.

-m, --minimize
Minimize obtained structures, off by default.

--linear
Additionally compute the linear modes. 0ff by default.

--trajectory
Save the output trajectory at equidistant points. 0ff by default.

--hetatm
Read heteroatoms from the input file. False by default.

--zdock <Zdock transform filename>
Zdock transforms file name. Experimental option.

--hex <Hex transform filename>
Hex transforms file name. Experimental option.

--frames <max number of input trajectory frames>
Max number of trajectory frames to use for trajectory analysis, 100 by
default.

--covScaling <scaling of covalent interactions>
Scaling of covalent interactions, 1 by default.

--coords <input traj file>
Name of the text trajectory coordinate file that should correspond to
input pdb. Experimental option.

--weights <input weights file>
Name of the trajectory weights text file, where weights for different
frames are provided. Experimental option.

-r <maximum rmsd>, --rmsd <maximum rmsd>
Maximum rmsd for decoy generation.

--dist <RMSD distribution>
Power dependence of RMSD distribution of generated decoys on the input
RMSD, O for constant RMSD value (default), 1 for linear dependence,
0.5 for quadratic dependence, etc.

--nSteps <number of minimization steps>
Number of minimization steps, 500 by default

-t <minimization tolerance>, --tol <minimization tolerance>
Minimization tolerance, 0.1 by default

-h, --help
Displays usage information and exits.

--version
Displays version information and exits.

-log, --changelog
Displays ChangelLog information and exits.
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Typing *--version’ prints the current version of the program,

NOLB --version

NOLB version: 0.6, July 2017

Typing the *-log’ or *—log’ prints the changelog of the program,

NOLB -log

NOLB ChangelLog:
Version 0.1 from Feb 2016:
Initial release.
Version 0.2 from March 2016:
Added initial support of PDB trajectories.
Version 0.3 from Feb 2017:
Added reading of hetero atoms. Adapted for SAMSON GUI. Multiple tests performed.
Compiled on Linux, Win32 and MacOS.
Version 0.4 from May 2017:
Added automatic tests for convergence. More of noninear PCA support.
Version 0.5 from June 2017:
Added output of linear modes.
Version 0.6 from July 2017:
Added generation of NMA decoys.

2.2 Main options

<pdb filename> (required)

There is only one required argument, the path to the input PDB file. This can alternatively be a
PDB multi-model trajectory file. In this case, the NMA will be performed based on the covariance
matrix of the trajectory.

<pdb reference file>

This options provides the path to the reference PDB file. It is only used to compute the least-RMSD
transition path. Disabled by default.

-0 <output name>, --output <output name>

This options provides the output file name. If nothing provided, a default name based on the name
of the input file will be chosen.

-n <number of modes>, --modes <number of modes>

This options provides the number of non-trivial modes to compute, 10 by default. If this number
exceeds the size of the Hessian matrix, it will be adapted accordingly.

-c <cutoff distance>, --cutoff <cutoff distance>

This options specifies the interaction cutoff distance for the elastic network models (in angstroms), 5
by default. The Hessian matrix is constructed according to this interaction distance. Some artifacts
should be expected for too short distances (< 5 A).
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-s <number of output frames>, --solutions <number of output frames>

This options provides the number of frames in the output NMA trajectory, 10 by default. The output
trajectory is written in the PDB file with multiple models. This flag specifies the number of models
in the output file. It also controls the number of models if pseudo-random decoys are generated.

-a <maximum amplitude>, --amplitude <maximum amplitude>

This options sets the maximum relative amplitude of NMA motion, 1.0 by default. The absolute
amplitude value is chosen automatically according to the system size. This flag only adjusts the
absolute value.

--linear

Flag to additionally compute the linear modes. Off by default. If computed, these are stored
separately.

--hetatm

Flag to read heteroatoms from the input file. False by default. Should be used for lipids, small
molecules, etc.

--trajectory

Flag to save the output trajectory at equidistant points. Off by default. If this option is disabled,
then the trajectory is written according to the natural harmonic motion of the oscillator.

--frames <max number of input trajectory frames>

This is the option to choose the maximum number of trajectory frames to use for trajectory analysis,
100 by default. Only takes the effect if the input file contains multiple models, of if the output of
docking programs is analyzed.

