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Abstract

This thesis is a contribution to the study of protein dynamics using elastic network models

(ENMs).

An ENM is an abstraction of a protein structure where inter-atomic interactions are
assumed to be modelled by a Hookean potential energy which is a function of inter-atomic
distances. This model has been studied by various authors, and despite being a very
simple model, can nonetheless provide a realistic understanding of protein dynamics. For
example, it was shown by Tirion, that the Hookean potential energy can reproduce the
normal mode fluctuations of the more complicated semi-empirical potential. In addition,
it was shown by Tekpinar and Zheng that linearly interpolating two Hookean potentials
can correctly model the order of local conformational changes before global conformational
changes during ATP-driven conformational changes.

The purpose of this thesis is to provide a second mathematical formulation for modelling
ENMs. This thesis suggests removing the square-root in the Hookean potential which
leads to a positive semidefinite (PSD) potential that is a function of quadrances rather
than distances. There are many similarities between the two approaches, but also many
differences. One main difference is PSD matrices are linearly related to quadrance, the
square of distance, which opens the way to model the PSD potential using perceptrons
whose weight matrix is a rank 3 PSD matrix. This interesting consequence is left as a
topic of future research.

The PSD potential is just as appropriate for modelling ENMs as observed by the
following two agreements: The PSD potential produces normal mode fluctuations that
agree with the Hookean potential introduced by Tirion. This agreement suggests both
potentials provide the same information about a protein structure’s flexibility. The generalization
of the Hookean iENM potential (introduced by Tekpinar and Zheng) to the PSD iENM
potential also interpolates the local conformational changes before the global conformational
changes, in agreement with the original Hookean observations.

Recall that the equations of motion in classical mechanics is formulated using an
abstract Riemannian manifold. This abstraction gives modellers the flexibility to consider
different Riemannian manifolds appropriate to the problem.

After the introduction of the Hookean potential, the study of protein dynamics still uses
the 3n dimensional Euclidean space as the Riemannian manifold, the same Riemannian
manifold used by the semi-empirical potential. This is because both the semi-empirical
potential and the Hookean potential assume the atomic coordinates of a protein structure
are represented by a 3n by 1 vector.
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However, with the introduction of the PSD potential, the protein structure’s atomic
coordinates are represented as a point on the rank 3 n by n PSD matrix manifold. Consequently,
a new Riemannian manifold for modelling protein dynamics has been proposed.

In order to model protein dynamics on the rank 3 PSD matrix manifold, the equations
of motion needs to be defined. This thesis presents the geometric objects: horizontal
projection, gradient, Hessian, and retraction required for formulating the equations of
motion for protein structures as an optimization problem on the rank 3 PSD matrix
manifold. These formulas are a modification of the original formulas introduced by Journée
et al. to allow constraints relevant to a protein structure to be described. Rosen’s correction
to the constraint manifold was already introduced in 1961, and was reintroduced by
Goldenthal et al. in 2007 under the name of “the fast projection algorithm”. Rosen’s,
Goldenthal et al.’s, and Journée et al.’s work are all closely related but were developed
independently. This thesis makes their relationship more apparent.

Keywords: elastic network model, Euclidean distance matrix, Gram matrix, matrix
manifold optimization, protein structure, positive semidefinite, Riemannian manifold
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Chapter 1

Introduction

Everything should be made as simple
as possible, but not simpler.

a quote often attributed to Albert
Einstein

Mathematical science aims to understand our natural world through the use of mathematical
models. The “discovery” of a mathematical model is guided by at least two heuristics: the
search for simplicity, and the search for agreements.

The search for simplicity means when multiple mathematical models produce the same
result, the simpler model is the preferred one. Simplicity is evident in the very famous
transition from the geocentric model of the solar system to the heliocentric model. Figure
1.1 ! shows a geocentric solar system with complicated epicycles describing the path of the
Sun, Mercury, and Venus. This figure is a forever reminder that models of nature needs to
be as simple as possible, a principle also emphasized in the quote attributed to Einstein at
the beginning of this Chapter.

The search for agreements means when a newer, different, mathematical model of
nature is presented, which produces results that agree with prior approaches, the different
model often provides more insights into the phenomenon being modelled. An example

!Taken from the Wikipedia entry “Deferent and epicycle”. James Ferguson (1710-1776), based on
similar diagrams by Giovanni Cassini (1625-1712) and Dr Roger Long (1680-1770); engraved for the
Encyclopedia by Andrew Bell. [Public domain], via Wikimedia Commons (https://commons.wikimedia.
org/wiki/File:Cassini_apparent. jpg).


https://commons.wikimedia.org/wiki/File:Cassini_apparent.jpg
https://commons.wikimedia.org/wiki/File:Cassini_apparent.jpg

Figure 1.1: The geocentric solar system with epicycles is a complicated model of the solar
system.

Figure 1.2: Newton (L), Lagrange (C), and Hamilton (R) used different approaches to
arrive at classical mechanic’s equations of motion.

is that of the agreement between Newton, Lagrange, and Hamilton (see Figure 1.2 2),
in classical mechanic’s equations of motion. A discussion of these three approaches to
classical mechanics can be found in for example Taylor, 2005 [73]. Table 1.1 summarizes
the different emphasis of Newton, Lagrange, and Hamilton.

2Image credits are as follows. Newton’s image taken from Wikimedia Commons https://commons .
wikimedia.org/wiki/File:SS-newton. jpg. Attribution: Arthur Shuster & Arthur E. Shipley: Britain’s
Heritage of Science. London, 1917. (A Temple of Worthies) [Public domain|, via Wikimedia Commons.
Lagrange’s image is taken from Wikimedia Commons https://commons.wikimedia.org/wiki/File:
Lagrange_portrait.jpg, see also: http://www-history.mcs.st-and.ac.uk/history/PictDisplay/
Lagrange.html. Hamilton’s image is taken from Wikimedia Commons https://commons.wikimedia.
org/wiki/File:William_Rowan_Hamilton_portrait_oval_combined.png.


https://commons.wikimedia.org/wiki/File:SS-newton.jpg
https://commons.wikimedia.org/wiki/File:SS-newton.jpg
https://commons.wikimedia.org/wiki/File:Lagrange_portrait.jpg
https://commons.wikimedia.org/wiki/File:Lagrange_portrait.jpg
http://www-history.mcs.st-and.ac.uk/history/PictDisplay/Lagrange.html
http://www-history.mcs.st-and.ac.uk/history/PictDisplay/Lagrange.html
https://commons.wikimedia.org/wiki/File:William_Rowan_Hamilton_portrait_oval_combined.png
https://commons.wikimedia.org/wiki/File:William_Rowan_Hamilton_portrait_oval_combined.png

Author Emphasis

Newton Forces and vectors, Cartesian
coordinates.

Lagrange The variational principle,
coordinate independence.

Hamilton Energy.

Table 1.1: Newton, Lagrange, and Hamilton’s formulation of the classical mechanics
equations of motion emphasized different mathematical insights.

The following quote from Taylor[73] page 521-522 provide a flavor of the differences
between these three formulations:

“..the Newtonian form of mechanics...describes the world in terms of forces
and acceleration (as related by the second law) and is primarily suited for
use in Cartesian coordinates...Lagrangian formulation...is entirely equivalent
to Newton’s, in the sense that either one can be derived from the other, but
the Lagrangian form is considerably more flexible with regard to choice of
coordinates...Hamiltonian mechanics leads very naturally from classical mechanics
into quantum mechanics.”

The above two themes: the search for a simpler model, and the search for a different
but agreeable approach in order to gain a deeper insight, will play an important role in
this thesis.

The purpose of this thesis is to provide a second mathematical formulation for modelling
protein structure elastic network models (ENMs). ENMs are abstract representations of
a protein structure where inter-atomic interactions are modelled using a Hookean spring
potential energy. This thesis suggests removing the square-root in the Hookean potential
which leads to a positive semidefinite (PSD) potential. PSD matrices are linearly related
to quadrance, the square of distance, which means this model is simple. However, the PSD
potential produces results that agree with the Hookean potential (two examples, NMA
and interpolating transitions are discussed). The linear relation between PSD matrices
and quadrance means a perceptron (neuron) can be used to calculate the PSD potential.
This interesting consequence is left as a topic of future research.



1.1 Notation

This section introduces some common notations and basic mathematical concepts used
throughout this thesis.

The letter n will mainly be used to refer to the number of atoms in a protein structure.
The letter a is used to index an atom in a summation, a € {1,...,n}. When more than
one index is needed, the letter b will be used. When more than two atomic indices are
needed, it should be clear from the context which letters are atomic indices.

The letter m is used to represent the number of constraints. This should not be confused
with the mass of the a-th atom, which is denoted by m,. Since these two contexts are very
different, it should be clear from the context whether m is the number of constraints, or
the mass of an atom. The letter ¢ is used to index a constraint in a summation.

The matrix 0,,,, is an n X m matrix of all zeros, if m =1, 0,, = 0,,«1. The matrices
1,«,» and 1, are defined similarly.

The matrix I, is the n x n identity matrix.

The matrix AT denotes the transpose of A. Trace(A) denote the trace of A, which is
the sum of the diagonal elements of A.

The atomic coordinates of the a-th atom is a 3 x 1 vector p, € R?. The vector ? c R3"
is the 3n x 1 vector formed from stacking the atomic coordinates p,, a =1,...,n.

The n x 3 matrix P is the matrix whose rows are the atomic coordinates transposed,
pL. The Gram matrix is the matrix X = PPT.

The rank of a matrix X, denoted rank(X), is the number of eigenvalues of X greater
than zero. Alternatively, the rank of a matrix is the number of columns or rows of the
matrix that are linearly independent. Any nonzero vector will have rank 1. Since the
atomic coordinates p, is in 3-D space, the matrix P has three columns that are linearly
independent, hence it has rank 3. The Gram matrix X = PP7 also is of rank 3.

The range space of an n X n matrix A, denoted range(A) or A, is a vector space whose
elements are linear combinations of the columns of A. The null space of a matrix A is the
set null(A) = {x | Az = 0,}. The null space and range space are orthogonal to each other,
this is denoted with the symbol “1”, e.g. null(A) Lrange(A).

The vector .
eo=(.. 1 ...) erR” (1.1)

is an n x 1 vector with a 1 at the a-th position, and 0 elsewhere. This vector is also called
the “one-hot” vector in machine learning.



The matrix .
as; = (- Iy ...) e R (1.2)

is the 3n x 3 matrix of n 3 x 3 blocks, where the a-th block is I3. If row index starts at 0,
I3 occupies rows 3a : 3(a + 1) — 1, if row index starts at 1, I3 occupies rows 3a — 2 : 3a.

The matrix

Sab = (€at; = €b.15)(Caty — n.13)" (1.3)
is a 3n x 3n matrix, also called a stamp matriz in [9]. The matrix
A= (6,11, - ebi)(eai - 6bi)T ) (1'4)

is the n x n constraint matrix for the i-th constraint.

The set S™ is the set of n x n symmetric matrices. An n x n matrix X is PSD if it has
the property that vT Xv > 0 for any vector v € R” and v # 0,,. The eigenvalues of a PSD
matrix will all be greater than or equal to zero. The set of n x n PSD matrices is denoted
S't. The set of n x n positive definite matrices is denoted S?} . The set of fixed rank PSD
matrices will be denoted S7", where r is the fixed rank. The Gram matrix has rank 3, so
it is an element of S’°.

The distance between the a-th and b-th atoms is denoted d,;,. The square of the distance
is called quadrance, it is denoted by qup [79].

A matrix D whose ab-th entry is quadrance, q., is called a Fuclidean distance matrix
(EDM). Note the name does not use quadrance. The set £ is the set of matrices whose
ab-th entry is qqu. Let /- denote the entry-wise square-root operation. Closely related to
an EDM D is the matrix denoted v/D whose ab-th entry is distance. The set of /D is
denoted v/En. Unlike £", v/E™. is not convex for n > 3, see for example Dattorro [24]
Section 6.3.

The set D (script D) contains atomic index pairs (a, b), whose inter-atomic distance dg,
is less than some specified threshold inter-atomic distance, these atoms may be bonded or
nonbonded atoms. To avoid double counting pairs, a < b is assumed.

The symbol V means taking the derivative of a mathematical expression. For example,
consider a function f : M — R, suppose M = R" and let 7 = (21, ... ,:Cn)T € R™ be a
vector in R™. If taking the derivative of f gives the gradient, then the gradient is denoted
by V() or gradf(2) inter-changeably:

gradf(7) = V()T = (@ M) eR", (1.5)

xy 7 Oz,



where grad f (?) is the preferred notation for matrix manifolds as seen in [1]. If the gradient
of a function requires operations in addition to taking the derivative, such as a projection,
then V f(-) means taking the derivative only, and gradf(-) denotes the final gradient.

The symbol V? means to take the derivative twice to arrive at a matrix of second
derivatives. For example, when applied to the same function f, the symbol V2f is the
Hessian matrix given by

f() 2 f ()
0x10x1 et 0x10Tn
V2f(2) = Hessf(7) = . (1.6)
() Pf()
anazl T O0rnOzn

The notation Hessf (?) is preferred for matrix manifold optimization algorithms as seen
in [1], where the Hessian matrix may also be a linear operator instead of a matrix.

1.2 Protein Structure Basics

Proteins serve important, life-sustaining functions in organisms, for example: hemoglobin
and myoglobin transport oxygen to cells, actin and myosin allow muscles to contract,
chaperones are proteins that assist other proteins to fold, and enzymes are proteins that
help promote (catalyze) chemical reactions.

R

Figure 1.3: A generic amino acid.

A protein structure is a chain of amino acids. Figure 1.3 3 shows the structure of

3Figure taken from wikipedia, https://commons.wikimedia.org/wiki/File:AminoAcidball.svg.


https://commons.wikimedia.org/wiki/File:AminoAcidball.svg

a generic amino acid, it is made up of nitrogen, carbon, oxygen, and hydrogen atoms.
Hydrogen atoms are often omitted when visualizing protein structures. The “R” component
of the amino acid is called the side chain, the carbon atom that the side chain is attached to
is called the a-carbon, the carbon atom in the side chain that is attached to the a-carbon
is called the p-carbon, other atoms in the side chain are also named using Greek letter ~,
0, etc.. All these atoms are connected by a covalent bond, which is a connection resulting
from sharing of electrons.

The backbone of the protein is made up of the atoms not in the side chain, these are
the nitrogen, a-carbon, carbon, and oxygen atoms in the amino acid.

When two amino acids join, one water molecule is lost, therefore, each amino acid in a
chain of amino acids is called a residue. A coarse-grained model of a protein structure is
a model that represents each residue by its a-carbon. Figure 1.4 a) shows an example of
a short chain of amino acid residues, Figure 1.4 b) shows the corresponding coarse-grained
representation, which is a chain of a-carbons. A protein may have several hundred residues
to tens of thousands of residues (titin has about 27000 residues, see page 78 of [70]).

(a) All atoms representation (balls are(b) a-carbon backbone representation (balls
atoms). are atoms).

Figure 1.4: The polypeptide Glycyl-Aspartyl-Tyrosyl-Alanyl-Asparagine (GDYAN)
visualized in UCSF Chimera.

A conformation of a protein is a particular three-dimensional arrangement of atoms,
see for example page 76 of [35], or page 27 of [382] and the glossary therein. A particular
conformation changes to another conformation if no covalent bonds are broken. The
conformational change is due to a change in dihedral angles, also called torsion angles,
which is the angle between two planes. There are two dihedral angles around a a-carbon.
The ¢ dihedral angle is defined as the angle between:
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e the plane occupied by the carbon atom of the previous residue, plus the nitrogen
atom and a-carbon atom of the current residue and

e the plane occupied by nitrogen atom, the a-carbon atom, and the carbon atom of
the current residue.

The v dihedral angle is defined as the angle between:

e the plane occupied by the nitrogen atom, the a-carbon atom, and the carbon atom
of the current residue and

e the plane occupied by the a-carbon atom and the carbon atom of the current residue,
plus the nitrogen atom of the next residue.

When modelling a protein’s conformational change, the most obvious generalized coordinates
to use are the dihedral angles mentioned above.

The semi-empirical potential, see for example [75, 70, 70, 13, 14, 60], is an example of a
potential energy that models changes in dihedral angles. Let £, denote the semi-empirical
potential, the following equation is one of its common expressions:

1 n 1 )
Ep 25 Z Kb<dab - dab)2 + 5 Z Kg(eabc - Qabc)2

(a,b)€bonds (a,b,c)€angles
1
+ 5 Z Z Kw[l + Cos(nabcdwabcd - pabcd)] (17)

(a,b,c,d)edihedrals n

Cay  Dap Q@b
+(Z [(dﬁ dgb)JrEabdab '

a,b)eD

The first three terms are for bonded interactions, they measure the distortion in bond
lengths, bond angles, and dihedral angles respectively. The terms d,; represents the bond
length between the a-th and b-th bonded atoms, 6. represents the bond angle formed by
the a-th b-th and c-th atoms, and wg.q represents the dihedral angle between the plane
occupied by the a-th b-th and c-th atoms, and the plane occupied by the b-th c-th and d-th
atoms. The value ng.q is the periodicity/\of the dihedral angle, the term pgp.q is a phase
offset for the dihedral angle. The terms d,;, 04, are equilibrium bond lengths and bond
angles. The values K, Ky, K, are force constants.

The last summation is for non-bonded interactions, they are the Lennard Jones interaction
and the electrostatic interaction respectively. The constants C,, and D, are specific to the



interacting pair. The a-th and b-th atoms have charges denoted by @), and @), respectively,
and €, in the electrostatic interaction term is the dieletric constant. These nonbonded
interactions are confined to atoms within a certain threshold distance.

1.3 The Defects of Using Dihedral Angles for Studying
Protein Dynamics

Researchers have noted several defects in modelling protein conformational changes using
dihedral angles, this Section reviews some of these defects.

According to Crippen [19], potential energies that are a function of dihedral angles have
numerous local minima whereas potential energies that are a function of distance are a lot
simpler.

Plantenga [6/] has stated that using dihedral angles to study protein dynamics causes
ill-conditioning because “a slight rotation of the dihedral moves neighboring atoms only
a slight distance, but causes atoms farther down the chain to shift much larger distances;
thus the potential energy can be highly sensitive to small changes in dihedral variables.”

Neumaier [60] has pointed out further disadvantages of dihedral angles. Firstly, they
are undefined if the bond angle is 180°, “[a]lthough equilibrium angles are typically far
away from 180°, this is an important defect in global applications; for example, it ruins
(or produces unpredictable results in) any local optimization routine if one of the angles in
an intermediate calculation happens to come close to 180°. The second defect of dihedral
angles as described by Neumaier is physically equivalent angles lead to different values of
the potential energy. This leads to using trigonometric functions of angles rather than the
angles themselves.

Kim [37] has stated that interpolating dihedral angles often leads to an infeasible
transition pathway, and therefore proposed to interpolate inter-atomic distances rather
than dihedral angles, this formulation is called “elastic network interpolation” (ENI).

1.4 Elastic Network Model and the Hookean Potential

ENMs focus on modelling the change in distance between atoms, rather than dihedral
angles, and overcome many of the disadvantages of using angles.



In this modelling approach, the interaction between non-bonded atoms is modelled
using a Hookean potential. This is equivalent to assuming these atoms are connected by
springs.

ENMs further simplify the model by assuming a protein is represented as a chain of
a-carbons, as shown in Figure 1.4 b).

The Hookean potential is a multi-purpose potential. It has been used in normal mode
analysis, to interpolate transitional conformations, and as shown by Tekpinar and Zheng
[71] can also be used to avoid atomic collision.

Normal mode analysis (NMA) is an efficient tool for studying protein structure flexibility.
It models the oscillation of the protein structure’s atomic coordinates around an equilibrium
conformation. It was shown by (Tirion, 1996 [75]) that a Hookean potential can reproduce
the large amplitude atomic normal mode displacements, which were previously found from
more the more complicated semi-empirical potentials.

NMA using the semi-empirical potential requires an energy minimization step to find a
protein conformation at an energy minimum, e.g. optimal dihedral angles are needed. The
Hookean potential energy can be used to find the normal modes of a protein more efficiently
than the semi-empirical potential because the initial protein conformation is already at an
energy minimum as measured by the Hookean potential, and any energy minimization of
this initial structure is not required.

While the Hookean potential in NMA is concerned with deviations about an equilibrium
protein structure, they have also been employed to model non-equilibrium dynamics, such
as the modelling of transitional conformations between a given beginning and an ending
conformation.

Protein macromolecular machines such as enzymes, channels, and pumps need to change
their conformation to perform their functions. For example, many proteins are known to
have “open” and “close” conformations. Understanding how the protein transitions from
the “open” to the “close” conformations, or vice-versa, is very important for understanding
the relationship between structure and function. Transitional conformations are relatively
difficult to obtain compared with long-lived stable functional states, whose structures can
be determined using X-ray crystallography or NMR.

Definition 1.4.1 (The Transitional Conformations Problem). Let the atomic coordinates
of the initial protein conformation at time t;niiaq = 0 be given by

p1<0)a s >pn(0) ’
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and the final atomic coordinates be given by

pl<tfinal)7 s >pn(tfinal) .

The transitional conformations problem is to find the intermediate conformations, where
t takes on integer values t = 1,2,... tpina — 1 . The t-th intermediate conformation has
atomic coordinates

p1(t), ... palt),

Fach intermediate conformation is found incrementally; that is, p,(t) is assumed to be
known, and p,(t + 1) is to be found.

Examples of using the Hookean potential used to model the Transitional Conformations
Problem include the formulation of Kim et al. called elastic network interpolation (ENI)
[37, 10, 41, 38], Tekpinar and Zheng [71], and Bahar et al. [22]. Normal mode guided
transition pathways have been explored in [17]. Hybrid ENMs have been used to model
the transition pathways of rigid groups of atoms [71]. Interpolated ENM (iENM) have
been shown to model the local conformational change of active sites before a global
conformational change [74, 81].

Kim et al. [12, 37] provided a comparison between molecular dynamics (MD) simulation
and ENT was made to evaluate the reasonableness of the intermediate protein conformations
generated by ENI using the 16S ribosomal RNA. Their findings showed ENI has smoothed

Subspace spanned by
1% normal modes of
intermediate i

1 DOF pathway

MD conformations
Initial

Figure 1.5: ENI produces structures that smooth out the structures generated from
molecular dynamics. Figure 4.20 of (Kim, 2004[37]).

out the MD results, and generated an “average” MD pathway using much less computational
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time than MD. This finding is summarized in Figure 9 of [12] and Figure 4.20 of [37],
reproduced in Figure 1.5.

In order to show that the intermediate conformations generated by iENM are reasonable,
three interpolation examples of ATP-driven conformational changes were presented in
[74]. These examples showed that iENM generates intermediate structures where the local
conformational change around an active site precedes global change. This result supports
the idea that the active site drives the conformational change of molecular machines, and
shows the iENM double-well potential pathway is a realistic model for conformational
changes.

In Chapter 2, Tirion’s Hookean potential, Kim et al.’s ENI Hookean potential, and
Tekpinar and Zheng’s iENM will be reviewed.

1.5 The Defects of Modelling ENMs on R*"

Currently, modelling ENMs is formulated in R3"; this formulation has a number of mathematical
defects, these are listed in Table 1.2. Each of these defects will be address in this thesis.
This thesis shows using Si’g to model ENMs can remove all these defects.

1.6 Thesis Outline and Contributions

The first two chapters of this thesis provide an overview of needed background information.

e Chapter 2 introduces ENMs as they are currently modelled in R®® with a Hookean
potential energy. NMA and interpolation of transitional conformations are used as
application examples of where the Hookean potential has appeared. This is followed
by a discussion on enforcing constraints in R3". Rosen introduced a “correction”
to the constraint manifold as early as 1961 [67], therefore the “step and project”
paradigm was already known at least since then. However, Ryckaert et al. did not
apply this paradigm in the development of the SHAKE algorithm published in 1977
[68], and Goldenthal et al. [30] modified Ryckaert et al.’s formulation to adhere to
the step and project paradigm in 2007, but they were also unaware of Rosen’s work.
The delay in using step and project to enforce distance constraints is a result of R3"
de-emphasizing introducing abstract concepts first, and then applying these concepts
to different applications. Matrix manifold optimization algorithms do not have this
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Considerations

Defects of the current approach
using R3"

Thesis reference

Minimizing the || No, problem is ill-posed. Section 2.7, 5.5
potential is well-posed
Distance or quadrance || No preference. Section 4.4
in potential
Number of constraints || 3n, — 6, see [0] depends on n,, | Secton 5.6
for a rigid group of n, || i.e. O(ny).
atoms
Rotation  of  rigid || Needs rotation matrices, and | Section C.6.5
groups of atoms Lie group theory, additional
complexity. [17]).
Conservation of linear || Additional constraint. See discussions on ill-posedness.
momentum
Enforcing constraints | Both  implicit —and explicit | Section 2.8.2, 6.3.5

treatment of the constraint force
has been proposed.

Redundancy Yes.  Mass matrix M repeats | Equation (2.19), (1.2), (5.14),
mass of each atom three times, | (1.1)
€q,1 Tepeats the 1 three times.

Apply abstract || No. Fast Projection was | Section 2.8.1, 2.8.2, 2.8.5,

concepts to different || already presented by Rosen | Chapter 3

applications in 1961 [66] for general nonlinear
constraints, but re-introduced by
Goldenthal et al. [30] for distance
constraints.

Table 1.2: The defects of modelling ENMs using R3" to be addressed in this thesis.
defect, as shown by Absil et al. [1], these algorithms start with abstract concepts, and

applies these concepts to different matrix manifolds.

The correction proposed by Rosen, and Fast Projection proposed by Goldenthal et al.
is called a retraction in matrix manifold language, and by definition a retraction takes
an unconstrained step followed by a correction to the matrix manifold. Therefore
when implementing the retraction for enforcing constraints, implicitly treating the

constraint-maintaining force is in fact the only option.

13




e Chapter 3 will present the mathematics for unconstrained optimization on the rank
3 PSD matrix manifold. This Chapter shows how abstract concepts from differential
geometry are applied to S and is based on the publication by Mishra et al. [38].
For applications to other matrix manifolds, see Absil et al. [1].

Thereafter begins the contributions of this thesis:

e Firstly, Chapter 4 presents the PSD potential energy in the context of normal mode
analysis because it was the same application used by Tirion [75] to introduce the
Hookean potential. This Chapter also discusses why the PSD potential energy is
different from the Hookean potential. The PSD potential prefers quadrance over
distance because this choice leads to the simpler model on Si’s. Note that the PSD
potential does not offer benefits in additional to the Hookean potential for NMA,
rather NMA provides the context for introducing the PSD potential.

e The introduction of the PSD potential motivates the equations of motion to also be
formulated on Si’?’, this is the topic of Chapter 5. This Chapter also explains why
the constraint for enforcing the conservation of linear momentum is not required on
Si’?’, and also why the number of constraints to keep a group of n, atoms rigid is
independent of n,, unlike for R3".

e Chapter 6 describes the geometric objects required for constrained optimization on
S’}r’?’, these objects include the gradient, Hessian, projection onto the tangent space,
and a retraction. The presentation in this Chapter closely follows the discussion by
Journée et al. [34]. The agreements between enforcing constraints on R and Sﬁ’g
are also discussed. These agreements are significant for the following reasons:

— modelling protein ENMs on Sz’g is not more complicated than on R3",
— Si’s can build on R?*", and not “reinvent the wheel”,
— additional mathematical insight can be gained by introducing S’};’?’.
e Chapter 7 uses the transitional conformations problem as an example to show how

ENMs can be modelled on Sﬁ’?’. An object-oriented implementation using python is
given in the Appendix A.

Chapter 8 is the concluding Chapter, a summary of how modelling ENMs using Sﬁ’S

removes the corresponding defects in R®*" is provided. Directions of future research are
also proposed.
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Chapter 2

Elastic Network Models on R>"

2.1 Introduction

This Chapter introduces the mathematics for modelling protein structure ENMs as it is
currently formulated on R3".

An ENM is an abstraction of a protein structure where nonbonded inter-atomic interactions
are modelled using a Hookean potential energy. The assumption made in this thesis is that
the ENM models only the a-carbons of a protein, as show in Figure 1.4 b). Because all
atoms are the same, they have the same atomic mass, therefore without loss of generality,
the mass of an a-carbon is assumed to be 1 (unit mass). If the mass is not 1, the equations of
motion can always be scaled to make the mass 1. In additional, inter-atomic distance does
not change when atoms are rotated, and therefore the Hookean potential is not affected
by gravity, hence mass is not a major modelling factor.

The generic Hookean potential is introduced first. Thereafter, the application of the
Hookean potential to NMA as presented by Tirion [75] is reviewed. This is followed by
a review of the application of this potential to the transitional conformations problem.
Enforcing constraints on R®" is then discussed.

In this Chapter, the parameter t represents time abstractly, in that it is used to
distinguish different protein conformations from each other, no specific time units are
assumed.

When discussing NMA, the time is assumed to be a continuous variable, t = 0 for the
equilibrium conformation, and ¢ # 0 for the conformation perturbed by a normal mode
displacement (no specific value for ¢ is needed).
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When discussion the transitional conformations problem, ¢ is assume to take on discrete
values, t = 0,1,.... The initial conformation is assumed to have t = t;,;; = 0 and the
final conformation is assumed to have ¢ = ¢, = 100, with 100 intermediate conformations
generated in between.

The Hookean potential assumes the protein conformation’s atomic coordinates are
arranged as a 3n x 1 vector:

y4
7=|:]er™".
DPn

The atomic coordinates for a particular time ¢ conformation is denoted as:

pa(t)
Ti=TPW)=| : |[erR™.
pn(t)

2.2 The Generic Hookean Potential

Define the function F : R® — R:

po = () = (11

The gradient and Hessian of this function is discussed in Appendix B.

Recall e, ;, was defined in Equation (1.2). The generic pairwise Hookean potential
energy describing the interaction between the a-th and b-th atom is given by substituting

T = (eaJ:s - eb,f’s)T? = Pa — Db,

in E(z):
1 N2 ] N2
E(pa —pp) = 3 (\/ PTSw D — dab> =3 <H Pa — Db | _dab) - (2.1)

The stamp matrix S,, was defined in Equation (1.3) . The distance dy is a “reference
distance” defined based on the problem.