-r <maximum rmsd>, -rmsd <maximum rmsd>

If pseudo-random decoys are needed, this option specifies the maximum RMSD of the generated
decoys.

-dist <RMSD distribution>

This option defines the distribution of the decoys RMSD, 0 for constant RMSD (default), 0.5 for
quadratic dependence, 1 for linear dependence, etc.

-m, -minimize

Flag to minimize the obtained structures, off by default.

-nSteps <number of minimization steps>

This option sets the number of minimization steps, 500 by default.
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-t <minimization tolerance>, -tol <minimization tolerance>

This option sets the minimization tolerance, 0.1 by default.

-h, --help

Flag to display usage information and exit.

--version

Flag to display version information and exit.

-log, --changelog
Flag to display the ChangeLog information and exit.

Experimental options

--zdock <Zdock transform filename>

This flag provides the path to the Zdock transforms file. Zdock protein docking poses are analyzed
then using the covariance matrix.

--hex <Hex transform filename>

This flag provides the path to the Hex transforms file. Hex protein docking poses are analyzed then
using the covariance matrix.

--coords <input traj file>

Name of the trajectory coordinate file that should correspond to the input pdb file. This one is used
for the analysis of the covariance matrix.

--weights <input weights file>

Name of the trajectory weights text file, where weights for different frames are provided.

Currently suppressed options

-p <potential function>, --potential <potential function>

Potential function, 0 = Elastic Network, 1 = Gaussian Network. Currently, the ANM model is only
used.



Figure 3.1: Comparison of linear (A, C, E) and non-linear (B, D, F) normal modes computed for a
coiled coil protein (pdb code 2ch7). Three types of motions are shown, bending (A, B), stretching
(C, D), and twisting (E, F). Several snapshots at different deformation amplitudes are superposed to
each other. These are colored according to the values of the overall deformation, as measured by
the RMSD. The colorbars show the RMSD with respect to the initial position. The arrows follow
the trajectories of individual atoms.
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Analysis of basic molecular motions

We will start with the NOLB NMA of a mid-size coiled-coil protein from the cytoplasmic domain
of a bacterial chemoreceptor (pdb code 2ch7), which clearly demonstrates the three basic types of
molecular vibration motions. These are bending, stretching and twisting.

Example 1 To compute the first 10 non-trivial normal modes for a 2ch7.pdb protein structure,
type
NOLB 2ch7.pdb

This will produce the following output in the terminal (we suppose you are starting the program
from the terminal!),

3k 5k 3k >k 3k ok 5k 3k 5k 3k >k 3k ok 3k ok >k k >k 3k >k 3k >k 5k %k >k 3k >k 3k >k 5k ok >k 3k >k 3k >k 3k >k 3k %k >k 3k >k 3k >k 5k >k 5k %k >k 3k >k 3k >k >k >k > %k >k %k %k %k %k >k k >k k

*-Copyright (c): Nano-D team, Inria/CNRS Grenoble, France, 2017.--%

Koo mm e e-mail: sergei.grudinin@inria.fr ----------———---- *
*---- http://team.inria.fr/nano-d/software/nolb-normal-modes/ ----*
H RS . *

stk ok sk sk ok ok sk sk sk ok o ok sk sk ok ok sk sk sk ko sk sk sk ko sk sk sk ko sk sk s ok ok sk sk sk ok o sk sk sk ok o sk o
Reading input PDB fil

et 108 330 56 000000000000000006000000000060000000000000600000 : 2ch7.pdb

Number of chains read......... ...ttt iiiinnnnnennennnnn ¢ 3

Number of atoms read............iuniiiiiiiiiiiiiiiiiiiiii : 4630

JWEEENEL6 66 000000000000000000000000000000000000000000000000000000000 : 4641 covalent bonds

................................................................. : 6264 angles

Constructing Hessian:

Number of disconnected atoms.................ciiiiiiiiiiiininn.n ]

Number of interactions............c.iuiiiiiiiiiiiiiiiiiiiiinnnnnenns : 631042

Memory required for the Hessian matrix........................... : 129.991 Mb

Doing NMA

Memory required for the RTB projection matrix.................... : 1.27167 Mb

Reduced Hessian Size : .......iiiiiiieieeitiiiiiiinnnneenneneennnns : 3702 x 3702

Number of computed modes..............oiiiniiiiiiiiiiinennnnnn, : 10

NULll-SPace SIiZ@. ...ttt ittt ittt ittt HE

Lowest mode frequencCy....... ..ottt ennnnnnns : 0.000535409

Highest mode frequency......... ..., : 0.00412211

Frequencies :
L M)oocac00000000000000000000008000000000060030000000 : 0.000535409
L 23| 6060000000000000000000600000000000000A600000000003 : 0.000542863
L &1/560000000000060006060000006000000060006000060000600000000 : 0.00135327
L @loocacnanocncncanconncnnnnoncanaanacnano0aaanaanas : 0.00153196
E &l660000000000000000060000000000000060000000000000000 : 0.00167521
L @lloocacnonacncnoconcoononnoncncanaocacnocoonan0a00as : 0.00261288
0 : 0.00278308
L Ellloocacnoooo0o000000000000000000000000000600a0000000 : 0.00347724
I : 0.003539
@ 0 6000000000000000000000000080000000000606030000000 : 0.00412211

Writing output PDB files
Using output mask..........iiiiittiiiiiiiiiiiiiii it : 2ch7
Using output mask for nonlinear modes.................oiviinnnn. : 2ch7_nlb_
Timing :

Parsing arguments. ........ .o e e e : 0.001036 s

Reading input PDB file........ ... ..o iioiiioiiueaanaaaaana : 0.015923 s

Constructing Hessian......... ... i, : 0.549772 s

DEINE N6 06000000000000000000000000000000000000000060000000000000 : 0.797914 s

Writing output PDB files............ ittt : 0.775731 s

MBIl BAMD 8 000000000000000000000000000060000000000C00000006006000 : 2.14038 s

The first section lists the structural parameters, the number of atoms, chains, and the number of
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bonds and angles in the structure. These last two can be used during energy relaxation, which is
currently disabled. Water molecules are ignored and not listed, heteroatoms can be read with an
additional flag *--hetatm’:

Reading input PDB fil
Ao 1003 323llE@0 6 0000 0000000000000060000000000000000000000000600000 : 2ch7.pdb
Number of chains read........ .ttt iiinnnnnnnnens 0 3
NGOG G EMBEMNE EEEEl 0 00000000000000000000060006006000000000000000 0 : 4630
I9EEelo 60 00000000000600000000000000000000006000003000000000000630000 : 4641 covalent bonds
................................................................. : 6264 angles

The second section lists parameters of the Hessian matrix. These are the number of interacting
atom pairs, which can be controlled with the *--cutoft” flag, the number of disconnected atoms,
which are stayed static, and the total memory required for the Hessian:

Constructing Hessian:

Number of disconnected @atoms...........ooiiiiiiiiiiiiiiinnnnnnnns : 0
Number of interactions.............iiiuiiiiii it inneennnns : 631042
Memory required for the Hessian matrix........................... : 129.991 Mb

The next section lists parameters of the RTB basis and the diagonalization procedure. It provides
the size of the projection matrix, the size of the RTB Hessian, the size of the detected null-
space, the number of modes and the corresponding frequencies. These are the square roots of the
corresponding eigenvalues. The null-space is usually not detected fully, it should be 5 or 6 for
non-symmetric systems, and skipped from the further analysis:

Doing NMA
Memory required for the RTB projection matrix.................... : 1.27167 Mb
Reduced Hessian Size : ........cciuieniuinnecnneeneceneconennncnans : 3702 x 3702
NMEmDEre 6 CEMPHEEEl MPEEE60 00006000000000900000000000000600000000090 : 10
NUll-SpPace SIiZ@....'uit ittt ittt ittt HE
Lowestimodenfrequency ol it it i i e R e : 0.000535409
Highest mode frequency......... ..., : 0.00412211
Frequencies :
£ ] 6060000000000000000060000000000000060000000000000000 : 0.000535409
L Zloocaonanacocooconconacnnoncncanaonacna0060aa00000a0 : 0.000542863
< 3 : 0.00135327
L @oocao000000000000000000000006000000000000000000000 : 0.00153196
5 : 0.00167521
L @oocac00000000000000000000000000000000060030000000 : 0.00261288
L %loocaonannononca0a000600600000060000600600000000000 : 0.00278308
L El56060006000000060060600600006000060006000600000000600000000 : 0.00347724
L Elloocacnanaocncncanconacnnononcanaanacnocoonaanaanas : 0.003539
B3] 66000000000000000006000000000000006000000060000000600 : 0.00412211
The next section lists the masks of the output files:
Writing output PDB files
Using output mask.........o ittt : 2ch7
Using output mask for nonlinear modes............................ : 2ch7_nlb_