The gradient and Hessian matrix of the generic pairwise Hookean potential have been
discussed by for example Kim [37]. They are found by using the formulas in Appendix B

16



with the substitution = p, — pp. The 3 x 1 gradient vector VE(p, — pp) is given by:
T—

T €aq — €
VEM. - 1) = (Il o — o || ~doy) Lot 0t T
|l Pa — 20 ||

R (2.2)
dab
= (1 - m) (Pa — Do)

The 3 x 3 Hessian matrix of E(p, — pp) is:

dab

————Q(pa — pp) € R¥?, (2.3)
— o ||

V2E(pa - pb) = [3 -
| Pa

where:
T

— -
Wb

(2.4)

Note that:
V2E(py — ) = VZE(py — pa) -

The total Hookean potential energy for the entire protein structure is a function Fpy :
R3" — R given by:

EH(?) = Z wabE(pa _pb) : (25)

(a,b)eD

The scalar wy, is the weight for the interaction pair (a,b), which may be the same for
all interacting pairs, further, w,, = 1 can be assumed for all (a,b) € D, for example see
[39, 37]. The summation is taken over the set D containing atom pairs that are within a
threshold distance apart, they can be bonded or nonbonded pairs. The gradient VEH(?)
is a 3n x 1 vector given by:

VE(P)y
VEu(7) = : e R¥1 (2.6)

VEZ(P)m
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where:

VEH(? [a] - ZwkaVE Pk _pa Z wakvE )
k=1 k=a+1

n (2.7)
= Wik VE(po —pr) a=1,...n.

k=1

k#a

The notation [a] is used to emphasize F H(?)[a] is a 3x 1 vector, not a scalar. In other words,
whenever p, appears first in (p, —px ), derivative with respect to p, is a positive contribution
from the pairwise potential, whenever p, appears as the second term in (py — p,), the

derivative with respect to p, is a negative contribution of the pairwise potential. It is
straighforward to show:

VES(F)'3 = §IVENT) = Y waVEp. — p) (00 — &) , (2.8)

The Hessian matrix, V2EH(?), of the total Hookean potential has a Laplacian structure.
For example, consider the case of just four atoms, n = 4. When all the atoms are
neighbours, V2EH(?) is given by the following 12 x 12 matrix of 3 x 3 blocks:

V2Ey(7)

VZEH(?)[H] —w12V2E(p1 - p2) —w13V2E(p1 - p3) —w14V2E(p1 - P4)
_ —w1aV?E(p1 — p2) V2EH(?)[22] —w3V?E(p2 — p3) —wauVZE(ps — pa)
—wi13V?E(p1 — ps) —wsV>E(py — ps) V2Ey (7 )3 —w3y V2E(ps — p4)

—wuVPE(p1 — p1) —wuV?E(ps — ps) —wsaV?E(ps — pa) V2Eu (7 g

The off-diagonal blocks are all the negative contributions of the Hessian of the pairwise
Hookean potentials.

The diagonals are the sum of all the positive contributions defined as follows:

o V2Ey(7)uy = wi2V?E(p1 — p2) + wisV2E(p1 — p3) + wiaV2E(p1 — pa)
o V2Eu(T)py = wiaV?E(pr — pa) + was V2 E(ps — ps) + w2aV?E(ps — pa)
o V2Eu (T )i = wisV2E(py — p3) + was V2E(ps — p3) + w34 V2E(p3 — pa)

o V2Eu (T )ug = wiaV2E(py — pa) + w24 V2E(ps — pa) + w34 V2E(p3 — pa)

The sign for the pairwise Hessian V2FE(p, — p,) is positive or negative for the same reason
the sign for the pairwise gradient VE(p, — ppy) is positive or negative, i.e. whether the
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derivative is with respect to p, or py. For a vector 7 = (6T, 0 6T 6T)YT € R12) it is
straightforward to show:

STVEEG(F) T = 3 (0 — 00 warV2E(pa — pa)(0a — 6)

(a,b)eD

where for this simple example, D is all possible pairs of the 4 atoms such that a < b to
avoid double counting pairs. For a general n, the off-diagonal blocks are given by

—wapV2E(pa — py)  if (a,b) € D
VQE = Wab a 9
(7 o {ogx3 if (a,b) ¢ D

where the square bracket [ab] is used to emphasize this is a 3 x 3 matrix and not a scalar.
The diagonal blocks are given by:

a—1 n
V2EH<?)[aa] = Zwkav2E<pk - pa) + Z wakv2E<pa - pk)
k=1 k=a+1

- E wlmv2E<pk - pa)
k=1
k#a

The following convention is used:

b
> a=0 ifa>b. (2.9)
k=a

Similar to the n = 4 case, it is straightforward to show for any n:

SIVEL(T)T = 3 (00— 0) w0V E(pa — p1)(0a — ) (2.10)

(a,b)eD

The second order expansion of Eg(7) for a small displacement K € R3" is given by:
1
Eu(P + )~ 5 0 VEa(F) 8 + 0 VE(P) + En(7) . 2.11)

Equation (2.11) can also be expressed in terms of the gradient and Hessian of the pairwise
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potential using Equations (2.10) and (2.8):

%?TWE T3 + 3 VEL(T) + En(T)

1
=5 > (0a=8)"V*E(pa —p)(0a — &)+ Y _ VE(p )'(6a =)+ Y Elpa—p)
(a b)eD (a,b)eD (a,b)eD
=5 Z (00 = 85)"2E(py — p) (80 — 8) + VE(py — p)" (80 — 8) + E(pa — 1))
(a,b)eD
(2.12)

2.3 The Hookean Potential and Normal Mode Analysis

This section describes the Hookean potential introduced by Tirion et al. for NMA[75].

Let ?(O) denote the vector of equilibrium atomic coordinates, these are the atomic
coordinates stored in the protein data bank (PDB) files. Let the displaced atomic coordinates

at a time t > 0, ¢ € R, be P (t) = 7(0) + ?(t) The 3n x 1 vector ?(t):
To= 0 =607 R S,)eR a=1,....n, (2.13)

represents a small displacement. The pairwise NMA Hookean potential to model the
interaction between the a-th and b-th atoms is given by:

Eoprnma (Palt) — o <\/_> ()T S P (t) — ||pa(0 _pb<0)”)
= 5 (Iel®) = 2] = 190(0) = o (O)] (2.14)
%(Hpa( 0= (O~ du(0)*

The total potential, EH_NMA(?(LL)), is the sum of the pairwise potentials:

EH_NMA(ﬁ(t)) = Z Eaprnma (Pa(t) — po(t)) (2.15)
(a,b)eD

This is the generic Hookean potential with the reference distance cjab set to dgp(0) and the
atomic coordinates ' set to 7 (t).
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NMA requires using the second order approximation of the total potential near ?(0)
in the equations of motion to arrive at a closed form solution to the protein’s motion.
Consider the pairwise Hookean potential first, its second order approximation is given by:

Eapnma (pa(0) = pp(0)) + (0a(t) — 04(2)))
! 05(1))"V? Eap,n-xnia (a(0) — po(0)) (0a(t) — 65(t))

~ S (0a(t) — dn(
)"V Egpixnia (pa(0) — p3(0))

2
+ (a(t) — du(?))
+ Eqp-xma (Pa(0) — po(0))

Note that
1Pa(0) — pp(0)[| — dap(0) = 0O

The constant term of the second order expansion is:

Eab,H-NMA(pa(O) - pb<0>> = % (Hpa(o) - pb(O)H - dab<0))2 =0.

Applying Equation (2.2) to Equation (2.14) gives:

—epr T—

=0x1=0.

Therefore, only the second order term is nonzero in the second order expansion of the
pairwise Hookean potential. Applying Equation (2.3) to Equation (2.14) gives:

v Euanis a0) = po0) = fa pa(d)‘“’(”)()n (2(0) — ps(0))
— Iy~ Qpa(0) — py(0))
B (9.(0) — b (0))(pa(0) — p,(0)T  (2.16)
=B st G o0 = ()
 (5ul0) = 24(0)) (pal0) — p4(0))"
(92 (0) — po(0) (92 (0) — pu{0))
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Only the second order term is nonzero for the NMA Hookean potential.

Eapnma (9a(0)—pu(0))+(8a(t)—05(t))) & = (3a(t)—=05(t))" V2 Eaprixnia (T (0)) (Sa(t) =33 (t)) -

N | —

Summing the second order approximation for all pairs in D gives the second order expansion
for NMA:

Braa(F(0) + 0 (1) ~ % > (a(t) = 56(1) "V Eappxmia (pa(0) — p(0)) (da(t) = 84(8)) .

(a,b)eD ( )
2.17
Equation (2.17) can be expressed in matrix form:
1
Enxua (7 (0) + ?(t)) ~ §?(t)Tv2EH-NMA(?(O))?(t) , (2.18)

where V2Ep.nua( 7 (0)) has the block Laplacian structure discussed in Section 2.2. Let
M be the 3n x 3n mass matrix:

M = . (2.19)

For the displacement vector ?(t), ?(t) is the velocity, where the dot is a time derivative.
Therefore, the kinetic energy of the ENM is given by:

B3 (1) = %?(t)TM?(t) | (2.20)

The Lagrangian function is given by:
L = kinetic — potential

‘ (2.21)
= Bi(3 (1) - Brana(F (1)) -
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Using the second order approximation for the potential from Equation (2.18):
1= . 1
L= 5?(t)TM?<t> -5 ()72 Egxnia (7 (0)) 3 (¢) - (2.22)
The equations of motion are then given by the Euler-Lagrange equations:

df oL\ or _
t\ o3 00

Substituting the kinetic and the second order approximated potential into the equations
of motion gives:

0. (2.23)

MT () + V2Braia(F(0) 5 (5) = 0. (2.24)

Therefore, the normal mode displacements of the protein’s atoms are given by the eigenvectors
of V2Eunua(7(0)). The eigenvectors of VZEmaya(7(0)) corresponding to the low
eigenvalues give the large amplitude motions of the protein structure.

2.4 The Hookean Potential for Elastic Network Interpolation
(ENT)

Elastic Network Interpolation (ENI) [39, 37, 38, 41, 71, 10, 36] uses a Hookean potential
with a linearly interpolated reference distance model conformational transitions. The pair-
wise ENT Hookean potential used to find the (¢ 4+ 1)-st intermediate conformation is:

1 1
Eapi+1(pa — pp) = 5(\/ DTSw P — dap(t +1))? = §(|| pa—p || —dap(t+1))%, (2.25)

The subscript t+1 is used to emphasize the potential is solving for the (¢+1)-st transitional
conformation. The distance d,;,(t + 1) is a linearly interpolated distance:

t+1 t+1

du(t+1) = (1—W) I a(0) - ps(0) u+(1—00) | 2 (100) — py(100) || . (2.26)
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The denominator in the interpolation parameter is 100 since the last conformation’s time
index is assumed to be ¢, = 100. The total potential energy used by ENI is:

Et—i—l(?) = Z Eab,t—i—l(pa _pb) : (227)

(a,b)eD
The ENI Hookean potential is the generic Hookean potential with the following changes:

e the set D contains pairs of indices representing atoms within a threshold distance
in either the beginning or ending conformations, they can be either bonded or
nonbonded pairs (see [37] Section 3.2.1 page 65), these pairs do not change during
the interpolation, and

e the reference distance is c/l\ab =dup(t+1).

The meaning of the ENI Hookean potential in Equation (2.27) is to measure how close
the inter-atomic distances of the atomic coordinates in ? are to the target inter-atomic
distances, dg(t + 1), for (a,b) € D. The atomic coordinates of the (¢ 4 1)-st intermediate
conformation, denoted ?t.}rl = ?(t + 1), minimizes this ENI Hookean potential, Equation

(2.27). Let ?Hl be a small displacement, as defined in Equation (2.13), the (¢ 4+ 1)-st
conformation is given by:

?t-&-l = ?t + ?t-&-l .

In order to find the next conformation ?Hl, ?Hl needs to be determined. The ?Hl
that gives the ?tﬂ which minimizes Equation (2.27) is referred to as the “optimal
displacement”.

The ENI approach to finding the optimal displacement ?Hl is to first expand Equation
(2.27) to second order near 7

Et—l—l(?t—&-l) = Et+1(?t + ?t—&-l)

1 T (2.28)
R~ §?t+1 V2Et+1(?t)?t+1 + VEt+l(?t)T?t+1 +E1(7),

then take the gradient of the second order approximation in Equation (2.28) with respect

t0 0 410

d 1 T
ﬁ_ (5?#1 VQEtJrl(?t)?tJrl + VEtJrl(?t)T?tJrl + Et+1<?t>>
t+1

(2.29)
= VQEt-i-l(?t)?t—&-l +VE (7).
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Finally, the ?tﬂ that sets Equation (2.29) to zero is the “optimal displacement” as defined
bg ENI. Setting Equation (2.29) to zero, then move VEHI(?t) to the other side shows
t

11 solves the linear system:

V2E41(F0) 011 = —VE(Th) (2.30)

2.5 The Hookean Potential for Interpolated ENM (iENM)

Interpolated ENM (IENM)[74, 1] generates a transition pathway using a double-well

potential. Let EO(?) be a Hookean potential whose reference inter-atomic distances c/l;b
are set to the beginning conformation’s inter-atomic distances dg;(0):

1
EO(?) = b Z Wap (v ETSabE - dab(o))2
(a,b)EDo

Z Wap (|| Pa — o || —dab(o))2 )

(avb)EDO

(2.31)

DO | —

and let Elog(ﬁ) be a Hookean potential whose reference inter-atomic distances c?ab are set
to the ending conformation’s inter-atomic distances d,;(100):

1
EIOO(?) = 5 Z wab \/m dab 100
(a,b)€D100 (2 32)
1 .
=5 2 walll pa—ps || —dap(100))*
(a,b)€D100

The weight wg, is set to 10 for bonded residues and 1 otherwise. The set of neighbour
index pairs, Dy and D;qg, are calculated based on the beginning and ending conformation
respectively. As with ENI, these sets of pairs do not change during the interpolation.

The physical meaning of EO(?) is to measure the deviations of an intermediate transitional
protein conformation’s inter-atomic distances, based on the atomic coordinates given in
7, from the beginning conformation. Likewise, Fipo(7’) will measure the deviations
of an intermediate transitional conformation’s inter-atomic distances from the ending
conformation.

The double-well potential used by iENM is a linear interpolation between Ey(7') and
Ewo(?). The definition of a double-well potential is given in Definition 2.5.1.
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Definition 2.5.1 (Double-Well Potential). An arbitrary double-well potential is a composite
function, F(Eo(?), Eloo(?)), that has the following property:

EO(?) if Eo(?) < Eyo(
ElOO(?) if Eo(?) > Eioo(

)

F(Eo(7), Ero(7)) ~ ) (2.33)

SULST

This property means that if Eo(?) < EIOO(?), the intermediate conformation 7 is
very similar to the beginning conformation 7'y, and therefore the double-well potential
should produce a value very similar to Eo(?). Likewise, if Eo(?) > Eloo(?), the
intermediate conformation 7 is very similar to the ending conformation ?100 and therefore
the double-well potential should produce a value very similar to Eloo(?).

Note that Eo(?o) =0 and EIOO(?IOO) = (. Thus, the beginning conformation 7'y and
the ending conformation 7’1o are two minima of F(Eo(7), Eio(7)). The transitional
conformations P, t € (1,...,99), form a sequence of saddle points of F(Ey(7), Ei00( 7)),
meaning they satisfy

VE(Ey(T 1), Eroo(F1) = 03y, -

Using the chain rule:

VF(EO(?t)a ElOO(?t))

_ (OF(Eo(T1), Eroo( 1)) OF (Eo(T1), Ero(T1))
‘( OFy(T) >VE°<7t)+< D Eroo(T0))

) VEio(T:) (2.34)
= 03n .

Tekpinar and Zheng have stated that based on previous studies, the transitional pathway
generated by iENM is independent of the mathematical form of F(Ey(7), Eio(7)), see
[71] and the references therein. Since simpler models of nature are always preferable to
more complicated models, Tekpinar and Zheng proposed Eo(?) and Eloo(?) should be
connected by a linearly interpolated potential. Divide Equation (2.34) by

OF(Eo(P ), Erxoo(T1)) | OF(Eo(W+), Eroo( )
OE(T ) OF100( T ) ’

then define the parameter \; to be:

OF (Eo(Tt),E100(T+t))

_ 9Eo(7+)
Ay = OF (Eo(P+),E100(F+)) + OF (Eo(P+),E100(Pe) ’ (2.35>
BEo(Ft) aElOO(?t)
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A¢ is an interpolation parameter varying from 1 to 0. Equation (2.34) shows the saddle
points satisfy:
MVEy(T1) + (1= \)VEio(T1) = 03, (2.36)

It follows the saddle points (transitional conformations) are critical points of the following
1EENM Hookean potential energy:

Et(?) = )\tEo(?) + (1 - )\t)EIOO(?) . (2.37)

Starting with ?0 and \g = 1, the original publication presents a way of getting A\;
from which the next conformation ?1 is determined, such a way of selecting the next
A may not be uniform. However, since the iENM transition pathway is independent of the
mathematical form of F(Eq(7), Fioo( 7)), this thesis will assume ), changes uniformly;
this means \; is given by:

t
AM=1—— wheret=0,1,...,100,

100
which in turn gives the following iENM Hookean potential for finding the ¢-th transitional
conformation:
t t
E(7)=(1-— | E — ) E1oo(7) - 2.
()= (1= 155) B+ (355 ) Bl ) (239
Other simple functions have also been proposed, for example Das et al. [22] proposed:

min(Eo(ﬁ), Emo(?))

which also satisfy the property given in Equation (2.33) that characterizes a double-well
potential.

Tekpinar and Zheng added a steric collision energy to the iENM potential to ensure
atoms in the transitional conformations do not collide, see Section 2.6.

The next conformation ?tﬂ is a critical point of the optimization problem of minimizing
Et+1(?). Since the previous conformation ?t is known, finding the next conformation

?Hl is equivalent to finding ?Hl where ?tﬂ = ?t + 0441 so the new conformation
?t—f—l sets the gradient of the potential energy to zero:

VE(Fi+ 011) =0 . (2.39)

Equation (2.39) shows ?t—i—l can be viewed as the root of this Equation, and therefore
Tekpinar and Zheng proposes to use the Newton-Raphson algorithm to find ?Hl.
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2.6 The Hookean Potential for Avoiding Inter-Atomic
Collisions

Together with the iENM double-well potential, Tekpinar and Zheng also introduced a
Hookean potential for avoiding atomic collisions|7/, &1]. This potential is called the steric
collision energy, denoted Ecol(?t), and is added to the iENM Hookean potential to ensure
the non-bonded atoms of the intermediate conformations avoid colliding with each other
during the transition. The steric collision energy for a pair of non-bonded atoms becomes
nonzero when they are within the distance threshold given by d., measured in angstroms,
this nonzero energy causes these atoms to be pushed apart. The formula for Ecol(ﬁt) is
given by:

n a—2

Ecol(?t) = %Z Zwabh<dcol - dab@))(” pa(t> _pb(t) ” _dcol)2 ) (24())

a=3 b=1

where h(+) is the Heaviside function meaning that:

0 if deot < dap(t)

. (2.41)
1 if Aol > dab(t)

h(dcol - dab(t)) = {

d.y is the threshold such that a collision between a-carbons is assumed to have occurred,
deor = 44 is used by Tekpinar and Zheng [71]. wg is set to 10 for non-bonded residues,
i.e. b# a+ 1. Since Tekpinar and Zheng have excluded bonded residues, it is possible for
bonds to stretch or shrink during the interpolation, see Chapter 7.

2.7 Minimizing the Hookean Potential is Ill-Posed

Finding the next conformation by minimizing the Hookean potential is an ill-posed problem.
Note that ill-posed here does not mean a solution cannot be found, only that the solution
is not unique.

Since inter-atomic distance is invariant to translation of the atomic coordinates, any
translation of the solution ?Hl for either ENI or iENM will produce another solution.

This can be seen in another way: the Hessian matrix VQEtH(?t) for ENI's Hookean
potential in Equation (2.27) has six zero eigenvalues, and is therefore singular (not invertible).
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Two modifications are suggested by Kim in [37] to ensure the solution ?Hl is unique.

1. A modification of the ENI Hookean potential, Equation (2.27), to make the matrix
V2E, (?t) invertible. The modified ENI Hookean potential adds a weighted Cartesian
interpolation term to the ENI Hookean potential:

Et+1(?t+1 = Eiq( 7 t+1) Z | pa(t +1) —pa(t+1) |7 . (2.42)

where € = 0.1 was used by Kim, and

e+ ) = (1= 50 ) a0+ (e ) mat100))

is the linearly interpolated time ¢ + 1 Cartesian coordinates. The gradient of this
modified potential evaluated at ?t is:

R pi(t) —pu(t+1)
VEu1(Pe) = VEu1(Te) +e :
pu(t) —Palt +1)

and the Hessian matrix evaluated at ?t is:

V2E\t+1(?t) = V2Et+1(?t) + 6]3n . (243)

The Hessian matrix is now invertible.

2. An alternative, second, modification is to add the constraint that the linear momentum
is conserved:

Zma (1) =04 (2.44)

Kim then makes the assumption that m, =1fora=1,...,n.

The Hessian matrix for the iENM Hookean potential is also rank deficient. In order to use
the Newton-Raphson algorithm, the Hessian matrix, VQEtH(?t), of Equation (2.37) was
modified in [81]:

els, + V2 E (74 , (2.45)

where € is a small positive number. This is in fact the same modification as seen in Equation
(2.43) for the ENI Hookean potential’s non-invertible Hessian, both modifications adds a
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weighted identity matrix to the Hessian of the Hookean potential to make the Hessian
invertible. This correction is known as Tikhonov’s regularization.

2.8 Enforcing Constraints R3"

The formulations for the transitional conformations problem by previous authors as discussed
above do not have a step for enforcing inter-atomic distance constraints. Constrained
optimization in R3" is a well studied research topic. This section reviews the following
results:

e the gradient projection method of J.B. Rosen and Rosen’s correction (1961)[67] and

e the Fast Projection method of Goldenthal et al. (2007) [30],

These methods have close analogues to constrained optimization for PSD matrices introduced
in Chapter 6.

Rosen’s correction to the constraint manifold was for general nonlinear constraints, it
used a “step and project” paradigm. However, their work was not built upon by Goldenthal
et al., whom reintroduced the same correction for distance constraints in particular. It is
a defect of R3" that abstract geometric ideas are not emphasized and applied to different
problems, and the same algorithm when applied to different problems are given different
names.

Before these methods are reviewed, the notations used to express constraints are introduced
here.

Consider a protein structure ENM with n a-carbons, indexed by 1,...,n. Let there be
m pairs of a-carbon atoms where the distance between each pair of atoms is a constraint,
these pairs of atoms are given as the following m index pairs:

(al, b1>, ey (am,bm) .

Goldenthal et al. used the following formula to constrain the quadrance between the a;-th
and b;-th atoms[30]:

_ ?Tsaibi? —d,, = || Pa; — Py, ||2 —d
d@ibi o daibi

Ci(7) wp, i=1,...,m. (2.46)
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For a vector ? € R3" of atomic coordinates, C (?) is an m x 1 vector describing all m
constraints, and is defined as follows in [30]:

Ci(7)
c)=| : |. (247)

The constraint manifold is defined as the set:

C(R*™) = {7 | C(F) =0} . (2.48)

Rewrite the constraint expression as:

CZ(?) = % (?Tsaibiﬁ - qaibi) -

(I Pa; = por 1> —Gans)  i=1,...,m.  (2.49)

N —

Clearly, this expression gives the same constraints as Goldenthal’s original expression.
Rearranging the constraint expression in this manner allows the gradient to be conveniently
given by the following expression:

VCZ(?) = 7Tsaibi = (?ai - 7bi)T(eai713 - ebi,fs) : (250)

which is a 1 x 3n vector. The gradient of all constraints is:

VCI(?) ?Tsaﬂn (?m - ?M)T(eahh - 61)1713)
VC(P) = : = : = : ,
VC,.(T) T Suim (Fam = Pom) (Camty — it
(2.51)

which is an m x 3n matrix.

2.8.1 J. B. Rosen’s Gradient Projection (1960 and 1961)

J.B. Rosen’s Gradient Projection Method (GPM) was first discussed in as early as 1957 in
[65], then in more detailed papers in 1960 [66] and 1961[67].

Dantzig’s simplex method was formulated in 1947, and published in 1951 [21]. Consequently,

throughout the 1950s, linear programming was applied to a diverse range of problems.
Quoting from Rosen [66]:
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[Applications of linear programming] include industrial applications, transportation
problems, contract awards, military applications, agricultural applications, marketing
analysis, production scheduling, inventory control and structural design. In
many problems a far more realistic formulation is possible if a linearized approximation
is not required. In such cases the optimum solution obtained by a nonlinear
programming method should have considerably more validity than the solution

to the approximate linear programming program. It is therefore anticipated

that an efficient method for the solution of nonlinear programming problems

will lead to more realistic solutions in many cases, as well as extending the
range of application for programming methods. (emphasis added)

Rosen pointed to “problems in mechanics, physics and chemistry” as one example of a new
area of application [66]. Given this historical context, Rosen’s introduction of GPM was
very much motivated by the Simplex Method. For example, see Section 6 of [66] where the
author compares the GPM to the dual simplex method and the references therein.

Rosen’s divide the GPM into two publications, Part I assumed constraints are linear
[66], Part II assumed constraints are nonlinear [67]. Rosen also considered both equality
and inequality constraints, the idea is that at a point ? € R3", only active inequality
constraints are considered, these are the inequality constraints for which the equality
holds true at the given point. The discussion in this section will therefore assume all
constraints are equality constraints, this means the constraint manifold and the boundary
of the constraint manifold are the same.

The main idea behind the GPM is to ensure the gradient always stays on the tangent
space of the constraint manifold. In Part I of the publication [(6], constraints are assumed
to be linear, which means they can be written in the form:

%
L(P) =77 —a
where 71 € R3 is a vector and o € R is a constant. In this case, let the constraint

manifold be:
L) =A{TP | Li(P)=0i=1,...,m}

A vector is on the boundary of the constraint manifold if it is perpendicular to the space
span{ s, 7m} Define the 3n x m matrix:

N=(1 oo Tm),
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then the projection onto the constraint manifold is given by the projection matrix:

Proj = I3, — N(NT"N)"'NT

Part II of the publication [67] allowed the constraints to be nonlinear. In this case, the
projection will map a vector onto the tangent space of the constraint manifold, thereafter a
correction back to the constraint manifold from the tangent space is required. For example,
let the constraints be C(7) as defined in Equation (2.47), make the substitution:

N =vC(p)"

where VC' (?) is defined in Equation (2.51), then the projection onto the tangent space of
the constraint manifold is given by:

Proj = I, — VC(7)"(VC(P)VC(T)")'VC(T) . (2.52)

The GPM requires a step to be taken in this direction, but since the constraint is not
linear, this step leads to a point that is not on the constraint manifold. Rosen suggests “a
correction back to the feasible region” (see Section 3 [07]). Rosen did not give a name to
this procedure, we will refer to it as “Rosen’s Correction”. Rosen’s Correction proceeds as
follows: generate a sequence of points starting from the initial point on the tangent space
7O given by (see Equation (4.22) of [67]):

PO =N —veEtI(voEtvo@thHTem ) (2.53)

until || C(P *~V) | is smaller than some tolerance. Rosen’s Correction is reintroduced by
Goldenthal et al. as the Fast Projection Algorithm to be reviewed next.

2.8.2 Goldenthal et al.’s Fast projection (2007)
Goldenthal et al. examined the modelling of cloth as a particle system with constraints

on inter-particle distances in [30]. The equations of motion for this particle system can
be arrived at from the augmented Lagrangian for modelling constrained dynamics in R?"

given by:
L(P, V) = 7)%%7 E(T) —C(T )" (2.54)

where U, = _]5>t is the velocity, M is the 3n x 3n mass matrix with the mass of each particle
repeated three times along the diagonal, see Equation (2.19). ?t ) is the potential energy,
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and A is the m x 1 vector of Lagrange multipliers for the constraints.

The equations of motion are given by two Euler-Lagrange equations. The first one is
given by: '
MV, = =VE(P) — VO(T)"A (2.55)

Equation (2.55) states the total force acting on the atoms is the sum of the force from the
potential energy and the constraint force. The second Euler-Lagrange equation is

C(P.) =0, (2.56)

The second equation states all constraints must be satisfied, equivalently, 7 is on the
constraint manifold given by Equation (2.48).

The equations of motion are discretized over a time interval when used in computer
simulation. SHAKE and RATTLE are examples of discretization methods [68, (], both
considers the constraint force to be evaluated explicitly, this means the coordinates of the
particles being simulated are evaluated at the beginning of the time interval. Barth et
al. pointed out four common geometric configurations where the SHAKE algorithm faces
difficulty [9]. Goldenthal et al. [30] proposed that the constraint-maintaining force should
be evaluated implicitly for SHAKE, that is, using the unconstrained coordinates at the end
of the time interval instead of the beginning, to alleviate the problems described by Barth
et al., this formulation is called Fast Projection.

The following discussion assumes ¢ takes on arbitrary discrete values ¢; and ¢;;, and
At = t;41 — t; indicates an arbitrary change in time. Define ?jﬂ = ?(tﬁl) and ?j =
T(t;). Let ¥; = ¥ (t;) be the time ¢ = t; velocity, and 7,1 = ¥ (t;11) be the time t;,
velocity.

To arrive at the Fast Projection algorithm, two algorithms are first presented in [30].

1. Firstly, evaluating the constraint force at the end of the time interval, [t;,t;41], this
is the implicitly constraint direction (ICD) method.

2. Secondly, consider an alternative, but equivalent, perspective to constrained dynamics.
Take an unconstrained step, then find the closest point on the constraint manifold
to project to. This perspective leads to the step and project (SAP) method.