The output pdb trajectory files have the following names, *2ch7_nlb_1.pdb’,2ch7_nlb_2.pdb’ etc.
The number in the name refers to the normal mode id starting from 1. The output mask can be
changed with the ’-o newMask’ flag. Finally, the last section lists the timings of the program, split
into individual contributions:

Timing :
Parsing arguments. .........iiiiittiiii i e i e : 0.001036 s
Reading input PDB file.........uiiuiiiuiinitinnieneinneinnennnenns : 0.015923 s
Constructing Hessian.......... ... i, : 0.549772 s
Doing NMA. . e e e e : 0.797914 s
({haaligalins @uEFeEs 12015 33abIlE0 6 0 0600000000000 600000000000 0000090000000 : 0.775731 s
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IeEal, B 8 00000000000000000000000000006000003000000060000G6A0C00 : 2.14038 s

Here, the most time consuming operation is typically the diagonalization step. Writing trajectories
can be very long as well, depending on the number of required modes and frames in the trajectories.
Figure 3.1 shows some of the computed modes.

Comparison with linear NMA

Example 2 In this example we will compare the NOLB normal modes with the linear normal
modes. For this, we will enable the *--linear’ flag, and will also output more trajectory frames
for a better visual perception of the motions using the ’-s 20 flag. Finally, we will increase the
motion amplitude by a factor of 2 with the ’-a 2’ flag:

NOLB 2ch7.pdb -s 20 -a 2 --linear

The output will be only different when listing the output files,

Writing output PDB files

Using output Mask. .......ouueiutineieneeeneeaneeneenaetonenasenas : 2ch7
Using output mask for linear modes.............ccotiiiinnnennnnnn : 2ch7_linear_
Using output mask for nonlinear modes..................ovtiuunn. : 2ch7_nlb_

Now, we have also computed the linear NMA trajectories stored in *2ch7_linear_1.pdb’, *2ch7_linear_2.pdb’,
etc. Figure 3.1 shows the visual difference between the computed linear and non-linear modes.

Another example with a bigger system that contains heteroatoms

Example 3 In this example we compute the first 50 normal modes for a larger system, the
photosystem II complex (pdb code 5bSe) with about 50,000 of atoms,

NOLB 5bb5e.pdb -n 50

This will produce the following output, which we will cut for brevity,

Reading input PDB fil

Input PDB file. .. .ottt ittt i i : bbbe.pdb
Number of chains read.......... ...ttt innninneennnnnnns : 39
Number of atoms read..........ccuutiitinnteneinneenneanecaneennns : 40908
IPEFEN6o 0 0 0000000000000000000000000000000000000000000600000000A0000 : 42093 covalent bonds
................................................................. : 57363 angles
Constructing Hessian
Number of disconnected atoms.................oiuiiiiiiiiiinninn.n : 0
Number of inmteractions............ciiiiiuiiiuiiniiinnrenecnneannns : 6424422
Memory required for the Hessian matrix........................... : 1323.39 Mb
Doing NMA

Lowesti model frequency .-l oot auioti il i L : 0.00156711
Highest mode frequency............o i, : 0.00784686
Frequencies :

E ) 66000000000000000000000000000000060000000000000000 : 0.00156711

L Zlloocacnanacocnconcoononnoncncana0nacn00000aa000000 : 0.00175741

Timing :

ISR ER i lEE0 666 0000060000060 006000900003000009000000030000030 : 0.000678 s
Reading input PDB file........ ..., : 0.099499 s
Constructing Hessian........... ... .ottt iiinenenennannn, : 7.44606 s
Doing NMA. .. e e e : 29.754 s

Writing output PDB filesS.......civuiiiuinneinneeneenneionennncnans : 28.5004 s
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IRl BS) 8 6000000000000000000000A00A00A00000000000000000000000 : 65.8006 s

Please note that the PDB output now takes a significant part of the total execution time. This system
contains about 10,000 of small molecules, mostly lipids. In order to include these into the analysis,
we repeat the computations with the ’--hetatm’ flag,

Example 4 This example is identical to the previous one, with all the heteroatoms (excluding
water) included into the NMA calculations,

NOLB 5bb5e.pdb -n 50 --hetatm,

This will produce the following output,

Reading input PDB fil

Input PDB file. .. .ottt it i i : bbbe.pdb

Number of chains read..........iiuiiiiii ittt enneennnns g &

Number of atoms read.........c.uiuiiiiiiiiiiiitiiiiiiinnnnnnnneees : 51391

1E0Eelo 6 00 0000 0000000000000000000000AC0A00AC00000000000000006000000 : 52758 covalent bonds

................................................................. : 71368 angles
Constructing Hessian

Number of disconnected atoms.............. ... ittt : 0
Number of interactions............ciiiiiuiiniuiitennrenecnneannns : 93568367
Memory required for the Hessian matrix........................... : 1927.76 Mb
Doing NMA
Lowestimodenfrequency ol it it i Rl e R L : 0.00156711
Highest mode frequency......... ..., : 0.00784686
Frequencies :
£ ] 6060000000000000000060000000000000060000000000000000 : 0.00156711
L Zloocaonanacocooconconacnnoncncanaonacna0060aa00000a0 : 0.00175741

Please note the changed Hessian size and the spectrum of the normal modes. The visual inspection
of the first modes demonstrates that these are still the same. However, their order might have
changed because of the changed spectrum.

Finding the best transition between two protein conformations

In this example we are going to find the best direction in the NMA subspace that minimizes the
RMSD between two molecular structures. We should note that the structures are first aligned to each
other based on their sequence. Thus, the method only currently works with proteins.

Example 5 In this example we will compute the best non-linear trajectory and the correspond-
ing RMSD in the reduced NOLB subspace between two protein conformations. For the goal
(bound) conformation we choose the structure of the FAB 28 complex (pdb code 2hmi). For the
start conformation we choose the unbound structure of the HIV1 reverse transcriptase (pdb code
1s6p). Then, we will compute the best transition using the lowest 4 modes as follows,

NOLB 1s6p.pdb 2hmi.pdb -n 4 -s 20

The NOLB method will first align the two conformations,

Reading input PDB fil

Input PDB file. ...ttt et e i : 1s6p.pdb

Number of chains read......... ...ttt nnnnnnenens : 3

Number of atoms read..........uuuuuuiiiiiie et innnnnnnnnnnns : 8027

205 4 : 8250 covalent bonds

................................................................. : 11211 angles
Reading input PDB fil
Input PDB file. ... ..ottt ittt iiiiiieenn : 2hmi.pdb
Number of chains read........... ... ittt iiiiiininnennnnn HIC)
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Number of atoms read......... ...ttt : 11647

JWEEENEL6 6 6 000000000000000000000000000000000000000000000000000000000 : 16500 covalent bonds

................................................................. : 22422 angles
Aligning input PDB fil

Total number O0f gapPS . ...cutiuitiittiit ittt e, : 480

N EEIETB0 6 66 0000000000000690000000000000900000000060009000000000

————————————————————————————————————— PISPIETVPVKLKPGMDGPKVKQ
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXPISPIETVPVKLKPGMDGPKVKQ
stk ok ok ok ok ok ok ok ok ok K K K Kk k ko ok

WYQLEDIQMTQTTSSLSASLGDRVTISCSASQDISSYLNWYQQKPEGTVKLLIYYTSSLH
*ok

Then, it outputs the trajectory from the starting conformation to the goal using the optimal combina-
tion of the first 4 modes. It also prints the reduction in the overall RMSD for each mode,

Writing output PDB files

Using output mask.........oiiuuiii ittt : 1s6p
Using output mask for nonlinear modes...................oovuinnn. : 1s6p_nlb_
RIED) #EENEBIAED 8 600000000000090000000000000000000000000000000000