3. Finally, Fast Projection is an approximation of SAP.
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Implicit Constraint Direction (ICD)

The discretized equations of motion between time ¢; and ¢;41, as presented in [30], assumes
the force due to the potential energy is treated explicitly, and the constraint-maintaining
force is treated implicitly. Equation (2.55) which describes forces is discretized as:

Vi1 — 0

M= I — _VE(P;)=VC(F,m)"\. (2.57)

Equation (2.57) shows how to find the new velocity 7j+1 from the potential and constraint
forces. This new velocity is then used to find the new coordinates ?jﬂ.

%, —_— .
pJHAt 73 = T (2.58)

Equation (2.56) when discretized implicitly uses the end of the time interval value:
C(F j11) = O (2.59)
Combining Equation (2.57) and (2.58) gives the following Equation for 741
Tin =T+ (AT, — (A’ M'VE(;) — (A)*M'VC(T 1) A (2.60)
Equation (2.60) shows ?jﬂ can be separated into an unconstrained step given by:
TYh =T+ (AT, — (A’ M'VE(T) (2.61)
followed by a correction due to the constraint forces, denoted 5?]-“, given by:

0T 01 = Tin — Pyt

= —(A)2MIVCO(T 1) . (2:62)

Finally, the constraint enforcing step 5?]~+1 and the new Lagrange multipliers A can be
written as the roots of the following system of equations:

F(éﬁj“’ A) = 5?%1 + (At)QM_IVC(?jH)T)\ = O3,

O(?jﬂ) o, . (2.63)

The meaning of F ((5?]-“, A) is to measure the deviation of the atomic coordinates away
from the forces due to the potential and constraint forces, it states that the unconstrained

35



step is corrected by the constraint forces. The function C' (?

1) measures the deviation
of ?jﬂ from the constraint manifold, defined in Equation (2.48).

Step and Project(SAP)

Step and Project (SAP) is a different perspective from ICD. It views the correction of the

unconstrained step, 6?]“, as a projection of ? j11 to a point on the constraint manifold

—(0)

closest to p'; ;.

In other words, ?ﬁ)l and 7%1 are as close as p0551ble and this closeness is measured
using the L? norm of the mass-weighted displacement 5p P jti:

0T j1)" M6 1)
(0)

where (5?j+1 = ?Hl — ?j +1 is the correction of the unconstrained step.

SAP solves the following optimization problem to finding the closest point on the
constraint manifold to the unconstrained step:

min

1) M6 j1)

s.t. C(?j+1) = Om

(2.64)

The constant 1/2(At)? will become clear in Theorem 2.8.1. The Lagrangian of the optimization
problem for SAP in Equation (2.64) is:

1

LSAP((S?Hh 2(A1)? STAs (0D J+1)TM(5 V1) + C(?Hl)T)\ : (2.65)
ICD and SAP will find the same 6?j+1, and A. This agreement is given as Theorem 1
in [30] and also presented as Theorem 2.8.1 below, where a more detailed explanation is
given.

Theorem 2.8.1 (Agreement between ICD and SAP). ICD and SAP finds the same
solution.
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Proof. A stationary point ((5?]-“, A) for SAP satisfies the following stationary equations:

OLsap(0F j11,\)

= 03,
0 41 ’ (2.66)
OLsar(0P 1)) _
O\ "

Substituting in the expression for Lgap(87 41, \) from Equation (2.65) shows the stationary
equations are given by:

C(Pjt1) =0, .
Rearranging gives:
0T j1+ (A’ MT'VO(F 1) A = 03y,
¢ (?Hl) =0 .
The linear system of Equation (2.68) is the same as the ICD system given in Equation
(2.63) and repeated below:

F(6T 41, \) =07 j1 + (A’ MIVO(T 541)T A = 0s,,
C(ﬁjﬂ) =0y, .

(2.68)

(2.69)

Therefore, ((5?j+1, A) are the roots of the ICD system and also a stationary point for
SAP. O

Even though ICD and SAP finds the same solutions, the SAP paradigm is more powerful
since it leads to the Fast Projection algorithm discussed next.

Fast Projection (FP) is an Approximation of SAP
Fast Projection is an approximation of the SAP method. Instead of finding the closest

point to the unconstrained step on the constraint manifold, 7j+1, Fast Projection finds a
sequence of small steps approaching the constraint manifold:

?g'(—)&}l? 7§'217 7§'%217 75’?17 o
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where ?5&)1 is given by Equation (2.61) and

—>(k k—1)
P =TFED 1670 fork=1,2,...

and 5?

]H is a small step.

The following discussion shows how to find ?;21 from ?ﬁ)l. Since || 57?}21 || is small,

() .

C (?ﬁ)l) is very close to its linear approximation near p';/;:

?j-'rl —>(0)1 + 5?]—‘,-1 C(?‘g_gl + VO ?‘j-‘rl 5?]4_1 (270)

Therefore, Fast Projection replaces the constraint in Equation (2.64) with its linear approximation
to solve an optimization problem very similar to SAP to find the optimal step (5?5221 :

min 5?]“ TM(S ?ﬁ)l

s.t. C( i (+1> +VO(F)ITE =0,

(2.71)

The meaning of this Fast Projection optimization problem is to find a small step, 5?3 |

such that the linearly approximated constraint near ?( )1 is satisfied. This small step then

gives a new point, p ; +)1, that satisfies the constraints a bit better than p 5 +)1 The only

difference between Equation (2.71) and Equation (2.64) is the constraint manifold has been
linearly approximated. The Lagrangian for the optimization problem in Equation (2.71)
is:

LFP((S?QI, 5)\(0))
5—>(0)

(2.72)
J“ 1) T (C(?3+1) +VC ?J+1 5?;+1> oA,

where 6A©) ¢ Rm are m Lagrange multipliers for the small constraint-maintaining force
correcting 7\ j11- A stationary point of Equation (2.72), (& —>§SL)1, SA©) ] satisfies the following
two stationary equations simultaneously:

6LFP(5?§O+)1, )
257\, (A)?

MEPE) + V()TN = 0y, (2.73)
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a-LFP 5?5-217 0 )

EC) = 0P +voe@ )T =0, . (2.74)

Rearranging Equation (2.73) gives:
P =~ MW E)TaNO . (2.75)

Rearranging Equation (2.74) gives:
v, = —c(r)) . (2.76)

Substituting Equation (2.75) into Equation (2.76) gives:
(A2 (VOF VT X = (B ) (2.77)
The A that is the solution to Equation (2.77) will be used to find the correction (57?}21
using Equation (2.75). Then, ?ﬁ)l is a point on the linearly approximated constraint
manifold and is found by:
1 0 0
Trh=Th+o7

The same process is used to find ?ﬁzl,?gl, ... until || C(p]H) || is smaller than a
predefined threshold level, e, which is an input to the Fast Projection algorithm. Since a
Fast Projection step is an approximation of SAP, 6A®) found from the k-th iteration of
Fast Projection can be optionally scaled by a factor, « € R, 0 < a@ < 1 as needed to ensure

the correction is small. Fast Projection is summarized in Algorithm 1.

2.8.3 Benefits of Fast Projection

Goldenthal et al. [30] provided two benefits of Fast Projection.

1. Firstly, the authors showed Fast Projection can handle three of the four cases where
SHAKE will face difficulty as described in Barth et al.[9]. The remaining case can
be avoided by taking a smaller unconstrained step.

2. Secondly, the authors presented comparisons of Fast Projection with other algorithms,
and showed Fast Projection is faster and more accurate.

These are discussed in the following subsections.
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Algorithm 1 Fast Projection

INPUT: Initial iterate ?ﬁ)l resulting from an unconstrained step, see Equation (2.61).
A small number e.
OUTPUT: A sequence of iterates ?;821, ?ﬁp ... approaching the constraint manifold

C(R3™).
1: for k=0,1,2,... do
2: Solve the linear system:
(At (ve@ )M ve@E)T) b = o) . (2.78)
to find SN, "
. . —(k
3: Find the correction 0 p';/;:
d7 W = (AP o) TR (2.79)

k k k
£ Update 7Y =67, + 71,
5. if |C(FYY)] < e then
6: Return ?yﬁ’:l)
7. end if
8: end for
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Advantage of Fast Projection’s Implicit Constraint Force over SHAKE’s Explicit
Constraint Force

Barth et al.[9] discussed four cases where an explicit constraint force will not be able to
produce a correct constraint force after the atomic coordinates have changed. Goldenthal
et al. [30] discussed why treating the constraint force implicitly can lead to improvements,
their discussions are summarized here.

et aley

) SHAKE.
Superposmon

Figure 2.1: Case 1: The explicit constraint force used by SHAKE, points in the wrong
direction.

— el

(2) 7; ) 7Y, © (d) FP.
Superposition.
Figure 2.2: Case 2: The matrix VO(7\%,)VC(F ;)" used by SHAKE is singular. The
matrix VC(?QH)VC(?FFI) used by Fast Projection is nonsingular.

The four cases are presented in Figures 2.1, 2.2, 2.3, and 2.4. The black colored lattice
structures in each figure is the configuration at the beginning of the time interval, with
atomic coordinates denoted by the vector ? . The light gray structure is the the result of
one unconstrained step and is denoted ? j+1, see Equation (2.61). The exact values of At,
7], and the force due to the potential energy that caused the unconstrained step is not
relevant to this discussion. Rather, the gradient VC' (?) as given by Equation (2.51) and
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o v
—I0 =0

(2) 7; ) Y, ©

Superposition.

Figure 2.3: Case 3: Two atoms with the same coordinates causes the matrix VC (?ﬁ)l)

to be rank deficient. Both SHAKE and Fast Projection produces no solution. This can be
avoided by taking a smaller unconstrained step.

°_°_°1<>3“<§>“‘<>‘

(a) 7, 7o (0

J+1
Superposition.

Figure 2.4: Case 4: VC(7/;) is rank deficient.

the related matrix:
vVo(p)Mve(P)”

corresponding to each of the configurations given in Figures 2.1, 2.2, 2.3, and 2.4 are used
to illustrate how Fast Projection enforces constraints differently from SHAKE.

The following discussion assumes all atoms involved are the same, and therefore have
the same mass m. This means M = mljs,, where m is scalar that can be absorbed by
the Lagrange multiplier 6\, therefore, we can assume M = I3,. Under this assumption,
SHAKE’s linear system at beginning ofthe first iteration uses the matrix,

0
VO(F VO,
while Fast Projection’s linear system at the beginning of the first iteration uses the matrix:
—(0 —3(0)
VC(PEVCT )"

In addition, the constraints to be enforced are the bond lengths between consecutive atoms
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as determined by the atomic coordinates in ?j. This means C' (?3) = 0,, holds, whereas
C(p g+1) # 0,, holds.

1. Case 1 is presented in Figure 2. 1 In this case, ? ;11 results from a 45° rotation and
a stretch of the bond length of 7 7 ;. The main problem illustrated in this case is that
an explicit force does not use the most current relevant information.

Let the atomic coordinates of the black lattice be (0,0,0) and (4,0,0), and 7'; =
(0,0,0,4,0,0)T. Let the atomic coordinates of the light gray lattice be (0, —2,0), and

(4,2,0), and 7§821 = (0,-2,0,4,2,0)T. Calculating VC(ﬁj) shows:

VC(F) = P15 = m0G) —p() (I | —I)

100 -1 0 0
= ((0,0,0) = (4,0,0) [0 1 0 0 -1 o0
001 0 0 -1
100 -1 0 0
=(=4,0,00[{0 10 0 -1 0
001 0 0 -1
= (—4,0,0,4,0,0)

The explicit constraint force VC(7;) = (—4,0,0,4,0,0) can only make a correction
in the x direction for each atomic coordinate in the unconstrained step. VC' (73 1)
is given by:

VOB = (PO S = 000+ 1) =G+ 1)) (I | - 1)

100 -1 0 0
((0,-2,0)— (4,2,0) {0 1 0 0 -1 0
001 0 0 -1
100 -1 0 0
—(=4,-4,00{0 1 0 0 -1 0
001 0 0 -1
— (—4,-4,0,4,4,0)

Fast Projection’s implicit constraint force VC’(?ﬁ)l) = (—4,—4,0,4,4,0) can make
a correction in both the x and y direction for each atomic coordinate in the lattice.
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As a result, Fast Projection is able to adjust the bond in the diagonal direction, but
SHAKE incorrectly makes a horizontal adjustment, rotating the bond’s orientation.

. Case 2 is presented in Figure 2.2. In this case, ?5&)1 results from a 90° rotation
and a Shrink in the bond length from the beginning of timestep conformation, with
coordinates P ;. The main problem illustrated in this case is that a large rotation due
to the unconstrained step can cause the matrix used by SHAKE: VC’(?]H)VC'(? )T
to be come singular or ill-conditioned (near singular).

Let the black lattice’s atomic coordinates be (0,0,0) and (4,0,0), let the light gray
lattice’s atomic coordinates be (2, 1.5,0), and (2, —1.5,0), giving ?j =(0,0,0,4,0,0)"
and 7%, = (2,1.5,0,2,—1.5,0)7. VC(7;) is given by:

Jj+1 —

VC(T;) = ??512 = (1) =) (I | = I3)

100 -1 0 0
=((0,0,0) = (4,0,0) [0 1 0 0 =1 0
001 0 0 -1
100 -1 0 0
=(=4,0,00{0 10 0 -1 0
001 0 0 -1
= (—4,0,0,4,0,0)

VC’(?;&%) is given by:

VO =P S =00 +1) -G+ 1) (I |- I)

100 -1 0 0
=((2,15,0) = (2,-15,00 [0 1 0 0 —1 0
001 0 0 -1
100 -1 0 0
=(0,3,00{0 10 0 -1 0
001 0 0 -1
—(0,3,0,0,—3,0)
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C (?ﬁ)l) is given by:

T ) = 501 (215,00 = (2,-1.5,0) 2 = || 0,0,0) = (4,0,0) [?) = 59— 16) = 3.5

The linear system SHAKE solves at the first iteration is:

VO(FLIVOT )N = (T )
(0,3,0,0,—3,0)(~4,0,0,4,0,0)"A? = =35
0=-3.5

This is a contradiction, thus SHAKE is unable to find a solution. On the other hand,
Fast Projection’s first iteration solves the system:

0 0 0
VO(PO VOB )N = (7))
(0,3,0,0,—3,0)(0,3,0,0,—3,0)"A® = —35
1800 = _35
Therefore, large rotations due to an unconstrained step does not cause a problem for

Fast Projection, but can cause the matrix used by SHAKE, VC(?;%)VC’(?]»)T to
become singular, or ill-conditioned.

. In Figure 2.3, the atoms have collided resulting in a bond length of zero, after an
upwards motion. This is a situation where both SHAKE and Fast Projection cannot
find a solution, but can be avoided by taking a small unconstrained step.

In this situation, the unconstrained step has the bond shrunken to have length 0,
and the two atoms have collided. Therefore:

P+ 1) = p (5 +1) = (0,0,0) .
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The resulting VC’(?]H) is given by:

100 -1 0 0
0 .
veT ) = (B S =006+ 1) - pPG+1)" |0 10 0 —1 0
001 0 0 -1
100 -1 0 0
—(0,0,00{0 10 0 -1 0
001 0 0 -1
=(0,0,0,0,0,0)

Fast Projection’s matrix, in this case a scalar, is singular:

VC(?Q+1)VC(?3+1) =0

SHAKE’s matrix is also singular:
VC(F V(T )" =0

Thus, if a bond length shrinks to 0, and two atoms have the same atomic coordinates,
a row of zeros is added to the gradient of the constraints, making this gradient matrix
rank deficient.

. Case 4 is presented in Figure 2.4. This case involve a lattice with 4 atoms, three atoms
are labelled in Figure 2.4 (b), where the leftmost atom is assumed to be the first atom,
with label 1. The constraint pairs are the following index pairs: (1,2), (1,4), (2,3),
(3,4). Since the vector p;(j) — pa(j) and py(j) — pa(j) are the same, VO (7 ;) is rank
deficient, causing the matrix used by SHAKE to also be rank deficient. The following
calculation provides a further clarification.

The atomic coordinates of the 1st to 4th atoms of the lattice at the beginning of the
time interval are: (0,0,0), (4,0,0), (8,0,0), (4,0,0) respectively. The beginning of
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the time interval atomic coordinates give the following VC (?]) matrix:

TS\ (@G = G+ D) (B~ s Ou)
VO(T ) = (D) S| _ G+ 1) - p G+ )T (I3 Osxz Osxs —I3)
(V) (?-)TS = ), . 0, - T
3] 0 (pQO (j+1)—p30 (J+1)7 (0sxs Is —Is Osxs)
(P3)" S (pé)(j+1)—pi)(j+1))T (0313 O35 I3 —I3)
((0,0,0) = (4,0,0))" (Is —I5 Osxs Osxs)
— ((07 07 O) o (47 07 0))T (I3 03><3 03><3 _13>
((4,0,0) = (8,0,0))" (0343 Iy —I3 Osx3)
((87070)_(47070))T (03><3 03><3 [3 _[3)
(=4,0,0)" (I —I5 Osx3 0s43)
_ | (=4,0,0)7 (I3 03.5 0353 —13)
(—4,0,0)" (03x5 Iy —I3 0s43)
(4,0,0)" (03¢5 O3y3 I3 —I3)
-4 00 4 00O0O0OO0 O OO
~|-400 0 00O0OO0OO0C 4 00
10 00 —400400 0 00
0O 00 4 00400 —-400

vC (?]) is a rank 3 matrix, this can be verified using singular value decomposition,
thus it is rank deficient.

The atomic coordinates of the 1st to 4th atoms of the lattice at the end of the
unconstrained step are: (2,0,0), (4,2,0), (6,0,0), (4, —2,0) respectively. The unconstrained
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step atomic coordinates gives the following VC (75221) matrix:

(TR (06 +1) =9 G+ D) (I ~L O Os)
vop) = (?ﬁ)ﬁTSM _ PG +1) =P G+ 1)" (I3 Osxs Osxs —Is)
a (?§221)TS23 (péo)(3+1)—p§°)(j+1))T (0353 Iy —I5 Ogys)
(P37 S PG+ 1) =G+ 1) (O3xs Osxs Is —I)
((2,0,0) — (4,2,0))" (I3 —I5 O3x3 Osx3)
1 ((2,0,0) = (4,—=2,0))T (I O3x3 O3x3 —I3)
| ((4,2,0) = (6,0,0))T (03x3 Is —I3 0Os43)
((6,0,0) — (4,—2,0))" (0343 O3x3 I3 —I3)
(=2,-2,0) (I3 —I3 0343 Oszy3)
| (=2,2,0) (Is O3x3 O3x3 —I3)
| (-2,2,0) (0353 Is —I3 Osy3)
(=2,-2,0) (03xs O3x3 I3 —Is)
-2 =20 2 20 0 0 0O0 0 O
-2 2 0 0 00 O 0 02 =20
10 0O 0 -220 2 =200 0 0
o o0 o0 o0 00 -2 -2202 2 0

VC(?;%) is a full rank matrix. Multiplying VC(?;%)VC’(?;%)T shows this is
also a full rank matrix:

VC(TRIVC(T )" = 0 0 16 0

Multiplying out VC(?ﬁ)l)VC(?j)T gives:

6 8 -8 0

&8 16 0 O
VO(P)Ve(T )" = -8 0 16 8|

0 -8 8 16

which is not full rank.
This concludes the review of the four cases discussed by Barth et al.[9] which was used by
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Goldenthal et al. [30] to show the implicit constraint force is more advantageous.

Note that these four cases showed two situations where the gradient of the constraint
can become rank deficient. The first situation is as follows. Let ? denote the vector
of atomic coordinates, and let p, denote the atomic coordinate of the a-th atom. For a
constraint on the distance between the a-th and b-th atom, if

Do — Py = 03,

then VC (?) will have a row of zeros and is therefore rank deficient. This means a force
pushing these two atoms away from each other cannot be found.

In the second situation, suppose the a-th atom is involved in more than one constraint.
For all constraints that the a-th atom is involved in, if there exists atomic indices b; and
by such that,

Pa — Po, = (Pa — Dby)
where a@ € R is an arbitrary constant, then VC (?) is rank deficient. This means in
particular that three atoms cannot be constrained to be collinear.

Speed and Accuracy of Fast Projection

Fast Projection is faster and more accurate than other iterative methods. This is presented
in Figure 5 of [30], where Fast Projection was compared with ICD, Shake, Jacobi, and
Gauss-Siedel. Figure 5 has been reproduced in Figure 2.5. The main conclusions from
Figure 5 are:

e Fast Projection uses less time than all other algorithms to enforce constraints to
higher accuracy (less strain). See Figure 5 a) of [30].

e As n and m increase, Fast Projection’s computing time increases the slowest among
all four algorithms. See Figure 5 b) of [30].

2.8.4 Termination of Fast Projection
The convergences of Rosen’s GPM, of which Fast Projection is a part of, is a research

direction of itself. See for example Rosen’s original work [66, (7], and also the publications
from Du and Zhang [27, 29, 23].
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Figure 2.5: Figure 5 of [30]. This figure shows Fast Projection’s performance is the fastest
when compared with four other iterative constraint enforcing algorithms.

Assuming that the matrix in Fast Projection’s linear system is full rank, and assuming
a sequence of iterates converge to the constraint manifold exists, the following proof shows
Fast Projection will find this sequence of iterates and terminate (converge).

Theorem 2.8.2 (Termination of the Fast Projection Algorithm). Assume that the matriz
in Fast Projection’s linear system is full rank for all iterations k:

(ve@yve@ i) .

A sequence of iterates converge to the constraint manifold exists if and only if Fast Projection
terminates.

Proof. 1f a sequence of iterates approaching the constraint manifold exists, then

5?3+1—>03nask—>oo.

By Equation (2.76)

—> k) k
§+1 5? j+L T T ?5421) .
This means

(™) = 0,

and hence || C (?] +1) ||I— 0, and Fast Projection will terminate.
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Conversely, starting with the assumption that Fast Projection terminates, then the
following must be true:

k
C(?gﬁl) —0,, .
But from Equation (2.78)

(At (Ve Ry e@ ") b = (7l -

Since (VC(?JH)VC(?JH) > is full rank and invertible, this must mean

SAF) —

" t) (VO@EIVOFENT) OB = 0,0 a5k - o0

From Equation (2.79), this also means

7 = —(APMIVO(T ) TP = 0y, .

Pjs

Thus a sequence of iterates that approach the constraint manifold has been generated. [J

2.8.5 Remark: Rosen’s Correction and Fast Projection

Rosen’s Correction and Fast Projection are the same algorithm developed independently
(Goldenthal et al. did not cite Rosen’s work). This independence is significant in its
own right in that both authors emphasized different mathematics . Rosen emphasized
generalizing from linear constraints to nonlinear constraints; Goldenthal et al. emphasized
using an implicit constraint force.

However, this independence also shows a serious defect of the approach on R3": the
de-emphasis of applying “abstract” concepts to different problem contexts.

This is not the case for the matrix manifold optimization paradigm, which applies
abstract concepts from differential geometry to formulate optimization algorithms for a
wide range of matrix manifolds. For example, the particular operation performed by
both Rosen’s Correction and Fast Projection is called a retraction [1, 2], different matrix
manifolds implement their own retractions.

'Recall Newton, Lagrange, and Hamilton showed the equations of motion can be derived using different
approaches.
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2.9 Summary

This chapter described the modelling of ENMs on R?*". The Hookean potential energy
was introduced, this potential has been used in NMA and to interpolate transitional
conformations between a given beginning and ending conformation, as well as for avoiding
atomic collisions.

Enforcing constraints on R3" has also been discussed. A review of Goldenthal et al.’s
derivation of the Fast Projection algorithm was given. Fast Projection was already known
to Rosen as early as 1961. The fact that optimization algorithms in R3" do start with
abstract concepts, and apply these abstract concepts to different problems, is one of the
serious defects of modelling protein ENMs using this space. In this case, Fast Projection
could have been introduced earlier.
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Chapter 3

Unconstrained Optimization with
Fixed Rank PSD Matrices

3.1 Introduction

This Chapter reviews the result that the EDM completion (EDMC) problem can be
formulated as a fixed rank PSD matrix manifold optimization problem. This Chapter’s
discussion is based on the publication from Mishra et al. [58]. Since a protein structure’s
Gram matrix is a point on 8% ~ R"*3 /03, the mathematics reviewed in this Chapter are
fundamental for modelling ENMs on the rank 3 PSD matrix manifold. Despite the close
connection between the EDMC problem and modelling of ENMs; these two areas has to
date developed independently from each other.

This Chapter is organized as follows:
1. Section 3.2 defines the EDMC problem.
2. Section 3.3 introduces the PSD objective function of [3].

3. Section 3.4 reviews the approach from [5&] of solving the EDMC problem by solving a
sequence of fixed rank PSD matrix manifold optimization problems. This formulation
is reviewed as an example of formulating optimization problems on the matrix manifold
SV ~ R?*" /O, without any constraints.

4. Section 3.5 introduces the Riemannian trust region (RTR) algorithm which was used
in [58] to solve the fixed rank problems.
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5. Section 3.6 discusses the geometric objects required by matrix manifold optimization
algorithms, such as the RTR algorithm, for the fixed rank EDMC problem.

Constrained optimization on S’" has been discussed by Journée et. al. [34] not in the
context of the EDMC problem, but for formulating the max-cut SDP relation problem and
the sparse PCA problem. Journée et. al.’s formulas for geometric objects for constrained
optimization will be discussed in Chapter 6 and modified in order to describe the constraints
of a protein structure. See also Section C.6 for a discussion on facial reduction and the
EDMC problem.

3.2 The EDM Completion (EDMC) Problem

The EDM and its embedding dimension has been defined in Section C.4. The definition
of the EDMC problem is given in Definition 3.2.1. The EDMC problem is an example of
the imputation of missing values task, one of the examples of machine learning problems
given in Goodfellow et al. [32].

Definition 3.2.1 (The EDM Completion (EDMC) Problem ). For a collection of n points,
assume some of the quadrances between the points can be specified, while the quadrances

between other pairs of points cannot be specified. The EDM for these points is therefore an
incomplete EDM.

The EDMC problem takes as input an incomplete EDM, D, where some matric entries
are specified, while other entries are unspecified. The EDMC problem produces an output
EDM, D, such that if the ab-th entry in D is specified, then the ab-th entry in the output
EDM s the same:

Day, = Eab )

and the unspecified entries in D are determined in the output EDM, D.

The EDMC problem can be defined using the language of graph theory (see for ezample
[/4] page 37). Associated with an n x n incomplete EDM is a weighted undirected graph

G=(N,E,w)
where N s the set of nodes of the graph, defined as:

N=A{1,...,n}.
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E is the set of undirected edges, defined as:
E=1{ab|a,b€ N,a#b and Dy, is specified.} .

These edges are undirected so that the edge ab is the same as the edge ba. The set w s the
set of weights for the edges.

w = {wey =Dy Vab e E} .
The 0 — 1 adjacency matriz H for the graph G is defined as:

1 ifabe K

Hab:Hba: .
0 ifab ¢ E

The graph G is called the input EDM graph.

The EDMC' problem takes the input EDM graph G and produces as output a new graph
where all possible pairs of undirected edges are present with their weights. If an edge,
ab € E, is already in the input graph, E, with weight wy,, the edge appears in the output
graph with the same weight.

The problem of determining protein structures from Nuclear Magnetic Resonance (NMR)
spectroscopy data can be formulated as an EDMC problem. This problem is defined in
Definition 3.2.2. The Protein Structure-NMR problem is not the problem addressed in this
thesis. It has been formulated as a PSD optimization problem by Alipanahi et al. in [, 4].

Definition 3.2.2 (Protein Structure Determination from Nuclear Magnetic Resonance
(NMR) spectroscopy data (Protein Stucture-NMR)). Nuclear Magnetic Resonance (NMR)
can be used to measure inter-atomic distances between protein atoms that are within the
range of 5 to 6 A apart, where 1A = 107'%m. These are the “specified entries” of a protein’s
EDM. Larger range inter-atomic distances are not known, and are the “unspecified entries”
of a protein’s EDM. These unspecified entries must be determined in order to determine
the position of all of the protein’s atoms.

The EDMC problem has applications for areas outside of protein structure modelling as
well. For example, another application is in sensor network localization. Further discussion
of solving SNL via EDMC can be found in [15, 11, 10].

Definition 3.2.3 (Sensor Network Localization (SNL)). Assume locations of sensors are
given by their 3-D Cartesian coordinates. Assume that sensors are aware of their distances
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to nearby sensors. Assume also that there is a large number of sensors and the use of a
global positioning system (GPS) to determine all of their locations is very expensive.

The SNL problem takes as input a list of distances between each sensor and its neighbours,
subject to a threshold distance.

The SNL problem outputs the 3-D Cartesian coordinates of all the sensors. Localization
means to determine the 3-D Cartesian coordinate of a sensor.

3.2.1 Low Embedding Dimension EDMC

The SNL problem, given in Definition 3.2.3 and the Protein Stucture-NMR problem, given
in Defintion 3.2.2 are both examples of EDMC problems where a low embedding dimension
solution is required. This is because both sensors and protein atoms are points that exist in
3D space, and thus the EDM has embedding dimension 3, which is small compared to the

total number of points. As discussed in Section 2.6.4 of Krislock [11], the low embedding
dimension EDMC problem is NP-hard in general, but specific instances of this problem
can be solved efficiently, as the work of Krislock and Wolkowicz [14, 15], and Mishra et al.

[58] has shown. Using rank minimizing heuristics to formulate the EDMC problem is one
research direction for finding low rank EDMs. This approach is reviewed in Section 2.6.7
of Krislock [11].

The approach proposed by Mishra et al. [58] finds low embedding dimension EDMs
by solving a sequence of fized rank PSD matrix manifold optimization problems, starting
with rank 1. Since the mathematics of the fixed rank problem is fundamental for modelling
ENMs, it is used as an example to introduce fixed-rank PSD matrix manifold optimization
in Section 3.4 and Section 3.6.

3.3 The PSD Objective Function for EDMC

Suppose there are n points, and the EDM of these points, D, is incomplete. The EDMC
problem was formulated as a semidefinite optimization problem in Alfakih (1999) [3] with

the objective function: B
f(X) = Ho(K(X)-D) |z - (3.1)

The matrix X is an n x n PSD matrix, X > 0. The matrix H is the 0 —1 adjacency matrix
defined in Definition 3.2.1. The operation o represents element-wise matrix multiplication.
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The matrix D is the partial EDM whose missing entries needs to be determined, and (-
is the linear isomorphism between the PSD cone and the EDM cone, see Section C.5.

The objective function given by Equation (3.1) has the meaning of finding the closest
EDM K(X) to the input incomplete EDM D. The EDM K(X) and D are considered
close if the squared Frobenius norm, || - ||%, of their difference is small, which is what the
objective function is measuring.

Other aspects of the EDMC problem discussed in [3] include:

e Ensuring that X is a centered Gram matriz. This means X1, = 0,,, this constraint
means the coordinates of the points is centered at the origin. This constraint reduces
the problem from finding an n xn matrix X to a problem of finding an (n—1) x (n—1)
matrix X. That is, the problem is formulated on the cone S"~' rather than St

Note that this is the same constraint as the constraint for conservation of linear
momentum used in modelling ENMs on R3", see Section 2.7.

e Quadrance constraints can also be added to the optimization problem.

Finally, a primal-dual interior-point algorithm was developed to solve this optimization
problem. This solution approach is not explored in this thesis.

Meyer [55] pointed out that because of the linear isomorphism A(-), the EDMC problem
when viewed as an optimization problem on S’ or S’ becomes a linear regression problem.
See also Section 8.1.

3.4 Fixed Rank PSD Matrix Manifold Optimization

Solving low rank PSD optimization problems have been examined by Journée et al. [31]
where an algorithm that solves a sequence of fized rank PSD matrix manifold optimization
problems was introduced. The authors did not give a name to that algorithm, referring to
it only as a “meta algorithm”. For ease of discussion, this meta algorithm is referred to
here as “the rank incremental algorithm”.

Mishra et al. [58] used this rank incremental algorithm to solving the low embedding
dimension EDMC problem, the Matlab code can be found at https://bamdevmishra.in/
codes/edmcompletion/. The geometry of the fixed rank problem is relevant to modelling
protein structures because a protein’s Gram matrix is a fixed rank (rank 3) PSD matrix.
Since Gram matrices of other ranks are not relevant to modelling protein ENMs, the details
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of the rank incremental algorithm will not be discussed, see Journée et al. [31], Mishra et
al. [58], and the Matlab code for further details. The discussion from this point on will
focus on solving the fixed rank problem only.

An optimization problem that requires its solution to be a fixed rank Gram matrix is
an optimization problem on the Riemannian manifold S”", where 7 denotes the fixed rank.
Such an optimization problem can be solved using either the gradient descent algorithm
or the trust region algorithm generalized to S [54].

Optimization algorithms on R3" (equivalently R™) can be generalized to matrix manifolds,
which are Riemannian manifolds where a point on the manifold can be represented by
a matrix, see [I]. Appendix D provides the background needed to define a Riemannian
manifold, and the compact Stiefel manifold, the non-compact Stiefel manifold, the Grassmann
manifold, and the fixed rank PSD matrix manifolds are given as examples of matrix
manifolds.

Absil et al. [1] has used abstract differential geometry as a foundation, and showed how
such abstract ideas can be applied to various matrix manifolds.

The trust region algorithm generalized to Riemannian manifolds is called the Riemannian
trust region (RTR) algorithm. The trust region algorithm has the desirable superlinear
convergence properties of the Newton algorithm, but is much less sensitive to initial
conditions than the Newton algorithm (see [I] Chapter 7). Another advantage of the
trust region algorithm over Newton’s algorithm is that the subproblem is solved by the
tCG algorithm, which does not require the Hessian matrix of the objective function to be
formed explicitly, nor the inverse of the Hessian matrix to be found. This means the tCG
algorithm can be conveniently generalized to the situation where the Riemannian manifold
is not R®", where the Hessian matrix is instead given as a linear operator acting on a matrix
or vector, as seen in Section 3.6.5. Due to these advantages, the trust region algorithm
will be used in this thesis.

Mishra et al.[58] showed the trust region algorithm is preferable to gradient descent for
the EDMC problem following reasons:

e The trust region algorithm requires less iterations for convergence than gradient
descent in the EDMC problem (see discussion in [58] Section V and VI).

e As the number of points n increases, the trust region algorithm has been observed
to scale better than gradient descent for the EDMC problem. (see discussion in [55]
Section VI).
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In Section 3.5 and Section 3.6, and the rest of this section, the Gram matrix factorization

will be denoted as:
X=YYT,

instead of:
X = ppPT.

The reason for this notation change is that P has been defined to be an n x 3 matrix in this
thesis. However, the fixed rank problem currently being discussed is a subroutine called
by the rank incremental algorithm. At the beginning of the rank incremental algorithm,
the Y given as input to the fixed rank problem is n x 1, in the next iteration of the rank
incremental algorithm Y is n x 2, and so on. Thus, Y will be defined to be an n x r matrix,
instead of an n x 3 matrix.

The fixed rank problem solved by Mishra et al. [58] is:
min f(YY") =|| Ho (KYY") - D) |% (3.2)

n,r
YYTeS’

where f(YYT) is the objective function for the fixed rank problem. Equation (3.2) means
the optimization problem will find the rank » PSD matrix YY? whose corresponding EDM,
K(YYT), is closest to D. The is the same objective function as Equation (3.1), except the
Gram matrix is factorized.

The factorization of the Gram matrix as X = YY7 is invariant to the transformation:
Y -YQ,

where Q € O,, and O, = {Q|QTQ = QQT = I,}, I, is the r x r identity matrix. Since X
is rank  and Y is an n x r matrix of mazimal rank r, Y is an element of the non-compact
Stiefel manifold, Y € R?*". The optimization problem in Equation (3.2) is defined on the
quotient manifold:

ST~ R0,
This quotient manifold has equivalence classes [Y] defined as:

Y]={YQ|lQ €O,}. (3.3)

That is, the matrix Y@ is the same point as the matrix Y on the quotient manifold

SV ~ R /0O,, for any @ € O,.

When solving optimization problems on quotient manifolds, any matrix from an equivalence
class can be used to represent that equivalence class. This is given as the following definition
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for a point on S’ ~ RI*"/O,..

Definition 3.4.1 (A point on the quotient manifold S}" ~ R?*"/0O,). 87" ~ R*" /O,
s a quotient manifold and each point on the manifold is an equivalence classes given by
Equation (3.3) with potentially an infinite number of elements. In numerical algorithms
and when storing in computer memory, any matriz Y € [Y] can be used to represent
its equivalence class, and mathematical formulas are expressed using this “representative
matriz”. This means a point on S}" ~ R /O, can be represented simply by the matriz

Y.

Following Definition 3.4.1, expressions like [Y][Y]” will not appear in the mathematical
formulas relating to the fixed rank EDMC problem. The simpler notation Y'Y 7 will still be
used. The notation f(YY7) and f(Y) will both be used to denote the objective function
in Equation (3.2). The notation f(Y") is preferable to f(YY7T) since it is easier to read.

As discussed in [78] and Section D.6.5, S" is diffeomorphic to many geometries. In
this thesis, unless stated otherwise, the diffeomorphism S}" ~ R?*"/O, will always be
assumed, similarly for protein ENMs, S’}r’g’ ~ R™3 /03 is assumed.

3.5 The Riemannian Trust Region (RTR) Algorithm

The RTR algorithm can be used to solve the fixed rank problem posed in Equation (3.2).
The RTR algorithm requires the following geometric objects, they are to be defined in
Section 3.6:

e The Riemannian metric on the tangent space. See Section 3.6.1.

e The tangent space, TyS'y". See Section 3.6.2.

A projection to the horizontal space, I3, (-). See Section 3.6.3.
e The Riemannian gradient, gradf(Y"). See Section 3.6.4.

e The Riemannian Hessian in a direction 7, Hessf(Y')[n]. See Section 3.6.5

The retraction from the tangent space to the matrix manifold, Ry (n). See Section
3.6.6.
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The reminder of this section presents a review of the RTR algorithm.

Since this optimization problem has no constraints, any point Y € S is a feasible
point, which means a point the optimization algorithm will consider as a candidate solution.
The feasible region, which is the set of all feasible points, is the entire manifold S’
The feasible region is also called the search space since this is the space the optimization
algorithm will search for the optimal Y which will minimize the objective function.

For a given rank r, the RTR algorithm generates a sequence of iterates of n x r matrices,
Yo, ..., Yk such that:
klim gradf(Yx) = Opyxr - (3.4)
— 00

This means Y}, approaches a critical point of the objective function f(Y') defined in Equation
(3.2) (see [!] Theorems 7.4.2 and 7.4.4). Yj is the initial iterate, it is an input to the
algorithm.

At the k-th iteration of the RTR algorithm, an update vector n is found by solving the
trust region subproblem. Let the trust region radius at the k-th iteration be given by Ay,
the trust region subproblem is the following optimization problem:

min  my(n) = f(Yi) + (gradf(Yx),n) + %(Ua Hessf(Yi)[n]) ,

where n e Ty, ST .

The tCG algorithm, given in Algorithm 3, is used to solve the trust region subproblem,
this is following the suggestion by Absil et al. , see Algorithm 11 [1], see also page 205 of
[18] which discusses some helpful recurrences.

Let n* be the output of the tCG algorithm that solves the trust region subproblem.
This n* is accepted or rejected, and the trust region radius is also increased or decreased,

based on the ratio py:
my,(0) — mu ()

The meaning of py is to compare the decrease between the objective function f(Ry, (n*)),
with the quadratic approximation my(n*). This comparison is an indication of how well
the quadratic model my(n*) is in agreement with the objective function. If the agreement
is “very good”, the trust region radius is increased, if the agreement is “not very good”,
the trust region radius is decreased. “Very good” or not is determined as follows. Let
p € 0,%), e.g. p)=0.1, and consider the following possibilities:
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o If p, < pf, the objective function, f(Ry,(n*)), changed very little or may have
even increased meaning the quadratic model my(n*) from Equation (3.5) is a very
inaccurate approximation of the objective function. In this case, n* is rejected, and
the trust-region radius is decreased.

o If pr > p/ but it is still small (e.g. px < }L), the decrease in the objective function is
considered a reasonable progress, but the quadratic model my(n*) is still not a very
good approximation of the objective function f(Ry,(n*)). Therefore n* is accepted,
but the trust region radius is still decreased.

e If p. > p/ and p, = 1, then there is good agreement between the quadratic model
my(n*) from Equation (3.5) and the objective function f(Ry,(n*)). Since py > p',
good progress has been made in decreasing the cost function so n* is accepted. Since
the quadratic model my(n*) is in close agreement with the objective function, the
trust region radius is increased, with the hope the quadratic model will still be a
good approximation of the objective function for the bigger trust region.

e If p;. > 1, then the quadratic model my(n*) is a very inaccurate approximation of the
objective function f(Ry,(n*)), but nonetheless, the tCG algorithm has found a step
that greatly reduces the objective function. In this case, the trust region radius is
increased, with the hope a big decrease in the objective function can be found again.

The above ideas lead to the RTR algorithm in Algorithm 2. The RTR algorithm stops
when the Riemannian gradient gradf(Y}) has a very small norm, see the condition given
in Equation (3.4).

3.6 Geometric Objects for EDMC on S ~ R!*" /O,

In Absil et al.’s [1] development of matrix manifold optimization, differential geometry plays
a central role. This abstraction allows the connection between optimization algorithms on
R3" and other matrix manifolds to be made clear. In Nocedal and Wright’s well-known
book [(1], the discussion is restricted to R3", and abstract differential geometry plays a
lesser role.

Matrix manifold algorithms, such as the RTR algorithm discussed in Section 3.5 require
various geometric objects to be defined for the matrix manifold in question. These objects
are discussed in the following subsections for the EDMC problem on the matrix manifold

ST ~ R /0O, .
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Algorithm 2 Riemannian Trust Region (RTR)

INPUT: Initial iterate Yo, A >0, Ag € (0,A), and p' € [0, 1).
OUTPUT: Sequence of iterates {Y}}
1: for k=0,1,2,... do

2: Obtain 7 using Algorithm 3.

3: Evaluate p, = —f(zlz)(g)ffii’“(éz%)).

4: if pr < i then

5: Apy1 = iAk

6: else if p;, > 2 and | nx [|= A, then
T: Api1 = min(2Ag, A)

8: else

9: App1 = Ay

10: end if

11:

12: if pp > p’ then

13: Accept Yiy1 = Ry, (k).

14: else

15: Reject Y1 = Y.

16: end if

17: Check stopping criterion, for example:
18: if || gradf(Yi+1) ||r< € for small € then
19: Algorithm Terminates.
20: end if
21: end for
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Algorithm 3 Truncated Conjugate Gradient (tCG) for the trust-region subproblem

1: Set j =0, 7" =0, ro = gradf(Y%), do = —7o.
2: for j =0,1,2,... do
3: Set aj = (rj,7;)/(6;, Hessf(Yy)[0,]).

4 Set Pt =1 + y6;.
5: if (8;, Hessf(Yy)[d;]) <0 or ||/t ||> A then
6: Compute 7 > 0 such that n =1/ 4+ 76, satisfies || n ||= A.
7 T is given by the positive root of
T2<6j7 5]) + 27—<77j7 5]> =A% - <77j777j>
8: Return 7
9: end if
10: Set rj11 = 1; + a;Hessf(Yy)[0;]
11: if || 741 [|< min(]| ro ||, k) then
12: Return 771,
13: end if
14: - Set Biun = (rjun,mi41)/ (15, 75)
15: Set 6j+1 = —Tjp1+ ﬁj+15j.
16: end for
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In each subsection, the geometric object for an abstract quotient manifold is presented
first, then the corresponding geometric object for the EDMC problem is presented. This
order of presentation attempts to follow the presentation in Absil et al. [1] to highlight the
importance of abstract differential geometry.

The Notation M vs. M

When discussing an abstract quotient manifold (see definition in Section D.6.4), the overline
notation

TEM,
is used to denote a point on the structure space M, where the line is placed on both the
structure space and the point. The notation

rEM=M/~,

is used for a point on the abstract quotient manifold. Similarly, an overline is placed on
tangent vectors on the tangent space of the structure space,

7€ TeM,
but not on the tangent space of the quotient manifold:
neil,M.

However, when discussing S'}" ~ R”*" /O, in particular, the overline notation will not be
used to differentiate between objects in the structure space and the quotient manifold.
This is to make the notation easier to read, and to emphasize that when implementing
these formulas in a computer program these objects are not differentiated. Recall from
Defintion 3.4.1, a point on S”" ~ R”*" /O, is represented by a point Y € R?*" with no
overline placed on the matrix.

3.6.1 Riemannian Metric
Riemannian metrics were introduced in Section D.5. For an abstract quotient manifold

M = M/ ~, let the Riemannian metric defined on the tangent space of a point T € M
be denoted
g('a ) )
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and the Riemannian metric on the tangent space of € M = M/ ~ be denoted

If g(-,-) does not change along the equivalence class 7—!(z), then the same metric can be
used for the quotient manifold, see [1] page 49 and [78] page 27. That is:

g('? ) = g(? ) :

The manifold S ~ R?*" /O, is a quotient manifold with structure space R?*", which
is an embedded submanifold of the Euclidean space R™*". The Euclidean metric from R™*"
defined by:

Trace(n’€)

where n,& € R™", does not depend on Y. This Euclidean metric will be used as the
Riemannian metric on the tangent space of a point Y € S"".

3.6.2 Tangent Space
Figure 3.1 is a schematic diagram of a tangent space to an abstract quotient manifold
M = M/ ~, with structure space M.

In Figure 3.1, * € M = M/ ~ is a point on the quotient manifold, and z € M
is a point on the structure space. An equivalence class 7~(x) C M is an embedded
submanifold of M. The tangent space of 7~!(x) at a point T € 7~ (z) C M is denoted
VM and is called the vertical space at T (see for example [1] and [78]). Mathematically,
this is written as:

VM = Ty(n ()

The horizontal space is the orthogonal complement of the vertical space:
VM L Ho M
The horizontal space and vertical space together make up the tangent space:
HeM S VM = TeM (3.8)

A mapping that assigns to each T € M a horizontal space HzM at 7 is called a horizontal
distribution.
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M

Figure 2.6: Tangent vector v, and its horizontal lift 7z.

Figure 3.1: Vertical and horizontal spaces. Figure 2.6 of (Vandereycken, 2010 [78]).

A tangent vector on the tangent space of the quotient manifold, n € T, M, has a
unique horizontal lift vector T € HzM on the horizontal space defined by the horizontal
distribution. Thus, tangent vectors on the tangent space of the quotient manifold are
represented by their horizontal lift in the horizontal space.!

Vectors in the horizontal space point to the direction of interest in optimization algorithms
involving quotient manifolds.

For the quotient manifold S"" ~ R?*" /O, the structure space is RI*". Tangent space
of R}*" at a point Y is denoted TyR}*". Proposition 3.6.1 shows Ty R}*" is isomorphic to
RTLXT'.

Proposition 3.6.1 (TyR"*" ~ R"*"). Let Y € R?*", the tangent space at the point Y,
denoted TyR}*", is isomorphic to R™™", denoted:

TYRnxr ~ RnXT
% >~ .

Proof. The first component of the vectors in Ty R?*" are those vertical to the equivalence

For M = M/ ~, the notation VzM and HzM are seen in [53], [34], [55] page 28, [75] page 28. This
notation is a bit confusing since the tangent space of a point on the quotient manifold should not have
a vertical space. The notation VzM and HzM emphasizing the structure space seems to be a better
notation.
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classes defined in Equation (3.3):
Y] ={yQ[QeO,}.
Let VyR?*" denote the vertical space, these vectors are of the form:
WRP ={yQ|QeR™ O =-Q}. (3.9)

The vertical space has Y pre-determined, so its dimension is determined by the number
of entries in the r x r skew symmetric matrix €2 that can be chosen freely. Thus, the
dimension of VyRI*" is:

r(r—1)

dim(WR") = ——— . (3.10)

Let £ € HyR}*" then ¢ is orthogonal to VyR"*" meaning that:

Trace(¢7YQ) =0 .

Since € is a skew symmetric matrix, this implies £7Y is a symmetric matrix. It follows
then:
HyRDT = {€ | €7Y = YT¢} . (3.11)

Let the matrix Y+ the an (n — r) x r matrix whose columns are all orthogonal to Y, that
is:

YTV = 0,00y and (Y5)TY = 01 r)xr - (3.12)
Let £ = Y1 B, where B is any (n — r) x r matrix then

fTY - YTé- - 0r><'r )

hence, YL B € HyR™". Let £ = Y(YTY)7!A, where A is an r x r symmetric matrix, this
expression comes from [78] Section 6.6.2, then:

STY - YTg 3& O0rxr s
Therefore, in general, ¢ € HyR?*" has the expression:
E=YY'Y) A+ YiB. (3.13)

The dimension of HyR?*" is determined as follows. Firstly, observe B has (n —r)r entries
that can be chosen freely. Next, recall an r x r symmetric matrix has r(r + 1)/2 entries
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that can be chosen freely, therefore:

1
dim(Hy R™™) = (n — r)r + ’”(r; ) (3.14)
The tangent space at Y € R?*" is defined as:
TyRP" = WRIP" @ HyRP*" .
Equation (3.10) and (3.14) together show:
-1 1
&muwM”j:ﬂQTl+wn—mr+r“;)
r? o7 , TE o7 (3.15)
—5—54‘717“—7” +§+§
=nr.

TyR?*" is a vector space, and it has dimension nr, therefore, it is isomorphic to R™*". [

Horizontal vectors in HyRI*" at a point Y make up the tangent space to S7" at the
point Y. This is formalized in the Definition 3.6.1.

Definition 3.6.1 (The tangent space at Y € ST", Ty S"'"). The tangent space atY € ST,
denoted Ty S"y", is defined to be the set of all vectors from HyRI*":

TySY = {¢ e RV ¢y =YT¢} .

3.6.3 Projection onto the Horizontal Space

For an abstract quotient manifold, since HzM @ VoM = T3 M, a projection onto these
subspaces can be defined. The horizontal projection is a map:

g : TeM — HaM | (3.16)

For S™3, the horizontal projection is a map IIy : TyR™ " — HyR? " or equivalently
Iy : R™" — HyR*", given by:

My (Z)=Z-YQ. (3.17)
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Equation (3.17) has the meaning that after removing the vertical space, the horizontal
space is what is left. Since Z — PQ) € HyRI*",

(Z-YQ)'Y =Y"(Z -YQ)

holds. Thus, €2 solves:
YiyQ+Qyly =y'z - 77y . (3.18)

This is a special instance of the Sylvester equation. Solving this form of the Sylvester
equation is discussed in Section E.1.

3.6.4 The Riemannian Gradient

Let f: M — R be a function whose domain is the structure space M. The differential of
f at a point T € M in a direction n € Tz M is denoted (see Section D.3.2):

Df(@)[n]
The gradient is defined using this directional derivative, see Definition 3.6.2.

Definition 3.6.2 (Gradient of a function). Let gradf(T) be the gradient of f at a point
T € M. The gradient gradf(T) is defined as the unique tangent vector:

Df(z)[n] = g(gradf(z),n)

where §(-,-) is the Riemannian metric on TeM.

Definition 3.6.2 is a generalization of the definition from M = R3". Let ? € R3", recall
for a function F : R3" — R, its directional derivative in the direction of a vector 77 € R3",
denoted DF()[7/], is defined as the dot product between the gradient and the vector 77 :

DF(P)[7] = VE(P)" 7 (3.19)

where VF(7) is the gradient of F (7). The definition for a function on an arbitrary
Riemannian manifold is similar, except the Riemannian metric on the tangent space at the
point ? is used instead of the dot product.

Consider again the function f M — R on an arbitrary Riemannian manifold M,
suppose f is constant along each of the equivalence classes (the fibers), i.e. f(Z1) = f(Z2)
where 7(71) = m(Z2), then f is said to induce a function f : M/ ~— R on the quotient
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manifold. The gradient gradf(z) is a vector on the horizontal space at 7 € M. It is
the horizontal lift of gradf(z), which is the gradient of the induced function f. This
relationship is mathematically expressed as:

gradf(z) = grad f(7) ,

where T € M is a point on the structure space, and x € M/ ~ is a point on the quotient
manifold, and gradf(z) is the horizontal lift of gradf(zr), the gradient of the induced
function f: M/ ~— R.

Consider the objective function f(Y) = f(YY?) 2 in Equation (3.2), this function is
constant along the equivalence classes [Y] since YQ(Y Q)T = YQQTYT = YYT for any
Q € Q,. Thus f(YYT) induces a function on S’

The differential of f(Y) in Equation (3.2) in a direction 7 is given as follows:

Df(Y)[n] =D | Ho (K(YY")—=D) % [n]
=D(H o (K(YY")=D),Ho(K(YYT) - D)

—2<D(H o (IC(YYT) —D))n], Ho (K(YYT) — D))
)
)

(Yo, K (H? o (K(YYT) - D)) (3:20)

207 K (H 0 (KOYT) D)
=2Trace(nYTK*(H® o (K(YYT) — D)))
+ 2Trace(Yn' K* (H(z) (K(YYT) - D))
—ATrace(nYTK*(H® o (K(YYT) — D)))
—ATrace(YTK*(H® o (K(YYT) — D))n)
=4Trace(n”K*(H® o (K(YYT) = D))Y)
where H®) = H o H, and K* is the adjoint of K. Note that K*(H® o (KK(YYT) — D)) is a

2 As noted before, f(YYT) may also be denoted f(Y) to make the notation easier to read.
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symmetric matrix:
K(H® o (K(YYT) = D)) = K*(H® o (K(YYT) = D). (3.21)
Definition 3.6.2 together with the Riemannian metric from Section 3.6.1 gives the expression:

Df(Y)[n] = Trace(n’ gradf(Y)) .
It follows grad f(Y') given by:

gradf(Y) = 4K*(H® o (K(YYT) = D))Y . (3.22)

Equation (3.2) for the objective function and Equation (3.22) for the gradient suggests
the entired Gram matrix X = YY7 needs to be formed. For computer implementation,
the following equivalent summation expression have been presented in (Meyer, 2011[55]).
These formulas do not require the Gram matrix X = YY7 to be formed explicitly. The
objective function is given by the following summation:

fY) =Y err(a,b)?, (3.23)
(a,b)eD

where

err(a,b) = (ea — €)" YY" (€0 — €) — Ty (3.24)
= (Yo — )" (Yo — W) — Tap -

The quadrance G, is a specified entry from the incomplete EDM D, the input to the
EDMC problem. Recall e, was defined in Section 1.1, and y, — y is the difference between
the a-th and b-th row of the matrix Y.

Suppose the specified entries of the incomplete EDM D involve the following N neighbour
index pairs, where N = |D]:

D = {(a1,by),...,(an,by)},
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then, the gradient is given by the following summation:

gradf(Y) =4 Z err(a, b)(eq — €)(eq — €)"Y
(a,b)eD
=4 Z err(a,b)(eq — €p) (Yo — yp)" (3.25)
(a,b)eD
4(EXET)Y

The matrix E is an n x |D| sparse matrix with columns given by (e, —¢p) for all (a,b) € D
That is:

E:(eal—eb1 eaN—ebN) .

The diagonal matrix ¥ has shape |D| x |D| and its diagonal entries are the errors:

err(ay, by)
= . (3.26)

err(aN, bN)

The k-th diagonal entry of ¥ uses the same (ag,by) pair as the k-th column of E. The
summation form of the objective function, Equation (3.23) and gradient, Equation (3.25)
have assumed the weight on the error term H,, = 1 if (a,b) € D.

Note that both Equation (3.22) and Equation (3.25) for the gradient has the form:
gradf(Y) = GY

where G is an n X n symmetric matrix. When the gradient has this form the vertical space
does not need to be removed because the gradient is on the horizontal space, see Definition
3.6.1.

YT (gradf(Y)) = (gradf(Y))'Y . (3.27)

However, this thesis will still provide the projection formula which assumes the vertical
space needs to be removed in order to give the most general expression.

3.6.5 The Riemannian Hessian
A wector field n is a map that assigns to each point z € M a point on the tangent space
at x,

n:M-—T,M.
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Let V(M) denote the set of all smooth vector fields on M, an affine connection is defined
to be a smooth mapping (“smooth” is defined in Section D.2):

V:VM) x V(M) = V(M) :(&n) = Ven,

where V7 is called the covariant derivative of n with respect to £ for the affine connection
V. An affine connection V generalizes the idea of taking a directional derivative of a
vector field from R3" to a Riemannian manifold M. It is another structure in addition
to the differentiable structure of a manifold, which is discussed in Section D.2. Every
Riemannian manifold has a preferred affine connection, called the Riemannian connection,
or Levi-Ciwita connection.

When the Riemannian manifold is Euclidean space, its Riemmanian connection reduces
to the directional derivative (see for example [1] page 94, 98):

Ven(z) = Dya)[€(x)] = ti LEHEE) = 0l0) (3.28)

t—0 t

This is the case for R®", and also for R™ ", the space of n X r matrices. This definition
is called the FEuclidean connection. When the Riemannian manifold is an embedded
submanifold or quotient manifold of R™*", their Riemannian connection also reduce to
the Euclidean connection, followed by a projection to the tangent space of the embedded
or quotient manifold. The case for a quotient manifold is discussed below. The structure
space of 8" is R?*", which is an embedded submanifold of R"*", therefore both S’ and
R " use the Euclidean connection, the Levi-Civita connection is not required and will
not be discussed further in this thesis, further information can be found in for example

[1, 78, 48],

For a Riemannian quotient manifold M = M/ ~, let V denote the Riemannian
connection for M. For a point Z € M, let 7, € HzM C TszM denote the horizontal
tangent vectors. Let x = 77 1(T) € M, and let n, & € T, M. The horizontal lift of
Ven(x) for the quotient manifold M = M/ ~ is given by vgﬁ(f) from the structure space,
projected onto the horizontal space using Equation (3.16) (see [1] page 100, [78] page 30):

Ven(z) = x(Ven(T)) - (3.29)

If M is a Euclidean space, Equation (3.29) is written using the directional derivative:

Ven(z) = Hz(D()[¢]) - (3.30)



For S"'" ~ R?*" /O, the horizontal projection in Equation (3.17) is used to define the
Riemannian connection.

Ven(Y) =1y (Dn(Y)[¢]) , (3.31)

where 7, £ € HyR™ ". Recall from Section 3.6 that for S"" ~ R"*"/Q,., a bar will not be
used to distinguish between objects in the structure space and quotient space, this is to
make the notation easier to read.

For an abstract quotient manifold, M = M/, the Hessian is a linear operator defined
by the map:
Hessf(x) : Ty M — T, M where z € M .

This map is given by the covariant derivative of the gradient with respect to a given tangent
vector n € T, M (see Definition 5.5.1[1] and Definition 2.36 of [78]):

Hessf(z)[n] = V,gradf(x) . (3.32)
Recall in R?", the Hessian matrix is arrived at from differentiating the gradient.

The Riemannian Hessian of the objective function in Equation (3.2) in a tangent
direction 7 is given in [58]. The Hessian is defined using the Riemannian connection
from Equation (3.31):

Hessf(Y)[n] = Vygradf(Y) = Iy (Dgradf(Y)[n]) - (3.33)
Applying this definition to Equation (3.22) gives:
Hessf(Y)[n] = 4TIy [K*(H o (K(YYT) = D))n+ K*(H o (K(Yn" +nY") = D))Y]. (3.34)
Alternatively, differentiating Equation (3.25) gives (see also [55]):
Hessf(Y)[n] = 4lly (ESE™n + EXETY) | (3.35)
where ¥ is a diagonal matrix whose diagonal entries are given by:
diag(2) = 2diag((E"Y)(n"E)) . (3.36)

In summary, the Riemannian Hessian for an arbitrary Riemannian manifold M is a linear
operator. Only in the special case where M = R3" or M = R”, does it appear as a
matrix.
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3.6.6 Retraction

In the context of matrix manifold optimization, a retraction is the notion of mapping from
the tangent space back to the matrix manifold [I, 2]. Figure 3.2 shows an retraction on an
abstract manifold.