1s6p.pdb 3.621983 3.169015 2.894955 2.235346 2.196610

TGl EaEIl BB 66 60000000000090000000000000900000000000000000000000 : 3.62198
PAREIlL BIEIDo 6 66000000000000000000000000000000000000000000000000000 : 2.19661

Finally, it outputs the timings. We can see that overall it only takes about two seconds,

Timing :
IPEEEINE EOREIEINEE0 0 0000000000000000000000000000000000000000000000 : 0.000248 s
kg s P8 55lE6 6000000000000000000000006000000000900600000 : 0.015575 s
Reading input PDB file....... ... ..., : 0.015943 s
Aligning input PDB file.......... ... oottt i, : 0.031428 s
Superposeing input PDB file........... ... i, : 0.000262 s
Constructing Hessian............ .ottt iiinenenennannns : 0.948881 s
Doing NMA. .. e e e : 1.16697 s
Writing output PDB filesS.......civuiiiuinneinneenecnnernnennncnns : 0.221236 s
TRl BIWED 8 9000000000000000000000000000900000000000000000000000 : 2.40055 s

The obtained result can be visualized with popular software packages, for example, as

pymol 1s6p_nlb.pdb 2hmi.pdb

Analysis of an MD trajectory or NMR ensemble

In the next example, we will compute the principal components of an MD or NMR trajectory. This
will be done by the diagonalization of the covariance matrix. We will use a solution NMR structure
of a DNA (pdb code 5izp), which contains 15 models.

Example 6 To compute the first 10 non-trivial normal modes for an ensemble NMR structure,
type
NOLB 5izp.pdb -s 20 --linear

This produces the following output, cut for brevity,

Reading input PDB fil

InputE PDBEE 3 @l R el e R R : bizp.pdb
This is a trajectory file........ ...ttt

Number of chains read..........uuuuniiiiiie ettt nnnnnnnnennns : 2

Number of atoms read..........c.uuiiiiiiiiiiiiiiiiiiiiiiinnnneeens : 442

Number of frames read...........iuuiiiiii it inerenneennnns : 15
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Aligning Trajectory Frames

Parsing arguments............. .. i,
Reading input PDB file.......................
Reading Trajectory...........oiuiuviiiininnn..
Aligning Trajectory Frames...................
Constructing the Covariance matrix...........
DedinE Mo o0o000000000000000000000000000000000
Writing output PDB files.....................

O O O O O O O

.000613
.003657
.005014
.000192
.00419 s
.000838 s
.112159 s

: 13.4146 Mb
: 0.

121399 Mb

n n n n

.126667 s

You may see that the trajectory analysis is very fast, the only noticeable time here is actually the

output of the computed motions.

Analysis of protein docking poses

In our next example, we will compute principal components of protein-protein docking poses.
We have chosen a standard example from the protein docking benchmark (pdb code 1d6r, with
the receptor 1D6R_r_b.pdb and the ligand 1D6R_1_b.pdb). We have computed the first 1,000 of
docking poses with the popular zDock package, Hex can be used as well here.

Example 7 To visualize the principal components of the computed docking poses type

NOLB outName.pdb --zdock ./1D6R

This produces the following output,

.zdock.out

Reading Zdock Transforms

Reading PDB file
Reading receptor PDB file....................
Number of receptor chains read...............
Number of receptor atoms read................
Reading ligand PDB file......................
Number of ligand chains read.................
Number of ligand atoms read..................

Reading Docking Trajectory
Number of frames read........................

Number of computed modes.....................
Lowest mode frequency..................ouu...
Highest mode frequency.......................
Frequencies :

Using only......coiiiniiiiiiiiiiiiiiiinnnenn
Using output mask........... ..ot
Using output mask for nonlinear modes........

./1D6R_r_b.pdb

1
¢ 1629

: ./1D6R_1_b.pdb
01
: 427

o N O

O O 0 uoN

s B
: outName
: outName_nlb

: 100

.39176e-05
.00031764

.39176e-05
.74957e-05
.65304e-05
.000198992
.00031764

modes

We should mention that this is just an example how to use the NOLB method for a simple PCA

analysis, which probably cannot be used for practical applications.
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Structural ensembles

Another application of the NOLB method is the generation of structural ensembles (also called
’decoys’) with either a fixed deformation RMSD, or a certain distribution of these. Figure 3.2 shows
a sample output of the method.

Figure 3.2: Illustration of 100 decoys of a coiled-coil system 2ch7 protein with RMSD of 10
A from the starting structure.

Example 8 In the first example we will generate 100 decoys of a coiled-coil system at 10
A from the starting structure.

NOLB 2ch7.pdb -s 100 --rmsd 10

This creates a ’2ch7_nlb_decoys.pdb’ pdb trajectory file with 100 models with the following
output,

Writing output Decoy files
Number of files.........i.iuiiiiiiiiiiiiiiiii ittt : 100
Dutput RMSD. ..ttt e e e e, : 10 A
Using outputfilename...............iuiuiiitiniiintenenennenencnnnn : 2ch7_nlb_decoys.pdb

Timing :

PREEENE EEFIiEItES0 0 0000000600000000000000600006000006000600090000000 : 0.000178 s
ReadingSinputEPDBRE G el i S R R R : 0.006173 s
Constructing Hessian......... ..., : 0.0752 s
DEHTE N 60600000000000000000000000000000000000000000000000000000 : 0.605818 s
Writing output Decoy files......... ...ttt : 0.848708 s
MBI, BID 8 600600000000000000000000000060000006000600000090000000 : 1.53608 s

Example 9 In the second example we will generate 100 decoys of a the same system with
RMSD distributed linearly from 0 to 10 A compared to the starting structure. We will also
minimize the obtained decoys.

NOLB 2ch7.pdb -s 100 --rmsd 10 --dist 1 -m

This creates a *2ch7_nlb_decoys.pdb’ pdb trajectory file with 100 models with the following
output,

Writing output Decoy files

Numbex of il es ol R e e R : 100

Dutput RMSD. ..ttt e e e, : 10 A

Using outputfilename...............iuiuiinitiniiinteninennenenannnn : 2ch7_nlb_decoys.pdb
[0 o= o B = o < : 0.272494

N Rl BIiEr. EBERR0 0 00000000000000000000000060000000000000000000 ]

Current Gradient MOTM.........cuutiiiiiieeneeeeeennononnnnnnnnnnns : 0.0210788
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Di'splacement it i i : 0.00167775
RMSD after minimization.............citttiiiiiinnnnnnnececennns .45655

N

[0 o= ¢ B = o < : 6.27796

N minimization steps...... ...t i i i HE

Current Gradient MOTM...........iiuiutttiiiiiiii i, : 0.0738622
Displacement . ...t e e e e : 0.0135281
RMSD after minimization............. ..., : 7.13781

Timing

IPENEEINE EOREIEINEE0 0 00000000000000000000000000060000000000000000000 : 0.000224 s
kg simeite P8 530lE6606000000000000006000000600000000000000000 : 0.009928 s
Constructing Hessian......... ...ttt : 0.069928 s
DEHRE N¥A 0000000000000000000090000000000000000000000000000000000 : 0.603946 s
Writing output Decoy files......... ..o, : 2.1154 s

IeEEl, BATMD 8 000000000000000000000000000060000030000000600006A0000 : 2.79943 s




4.1 GUI

A graphical user interfaces created for the SAMSON software platform is available at https:
//www.samson-connect .net. Figure 4.1 shows the current version of this GUI.

Figure 4.1: NOLB graphical user interface for the SAMSON software platform.

4.2 Morphing paths

The NOLB normal modes can be used to produce morphing pathways between multiple conforma-
tions of biological molecules. It is not a well tested approach yet. However, in the future it can be

merged with the NOLB program.


https://www.samson-connect.net
https://www.samson-connect.net
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SAXS-guided structure optimization

We have been also using the NOLB normal modes as a low-dimensional representation of the
protein motion subspace in the recent CASP12 blind structure prediction exercise. More precisely,
we used for in the SAXS-assisted protein targets, where we numerically computed the gradient of
the SAXS loss function and optimized the structures towards the gradients in this low-dimensional
space. This method will be distributed separately as a part of our Pepsi-SAXS scattering package at
https://team.inria.fr/nano-d/software/pepsi-saxs/.


https://team.inria.fr/nano-d/software/pepsi-saxs/
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