Retractions are approximations to the exponential map, see Appendix D Section D.5.1
for a definition of the exponential map, see also [1] Section 4.1, Chapter 5 Section 5.4 and
[18] Chapter 5. Computing the exponential involves solving nonlinear ordinary differential
equations which is a challenging problem in itself.

Figure 1.2: Retraction-based optimization.
Figure 3.2: A retraction on an abstract manifold. Figure 1.2 of (Vandereycken, 2010[78]).
The retraction for the EDMC problem maps from Ty S} to S’", and is given by [58]:
Ry(n)=Y +n. (3.37)

Note that when Y is full rank, and when the entries in 7 are small perturbations, Y + 7 is
still a full rank matrix.

3.7 Summary

This Chapter used the EDMC problem to introduce unconstrained optimization on the
S’V matrix manifold. The matrix manifold optimization paradigm starts with abstract
differential geometry concepts, and applies these concepts to a wide range of matrix
manifolds.
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Chapter 4

Normal Mode Analysis and the PSD
Potential

4.1 Introduction

The Hookean potential was first introduced as an efficient potential for finding the normal
modes of a protein structure in [75], where the author showed it produces root mean
squared (RMS) fluctuations in agreement with the semi-empirical potential. The Hookean
potential’s benefit for NMA studies is it allows the costly energy minimization step to be
skipped.

This chapter will also introduce the PSD potential using NMA as the application.

This Chapter does not claim any additional benefit is gained by using the PSD potential
for NMA. Rather NMA is the setting used to introduce the PSD potential.

The purpose of this Chapter is to highlight the agreement between the Hookean potential
and the PSD potential using the density of modes graph and the RMS fluctuation graphs
which were also seen in for example Tirion [75] and Kim’s [37] publications.

Section 4.2 describes the graphs for the density of modes, the RMS fluctuation per
a-carbon due to all modes, and the RMS fluctuation of all a-carbons per mode.

Section 4.3 presents the PSD potential energy, by removing the square-root from the
Hookean potential . The density of modes graph and the RMS fluctuation graphs are
presented and compared with the Hookean potential’s graphs.

Tn order to compute distance, the dot product is taken first, then the square-root is applied
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Section 4.4 discusses why quadrance has special significance to the PSD potential.

This Chapter continues to use the assumption discussed in Section 2.1 that a protein
structure is represented as an a-carbon chain.

Some of the discussions in this Chapter has appeared in our previous publication [53].

4.2 Density of Modes and Root Mean Square (RMS)
Fluctuations

4.2.1 Density of modes

The density of normal modes curve for various proteins was compared by ben-Avraham in
[10]. The result was presented in Figure 1 of [10] and is reproduced below in Figure 4.1.
The author observed the shape among different proteins was very similar, suggesting it is
a univeral property shared by proteins, and referred to this curve as a “univeral curve”.

This curve is constructed by grouping the eigenvalues of the Hessian matrix of the
potential energy into bins and counting the number of eigenvalues in each bin. The vertical
axis of this curve, g(w) is the number of eigenvalues within a range (a bin), divided by the
total number of eigenvalues. The horizontal axis of this curve, w, represents the range of
eigenvalues. A similar curve is also presented in [37] Figure 2.11, in a histogram form. The
cumulative density version of this universal curve, denoted G(w), was given in Figure 1 of
Tirion’s publication[75] rather than the density curve, g(w).

The different points in the curve in Figure 4.1 represent different proteins:

white circle: g-actin,

white up-pointing triangle:lysozyme,

black up-pointing triangle: ribonuclease I,

white down-pointing triangle: BPTI,

black circle: crambin.
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(a) Density of modes for various proteins.

FIG. 1. Density of vibrational normal modes, g(w), of g ac-
tin (O) lysozyme (A), ribonuclease I (A ), BPTI (V), and cram-
bin (@) as a function of frequency.

Figure 4.1: The shape of the density of normal modes is similar for many proteins. Taken

from [10].

(b) Original caption explaining the meaning of each shape.

4.2.2 RMS Fluctuations

RMS fluctuations of atoms are statistical measures of atomic displacements from the
equilibrium atomic coordinates and indicates which atoms have more flexibility to move
and which are stationary acting as pivot points. They are calculated using the eigenvalues
and eigenvectors of the Hessian matrix of the potential energy (e.g. Hookean potential or

PSD potential). Two fluctuations can be calculated:

e the fluctuation of the i-th a-carbon due to all modes, denoted o?, and

e the fluctuation of all a-carbons for the k-th mode , denoted oy.

79



The formulas for these values have been described previously, for example [37, 76], and are
summarized next.

The formula for o? is defined as follows, the first 6 eigenvalues are zero representing
rigid motions, and are ignored.

3n %
ot = <Z<02)2> : (4.1)
k=7
The formula for o, the RMS fluctuation of all a-carbons per normal mode k, is given by:
" (01)?)”
= —r . 4.2
o (2 12)

In the above formulas, o}, is given by:

i i Tk
o), = ‘ v (4.3)
and v, = ((vi)7,. .., (v1)T)T € R3" is the eigenvector for mode k. The value of v;, is given
by[37, 70]: 1
2kpT \ 2
w= () (1.4)
k

where )\ is the k-th eigenvalue, kg is the Boltzmann constant, and 7' is temperature. Since
2kgT is a constant, setting this constant to 1 to use the ~, value of:

1
Ve = = -
VA
will not change the shape of the graphs. Note that 7, is a measure of the average amplitude

of vibration of the a-carbon atoms, therefore v/, is a measure of the average frequency of
vibration.

(4.5)
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4.3 The Positive Semidefinite Potential Energy

Removing the square-root in Equation (2.14) gives the following pairwise PSD potential
energy:

1 2
Eapp-naa(pa(t) = po(1)) = 5 (Ipa(t) = po()* = dan(0)7)
1 2
= 2 (Ipe(t) ~ (1) ~ 40))
Quadrance can be expressed as a linear function of the Gram matrix P(t)P(t)?:
lpa(t) = po(t)]1* = (ea — e)" P()P(t)" (ca — €)

where P(t) = P(0)+ d(t), and 6(t) is an n x 3 matrix of perturbations, d,(t), a =1,...,n
now appear as the rows of §(¢) (compare this to Equation (2.13)).

(4.6)

5(t) = (u(t) ... 6u(1)" e RV, (4.7)
The total potential energy is now a function of the time ¢ Gram matrix P(t)P(t)T given
by:
Ep_nua(P(t)) = D Eap-nua(pa(t) — po(t))

(a b)eD

_1 Z — ) TP P(t) (€0 — eb) — qus(0))? |

(a,b)eD

(4.8)

Since this potential energy is a function of the PSD Gram matrix, it will be referred to as
the “PSD potential energy”.

As discussed in Section 3.6.5, the Hessian is a linear operator for an arbitrary Riemannian
manifold M. NMA requires the matrix representation of this linear operator to be found,
which is an 3n x 3n matrix. The process is very similar to that for the Hookean potential
in Section 2.3. The second order Taylor expansion for the pairwise PSD potential energy
near P(0), for a small perturbation 6(¢) is found first, the 3 x 3 Hessian matrix for the
pairwise potential will give the blocks for the 3n x 3n Hessian matrix.

A simple way to find the second order expansion for the pairwise potential using the
matrix representation of the Hessian to make the substitution x = P(0)T (e, — ;) € R3,
and apply the formulas in Section B.5.

Firstly note that
Eapp-vua(z) = (x7z — qu(0))* =0,

81



therefore, the constant term in the second order expansion is zero. Next, the gradient is
given by:
VEwp-nua(®) = 2"z — qu(0))r = 03 .

Therefore, only the Hessian matrix is nonzero when evaluated at P(0):
V2Ewp-nma(r) =222 — qup(0)) I3 + dzz”
= 4xa” (4.9)
= 4[pa(0) = p(0)] [pa(0) — p(0)]"

A comparison with Equation (2.16) shows the pairwise Hessian matrix for the Hookean
and PSD potential differ by a division of

44ap(0) = 4 [pa(0) = po(0)]" [pa(0) — p(0)] ,

which is a constant depending on the atomic index pair (a,b). Therefore, the two Hessian
matrices can be made equal by multiplying the pairwise interaction weights by the required
scaling factor.

The corresponding second order expansion for the total PSD potential is given by:

Bpoxua(P(t) ~ > (8a(t) = 0(8)" V2 Ewp-nra(pa(0) = po(0)) (3a(t) — 65(1))
(a,b)eD
=2 (0a(t) = 3(£)" [pa(0) = ps(0)] [pa(0) — ps(0)]" (3a(t) = 64(1)) ,
(a,b)eD (410)
Equation (4.10) can be expressed in matrix form:
Ep waa(P(t) ~ %5(t)TV2Ep_NMA(P(t))6(t) | (4.11)

where V2Ep_naa(P(t)) is the 3n x 3n Hessian matrix, which has the same Laplacian
structure as the Hessian for the Hookean potential.

The density of modes graph and the RMS fluctuations graph will now be compared
between the Hookean and the PSD potential for a number of example proteins. For TATN,
all graphs are generated with a 104 cut-off distance while for the other proteins a 114
cut-off distance is used. The cut-off distance is a parameter chosen arbitrarily, it should
not be too small to the extend that some atom’s set of neighbours is disconnected from
another. But a small number is chosen to keep the computational burden small.
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In Figure 4.2 and 4.3, the density of modes curves is shown for various small proteins
in histogram form. The Hookean potential energy and the PSD potential energy both
produce the similar shape which was observed in [10] and presented in Figure 4.1. Recall
only the a-carbons of the protein are modelled. These histograms are generated using
matplotlib.pyplot’s hist function [33]:

hist(eigvall[6:], rwidth = 0.4, bins=40)

The vector eigval contains the eigenvalues from the Hessian matrix of the potential energy.
The first six eigenvalues are zero, and are therefore ignored.

Figures 2 and 3 of [75] showed the root-mean-square (RMS) fluctuation graphs of the
Hookean potential closely matched the semi-empirical .79 potential. Similar graphs are
also seen in [37]. The Hookean potential and the PSD potential are also in agreement.

Figure 4.4 and 4.5, presents the o graphs for the same proteins in Figure 4.2 and Figure
4.3. Tt shows that the shape of the ¢ graph for the original Hookean potential energy and
the PSD potential energy are in agreement.

Figure 4.6 and 4.7, present the o graphs for the same corresponding proteins. These
graphs decrease very fast indicating large amplitude backbone motions are due to the low
modes. Once again, an agreement between the Hookean potential energy and the PSD
potential energy is seen.

In all the figures, note that the vertical axis between the Hookean (distance) and PSD
(quadrance) graphs are different, this is because the Hookean potential and PSD potential
have different Hessian matrices.

4.4 The PSD Potential Prefers Quadrance

Although the Hookean and PSD potentials provide the same information about the atom’s
RMS fluctuation, these two potentials are very different mathematical models. This section
discusses why quadrance has special significance to the PSD potential.

Let Kq(-) denote the function that maps a rank 3 Gram matrix X € S7° to the
quadrance between the a-th and b-th atoms.

Kap(X) = (ea — €)' X(ea — €) = (pa — po)" (0a — 26) =|| Pa — 0 ||” - (4.12)
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Consider any two different n x n Gram matrices X; = PPl and X, = P,PJ. Applying
Kapn(X) to X = X7 + X5 gives:
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Figure 4.2: Density of normal modes for distance and quadrance.

€q — eb)T(Xl + X2)(ea - eb)
= (ea — )" X1(eq — ) + (ea — €5)" Xa(eq — €) (4.13)
= ’Cab(Xl) + ]Cab(X2) .

Kapn( X1 + X2)
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Figure 4.3: Density of normal modes for distance and quadrance (continued).
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Figure 4.4: ¢* graphs for various proteins.

These calculations show that ICy, is a linear function on the domain SZ’?’:

’Cab(Xl + X2> = ]Cab(Xl) -+ ’Cab(XQ) . (414)
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Figure 4.6: o graphs for various proteins.

Let v/ICas () denote the function that maps a rank 3 Gram matrix to the distance between
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Figure 4.7: o}, graphs for various proteins (continued).

the a-th and b-th atoms:

VEa(X) = V/(ea = )T X (ea — ) = v/ (Pa = 20) (pa — 1) =l pa —po || - (4.15)
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\/Eab(X ) is not a linear function on Si’3. Therefore, choosing quadrance leads to a simpler
function on S’fr’g.

The mapping K (X) will produce the same quadrance if P was translated. But if the
points in P have centroid at the origin, that is P71, = 0,,, then X is a centered Gram
matrix, see Equation (C.25), and in this case K, will be a bijective map. The discussion
in Section C.5 uses the mapping K, this map is a linear isomorphism between S} NS¢ and
E", see Krislock [11] Theorem 2.35 and Theorem 2.36.

Now consider the situation on R3". Define a vector function k. (-) mapping a vector
? € R3" to the quadrance between the a-th and b-th atoms.

T
kab(?) = ((ea,fgg - eb,Ig)T?) (%,13 - 61;,13)T5>

=TT (ear, — eors)(€ar, — es1)T T

= ?Tsab?
= (pa — )" (Pa — b) = D0 — 1 |I?

(4.16)

Clearly, kab(?) is not a linear function on R®". Mapping from 7 to:

e the distance between the a-th and b-th atoms, or

e any power of distance larger than 2,

also do not use a linear function of ? € R3",

In summary, R3" does not show preference for distance or quadrance, or any higher
power of distance. But S’}r’?’ does show a preference for using quadrance because a Gram
matrix can be mapped linearly to quadrance, giving the simplest function when compared
to distance or any higher power of distance.

4.5 Summary

Removing the square-root in the Hookean potential energy results in a PSD potential
energy. The shape of the RMS fluctuations given by the PSD potential energy is observed
to be in agreement with that given by the Hookean potential energy, suggesting both
potentials output the same information about the a-carbon atom’s fluctuations. Despite
the output being equal, the two potential energies are very different mathematical models.
The PSD potential energy is a function on Si’g where quadrance is linearly related to
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the Gram matrix PPT, choosing quadrance gives a simpler model than other powers
of distance, and hence quadrance is the preferred quantity. However, on R3", neither
quadrance nor distance has a linear relation with ?
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Chapter 5

The Equations of Motion for the
Riemannian Manifold SZ’S ~ R /054

5.1 Introduction

An abstract potential energy is a smooth function on a Riemannian manifold, see Definition
D.7.1. The equation of motion for classical mechanics is also formulated on a Riemannian
manifold. Following the introduction of the PSD potential on S’}r’g in Chapter 4, this
Chapter presents the equations of motion on Sﬁlr’?’.

Let f(P) be a function defined on the rank 3 PSD matrix manifold, f : Si’g — R, Pis
an arbitrary n x 3 atomic coordinates matrix.

Definition 5.1.1 (The PSD ENM dynamics (PSD-ENM-D) problem). The PSD ENM
dynamics (PSD-ENM-D) problem is an optimization problem that uses a PSD potential
to model a protein’s dynamics, with the assumption that the protein is represented as an
ENM. The PSD-ENM-D problem seeks to find the n x 3 matrix P of atomic coordinates
of a protein structure by solving a rank 3 PSD matrix manifold optimization problem with
constraints. The generic form of the problem is given as follows:

5.1
sit. Trace(PTA;P) = qup i=1,...,m. (5:1)

In the above problem, q,,p, s the quadrance between the a;-th atom and b;-th atom, and A;
is the n x n symmetric matriz defined in Equation (1.4).
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ENI and iENM were introduced in Chapter 2, and can be reformulated as PSD-ENM-
D problems as shown in Chapter 7. The matrix A; in Equation (5.1) was introduced in
Equation (1.4), note it serves the same purpose on Sﬁi’g as the stamp matrix Sg,;, on R3".

Modelling ENMs on the rank 3 PSD matrix manifold removes all of the defects of the
current model in R3" as given in Table 1.2.

5.2 Revisiting ENMs in R*"

5.2.1 Revisiting the Rank Deficient Hessian of ENI and iENM

As shown by Equation (2.43) and Equation (2.45), the Hessian matrix for both the ENI
Hookean potential and the iENM Hookean potential required an addition with the identity
matrix, [3,, in order to be invertible.

Consider the time interval [t;,¢;4+1], let At =t;.1 —¢;. Let:

° ?j = ?(tj) denote the matrix of atomic coordinates at the beginning of the time
interval,

° 7j be the velocity at the beginning of the time interval, and

° 7j+1 be the velocity at the end of the interval.
Let ?jﬂ = ?(tjﬂ) be the atomic coordinates at the end of the interval, this is the

unknown to be determined. Consider the following equation of motion where the force due
to the potential is evaluated implicit.

+T — —VE(P ;1) (5.2)
P — Py B
+T =Vjn (5.3)

Substituting Equation (5.2) into Equation (5.3)

?jJrl — ?J' _
Pl B T — (AOVE(T j11) (5.4)
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Rearrange Equation (5.4) by moving all terms to the left hand side gives:

Pini— P (A)T

(A1) L+ VE(7 j41) = O3 (5.5)
Let: 1
F(P) RPTENE (7T -7;— (AT, 7 -7 — (AT ,) + E(P)
(5.6)
= s | 7 = 7= (A0, 2 +E).

Equation (5.5) shows 7,1 satisfies:

vf(?j-i—l) = 03, .

Thus, ?jﬂ the the critical point of the following optimization problem:

min f(7) . (5.7)
The Hessian matrix of f (?) is given by:

V(T = ﬁfgn +V2E(T) . (5.8)

The resulting Hessian matrix is very similar to Equation (2.43) and Equation (2.45) in that
an identity matrix, I3,, is added to a rank deficient Hessian. While adding I3, seemed very
arbitrary for the ENI and iENM Hookean potential, the discussion above shows the same
conclusion can be arrived at by integrating the equations of motion in classical mechanics,
with the force due to the potential treated implicitly.

5.2.2 The Constraint Force Has Two Purposes

Consider a vector in 77 € R3", Rosen’s projection, given in Equation (2.52) projects this
vector onto the tangent space of the constraint manifold:

Proj(7) = 7 — VC(P) (VC(P)VC(P)")'VC(P) 7T .

This expression can be written using Lagrange multipliers:
Proj(f) =7 = VC(F)"\.
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where A € R™ with m the number of constraints. A is given by the solution of the linear
system:

A= (VC(P)VO(P)")'VC(w)T - (5.9)

Recall from Equation (2.55) and Equation (2.57) also serves the purpose of ensuring the
atomic coordinates stay on the constraint manifold. Equation (2.57) is repeated below for

convenience: = 7
% = —VE(P;) = VO(P:1)"A

Therefore, the constraint force:

M

vC(P) A

serves two purposes:

e Project a vector onto the tangent space of the constraint manifold. In this case, the
Lagrange multipliers of the constraint force are given by Equation (5.9).

e Project (retract) a vector onto the constraint manifold itself. In this case, the
Lagrange multipliers of the constraint force are given by the linear system in the
Fast Projection algorithm, see Algorithm 1 Equation (2.78).

This observation carries over to Si’?’ as well, see Theorem 5.4.1 where this observation is
applied.

5.3 The Constraint Manifold

When constraints are placed on the manifold Si’3 ~ R™3/Qy3, the structure space is no
longer R™*3. Rather for an arbitrary n x 3 matrix P of atomic coordinates, the constraints
describes a structure space called the constraint manifold, denoted C(R?*3). Tt is given by:

C(RY®) = {P e R | Trace(P"A;P) = qop, i = 1,...,m} . (5.10)

C(R™3) is an embedded submanifold of R?*3, see Section D.6. The optimization problem
in Equation (5.1) is formulated on the quotient manifold:

C(S}?) = C(R}¥) /0y , (5.11)

where C(S*) denote the subset of rank 3 PSD Gram matrices from S”° that satisfy the
constraints described in the set C(R"*3).
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Define the m x 1 vector:

Ci(P)
crpy=1 : |, (5.12)
Cn(P)
where .
Ci(P) = 5 (Trace(P"A;P) — qa,)
1
=3 (€0, — €4,)" PP (€4, — €3,) — Quus,) (5.13)
1
= 5 (H Pa; — Py, 2 _Qaibi) s

where A; is an n x n symmetric matrix, see Equation (1.4). Then P € C(S*) if and only
if C(P) = 0y,.

5.4 Equations of Motion

Informally, the equations of motion for constrained dynamics on Si’?’ can be arrived at
from the equations of motion for constrained dynamics on R®" by replacing the 3n x 1
vector P/ with the n x 3 matrix P (see for example Equation (5.2) and Equation (5.3), and
adding in the constraints). A more formal discussion is presented next.

The constraint manifold C(S™*) is the Riemannian manifold on which the equations of
motion are formulated.

Consider the time interval [t;,¢;41], let At =t;.1 —¢;. Let:

e P; = P(t;) denote the matrix of atomic coordinates at the beginning of the time
interval,

e V; be the velocity at the beginning of the time interval, and

e Vi1 be the velocity at the end of the interval.

Let P41 = P(t;41) be the atomic coordinates at the end of the interval, this is the unknown
to be determined.

Let there be m constraints. The i-th quadrance constraint, i € {1,...,m}, involving
atoms with atomic indices denoted by a; and b;, is given by C;(P) in Equation (5.13):
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Theorem 5.4.1 (Equation of Motion for Constrained Dynamics on 8"° ~ R?*3/Qj). Let

the constraint manifold be:
C(S}?) = C(RY) /0y

Let
my
M = 25 : (5.14)
My
be the n X n matrix of atomic masses, and my, a = 1,...,n be the mass of the a-th atom
(do not confuse m, with m, the total number of constraints).

The following three equations are the equations of motion for the motion of a point on

(™).

A Viiq = V- n
M (%) = —VE(Pj11) + P Q+ Z NiAiPjy (5.15)
i=1
Py =Py + (A Vi, (5.16)

where € is a skew symmetric matrizx.

Proof. The quantity VE(P;j11) is the force due to the potential energy, while P12 is the
component of VE(P;;1) in the direction vertical to the equivalence class at Pj.;. The
component y ", A\;A;Pj4 is a direction normal to the tangent space at Pjyi. Therefore,
the force

VE(Pjt1) = P Q = Y NA Py
=1

is a projection of VE(P;;;) in the horizontal space at Pji1. See Section 6.3.1 for a

description of these spaces, recall also Section 3.6.2.

Discretize the Euler-Lagrange Equations using the same approach as seen in Goldenthal
et al. [30] Section 4.1, and also presented in Equations (2.57), (2.58), and (2.59) leads to
Equations (5.15), (5.16), and (5.17). O

As discussed in Section 5.2.2, the constraint force serves two purposes: projecting onto
the tangent space of the constraint manifold, and retracting onto the constraint manifold
itself. Therefore, the Lagrange multipliers \;, ¢ = 1,...,m in Equation 5.15 can be broken
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down to two components: one component projects VE(P;;1) to the horizontal space,
another component ensures Equation (5.17) holds. See Section 6.3.5.

Theorem 5.4.1 motivates the definition of the horizontal projection:

Projp(n) =n—PQ—> NAP,

i=1
where 7 € R™*3. This projection will be defined formally in Section 6.3.2 after the tangent

space is discussed.

Proposition 5.4.1. Integrating the equations of motion from Theorem 5.4.1 is equivalent
to solving the following constrained Si’?’ optimization problem:

min f(P) . | (5.18)
st. Trace(P"A;P)=qup, 1=1,...,m.
where
F(P) = — Trace((P — P, — (AOV)TDE(P — Py — (AV) + E(P) . (5.19)

(At)?
The optimal P that minimizes this optimization problem is Pjiq.

Proof. This can be seen as follows. Substituting V;;; in Equation (5.15) with Equation
(5.16), then move every term to the left hand side of the equal sign gives:

—~ (P, — P, — (At)V, i
M ( Jj+1 (A]t)2( ) J) + VE(-P]+1) - Pj+1Q — Z /\zAz-P]+1 = 0,,x3 - (520)
=1

The Euclidean gradient V f(P) projected in the horizontal direction

gradf(P) = Projp(Vf(P)),

is the definition of the gradient on the constraint manifold C (Si’?’); it is called the Riemannian
gradient to distinguish it from V f(P), see Section 6.3.3. Equation (5.20) shows

gradf(Pji1) = Opnxs

which means P;; is a critical point of the constrained optimization problem in Equation
(5.18). 0
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Recall from Section 2.8.2 that the Fast Projection algorithm finds a sequence of small
steps to the constraint manifold instead of one step. A similar idea is also used by the
RTR algorithm. Recall from Section 3.5 the RTR algorithm generates a sequence of iterates
Pj(o),P;l)7 ... such that gradf(Pj(k)) — 0,43 as k — oo and therefore Pj(k) — Pjy1. The
following theorem shows the potential energy alone can be minimized to find Pj;.

Theorem 5.4.2. Suppose the current protein conformation is P; and Pjy4 is the conformation
to be found using the RTR algorithm (Algorithm 2). Let the sequence of iterates generated

by the RTR algorithm be given by Pj(o), Pj(l), ..., such that Pj(k) — P11 as k — oo, this
means also that Pj(k) — Pj(k_l) — 0,,x3.
P; 11 is a critical point of the optimization problem from Equation (5.18) if and only if
it 15 a critical point of the optimization problem:
min E(P)

5.21
s.it.  Trace(PTA;P) = qup i=1,...,m, (5.21)

where E(P) is the PSD potential energy.

Proof. Let Rp(n) denote the retraction which projects an unconstrained step 7 onto the
constraint manifold C(S™*), see Section 6.3.5. The RTR algorithm uses the tCG algorithm
(Algorithm 3) to propose an unconstrained step 7. Let 7®) denote the k-th accepted
unconstrained step proposed by the tCG algorithm. If V; # 0,,.3, then the first constrained
step is

PO = R ((AOV; + 177 |

otherwise, the first constrained step is:
P — R po) (77(0)) _
Subsequent steps are given by:
P® =R pen (™)

Starting with Pj(o) = P;, the RTR algorithm generates a sequence of iterates Pj(o), Pj(l), e
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which gives a sequence of gradients:

o~

m, M 1) p(0) (1) (1) - (1)
grad f (P! )_W(Pj = PM) + VE(PY) - PP -3 A AP,
=1

—~

M u
(b)) _ (k) _ pli-1) )y _ pl®) (k)
gradf(P}") = 55 (PP = PED) 4 vEPD) - PPo -3 aap®
i=1

As k — oo, Pj(k) — Pj(k_l) — 0,,x3. Therefore,

gradf(Pj(k)) — 0,43

if and only if

grad B(P") = VE(P) = PP -3 " NAPH = 0,45 .

=1

Therefore, as Pj(k) — Pji, Pj(k) approaches a critical point of the optimization problem

given in Equation (5.18) if and only if it approaches a critical point of the optimization
problem given in Equation (5.21), which minimizes E(P) only. O

5.5 Removing the Conservation of Linear Momentum
Constraint

As discussed in Section 2.7, minimizing the Hookean potential is ill-posed because a
translated solution is also a solution. Note that ill-posed as used here means the solution
is not unique, not that a solution cannot be found.

Kim proposed to add a constraint in order to conserve the linear moment, this constraint
is given in Equation (2.44) and is repeated below for convenience.

zn: 5a(t) = 03

On S, §(t) is a n x 3 matrix, whose rows are d,(t) (see Equation 4.7)). Therefore, on
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3 . . . . . .
S'V” this constraint can be written in matrix notation:

1
G1(t) ... 6.)|: ]| =060)"1,=0, (5.22)
1

On Si’?’, facial reduction can be used to remove this constraint. This result is arrived at
from the Centring Constraint Reduction Theorem, from Krislock [11] Theorem 4.13 and
Alipanahi [1] Section 3.3.5).

Recall the problem context is to find P;; from P;. To simplify the discusion here, let
P = P; (drop the subscript), and consider § = §(¢) (drop the time parameter ¢ as well).
Now the problem under discussion is that of finding § such that (P + 6)71, = 0,.

Recall Equation (C.25) gives the definition of S{, the space of centered symmetric
matrices. Let X = PPT € Sﬁ’g N S?% be an n x n Gram matrix, this means P71, = 0,. If
§ satisfies Equation (5.22) then (P + §)"1,, = 0, as well, ensuring the Gram matrix of the
next conformation is centered (P + §)(P + )T € S’* N Sy,

In order to remove the constraint of Equation (5.22), first factorize P as P = U S where
Uis an n x (n — 1) matrix, and S is an (n — 1) x 3 matrix. Note that

PT1, =0, if and only if U"1, =0, .
This is equivalent to the condition:
range(U)* = range(1,,) . (5.23)

The required U can thus be found by first performing QR decomposition on 1,, to find an
n x n matrix (). Next take all columns of () except the first column and denote this matrix
U,ie U =Q[,2:n]. Then the matrix U satisfies Equation (5.23). Define:

0=Udy

The original problem of finding 6 now becomes the problem of finding &, without the
centering constraint since:

(P+06)"1, = (US+Usy) 1, = (S + ) U1, =0, .

Another option to ensure (P +6)T1, = 0, is to use the “step and project” paradigm, also
mentioned in Section 2.8.2. Proposition 2.30 of Krislock [11] gives the following projection
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from S™ to Si:
Projg, (X) = JXJ
where X € S™ and J is given by:
1
J=1,—-1,1".
n

For the rank 3 Gram matrix X = PPT ¢ Si’g, this projection has the meaning of
subtracting the centroid of the points in P from each row of P, where each row is the
atomic coordinates of one point. This is straightforward to see. Consider:

JPpPtJ = (JP)(JP)",

then 1
JP=P—--1,17P
n
where ]
-1'p
n

is the centroid. Starting with P, if after taking a step 9, the new Gram matrix
(P+0)(P+6)"
does not satisfy (P + §)(P + )71, = 0,,, applying the centering projection
J(P+8)(P+0)"J

will give a new projected Gram matrix that is centered. The step and project method for
ensuring the Gram matrix stays centered has the advantage that the matrix J is easier to
compute than finding the face matrix U explicitly.

5.6 Constraint Reduction for Rigid Groups of Atoms

A clique is defined in the context of the EDMC problem in Definition C.6.1. A clique
is called a rigid cluster by Kim with the introduction of rigid cluster ENI (see Section
C.6.5 and [11, 37]). In the context of protein dynamics, a clique or rigid cluster is a group
of atoms that move concurrently with their mutual distances not changing as a protein
undergoes conformational change.
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The reformulation of rigid cluster ENI using facial reduction of the PSD ENI potential
[541] shows that modelling of rigid groups of atoms can be accomplished by using faces of
Si’?’, whereas faces of R have no such meaning. This is reviewed in Section C.6.5.

The assumption about which groups of atoms in a protein structure should be modelled
as rigid is a separate research problem and is not examined in this thesis. Amino acid side
chains that contain aromatic rings are known to be rigid, and well be used as examples of
rigid clusters in the discussion here to make the discussion more concrete (less abstract).

Figure 5.1 presents a number of amino acids with rigid (aromatic) side chains, the atoms
in black make up the aromatic rings. These structures are visualized in UCSF Chimera
[63] and are part of a larger protein, the hydrogen atoms have been omitted from the PDF
file. For each side chain, the bond attaching the side chain to the protein backbone is
made up of the -carbon (gray atom) and ~-carbon (black atom) bond about which the
side chain rotates. Therefore, the S-carbon is also a part of the side chain clique. Because
these side chains are all 2D, in order to model their rotation in 3D about the S-carbon
~v-carbon bond, one additional out-of-plane “pseudo-atom” is needed, which is also part of
the side chain clique.

\{u | v‘{)
v S o
(a) Histidine (b) Phenylalanine (¢) Tryptophan (d) Tyrosine

Figure 5.1: Amino acids with rigid side chains (aromatic rings are colored in black).

The number of constraints required to keep the aromatic side chain clique, including
the S-carbon and the out-of-plane carbon, rigid is discussed next, and summarized in Table
5.2.

Let C C {1,...,n} denote the subset of atomic indices for the atoms in a clique.
The number of constraints needed on R*" to enforce a rigid group of |C| atoms has been
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discussed by Plantenga [64, 56]. This number is
3|C] —6.

This is because a group of |C| atoms that move rigidly has only 3|C| — 6 degrees of freedom.
The total number of possible pairwise constraints without repetition, is

Cl(c] = 1)
5 .
Therefore, if |C| > 4, some constraints must be discarded. The optimal subset of constraints

to keep is the subset of 3|C| — 6 gradients such that their constraint gradients minimize the
condition number of the matrix of constraint gradients:

Vo) = (VCoy(P)T ... VCogiel-6(P)7)

where o(1),...,0(3|C| — 6) are the indices of the constraints kept. The optimal set of
constraints to keep are decided by first assembling all |C|(|C| — 1)/2 constraint gradients,
the 3n x 1 vector VC;(7)T as defined in Equation (2.50), in a matrix. The columns can
be arranged in any order. Then perform rank revealing QR factorization on this matrix,
and choose the first 3|C| — 6 columns chosen by this factorization.

Section 2.8.3 discussed two other situations where the matrix VC’(?) can be rank
deficient. Table 5.1 summarizes these discussions.

When is the matrix VO(}) rank deficient or ill-

conditioned

1 For a constraint on the distance between the a-th and
b-th atom, if p, — p, = 03 , then VC(7') will have a row
of zeros.

2 For all constraints that the a-th atom is involved in, if

there exists atomic indices b, and by such that, p, —py, =
a(pa — Pby) , where a € R is an arbitrary constant.

3 In a clique of size |C|, choosing more than 3|C| — 6
constraints, or choosing 3|C| — 6 constraints which do
not minimize the condition number of VC(7').

Table 5.1: A summary of when VC/(7) is rank-deficient.
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On Srfr’g NS¢, the number of constraints required can be reduced by applying Theorem
4.16 of Krislock [11], the Distance Constraint Reduction Theorem. This theorem says
to find a smaller clique Cynay C C such that the EDM for both cliques have the same
embedding dimension, then enforcing constraints for this smaller clique Cy,,qy is all that is
necessary to ensure the original clique C stays rigid. The smallest number of atoms to have
an embedding dimension of 3 is four atoms, therefore |Cyspau| = 4. This is also the number
for which rank-revealing QR factorization is not needed. Thus, the Distance Constraint
Reduction Theorem has removed the need to perform rank-revealing QR factorization.

Amino acid C| Number of constraints | Number of constraints
on R3" (3|C| — 6) on ST?NSE (3(4) —6)

Histidine 7 15 6

Phenylalanine 8 18 6

Tryptophan 11 27 6

Tyrosine 9 21 6

Table 5.2: Number of constraints to enforce rigidity of |C| atoms in aromatic side chain
(includes f-carbon and out-of-plane atom).

5.7 Summary

This Chapter formulated the equations of motion for protein ENMs on Si’?’. Facial
reduction theories were also used to remove the constraint for conservation of linear
momentum, and to decrease the number of constraints required to keep a clique rigid.
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Chapter 6

Constrained Optimization with Fixed
Rank PSD Matrices

6.1 Introduction

The PSD-EDM-D problem, defined in Definition 5.1.1 is a constrained optimization problem
on 81’3. Solving constrained fixed rank PSD matrix manifold optimization problems has
been discussed in Journée et al. [31], where the geometric objects required by matrix
manifold optimization algorithms, such as the RTR algorithm, were presented. The original
discussion assumes matrices A; in the problem above satisfy:

This assumption is given as “Assumption 2”7 of [34], and is appropriate for the problems
they analyzed. However, this assumption is too restrictive to describe constraints for
ENMs. This Chapter begins with a discussion on why the quadrance constraints of ENMs
do not satisfy Equation (6.1). Thereafter, the geometric objects required by the RTR
algorithm are presented.

This Chapter is organized as follows:

e Section 6.2 describes why protein structure constraints do not satisfy “Assumption
2”7 of Journée et al.[31].

e Section 6.3 describes the geometric objects required by matrix manifold algorithms,
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such as the RTR algorithm, for constrained optimization with fixed rank PSD matrices
without “Assumption 2”.

e Section 6.3.1 describes the tangent space.

e Section 6.3.2 presents the horizontal projection.
e Section 6.3.3 presents the Riemannian gradient.
e Section 6.3.4 presents the Riemannian Hessian.

e Section 6.3.5 presents retraction. The full retraction is derived using the retraction
from Journée et al.. The Fast Retraction is then given, which is an approximation to
the full retraction that is more efficient for large n and m, and is derived by linearly
approximating the full retraction.

e Section 6.4 discusses the agreements between constrained optimization on R3* and
SHa

The background material from Chapter 3 should be read prior to this Chapter.

6.2 Removing Assumption 2 of Journée et al.

Suppose the i-th quadrance constraint involves atoms with atomic indices a; and b;, and
suppose there are m such pairs of atomic indices:

(ala b1>7 B (aiu bl)a ceey (ama bm)

where the subscript ¢ = 1,...,m is used to index the constraints. The matrix A; for the
i-th quadrance constraint is the n X n symmetric matrix:

A= (eai - ebi)(eai - ebi)T )

first introduced in Equation (1.4) together with the stamp matrix because of their similar
roles.

Let the j-th quadrance constraint involve atomic indices a; and b;. When the i-th
quadrance constraint and j-th quadrance constraint do not share any atom, i.e. they are
not adjacent bonds, then the atomic indices a;, b;, a;, and b; are all different, resulting in

(6% - ebi)T(eaj - ebj) =0,
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matrices A; and A; satisfying Equation (6.1).

A particular atomic index may appear in more than one quadrance constraint when
bonds are adjacent. When the i-th quadrance constraint and j-th quadrance constraint
are sharing one atomic index, one of the following conditions will be true for atomic indices
a;, b;, a;, and b; (despite these indices being labelled differently):

a; = a; or

ai:bj or (62)
bi:a]’ or .
bi=b; .

Since the atomic indices a;, b;, a;, and b; are all labelled differently, the notation does not
indicate which one of the situations in Equation (6.2) holds. This information is not needed
for this discussion. It is only important to note in the situation described by Equation (6.2)
“Assumption 2” does not hold:

AGA; # Opyn if i £ j . (6.3)

In order to model protein constraints, “Assumption 2” of [31] needs to be removed. This
Chapter will discuss how to remove “Assumption 2”7 for the geometric objects discussed in

[34].

6.3 Geometric Objects for Constrained Optimization
on S7° ~ R"3 /0
6.3.1 The Tangent Space

The constraint manifold C(R?*3) was define in Equation (5.10) and C(S'*) was defined in
Equation (5.11). The tangent space of C(R"*3) at a point P is denoted TpC(R™*3). Tt is
given by differentiating the constraint equations describing C(R?*3) in Equation (5.10):

TpC(RY?) = {n € R | Trace(n" A;P) =0i=1,...,m} . (6.4)
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TpC(R™3) can be decomposed into two orthogonal spaces, the vertical space and the
horizontal space. The vertical space, denoted VpC(R?*3) is given by:

VeCRY3) = {PQ| Qe R¥3 0 =-0}. (6.5)

The horizontal space is denoted by HpC(R?*3). From the discussion in Section 3.6.2 a
vector in the horizontal space, n € HpC(R™*3) is orthogonal to PQ) € VpC(R"*3), meaning
that Trace(n’ PQ2) = 0 holds. This orthogonality in turn requires n” P to be a symmetric
matrix. Therefore, the horizontal space is given as (see [34]):

HpC(RY?) = {n € TrC(RY*?) [ " P = P'n} . (6.6)

The normal space at P, NpC(R?*?), is orthogonal to TpC(R?*?) and is given by:

NpC(R™3) = {Z/\AP|/\ e R}, (6.7)

where \; are m Lagrangian multipliers. This definition of the normal space, which is the
definition originally presented in [34], is a subset of the horizontal space:

NpC(RI*?) C HpC(RY*?) . (6.8)

This inclusion can be verified as follows. Consider an arbitrary vector in the normal space:

Zm: NAP
=1

this vector satisfies:
Z)\APTP PTZ)\AP PTZ)\AP
=1 =1

and is therefore in HpC(R"*3) as well. It would be more precise to redefine HpC(R™?*3)
as:

HpC(R™3) = {n € TpC(R™?) | " P = P"p and Trace(n” A,P)=0i=1,...,m}.
(6.9)
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This definition explicitly removes the vectors in the normal space. In practice, to ensure a
tangent vector 7 satisfies:

Trace(n” 4;P) =0i=1,...,m

its normal space component can be removed using the horizontal projection, which is
discussed in Section 6.3.2.

Note that vectors in the vertical space PQ) € VpC(R?*3) are already in the tangent
space and not in the normal space since:

Trace(PTA;PQ) =0
holds because PT A, P is a symmetric matrix.

Definition 6.3.1. The tangent space at a point P of the quotient manifold C(Si’g), denoted
TpC(S™?), is the space of all vectors from the horizontal space HpC(R™3).

Corollary 6.3.1 (Corollary to Proposition 3.6.1).
TpC(R23) = RV .

Proof. Vectors in the normal space are of the form:

i=1
This is a linear combination of {4, P, ..., A,,P}. Hence,
dim(NpC(R™3)) = m (6.10)
Equation (3.9) shows VpR™ 3 = VpC(R"*3). Therefore:

3(3—1)

dim(VpC(R2)) = dim(VeRI) = ==

(6.11)

The horizontal space HpC(R?*3) is defined in Equation (6.9) and HpR?*3 was defined in
Equation (3.11). Therefore,

HpRY = HpC(R*?) & NpC(RL*)
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and
dim(HpC(R™3)) = dim(HpR™3) — dim(NpC(R™S))

3(3+1) (6.12)
5 —m

=(n—-3)3+
From Equations (6.10), (6.11), (6.12), it follows:

dim(TpC(RI)) = dim(NpC(RI)) + dim(VpC(RD®)) + dim(HpC(RI))

3(3—1 3(3+1
=m+ (2 )+(n—3)3+ ( )
3(3—1 3(3+1
9 3 9 3
—§—§+3n—9+§+§

=3n.

—m

Therefore, it follows that:
HpC(RY3) @ NpC(R™*?) @ VpC(RZ*?) 0 R™* |

as required. 0

6.3.2 Projecting to the Horizontal Space

The horizontal projection is used to map a vector to the tangent space of the constraint
manifold. The horizontal projection produces a vector orthogonal to the vertical space,
HpC(R™3), and the normal space, NpC(R™*3). The horizontal projection map, denoted
Projp, has domain TpC(R?*3) ~ R™*3 and image HpC(R™*3):

Projp : R™® — HpC(RI*?)
The map is given by (see also Theorem 9 of [31]):
Projp(n) =n— PQ — Z NiA; P

i=1

=1n— PQ — E,Diag(\)E[ P,

(6.14)
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where A = (A1,..., \n)T € R™. Ej is an n x m sparse matrix defined as:

Ey=(a, — €y ... €a, —€b,) (6.15)

where Fj has column ¢ given by e,, —ep,, ¢ = 1,...,m. The Diag operator was defined in
Equation (C.31) and (C.32).

The formula for the horizontal projection has the meaning of removing the vertical
space and the normal space, leaving behind only the horizontal space.

Since Projp(n) € HpC(R™*3),
PTProjp(n) = Projp(n)’ P

holds, where 2 is a skew-symmetric matrix that solves the Sylvester equation (see Section
E.1):
QPP+ PTPQ =Py —n"P. (6.16)

Since Projp(n) € TpC(R?*?),
Trace(PT A;Projp(n)) =0,
holds, and if A;A; = 0, holds, \; in Equation (6.14) is given by:

_ Trace(n” A;P)

— ) d
' Trace(PTA2?P) (6.17)

If A;A;j # 0,,x,, Equation (6.17) cannot be used. Consider writing Equation (6.17) out in
matrix form:

/\1 Trace(P%AlAlP) Trace(nTAlP)
/\m Trace(PTlAmAmP) Tl"ace(nTAmP)
This matrix equation shows A = (Aq,..., \n)T € R™ is the solution to the system:
Trace(PT A A, P) A Trace(n” A, P)
: = : . (6.18)
Trace(PTA,,AnP)) \m Trace(n! A,, P)
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Let
Trace(PTA; A, P)

Q= (6.19)
Trace(PT A,, A, P)

(@ is an m x m matrix, and in additional, () is a diagonal matrix because the assumption
A;A; = 0,4, when @ # j holds. When A;A; # 0,,, the matrix @) is given by:

Trace(PTA;A;P) ... Trace(PTA,,AP)
Q= : :
Trace(PTA,, A P) ... Trace(PTA,,A,,P) (6.20)
gll(palblTpalbl) s €1m(palb1Tpambm> '
Emi (pammepalbl) CRCS 5mm<pammepambm)
where ;; = (eq, — €5,)" (€q, — €,) and pop,” = (€q, — €3,)" P.
Define the m x 1 vector 7 as:
Trace(nTAlp) 77a1b1Tpa1bl
T = = , (6.21)

where 74,5,7 = (eq, — €,)'n. Then, Equation (6.18) generalizes to the following linear
system if A;A; # 0,5, when i # j:
ON=r (6.22)

Proposition 6.3.1. The matriz QQ defined in Equation (6.20) is a sparse m x m matriz,
with only O(m) nonzero entries. The nonzero entries of QQ are the nonzero entries of El Ej,.

Proof. The i-th row of @) is

i1 (Payn;) Parsy - - - Eim (Pasp;)” Paryr, -

The entry &;;(Pa,b;)" Pasv, is nonzero if and only if

€ij = (eai - ebi)T<€U«j - ebj) 7'é 0,

which holds when the bond (a;, b;) is adjacent to the bond (a;,b;). Hence, the number of
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nonzero entries per row is the number of bonds adjacent to the bond (a;, b;). This number
is small for all atoms in a protein’s amino acid. For example, at most four bonds can be
adjacent for the carbon atom. Denote this number by ¢, compared to the total number of
constraints m, ¢ < m. Since there are m rows in (), the total number of nonzero entries of
Q is O(cm) = O(m). It follows that ) has many zeros, and requires only O(m) operations
to form the nonzero entries.

Using the definition of Fj, it is straightforward to perform the multiplication E] Ej,
and see that the ij-th entries of this product is exactly e;; = (eq, — €5,)" (€, — €,). This
means the position of nonzero entries for @ and El Ej, coincide. n

The matrix Q is also given by the following matrix expression:
Q = (B} Ey) o (Ey PPTE) (6.23)

The operator o is element-wise multiplication. However, since ) has only O(m) entries,
another way of forming () is to only calculate these nonzero entries.

The vector 7 is also given by the following matrix expression:
_ T T
7 = sumrow((Ey, n) o (E, P)) .

The operator sumrow(-) sums the row of the argument matrix.

6.3.3 The Riemannian Gradient

Let Vf(P) be the Euclidean gradient of f(P). The Riemannian gradient is a vector on
TpC(S™*) and by Definition 6.3.1 it is orthogonal to the vertical space, VpC(R™?*3) and the
normal space, NpC(R™*3). The horizontal projection from Equation (6.14) is applied to
the Euclidean gradient to ensure these conditions are satisfied:

gradf(P) = Projp(Vf(P)) . (6.24)

Let ¢ = Vf(P), the formula for the horizontal projection from Section 6.3.2 gives the
following expression for the Riemannian gradient:

Projp(¢) =(—PQ— > NAP
r z_; (6.25)

= ( — PQ) — EyDiag(\)EL P,
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where 2 now satisfies:
QPTP+ PTPQ=PT¢-("P. (6.26)

The define the m x 1 vector 74,44 by:

Trace(¢T A, P) Carbs Pasbs
Torad = : — : = sumrow((E} ¢) o (E} P)) , (6.27)
Trace(¢T A, P) Cambu” Pambrn

where (5,7 = (eq, —€,)"¢. Then, the required A for projecting the gradient is the solution
to the system:

Q/\ = Tgrad - (628)

6.3.4 The Riemannian Hessian

Recall from the discussion in Section 3.6.5, the Riemannian Hessian in the direction n €
HpC(R?*3) is defined using the Riemannian connection. Similar to Equation (3.33) this is
given by:

Hessf(P)[n] = Vygrad f(P) = Projp(D(gradf(P))[n]) - (6.29)

As Equations (6.24) and (6.29) show, evaluating the Hessian require the directional derivative
of the projection operator in the direction n € HpC(R?*3). Let ¢ = Vf(P) € R™3, let
D([n] € R™3 be the directional derivative of ¢ in the 5 direction :

D(gradf(P))[n] = D(Projp(¢))n]

= D(¢—PQ =) NAP)[1]
= . . (6.30)
= DCfr] = (2 + PDQY]) = 3 Nidin = 3 DXln] AP,

= D¢[n) — (nQ + PDQn)) — E,Diag(\) E; n — EyDiag(DAln])EL P .
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The skew-symmetric matrix DQ[n] € R3**3 solves the Sylvester equation given by differentiating
Equation (6.26) in the n € HpC(R™*3) direction:

DQn|PTP + P"PDQn)

= (n"¢ =) + (PTD¢[n) — D)™ P) (6.31)
— QTP+ PTn) — (0" P+ PTn)Q .

The directional derivative DA;[n], where ¢ = 1,... m, is obtained by taking the directional
derivative of \; in the 1 direction. Assuming A;A; = 0,5, holds, then ); is given by (recall
Equation (6.17)):
_ Trace(¢TA;P)
" Trace(PTA2P)

Taking the directional derivative gives !:

1
~ Trace(PTA?P)
_ Trace(¢"AiP)
Trace(PT A? P)?

D[] Trace(D¢[n)" AP + (T Am)
(6.32)

Trace(n” AP + PT A2n) .

Consider writing Equation (6.32) out in matrix form:

D [n] Trace(PTATF) Trace(DC[n)T Ay P + (T Ayn)
: = Diag : :
DAp[1] R S— Trace(D¢[n) AP + CTA,m)

Trace(PT A2 P)
1 1
Trace(PT AT P) Trace(nTA%P + PTA%T]) Trace(PT A2 P)
— Diag : Diag : Diag ; Torad
1 T A2 T A2 1
Trace(PTATP) Trace(n” A5, P + P~ Ajn) Traco(PTAZ T
(6.33)

where ) »
Trace(PT A3 P) Trace(PTA%P)
Diag : =

mep) Trace(PT A% P)

!This equation corrects the error of the corresponding equation in [34]
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is the inverse of the matrix @ already discussed in Equation (6.19) and Equation (6.20).
The matrix:

Trace(n” A3P + PT A%p) Trace(n” A3P + PT A%p)
Diag : = -
Trace(n® A2, P + PT A% n) Trace(n” A2 P + PT A2 n)

has diagonal entries that are given by taking the directional derivative of the diagonal
entries of the matrix () in the 7 directon. Therefore, this matrix can be denoted as DQ[n]:

Trace(n® A2P + PT A2n)
DQ[n] = (6.34)
Trace(n? A2, P + PT A2 )

Similar to @, DQ[n] is a diagonal matrix only if the assumption A4;A; = 0,,x,, when i # j
holds, if this does not hold DQ[n] will have off-diagonal terms:

DQln]
Trace(nT AyALP + PTAAim) ... Trace(nf AjA,, P+ PTA A,n)
Trace(n’ A, A P+ PTA,Am) ... Trace(nt A, AP+ PTA,A,n)
€11 [nalblTpalbl +pa1b1Tn(l1b1:| ... €1m [na1b1Tpambm +palblT7lambm} (6 35)
8777/1 [naan'mTpalbl + pa7nb7nTna1b1] te Smm [naan'mTpaannL + pa7nb7nTna7nbm:|
€1 [nalblTpalbl] s €1m [na1b1Tpambm}
=2 : :
€mil [nammepale - Emm [nammepambm}

where UaibiT = (6% - ebi)Tn and ng;bipaibi = paibiTT]aibi'
Finally, the vector 7,44 for projecting the gradient ¢ = V f(P) is given in Equation
(6.27) and reproduced below:
Trace(¢T A, P)

Tgrad =

bl

Trace(¢T A, P)
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Define D7y.qq[n] to be the m x 1 vector:

Trace(D¢[n]" A1 P + (T Ain)
D’rgrad[n] =
Trace(D¢[n]T AP + CTAm)

(6.36)
DC [77](11 b1 Tpalbl + Calbl Tnalbl

DC[T/]ammepambm + Cammenambm

where CaibiT = (eai - ebi)T§7 and DC[n]aibiT = (eai - ebz)TDC[TI] Note that DTg'r‘ad[n] is
found from taking the directional derivative of the entries of 7,44, in the direction 7.

Let DA[n] be the m x 1 vector:

DX [n]
D\[n| = : . (6.37)
DA, [77]

Using the matrices defined above, D[] solves the following system:

D)‘[n] = Q_lDTgrad[n] - Q_IDQ[U]Q_ITgrad . (638)

which is a generalization of Equation (6.33) to the case where A;A; = 0,,4,, does not hold
when ¢ # 7.

Equivalently, noting that A = Q™ '7,,44, D[] solves the linear system:

QDA[n] = D7yrealn] — DQ[nIA . (6.39)

Proposition 6.3.2. The matriz DQn| defined in Equation (6.35) is a sparse m X m
matriz, with only O(m) nonzero entries. The nonzero entries of DQn| are the nonzero
entries of Bl Ey.

Proof. The proof is very similar to the argument provided for Proposition 6.3.1. ]

The matrix DQ[n| can be defined using the following matrix expression:

DQ[n] = 2(E} Ey) o (E} nPTEy) .
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Since DQ[n] has only O(m) nonzero entries, only those entries need to be calculated and
stored in a sparse matrix.

The vector D7y4q[n] can be defined using the following matrix expression:

Dyraa[n] = sumrow((E, D¢[n]) o (E, P)) + sumrow((£, ¢) o (Ey,n)) - (6.40)

6.3.5 The Retraction

The retraction of a tangent vector n € TpC(S*) to the constraint manifold C(S™?), is the

mapping s i
Rp : TpC(S™?) — C(S™)

given by [1] : i
Rp(n) =P+n+ Y NA(P+n), (6.41)

i=1
where 7 is a matrix whose rows are the unconstrained atomic displacements. The retraction
is a projection in the normal direction onto the constraint manifold (see definition of the
normal space, NpC(R"*3), in Equation (6.7)), after an unconstrained step P+7. Therefore,
the retraction is in agreement with the step and project paradigm.

Recall the discussion in Section 5.2.2 and Theorem 5.4.1 that the constraint force serves
two roles. In the retraction, the constraint force serves the role of projecting from the
tangent space onto the constraint manifold. In the horizontal projection, see Section 6.3.2,
the constraint force projects from R™ 3 onto the tangent space.

The Full Retraction

The Lagrange multipliers, \; i = 1,...,m, for the full retraction simultaneously satisfy m
equations, the h-th equation, h = 1,...,m is given by:

Trace(Rp(n)" AnRp (1)) = Gayb, - (6.42)
Let PO = P 4y, then:
Trace((P© + ) - NAPO)Y A, (PO +> " XA PD)) = gy, - (6.43)
=1 j=1
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The 0 superscript will become clear in Section 6.3.5. Using the assumption A;A4; = 0,,xp
when i # j from Equation (6.1), Equation (6.43) expands to:

/\%Trace(P(O)TA?LP(O)) + 2)\hTrace(P(0)TAfLP(O)) + Trace(P(O)TAhP(O)) — Qapp, = 0.
Define the function @5, : R — R:

Oy (z) = :EQTrace(P(O)TAiP(O)) + 2:ETrace(P(0)TA,21P(O)) + Trace(P(O)TAhP(O)) — Qayby,
(6.44)
Solving for A, in Equation (6.43) is equivalent to finding the root of ®(x):

B (\n) = 0.

If A;A; # 0,,,, when i # j, Equation (6.43) generalizes to:

Z Z AiAjTrace(P(O)TAiAhAjP(O))

i=1 j=1
+2 Z )\iTrace(P(O)TAhAip(U))
i=1

+Trace(P(0)TAhP(0)) — Qapb, = 0.
Redefine the function ®; : R™ — R:

1 m m
(I)h(?) = 5 Z Z xi:chrace(P(O)TAiAhAjP(O))

i=1 j=1
+ Z xiTrace(P(O)TAhAiP(O))

i=1
1
+ §(Trace(P(0)TAhP(0)) — dars,) (6.45)
=277
+2 (Trace(P(O)TAhAIP(O)) . Trace(P(O)TAhAmP(O))> 4

1 T
+ §(Trace(P(0) AhP(O)) — Qapby,) -
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0 . . .. . .
where T}E ), where h = 1,...,m, is an m X m matrix whose ij-th non-zero entry is given

by:

718, = 5 Trace(POT 4,4, 4, P®) = Zey (0,75, (6.46)
where:
ing = (Ca; = e,)" (€, = €by) (Cap — €5,)" (ca; — 1) - (6.47)
and (pg%i)T = (eq, — €5,)T PO, Then, A = (A\1,..., \n)T € R™ satisfies:
Op(N)=0forh=1,....,m. (6.48)

Define the function ®(7’), ® : R™ — R™

o,(7) ZTTO%
o(T) = : — : + QT + (PO, (6.49)
() 7TV

The m x m matrix Q© is given by:

Trace(P(O)TAlAlP(O)) e Trace(P(O)TAlAmP(O))
Trace(PO7 A, A, P©) ... Trace(PO" A, A,,P©)
0) \7(,(0) ©) \r/(0) (6.50)
811(]?(1,11)1) (palbl) e glm(pa1b1> (pa,mbm>
0 0 . 0 0
et (P, ) (i) S (P, )T (P,
The m x 1 vector C(P©) is given by (see also Equation (5.12)):
T
C(PO) L(Trace(PO" A; PO) — gy,
Crn(P©) %(Trace(P(O)TAmP(O)) — Qaby)
Then Equation (6.48) is equivalent to:
O(N) =0, . (6.51)
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Since the required A is a root of (ID(?), it can be found using Newton’s method iteratively:
AEFD — AB) _ g (AR 1AW | (6.52)

where A®) is the X\ vector from the k-th Newton iteration. The m x m gradient matrix
V&(7) is defined by:

Ohy (T) ohy (@)
oz t OTm
VO(7) = ; . (6.53)
Ohm () Ohm (@)
Ox1 T OTm

Differentiating ®(7"), gives the following gradient matrix:

27T
Vo(T) =2 : +Q . (6.54)

T

The Newton iteration for finding A is summarized in Algorithm 4.

Algorithm 4 Full Retraction using Newton’s Algorithm

INPUT: The unconstrained step P, an initial iterate A\(*), a small number e,.
OUTPUT: A point P*) on the constraint manifold C(S"?).

1: for k=1,2,... do

2 A Z K Z g (A®)-1p(A®)

3 if | AFF) — A\*®) || < € then

4 Exit loop.

5 end if

6: end for

7: Return P*+D = p© 4 5~ )\EHI)AZ-P(O).

1=
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The Fast Retraction

The matrix equation CI)(?) for the Full Retraction, given in Equation (6.49), can take up
to O(m?) computations to evaluate. This bottleneck is caused by the matrix:

FTTOF

2TTO3

see Lemma 6.3.1 and Proposition 6.3.3. This means the Full Retraction is very inefficient
to use for large m. It is not uncommon for a protein structure to have near 1000 residues.
Thus, even if only the a-carbons of each residue are modelled, as is the case for ENMs,
m will often be near 1000. One iteration of the Full Retraction is simply too expensive to
evaluate. This section introduces the Fast Retraction, it is so named for two reasons:

e Fast Retraction avoids evaluating the matrix:

71707

2O

e this name draws attention to the close connection it has with Fast Projection, see
Section 2.8.2.

Observe the quadratic term in @, (") in Equation (6.45) will be very small if || 2 || is
very small, and therefore can be approximated by its linear approximation.

Let € € R™ be a vector where || € || is very close to zero. Define the following linear
approximation of ®,(€), denoted by ®,(€):

m

O4(T) ~ B4(T) = Y e Trace(PO A4, 4,P0) + C,(PO) . (6.55)
i=1
Define the matrix function:
()
() = : =QU? +Co(PY). (6.56)
,,(€)

123



A vector of small Lagrange multipliers, A = (0, ...,d\,;,) € R™, that satisfy:
D(6N) = 0, . (6.57)

gives a small retraction called the “Fast Retraction”. This means that d\ is the solution
to the linear system:

Qe =—Cc(PY). (6.58)

Because the Fast Retraction takes a very small step, the retracted point is likely not on
the constraint manifold C (Si’?’) yet. Let P be the first unconstrained step. A sequence
of Fast Retractions are needed, P, P ... to incrementally approaching the constraint
manifold C(S?). At the k-th iteration of Fast Retraction, dA® is found by solving the
linear system:,

QWE =—c(Pr®) . (6.59)

giving a corresponding § P*):

GP® =3 "M A, PP

=1

followed by the update:

P+l = p®) 4 5p®) = p®) 135\ 4, PE) (6.60)

=1

to arrive at P**1) which satisfies the constraints a bit better than P®*). The Lagrange
multipliers 6A*) can be scaled by a parameter «, that the programmer determines, for
example a = 0.1, to ensure || SA®) || is small, which is the assumption required by Fast
Retraction. These iterations can stop when the constraints are satisfied to some tolerance
level. Fast Retraction is summarized in Algorithm 5.

The Fast Retraction update at the k-th iteration when integrating the equations of
motion has the constraint force scaled by the matrix (A¢)2M ! (which scales the constraint
force into a displacement):

P = P (ALPMY oA AP (6.61)

i=1
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Substituting Equation (6.61) into the constraint gives:

Trace(P(kH)TAkP(k“))

m —~ 6.62
~(At)? Z /\Z(k)Trace(P(k)TAkM_lAiP(k)) + Trace(P(k)TAkP(k)) — Qayby (6.62)

=1

Putting all m constraints together shows d\ the following linear system :

QWE = —c(PW), (6.63)
where
Trace(P®" A, M~1A4,P®) ... Trace(PW" A, M~1A,,P®)
QY = (Aty? s s ,
TraCG(P(k)TAm]\/J\_IAlP(k)) . Trace(P(k)TAm]\/Z—lAmP(k))

which differs from Equation (6.59) in the use of Q® instead of Q).

In the lattice interpolation example discussed in Section 7.2, numerous calls to the
retraction function are needed by the RTR algorithm for each conformation. If the Full
Retraction is used, the maximum number of iterations for each conformation ranges from
3 to 9. But if the Fast Retraction is used, only 1 to 5 iterations were required. Note that
the Full Retraction also requires a random initial guess for the Lagrange multipliers, while
the Fast Retraction does not.

Lemma 6.3.1. The m X 1 vector:
0
21O

2O

in ®(7) defined in Equation (6.49) requires O(m?) steps to setup, where m is the number
of constraints.

Proof. The 1j-th entry of the matrix 7; ,EO), T ,Eol)j from Equation (6.46) has nonzero entry if
and only

Eihj = (eai - ebi)T<€ah - ebh)(eah - ebh>T(€aj - ebj) 7£ 0.

Therefore, T\°. # 0 if bond (an,bp) is adjacent to both bond (a;,b;) and (a;,b;). This

h,ij
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Algorithm 5 Fast Retraction

INPUT: Initial iterate P¥) resulting from an unconstrained step, see Equation (2.61). A
small number €, a small numer «.
OUTPUT: A sequence of iterates P, P . approaching the constraint manifold

C(S™?).
1: for k=0,1,2,... do
2: Solve the linear system for A,

QWoAM = —C(P®) (6.64)

3: Set SA®) = adA® to ensure || GA®) || is small.
4: Set the k-th correction 6 P%) to be:

GPE =" AP A, P® (6.65)
=1

Update P*+1) = pk) 4 5pk),
if |C(P**+D)|| < € then
Return P+
end if
end for
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means each row of T,EO) has very few nonzero elements, hence each row of the multiplication
T}EO)7 can be achieved in O(1) computations, allowing T,go)7 to be constructed in O(m)
computations. Since T,EO)? is an m x 1 vector, the multiplication of T (T,EO)?) also

require O(m) computations. The matrix

ZTTO%

ZTTO2

repeats this multiplication m times, hence, requires mO(m) = O(m?) computations to
construct. O

Proposition 6.3.3. The Full Retraction system requires O(m?) computations to evaluate,
while the Fast Retraction’s linear system requires only O(m) computations to evaluate.

Proof. As Lemma 6.3.1 has shown, the matrix

21O %

2O

required to compute ®( ) requires O(m?) computations to set up. The matrix Q© from
Equation (6.50) has the same sparsity structure as the matrix Q of Equation (6.20) which
from Proposition 6.3.1 has O(m) entries, and therefore requires O(m) computations to
setup. ]

6.4 Agreements Between C(R*") and C(S"")

This section discusses the agreements between constraint optimization on C(R3") and
C (Si’?’). The superscript k£ will be dropped where it is convenient to do so to make the
expressions easier to read.

Lemma 6.4.1. The matriz:

VO(P)M Vo),
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and the matriz:

Tmce(PTAlj/\/[\‘lAlP) Tmce(PTAlj\/f\‘lAmP)
Trace(PTA,, M~ A, P) ... Trace(PTA,,M~'A,,P)

are the same matriz.

Proof. This requires showing the 7j-th entry of these two matrices are the same.

From Equation (2.51),

?Tsalln
VO(P) = :
?Tsambm
The structure of the matrix:

vo(p)M've(w)",

has been discussed in, for example Barth et al. [J]:

?T‘Salbl

VO(P)MVC(P)" = : M (S P -+ St D)
?Tsambm
?Tsalbl M_lsalblﬁ e ?Tsalbl M_lsambm?
?T‘Samme_lsalln? cee ?Tsamme_lsambm?

The 75-th entry is:
?T‘S’aibiMilsajbjF .

Evaluating this expression gives:

?TsaibiM_ISajbj?
= ?T(eamls - ebiJS)(eaiJs - ebi,f3>TM71(eajJ3 - ebj713)<€aj7[3 - eijs)T?

= (pai - pbi)T( a;, 3 — ebi,fs)TMi%eajJs - eijS)(pai - pbi) .
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For ¢« = j, the diagonal entries are given by:

(pai - pbi)T(eai7[3 - ebiJs)TM_l(eaiJs - ebiJB)(pai - pbi)

- <m1ai (pai - pbi)T o _mei(pai - pbi)T>
1 T 1 -
Mg, (pai B pbi) (pai - pbi) - m_bi(pai - pbi) (pai - pbi)
(o * ) =0 )

For off-diagonal entries, only the blocks that appear in the same position in (eq, 1, — €p,,15)
and (eq;,1, — €s,,1;) Will contribute to the result. For example, if a; = a;:

(pai - pbi)T<€aiJ3 - ebz‘Js)TM_l(eajJs - ebj,13>(paj - pbj)
(paj - pb]‘>

- (mlai (p(lz - pr>T N —mel(pal - pr>T> .
_(paj - pbj)

—( ! )(pai — pb.)" (pa; — D3, -

M,

As another example, if b; = a;,

(pai - pbi)T<€ai:I3 - emeS)TMil(eajJs - ebj,f?))(paj - pbj)

= <mlai (pai - pbi)T . _mi,,i(pai — pbi)T>
—1 .
- mbi (pai - pbz) (paj - pbj)
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For the matrix @, the 7j-th entry simplifies as follows:

Trace(PTAi]/\/[\_lAjP)

(eai - ebi)TM_l(eaj - ebj))<paj - pbj )T(pai - pbi)
= Trace M_l(eaj - ebj)(eai - ebi)T) (paj - pbj)T(pai - pbi) .
If i = j,

—

TI‘ELCG(M_I(QQZ. - ebi)(eai - ebi)T)(pai - pbi)T(pai - pbi)
:Trace(]/w\il(eai - ebi)(eai - ebi)T)qaibi

1 1
= + QGibi .
My, my,

For off-diagonal entries, only the entries that appear in the same position in (eq, —es,) and
(€4, —€p, ) will contribute to the result. Using the same examples as for VC( )M 'VC(7)7,
it a; = a;:

Trace(M " (eq, — eb,)(€a; — €8,) ") Pa; — Do) (Day — 1)
= Trace(M_l(eaj - ebj)(elli - ebi)T)(paj - pbj>T(pai - pbi)

= < ! ) (Pa —pbj)T(Pai —Dy,) -

My,

If bl = Gy
Trace(]\/J\*l(eaj - ebj)(eai - ebi)T>(paj - pbj)T(pai - pbi)
= Trace(M_l(eaj - ebj)(eai - ebi)T)(paj - pbj)T(pai - pbi)
—1 T
= <m_bz) (paj _pbj) (pai _pbi) :
Therefore, VC(P)M'VC(F)T and Q are the same matrix. O
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Proposition 6.4.1. The matrix:

vo(p)vVe(r)”,
and the matrix:
Trace(PT A1 A1 P) ... Trace(PTA A, P)
Trace(PTA,,AiP) ... Trace(PTA,,A,,P)
are the same matrix.
Proof. Apply Lemma 6.4.1 with M = I3, and M = I,. O

Proposition 6.4.2 (The Agreement between the Lagrange multipliers for projecting onto
the Tangents Space of the Constraint Manifold). The Lagrange multipliers for projecting
onto the tangents space of the constraint manifold C(R®*") given by Equation (5.9) agrees
with the Lagrange multipliers for projecting onto the tangents space of the constraint
manifold C(S™%).

Proof. From Equation (5.9) A for the projection in 77 € R3" solves:

A= (VO(P)VC(P))'Ve(w) T

From Equation (6.22), the Lagrange multiplier for projecting an n x 3 matrix 7 is
A=Q 1.

where 7 is defined in Equation (6.21).

By Proposition 6.4.1,
Q=VvC(P)\VC()" .
To see that 7 and VC (?)7 are the same vectors, consider:

vCo(P) T

From Equation (2.51),

?Tsalbl
VO(T) = s
?Tsambm
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Therefore:

?T‘Sﬂ«lbl
vC(P)T = : 7
?T‘S’ambm
?T‘Staﬂnﬁ (pa1 - pb1)T(77a1 - 77171)
DT Sanbn (Parw = Pou) " (Ma, = 7b,0)

This is equivalent to Equation (6.21) which defines 7 when projection an n x 3 matrix 7.
Therefore, the Lagrange multipliers A solves the same linear system on both C(R*")

and C(S™?). O

Progosition 6.4.3 (The agreement betwegn the derivative of the Lagrange multipliers).

Let ¢ ,ﬁ € R3", and let the projection of ¢ be:

_>

¢

Proj(C) = ¢ = VC(T)TA.

Let D)\[ﬁ] be the directional derivative of X in the direction 7 The linear system for
solving for DA[T]] on C(R®") is the same linear system used to solve for D[] on C(S™?)
given in Equation (6.38) and Equation (6.39).

Proof. This proof follows the same approach as the proof for Proposition 6.4.2. Details are
omitted. O]

Proposition 6.4.4 (The Agreement Between Fast Projection and Fast Retraction). The
linear system solved by Fast Projection and the linear system solved by Fast Retraction are
the same linear systems.

Proof. Fast Projection’s k correction is given by:
PEN =F® — (AP MVO(TP)TN .

Fast Retraction has been defined with a sign difference (see Equation (6.61)):

P = PO (ALY oM A PE)

=1
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But since 5)\§k) is an unknown vector to be found, the sign difference can be moved to be
associated this unknown vector, so Fast Retraction can be redefined with a minus sign to
be consistent with Fast Projection:

m

P = pB — (AP M D (—AM) 4, PP
i=1
Fast Retraction’s linear system is now:
Trace(P®" A, M1 A4, P®) ... Trace(P®W" A, M~1A,,P®)
(At)® : : (—6A®)) = —c(PW) .
Trace(P(k)TAm]\//T_lAlP(k)) . Trace(P(k)TAm]\//T_lAmP(k))

After cancelling the minus sign on both sides of the equation, Fast Retraction’s linear
system is then:

Trace(P(k)TAlj\/J\_lAlp(k)) e Trace(P(k)TAlj\/I\_lAmP(k))
(At)® : : (6AB) = C(PW) .
Trace(P(k)TAm]\/ZflAlP(k)) . Trace(P(k)TAm]\//fflAmP(k))
By Proposition 6.4.1, the matrix on the left hand side of the linear system for Fast
Projection and Fast Retraction are the same.

On the right hand side, Equation 2.49 gives:

Cz(?) =

(H Pa; — Db, 2 _Qaibi) )

DN | —

while Equation 5.13 gives:

Ci(P) =

(Il Pas = Do II? —Gasvn) -

N | —

Fast Projection’s right hand side and Fast Retraction’s right hand side are therefore
equivalent:

C(P)=C(P).

In summary, Fast Projection and Fast Retraction solves the same linear system. [

Although Fast Projection and Fast Retraction both solve the same linear system, they
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are arrived at from different approaches. Table 6.1 provides a comparison of these two

paradigms.

Fast Projection

Fast Retraction

Approximates SAP, which solved for both
the Lagrange multipliers and the atomic
positions.

Approximates the full retraction, which was
only solving for the Lagrange multipliers.

The potential energy is a function on R3"

The potential energy is a function on S’

Table 6.1: A comparison of Fast Projection and Fast Retraction.

6.5 Summary

This Chapter presented the gradient, Hessian, horizontal projection, and retraction required
for optimization on C(Si’?’). Assumption 2 from [31] was removed to describe the constraints
of a protein structure. This Chapter also discussed the agreements between constraint

optimization on C(R®") and C(S*).
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Chapter 7

Interpolating Transitional
Conformations: An Example of

Modelling ENMs on SZ’B

7.1 Introduction

This Chapter uses the example of ENI and iENM to illustrate the modelling of protein
dynamics on 81’3. A python implementation is provided, using an object-oriented paradigm,
in Appendix A.

In Section 7.2, a lattice example is used to illustrate interpolating with and without
constraints. A comparison of the PSD ENI and PSD iENM potentials in Section 7.3 shows
that PSD iENM generates local conformational changes before global changes, as was also
seen in the original iENM formulation[74]. This order of change supports the idea that the
active site changes first to drive the protein’s conformational change. PSD ENI however,
does not produce such an order of change.

7.2 Lattice Example

In this section, a lattice model will be used to illustrate using the constraint manifold to
enforce constraints. Section 8.1 discusses that the PSD collision avoidance energy can be
modified to include enforcing equality constraints.
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Figure 7.1 presented the lattice model, this lattice model is an a-carbon chain. It is
called “latticel_small” because the atoms are placed 1 A apart, a shorter distance than the
3.8 A for a real protein.

I~

(a) (b) (c)

Figure 7.1: The lattice structure “latticel_small”. a) ball and stick model of the starting
conformation. b) stick model of the starting conformation. c) stick model of the ending
conformation.

Figure 7.1 a) gives the beginning conformation as a “ball and stick” representation,
where the balls represent the a-carbons. Figure 7.1 b) gives the beginning conformation
using a “stick” representation, where the atoms are not visible. The stick representation
allows the orientation of the backbone to be shown. Figure 7.1 c) is the ending conformation,
where the bottom part of the lattice, coloured in black, has undergone a 180° rotation.

293%S

)t =0.25 ) t=0.79 ) t=10.80 ) t=1.00

Figure 7.2: Transitions generated by Hookean ENI without the constraint manifold for
latticel_small. The final conformation is in the correct orientation after an abrupt flip at

t=0.79.

In order for the ending conformation to be in the correct orientation, the part of the
lattice structure coloured in black in Figure 7.1 ¢) must remain rigid throughout the
interpolation. Let the atoms of this structure be indexed starting from the top from 1
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to 10, then constraining the bond length between consecutive o carbons, together with
constraining the bottom piece colored in black to be rigid requires the following pairs of
constraints:

(1,2),(2,3),(3,4),(4,5),(5,6),(6,7),(7,8),(8,9), (9, 10), (6,8), (6,9), (6, 10), (7,9), (8, 10)

Figure 7.2 shows the transition generated using Hookean ENI without constraints, but
with the steric collision energy. An interesting observation from this interpolation is that
at t = 0.79, the bottom piece is abruptly flipped to the other side to arrive at the final
conformation. Hookean iENM has generated the same transition and therefore images of
the intermediate conformations will be omitted.

559 35%

) t=0.25 )t =0.60 ) t=0.86 ) t=1.00

Figure 7.3: Transitions generated by PSD ENI without the constraint manifold for
latticel_small. The final conformation is in the wrong orientation.

Figure 7.3 shows the transition generated by PSD ENI without the constraint manifold.
In this case, because the bottom piece has not been constrained to be rigid, the final
conformation generated is in the wrong orientation. PSD iENM has generated the same
transition and therefore images of the intermediate conformations will be omitted.

Figure 7.4 shows the transitions generated by Hookean ENI from moving on the constraint
manifold. The intermediate conformations generated in this case has the bottom piece,
which is coloured in black in Figure 7.4, stay rigid for all intermediate conformations, and
therefore, the ending conformation is in the correct orientation.

Note that the top part of the structure in Figure 7.4, colored gray, does not stay rigid.
Recall from the discussion in Section 2.8.3 that when three atoms are collinear, the matrix
used by Fast Projection to solve for the Lagrange multipliers becomes singular, therefore
the top part of latticel small cannot be constrained to be rigid. Since this lattice is not a
real protein, we will not explore this issue further in this thesis.

The transitional conformations generated by Hookean iENM are the same as that
generated by Hookean ENI, the figures have therefore been omitted. The transitions
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(a) t=0.25 (b) t = 0.50 (c) t = 0.65 (d) t = 0.99

Figure 7.4: Transitions generated by Hookean ENI with the constraint manifold for
latticel_small. The black coloured part of the structure is constrained to be rigid to allow
it to rotate 180°.

generated by PSD ENI, and PSD iENM also show the same principle, and therefore
these images are also omitted. In both cases, the final conformation is in the correct
conformation, unlike in Figure 7.3.

08 Hookean ENI latticelsmall 1 0.10 Hookean ENI latticelsmall 1
0.7
0.6 0.05
5 =
Sos &
2 2
So0.4 S 0.00
‘G kS
£0.3 £
S 2
0.2 -0.05
0.1
009 20 40 60 80 100 -0.1q5 30 20 60 80
Conformation Index Conformation Index
(a) Without constraint manifold. (b) With constraint manifold

Figure 7.5: || C(7,) || for each transitional conformation J'; generated by Hookean ENI.
The same graph was generated by Hookean iENM.

Figure 7.5 shows the norm of the constraint, | C(7’) | for each transitional conformation

generated by Hookean ENI (recall Equation (2.47). Hookean iENM produced the same
graph and is therefore omitted. Figure 7.5 a) shows that despite the final conformation
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being in the correct orientation, the intermediate conformations do not stay on the constraint
manifold. Note the peak of the graph around ¢t = 0.79 and ¢ = 0.8, where the abrupt flip
happened as shown in Figure 7.2. Figure 7.5 b) shows after enforcing constraints, || C(7) ||
stays very close to zero for each transitional conformation, with no abrupt changes.

ESD EN! Iatticelsma” ;l. 0.10 PSD ENI latticelsmall 1

0.16

0.14¢

£0.12} 0.05

o
+0.10;
o

0.00

So0.08

Norm of constraint

o
£0.06/
20.04/ ~0.05

0.02f

0.00, ‘ ‘ ‘ ‘ ~0.10;
0 20 Confiormationsﬁdex 80 100 20 Cgr?formationln%%x 80 100

(a) Without constraint manifold. (b) With constraint manifold

Figure 7.6: || C'(F;) || for each transitional conformation P, generated by PSD ENI. The
same graph was generated by PSD iENM.

Figure 7.6 shows || C'(F;) || for each P; generated by PSD ENI. Figure 7.6 a) and b)
show respectively that if enforcing constraints is omitted, the intermediate conformations
are not guaranteed to be on the constraint manifold.

7.3 Local and Global Conformational Changes

The protein structure constraints modelled in this section are the quadrances between
consecutive a-carbons, being fixed at (3.8)2A apart. Distances between geminal a-carbons
can also be constrained to keep the bond angles fixed, but is omitted in this example to
keep the number of constraints small. The range of motion being interpolated is small,
hence this modelling choice does not have an impact on the result.

The Hookean iENM potential produces intermediate structures that model local conformational
change at an active site before a global conformational change. The ability of the model to
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distinguish local versus global conformational changes supports the idea that local motions
at an active site drive larger global conformational changes. When the original iENM was
introduced [74], three Adenosine-triphosphate (ATP) driven structural transitions were
modelled to demonstrate iENM can model local change at an active site before a global
change. These three transitions are summarized below, and are used to show PSD iENM
also preserves the order of local change before global change.

CASE 1: MYOSIN Myosin is a superfamily of actin-based Adenosine-triphosphate (ATP)
powered motor proteins involved in diverse functions from muscle contraction to intracellular
transportation. The various biochemical states this protein can have are described in
[71], where the transition from the state given by 1IFMW to the state given by 1VOM,
is modelled by the authors. During this transition, ATP hydrolysis is accompanied by
the closing of the active site (local change), and an upward rotation of the converter
subdomain (global change). A difference in the order of local and global conformational
change has been observed by different modelling approaches. The iENM approach produces
the local conformational change before the global change. According to the authors, this
is “consistent with a causal relationship by which ATP hydrolysis causes a subsequent
upward rotation of the converter, which is energetically more favorable than an alternative
order by which an upward rotation of the converter precedes the closing of active site.”
The active site is located at residues 179-186, 233-238, and 454-459. Figure 7.7 shows the
active site residues for IFMW.

(b) Active site circled.

Figure 7.7: 1IFMW active site.

CASE 2: 1BMF F; ATPase (F}) is a globular catalytic moiety of FyF; ATP synthase,

140



which is a molecular machine that uses the energy of proton motive force across the
mitochondrial membrane to synthesize ATP. It has three [ subunits, three a subunits,
and a central stalk of yde subunits. Three catalytic sites and three non-catalytic sites are
situated at the interface of the § and « subunits. The bovine F} crystal structure, (PDB
code 1BMF), captures the catalytic sites at the open and close conformations. The empty
E-site, and the associated S subunit adopted the open conformation. The other two
sites, referred to as the TP-site and DP-site, and their associated Srp and Spp subunits
adopted the closed conformation. The iENM model from the Sz open conformation to the
Brp closed conformation shows closing of the catalytic E-site precedes the open-to-close
transition of the 5 subunit. The catalytic site (active site) is located at residues 159-164,
186-188, 256-259, and 308-309. Figure 7.8 shows the active site for IBMF.

The Bg subunit is captured in chain E of the PDB structure, and the S7p subunit is
captured in chain F of the PDB structure. The conformation given by these two chains
are interpolated.

\av.
IR XS
RGN
'\J;M _L:)ﬂ‘

®,

(a) 1BMF chain E. (b) Active site circled.

Figure 7.8: 1BMF (chain E, Sz subunit) active site.

CASE 3: 1AON GroEL is a chaperone protein that assists in protein folding. ATP
binding leads to the transition from the T state to the R state, then binding of the GroES
protein and ATP hydrolysis leads to the R” state. Chain H of 1AON is in the T state
conformation, and chain A of 1AON is in the R” state conformation. The iENM transition
from the T state to the R” state shows the closing of the active site before a global
conformational change, supporting the idea that ATP binding is the cause of the global
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structural change. The active site is located at residues 31-33, 87, 91, 150, 151, 398, 415,
454, 479-481, 493, 495. Figure 7.9 shows the active site for TAON.

(a) TAON chain H. (b) Active site circled.

Figure 7.9: 1AON (chain H) active site.

Let Z C {1,...,n}, be a subset of the residue indices for which their progress towards
the end conformation is to be measured. Let P, be the initial conformation, P; be the
j-th conformation, and Pjoy be the final conformation. Let By[Z,:], BP[Z,:], PiwlZ,:]
be the corresponding submatrices with the rows in Z present. The reaction coordinate
formula from [71] for measuring the progress of residues indexed by Z towards the ending
conformation can be expressed in the following matrix expression:

(B[Z,:]Q; — B[Z,:], PiolZ,:)Qro0 — Fo[Z,:])
(ProolZ,:]Q100 — Po[Z, ], PioolZ, :] Q100 — Fo[Z, :])

The matrices Q190 and ); are Procrustes rotations applied to Piog and P; respectively.
The matrix Pig[Z,:]Q100 — Po|Z,:] measures the total displacement from the beginning
conformation to the end conformation. The matrix P;[Z,:]Q; — Fy[Z,:] measures the
displacement up to the j-th conformation. RC’% thus measures how much the j-th conformation’s
residues with indices from Z has moved, with respect to how much they need to move in
total.

RCI = j=0,...,100. (7.1)

Figure 7.10 and 7.11 both plot RC};OCQZ on the horizontal axis versus RCélObal on the
vertical axis. The local and global residue indices for each protein were discussed previously
in the CASE 1, CASE 2, CASE 3 summaries.

Figure 7.10 shows the local versus global reaction coordinate scatter plot for the transitional
conformations generated by PSD iENM for IFMW’s and 1BMF’s transitions. For IFMW,
the global change is measured for residues 81 to 747, following [74]. This figure shows
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12 local vs global change (1IFMW iENM PSD)

1.2

local vs global change (1BMF iENM PSD)
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(a) IFMW to 1VOM, global motion delayed. (b) 1IBMF chain E to F, global motion delayed.

Figure 7.10: PSD iENM delays global motion for IFMW and 1BMF, in agreement with
Hookean iENM.

the global motion is delayed until the very end of the interpolation for both proteins, in
agreement with the original Hookean iENM.

Figure 7.11 shows a comparison of the local versus global change for IAON generated
by PSD ENI and PSD iENM. As can be seen, PSD ENI does not delay the global motion
towards the final stages of the interpolation.

In Figure 7.13, intermediate conformations generated by PSD ENI are presented for
the TAON chain H to TAON chain A interpolation. These conformations show the global
movement happens very early. Figure 7.13 is the aligned beginning and ending conformation
before and after interpolation.

Figure 7.14 presents the PSD iENM generated interpolation for 1AON chain A to chain
H. These intermediate structures show PSD iENM delays the global motion towards the
final stages of the interpolation.

7.4 Summary

This Chapter used the transitional conformations problem as an example of modelling
ENMs on Srfr’?’. This Chapter has also observed the agreement between the Hookean iENM
and PSD iENM potentials.
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local vs global change (1AON iENM PSD)

local vs global change (1IAON ENI PSD)
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(a) PSD ENI does not delay global motion (b) PSD iENM generates global motion near the end.

Figure 7.11: Local and global motion comparison for IAON from chain H to chain A.

(¢) t=0.70

Figure 7.12: Sample of transitional conformations for IAON Chain H (black) to Chain A
with PSD ENI showing global motion already at ¢t = 0.50.
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(a) t = 0.00

Figure 7.13: 1AON Chain H (black) superimposed onto Chain A before and after
interpolation, showing the range of global motion.

Figure 7.14: Sample transitional conformations for IAON Chain H to Chain A with PSD
iENM showing global motion delayed to beyond the 90th transitional conformation.
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Chapter 8

Conclusion

The R3*" Riemannian manifold presents many mathematical defects for modelling ENMs.
These defects are removed by changing to the S’}F’B Riemannian manifold. Table 8.1
summarizes defects discussed in this thesis.

8.1 Future Research

The Riemannian manifold 81’3 opens up many interesting directions of future research.

Meyer[55] generalized linear regression to many matrix manifolds, including S’". Recall
in R3" linear regression is given by the optimization problem:

minZ(Wﬁi —7,)?, (8.1)

where ﬁz € R3" are the training features, 7, € Ri=1,..., N are the training (expected)
outputs and W € R are the weights to be learned by the linear regression model. The
generalization of linear regression to S'y" provided by Meyer[55] is given by:

N
min » || Trace(W"Sym(4A;)) =7, |7 . (8.2)

i=1

where W € S"" is the low rank weight matrix, and A; are now matrix inputs, where
sym(A) = (A+A”)/2 ensures A, is a symmetric matrix, and the expected training output is
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Considerations Defects of the current approach | The new approach in this thesis
using R3" using S NS¢
Minimizing the || No, problem is ill-posed. Yes, problem is well-posed.

potential is well-posed

Distance or quadrance
in potential

No preference.

Quadrance is preferred because of
the Linear isomorphism mapping

K:S" NSy — &

Number of constraints || 3n, — 6, see [0] depends on n,, | Use facial reduction to further
for a rigid group of n, || i.e. O(ny). reduce to 3(4) — 6 = 6 constraints
atoms

Rotation  of  rigid | Needs rotation matrices, and | Use a face of the S} cone. No
groups of atoms Lie group theory, additional | additional mathematical objects

complexity. [17]). required, model remains simple.

Conservation of linear || Additional constraint. Using facial reduction to remove
momentum this constraint.

Enforcing constraints | Both  implicit —and explicit | The retraction is by definition

treatment of the constraint force
has been proposed.

a “step and project” operation,
implicit treatment of constraint
force is the only option.

Redundancy Yes. Mass matrix M repeats | No. See definition of M and e,.
mass of each atom three times,
€q,1, Tepeats the 1 three times.
Apply abstract || No. Fast Projection was | Yes. Matrix ~ manifold
concepts to different || already presented by Rosen | optimization uses abstract
applications in 1961 [66] for general nonlinear | differential ~ geometry as a
constraints, but re-introduced by | foundation.
Goldenthal et al. [30] for distance
constraints.

Table 8.1: The advantages of modelling ENMs using Sﬁ’?’

over R3" is summarized.

y,;. Meyer pointed out that the rank » EDMC problem is in fact a linear regression problem
on S""", where the specified quadrances, g, are the expected training outputs, (e, —ep)(€,—
ep)? for (a,b) € D are the matrix training inputs, W = YY7 is the rank r weight matriz
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to be learned. In other words, Meyer [55] has pointed out that the optimization problem:
min Z (Trace(YY 7T (e, — ep)(eq — €)") — Gup)?
(a,b)eD
(8.3)
=min Z ((e(l - €b>TYYT(€a - eb) - aab)Q )
is a linear regression problem on S’

Given input 7/; € R3", a perceptron in R3" that does not have an activation function
also outputs the calculation:
v (8.4)

Therefore, this means the output of a perceptron whose weight matrix is on S’"" is:
Trace(W'Sym(4;)) . (8.5)
The PSD potential uses a perceptron which produces the output
Trace(PPT (e, — ey)(eq — €3)7)

which is of the form given in Equation (8.5) with W = PPT. Therefore, the PSD potential
can be viewed as the sum of squared errors of a perceptron whose training input is given
by the matrices (e, — ep)(eq — €)', and whose training output is the reference quadrances
from atomic index pairs in D, from which the rank 3 “weight matrix” PP? of atomic
coordinates is to be learned.

Meyer’s generalization motives Definition 8.1.1 of a rank r» PSD perceptron.

Definition 8.1.1 (Rank r PSD Perceptron). A rank r PSD perceptron is a perceptron
whose weight matriz is a rank r PSD matriz. The input to the perceptron is a symmetric
matriz. The output of the perceptron is a scalar real number. There may or may not be an
activation function applied to the output.

The PSD collision avoidance potential can be modified to include checking for violations
of equality constraints. Define the following sets which are evaluated at P. Let ¢.,; be the
threshold quadrance for which atomic collision is assumed. Define D, (P) to be the set of
atomic pairs for which the inter-atomic quadrance is less than g.:

Deor(P) = {(a,b) | (ea — e3)" PP (eq — €) < Geot} -
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Define Dg(P) to be the set of pairs that have violated their equality constraint, given by
z\jab:

Dp(P) = {(a,b) | (ea — e3)" PP (eq — €) > Gup o1 (eq — €3)" PP (eq — €3) < up} -

These sets can be used to define the activation function of a PSD “penalty perceptron”,
which now penalizes both collisions and violation of equality constraints.

Now consider the situation on R*". The Hookean potential has no simple relation to a
perceptron whose weight vector is from R3",

Because the PSD potential uses PSD perceptrons, and minimizing the PSD potential is
equivalent to minimizing the sum of squared errors outputted by these PSD perceptrons,
this problem can be implemented on hardware optimized for neural network training which
are expected to be faster than CPUs This implementation is left as a topic for future
research. Other future research directions include adapting the PSD potential to different
problems in protein dynamics, for example protein-ligand docking [57, 69], and a further
investigation of applying facial reduction to modelling rigid groups of atoms.
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Appendix A

Interpolating transitions: An
Object-Oriented Implementation in
python

Sample python code for implementing ENI and iENM is presented in this Appendix.

A.1 Background

The implementation choice made here is to treat the Hessian as a linear operator as
discussed in Section 3.6.5. In Plantenga’s algorithm for minimizing the semi-empirical
potential, the author used the conjugate gradient algorithm since it only required the
Hessian-vector product, and not the Hessian matrix explicitly. The author proposed to
approximate the Hessian-vector product with a finite difference approximation:

— _ —
V(P = V(P +€7€) VI(P)

Y

where ¢ = 2max{1, || 7 ||}v/machine precisions/ || 7 ||. This approximation is motivated
by the definition of the directional derivative of a vector field, see Equation (3.28). Absil
et al.[1] has provided a more formal development for arbitrary Riemannian manifolds.

The generalization of the truncated conjugate gradient algorithm (and the conjugate
gradient algorithm) to an arbitrary Riemannian manifold, and to Srfr’?’ in particular, is
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straightforward because of this “inverse-free” property, which was also noted by Absil et
al. [1] page 144:

Notice that the truncated CG algorithm is “inverse-free”, as it uses Hy only in
the computation of Hy[dy].

Recall from Section 3.6.5, the Riemannian connection generalizes the idea of taking the
directional derivative of a vector field from R3" to an arbitrary Riemannian manifold.
Further, for submanifolds and quotient manifolds of Euclidean space, the Riemannian
connection reduces to the Euclidean connection, which is the directional derivative followed
by the appropriate projection onto the tangent space of the submanifold or quotient
manifold. Therefore, for 87° Hessf(P)[] can be found exactly without the need for
approximation methods. In fact, the same approach can be used for the Hookean potential.
For the Hookean potential and the PSD potential, these directional derivatives have a closed
form and will be presented in this Chapter.

The implementation in this Appendix shows the Hookean potentials can also be minimized
without the regularizations discussed in Section 2.7, ill-posed does not mean a solution
cannot be found, only the solution is not unique. The Hessian-free implementation overcomes
this because the tCG algorithm makes adjustments to the Hessian-vector product, rather
than inverting the Hessian.

As for previous authors in this area, a web server for ENI has been setup at http:
//biocengineering.skku.ac.kr/kosmos/tutorial.php by Kim. Matlab code for ENI is
available from the ”tutorial” tab. This code does form the Hessian matrix explicitly'. A
web server has been set up for iENM at https://enm.lobos.nih.gov, but the source code
is not available.

A.2 Data Input and Data Output

The required input data to the transitional conformations problem are:

1A naive way to interpolate two protein conformations is to interpolate the beginning and ending
conformation’s Gram matrix or atomic coordinates directly, this is called “range interpolation” and was
discussed in our previous publication [51]. A preliminary discussion of generalizing Hookean ENI to PSD
ENT has appeared in our previous publication [52]. When Kim’s matlab code was used to interpolated
the lattice structures in this publication, anomalous stretching of bonds were observed. Implementing
Hookean ENI with the Hessian matrix formed without an intermediate matrix, as was the case in Kim’s
implementation, does not give this stretching. The reason for this difference is unclear, and is not explored
further in this thesis since the implementation here does not form the Hessian matrix explicitly.
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e the atomic coordinates of the initial protein structure,
e the atomic coordinates of the ending protein structure, and

e information about which inter-atomic distance of these atoms are constrained.

This information is assumed to be available in textfiles.

This information can be obtained from a protein structure’s Protein databank (PDB)
file. UCSF Chimera [63] can be used to open a PDB file, extract the needed input data,
and print them out to text files, UCSF Chimera allows all these steps to be written using
python.

The output of the transitional conformations problem is a sequence of textfiles, each
file contains the atomic coordinates of one intermediate conformation. These atomic
coordinates can also be visualized using UCSF Chimera by updating the atomic coordinates
of the initial conformation.

For more information on how to use UCSF Chimera to access PDB files and visualize
protein structures see [14].

A.3 The R3n_Calculations Class

This class implements calculations related to the generic Hookean potential. The cost
function implements Equation (2.5), the generic Hookean potential:

Ey(7) = % Z Wap (\/ PTSu P — C/Z:zb>2 ;
(a,b)eD

where c/l;b is the reference distance defined based on the application. The parameters of
cost are weight L a list of the weights for each pair of neighbours in D, distance ref L
a list of reference distances, nbrs_L a list representing the set D, and finally pvec is the

3n x 1 vector 7.

The function grad implements forming the gradient of EH(?), grad &/ H(?), which is a
3n x 1 vector. The presentation of this gradient in Section 2.2 was based on the discussion
in [37] where each 3 x 1 block was defined. The equation below is a more concise expression
for the gradient, as one summation, derived by taking the vector derivative of the equation
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for Ey(7):

Sab p
gradEH Z Wap | V 227 TSV — dab Al
(a,b)ED ( > VTS bi A

The grad function uses a loop to calculate this summation. The definition of the stamp
matrix Sy, shows for each iteration of the loop, the a-th 3 x 1 block of the 3n x 1 gradient
vector receives the vector update:

-~ €a,I5 — €b,I 7 Pa — Db
Wab <\/ P SuP — dab> ( \/% = Wap <|| Pa— P || — ) Toazpl’
p ab a

whereas the b-th 3 x 1 block gets the update with a minus sign:

) Pa — Db

—Wab (H DPa — Db H m .

The Hessian matrix is not formed. Instead, the Hess function implements the Euclidean
directional derivative of the gradient in the direction 7, denoted

HessEy (7)) [7] = DgradEy (7)[7]

which is a 3n x 1 vector (Plantenga called this value the “Hessian-vector” product). This
expression is given by:

Hess By (7)[7] = Dgrad By (P)[77]

= Z Wap ( TSap _C/l\ab) ?T;ab?

(a,b)eD
( p Sabi; > ( Sabi >] .
\/ﬁiSabp \/ﬁzSabp

This expression is arrived at using the product rule and the quotient rule for taking
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derivatives, it can be further simplified as follows:

= Z w (\/ TS ;; — (/l\ > Sabﬁ _ ?Tsabﬁsab? + 5>T‘S’abﬁsab5>
(a,b)eD " oo “ \ DTS D (\/ 7S 227 >3 PSP
S [ P (s - 301527, 1SS
I VTS ) VT PTSu D PTSa

_ Z Wab _S bﬁ . ?Tsabﬁsab? . C/Z\ab (S bﬁ o ?Tsabﬁsab?> n ?Tsabﬁsab?
e a _ a ?TSabE> \/ ?Tsab;p a 7T5ab? ?Tsab?

_ [« = da TS S
— (a%gpwab _Sabﬁ NG (Sab7 5757 )]

The final expression is used to implemented the Hess function, which returns the Hessian-
vector product. This product is implemented using a loop. The definition of the stamp
matrix Sy, shows for each iteration of the loop, the a-th 3 x 1 block of the 3n x 1 vector
HessEy (7)[7/] gets the update:

~

dab ( ?T‘S’abﬁsab?)
Wy, €a,I3 — €b,I3 T sy = €a,Is — €b,I3 -
o i (e - TS

= Wy [(m — ) — _dw ((na — ) — ((pa ) (7 m)) (pa — pb)>] :

| Pa — 2o || | Pa — po |2

while the b-th 3 x 1 block gets the update:

—Wap [(na — ) — _dw ((na — ) — ((pa ) nb)) (Pa — pb))]

| P = s || I Pa = ps |12

All summations can be divided by |D| to prevent these terms from getting too big.

class R3n_Calculations:

def __init__(self):
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pass

def cost(self, weight_L, distance_ref_L, nbrs_L,pvec):

if len(nbrs_L) ==
return O
Total = 0
for i in range(len(nbrs_L)):
nbrsi = nbrs_L[i]
a = nbrsi [0]
b = nbrsi [1]
dab = la.norm(pvec[3*a:3*(a+1),:]-pvec[3*b:3*(b+1),:])
erri = dab - distance_ref_L[i]
Total = Total + weight_L[i]* (erri #**2)

return 0.5%Total

def grad(self, weight_L, distance_ref_L, nbrs_L, pvec):

grad =0.0%*pvec
if len(nbrs_L)==0:
return grad

for i in range(len(nbrs_L)):
nbrsi = nbrs_L[i]
a = nbrsi [0]
b = nbrsi [1]
pvec_ab = pvec[3*a:3*(at+l),:]-pvec[3*b:3*(b+1),:]
dab = la.norm(pvec_ab)
erri = dab - distance_ref_L[i]

entry = weight_L[i]l* erri/dab * (pvec_ab)

# update 3 by 1 blocks

grad[3*a:3*(a+1),:] =grad[3*a:3*x(a+l),:]+ entry
grad[3*b:3*(b+1),:] =grad[3*b:3*(b+1),:]- entry

return grad
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def Hess(self, weight_L, distance_ref_L, nbrs_L, pvec, dirvec):

HessDir = 0.0O*pvec
if len(nbrs_L) ==0:
return HessDir
for i in range(len(nbrs_L)):
nbrsi = nbrs_L[i]
a = nbrsi [0]
b = nbrsi [1]

pvec_ab
dirvec_ab

pvec[3*a:3%(a+1),:]-pvec[3*b:3*(b+1),:]
dirvec[3*a:3*x(a+1),:]-dirvec[3*b:3x(b+1),:]

dab = la.norm(pvec_ab)

cross = sp.sum(sp.multiply(pvec_ab, dirvec_ab))/dab**2

entry = weight_L[i]l*(dirvec_ab - (distance_ref_L[i]/dab)*(dirvec_ab
- cross * pvec_ab) )

# update 3 by 1 blocks
HessDir[3*a:3%(a+1), :]
HessDir [3*b:3x(b+1), :]

HessDir[3*a:3%(a+1),:] + entry
HessDir [3*b:3*(b+1),:] - entry

return HessDir

A.4 The PSD3 Calculations Class

This class implements calculations relating to the generic PSD potential. The cost function
implements calculating the generic PSD potential:

EPSD(P) :% Z Wah (err(a,b))2 )

(a,b)eD
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where
err(a,b) = (e, — eb)PPT(ea —ep) — Qub

where g, is a reference quadrance defined based on the application. The parameters of the
PSD cost function is the same as those used in the R3n_Calculations, with the matrix
P replacing the vector ?

The grad function implements the calculation:

gradEpgp(P) = Z wapert(a, b)(eq — y)(eq — ep)" P

(a,b)eD
The Hess function implements the calculation of the Euclidean directional derivative:

HessEpsp(P)[n| = DgradEpsp(P)[n)

which is given by:

DgradEpsp(P)[n] = Z Wap [err(a, b)(eq — ep)(eq — e5)Tn + cross(a, b)(eq — ep)(eq — eb)TP} ,
(a,b)eD

where
cross(a, b) = 2(e, — e,) " P’ (ea — €) = 2(pa — o) (e — M) -

class PSD3_Calculations:

def __init__(self):
pass

def cost(self, weight_L, quadrance_ref_L, nbrs_L,P):

if len(nbrs_L) == 0:
return O
Total = 0
for i in range(len(unbrs_L)):
a = nbrs_L[i] [0]
b = nbrs_L[i] [1]
gab = sp.sum(sp.square(P[a,:]1-P[b,:]1))
erri = qab - quadrance_ref_L[i]
Total = Total + weight L[i]* (erri **2)
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return 0.5xTotal

def grad(self, weight_L, quadrance_ref_L, nbrs_L, P):

grad =0.0x*P
if len(nbrs_L)==0:
return grad

for i in range(len(nbrs_L)):
nbrs_L[i] [0]
nbrs_L[i] [1]

a
b

gab = sp.sum(sp.square(P[a,:]1-P[b,:]1))

erri = gab - quadrance_ref_L[i]

entry = weight L[il* erri * (P[a,:]1-P[b,:])
gradla,:] =gradla,:]+ entry

grad[b,:] =grad([b,:]- entry

return 2%*grad
def Hess(self, weight_L, quadrance_ref_L, nbrs_L, P, Dir):

HessDir = 0.0x%P
if len(nbrs_L) ==0:
return HessDir

for i in range(len(nbrs_L)):
a = nbrs_L[i] [0]
b = nbrs_L[i] [1]
gab = sp.sum(sp.square(P[a,:]-P[b,:]))
erri = qab - quadrance_ref_L[i]

crossab = 2% sp.sum(sp.multiply(P[a,:]-P[b,:], Dir[a,:]-Dir[b,:]1))
entry = weight_L[i]* erri * (Dirl[a,:]-Dir([b,:]) + weight_L[i]*
crossab * (P[a,:]-P[b,:])

HessDir[a,:] = HessDir[a,:] + 2xentry
HessDir([b,:] = HessDir[b,:] - 2xentry
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return HessDir

A.5 The Potential Base Class

The Potential base class is a class from which the Hookean and PSD potentials inherit
from. This class has functions common to both potentials, these functions relate to finding
which atoms are neighbours with which other atom.

A neighbour of an atom is defined to be another atom whose distance is less than
some threshold distance away. The neighbour may be bonded or not bonded. Finding the
neighbours of each atom exhaustively is very inefficient. For a protein with n atoms,
labelled 1,...,n, determining the neighbours of the first atom requires a check of its
distance with n — 1 atoms, determining the neighbours of the second atom requires a
check of its distance with n — 2 atoms, for the third atom, there are n — 3 checks, and so
on, resulting in:

n—1)+mn—-2)+n—-3) 4+ --=0(n?
computations. A faster method has been discussed in detail in Chapter 3 Section 3.4
of Burkowski[l1] and also appears in other papers, for example Yip and Elber[20]. This

method encloses the protein with a bounding box (bbox) as shown in Figure A.1. The
corners of this bbox are the points

(%%Z) Where HARS {mminvxmaac} Y € {yminaymax} s R S {Zminyzmaa:} )

where x,,;, is the minimum value of the x coordinate of all atoms in the protein, x,,,, is the
maximum value of all the x coordinates of the protein rounded up to an exact multiple of
the threshold neighbour distance; Ymin, Zmin Ymazs Zmaz are defined similarly. This bbox is
then further divided uniformly into a grid of smaller cubes where each side of the cube has
length equal to the threshold distance for an atom to be considered a neighbour. Figure
A.1 a) shows a protein surrounded by a bbox, Figure A.1 b) shows one grid cube. These
cubes are index by 3 coordinates (c,, ¢y, c;), called the “cube coordinates”. Each cube
coordinate serves as a key into a dictionary (hashmap) with the corresponding value
being a list of atomic indices representing the atoms that are enclosed by this grid cube.
The construction of this dictionary requires iterating through all atoms, and therefore this
method requires O(n) operations to set up.

When determining the neighbours of a particular atom, rather than checking all atoms
to see if they have distance less than the threshold distance, the atoms in this particular
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atom’s grid cube, and the surrounding grid cubes (at most 26) are the only ones that
needs to be checked. This number is independent of n, therefore, finding the neighbours
of a particular atom requires O(1) operations. Finding the neighbours of all n atoms thus
require O(n) operations.

The Potential class assumes atomic coordinates are given as a list of tuples. It does
not have knowledge of either the R3" or Si’?’ geometries.

(a) A bounding box. (b) A bounding box with one grid cube.

Figure A.1: A bounding box around a protein.

class Potential(object):

def __init__(self, name, thres):
self.name = name

# threshold distance for neighbours
self.thres = thres

# Returns the type of potential
def getName(self):
return "potential base class '"+self.name+" threshold interaction
distance "+str(self.thres)



# Finds the smallest coords, this is one corner of the bounding box.
def findmintuple(self,coord_L):

# initialize to infinity

xmin = ymin = zmin = float(’inf’)

for a in coord_L:

if al0]l< xmin: xmin = al[0]

if al1l< ymin: ymin = a[1]

if al[2]< zmin: zmin = a[2]
return (xmin, ymin, zmin)

# Finds the largest coords, this is another corner of the bounding box.
def findmaxtuple(self,coord_L):

# initialize to negative infinity

xmin, ymin, zmin = self.findmintuple(coord_L)

xmax = ymax = zmax = -float(’inf’)
for a in coord_L:

if al[0] > xmax: xmax = a[0]
if al1] > ymax: ymax = a[1]
if a[2] > zmax: zmax = a[2]

multiple_x = sp.ceil((xmax - xmin)/self.thres)
multiple_y = sp.ceil((ymax - ymin)/self.thres)
multiple_z = sp.ceil((zmax - zmin)/self.thres)
xmax_exactmult = xmin + multiple_x * self.thres
ymax_exactmult = ymin + multiple_y * self.thres
zmax_exactmult = zmin + multiple_z * self.thres

return (xmax_exactmult, ymax_exactmult, zmax_exactmult)

# Given a list of atomic coordinates, updates which atom belong to which
# cube in the grid of cubes and return list of neighbours for each atom.
def updateGrid(self, coord_L):

self .mintuple
self .maxtuple
self.grid

self.findmintuple(coord_L)
self.findmaxtuple(coord_L)
self.buildGrid(coord_L)

nbr_pairs = self.getAl1Nbrs(coord_L)
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return nbr_pairs

# Get the neighbours of all atoms
def getAllNbrs(self, coord_L):

# nbr_L is one big list of pairs, each pair are two neighbour atoms.
nbr_L = []
for i in range(len(coord_L)):

# Get atom i’s neighbours.
nbr = self.getListofIndices0fNbrAtoms(i, coord_L)

# Joint the current atom’s neighbour index with the global
# neighbour list
nbr_L=nbr_L + nbr

return nbr_L

# Take a atomic coord convert it to the cube it is in.
def convCoordtoGridCoord(self, coord):
cubex = int(coord[0] - self.mintuple[0])/self.thres
cubey = int(coord[1] - self.mintuple[1])/self.thres
cubez = int(coord[2] - self.mintuple[2])/self.thres

return (cubex, cubey, cubez)

# Build grid for atomic coords. The grid is a dictionary (hashmap).
# key: grid cube coordinates,
# values: list of atomic indices for atoms in this cube
def buildGrid(self, coord_L):
grid = {}
for i in range(len(coord_L)):

key = self.convCoordtoGridCoord(coord_L[i])

grid.setdefault(key, [1).append(i)
return grid



# Get neighbours using grid cubes around atom index center_ix.
# Returns a list of tuples (center_ix, nbr_ix).
def getListofIndicesOberAtoms(self, center_ix, coord_L):

# return tuple list, each tuple is (center_ix, nbr_ix) where
# nbr_ix is center atom’s neighbour atom index
ngbrpair_L =[]

cube = self.convCoordtoGridCoord(coord_L[center_ix])
center_coord = coord_L[center_ix]

X,y,2z = cube[0], cubel[l], cube[2] # cube coord

for i in range(x-1, x+2):
for j in range(y-1, y+2):
for k in range(z-1, z+2):

key = (i,j,k)
if self.grid.has_key(key):

ngbr_L = self.gridl[key]
sorted(ngbr_L)

for ix in ngbr_L:
if ix <= center_ix:
# skip nbrs that are smaller index
# skip center_ix as well
continue

nbrcoord =coord_L[ix]
distance = sp.sqrt((center_coord[0] - nbrcoord[0])**2\
+ (center_coord[1] - nbrcoord[1])**2\
+ (center_coord[2] - nbrcoord[2])*x2)
if distance < self.thres:
# atom ix is within theshold so include
# it in nbrs list

ngbrpair_L.append((center_ix, ix))
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ngbrpair_L = sorted(ngbrpair_L)

return ngbrpair_L

There are three types of Hookean potentials inheriting from the Potential class: the
Hookean ENI potential for Hookean ENI, the Hookean_iENM potential for Hookean iENM,
and the Hookean Collision energy for avoiding atomic collisions. All three classes requires
the R3n_Calculations class to be imported.

There are also three types of PSD potentials inheriting from the Potential class:
the PSD_ENI potential for PSD ENI, the PSD_iENM potential for PSD iENM, and the
PSD_Collision energy for avoiding atomic collisions. All three classes require the PSD3_Calculations
class to be imported.

These classes are described below. Assume the Potential class is in a file called
potential.py, the R3n_Calculations class is in a file called r3nCalculations.py, and
the PSD3_Calculations class is in a file called psd3Calculations.py.

A.6 The Hookean ENI Class

This class implements the Hookean ENI potential calculations, see Section 2.4. The purpose
of this class is to pass the required data to the R3n_Calculations class which is performing
the actual calculations.

The parent class is used to determine neighbour atoms. Kim suggests the ENI potential
should use the union of the starting and ending conformation’s neighbour lists, see [37] page
65, this is the convention used for this class.

import r3nCalculations as r3ncalc
from potential import Potential

class Hookean_ENI(Potential):

def __init__(self, name, bonds_L, thres, coordO_L, coordl_L, bondweight,

nonbondweight) :
Potential.__init__(self, name, thres)

self.r3ncalc = r3ncalc.R3n_Calculations()
self.bondweight = bondweight
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self .nonbondweight = nonbondweight

# determine neighbours
nbrsO_L = super (Hookean_ENI, self).updateGrid(coord0_L)
nbrsl_L = super(Hookean_ENI, self).updateGrid(coordl_L)

# ENI uses the union of the neighbour list.

self .nbrs_L = sorted(list(set().union(nbrsO_L, nbrsi_L)))
self .weight_interactions = []

# Convert bonds_L to a set so membership check is 0(1),

# see "https://wiki.python.org/moin/TimeComplexity".

self .bonds_L = set(bonds_L)

for pair in self.nbrs_L:
if pair in self.bonds_L:
self.weight_interactions.append(bondweight)
else:
self.weight_interactions.append(nonbondweight)
# put atomic coordinates into 3n by 1 vectors
sp.matrix(coord0_L) .reshape(len(coord0_L)*3, 1)
sp.matrix(coordl_L) .reshape(len(coordl_L)*3, 1)

self.pvecO
self.pvecl

def getStartConformation(self):
return self.pvecO

def getEndConformation(self):

return self.pvecl
# Returns the linearly interpolated reference distance.
def get_distance_ref(self, t):

d_ref = []

for pairs in self.nbrs_L:
pairs[0]
pairs[1]

a
b

dab0 = la.norm(self.pvecO[3*a:3*(a+l),:]-self.pvecO[3*b:3*(b+1),:])
dabl = la.norm(self.pvecl[3*a:3*(a+1),:]-self.pvecl[3*b:3*(b+1),:])
d_ref.append(dab0 * (1-t)+ dabl *t)

return d_ref
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def cost(self, pvec, t):

distance_ref = self.get_distance_ref(t)
return self.r3ncalc.cost(self.weight_interactions, distance_ref,
self .nbrs_L, pvec)

def grad(self, pvec, t):
distance_ref = self.get_distance_ref(t)
return self.r3ncalc.grad(self.weight_interactions, distance_ref,
self.nbrs_L, pvec)
def Hess(self, pvec, dirvec, t):
distance_ref = self.get_distance_ref (t)

return self.r3ncalc.Hess(self.weight_interactions, distance_ref,
self .nbrs_L, pvec, dirvec)

A.7 The Hookean iENM Class

This class implements the linearly interpolated Hookean iENM potential calculations, see
Section 2.5. The required data are passed to the R3n_Calculations class which will
perform the actual calculations.

import r3nCalculations as r3ncalc
from potential import Potential
# This class implements the Hookean iENM model
class Hookean_iENM(Potential):
def __init__(self, name, bonds_L, thres, coordO_L, coordl_L, bondweights,
nonbondweights) :

Potential.__init__(self, name, thres)

# Initialize R3n_Calculations isntance for generic Hookean potential
calculations

self.r3ncalc = r3ncalc.R3n_Calculations()

self.bonds_L bonds_L

self .nbrsO0_L = super(Hookean_iENM, self).updateGrid(coord0_L)
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def

def

def

self.nbrsl_L = super(Hookean_iENM, self).updateGrid(coordl_L)

# put atomic coordinates into 3n by 1 vectors
self.pvecO = sp.matrix(coord0_L).reshape(len(coord0_L)*3, 1)
self.pvecl = sp.matrix(coordl_L) .reshape(len(coordli_L)*3, 1)

# set the weight vector for the beginning structure’s interaction pairs

self .weight_interactionsO = self.get_interaction_weights(bondweights,
nonbondweights, self.nbrsO_L)

# set the weight vector for the ending structure’s interaction pairs

self .weight_interactionsl = self.get_interaction_weights(bondweights,
nonbondweights, self.nbrs1_L)

# set reference distance for the beginning and ending structures
self.distance0 = self.get_distance_ref(self.pvecO, self.nbrsO_L)
self.distancel = self.get_distance_ref(self.pvecl, self.nbrsi_L)

getStartConformation(self):
return self.pvecO

getEndConformation(self):
return self.pvecl

get_interaction_weights(self, bondweights, nonbondweights, nbrs_L):
weight_L = []
for pair in nbrs_L:

if pair in self.bonds_L:
weight_L.append(bondweights) # weight for bond
else:
weight_L.append(nonbondweights) # weight for nonbonded
interaction

return weight_L

# Reference distance based on atomic coordinates in nbrs_L.
def get_distance_ref(self, pvec, nbrs_L):

d_ref =[]

for pairs in nbrs_L:
a = pairs[0]
b = pairs[1]
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dab = la.norm(pvec[3*a:3*x(a+1),:]1-pvec[3*b:3*(b+1),:]1)
d_ref .append(dab)
return d_ref

def cost(self, pvec, t):

cost0 = self.r3ncalc.cost(self.weight_interactionsO,self.distance0,
self.nbrs0O_L, pvec)

costl = self.r3ncalc.cost(self.weight_interactionsl,self.distancel,
self.nbrsl_L, pvec)

return (1-t)*costO + t*xcostl

def grad(self, pvec, t):

grad0 = self.r3ncalc.grad(self.weight_interactionsO,self.distanceO,
self .nbrs0_L, pvec)

gradl = self.r3ncalc.grad(self.weight_interactionsl,self.distancel,
self .nbrs1_L, pvec)

return (1-t)*grad0 + t*gradl

def Hess(self, pvec, dirvec, t):
HessO = self.r3ncalc.Hess(self.weight_interactions0O, self.distanceO,
self.nbrsO_L, pvec, dirvec)
Hessl = self.r3ncalc.Hess(self.weight_interactionsl, self.distancel,

self.nbrsi_L, pvec, dirvec)

return (1-t)* HessO + t * Hessi

A.8 The Hookean Collision Energy

This class implements the steric collision energy of Tekpinar and Zheng [74, 81], which
prevents atoms from colliding by penalizing atoms that are within a given collision threshold
distance as given by the thres parameter, see Section 2.6.

import r3nCalculations as r3ncalc
from potential import Potential
class Hookean_Collision(Potential):
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def __init__(self, name, bonds_L, thres, weight):

Potential.__init__(self, name, thres)

# Convert bonds_L to a set so membership check is 0(1),

# see "https://wiki.python.org/moin/TimeComplexity".

self.bonds_L = set(bonds_L)

self.weight = weight

self.r3ncalc = r3ncalc.R3n_Calculations()

self.thres = thres

self.checkPairs_L =[]# pairs of atoms within collision threshold

self.collision_weights =[] # weight applied to pairs in
self.checkPairs_L

# Check if any atoms have collided, ignore bonded atoms.
def updateCollisionPairs(self, pvec):

# Reshape pvec from 3n by 1 to n by 3 in order to convert to list of
coords.

P = pvec.reshape(len(pvec)/3, 3)
coord_L = P.tolist()

pairs_L = super(Hookean_Collision, self).updateGrid(coord_L)

self.checkPairs_L =[]
self.collision_weights =[]
for pair in pairs_L:
if not pair in self.bonds_L:
self.checkPairs_L.append(pair)
self.collision_weights.append(self.weight)

self.distance_ref = [self.thres]*len(self.checkPairs_L)
def cost(self, pvec):
return self.r3nca1c.cost(self.collision_weights, self.distance_ref,
self.checkPairs_L, pvec)

def grad(self, pvec):

return self.r3ncalc.grad(self.collision_weights, self.distance_ref,
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self.checkPairs_L, pvec)
def Hess(self, pvec, dirvec):

return self.r3ncalc.Hess(self.collision_weights, self.distance_ref,
self.checkPairs_L, pvec, dirvec)

A.9 The PSD_ENI Class

This class implements the PSD ENI potential, which is the generic PSD potential with the
reference quadrance set to the linearly interpolated quadrance between the beginning and
ending conformations. Data are passed to the PSD3_Calculations class which performs
the actual calculations.

import psd3Calculations as psdcalc
from potential import Potential
class PSD_ENI(Potential):
def __init__(self, name, bonds_L, thres, coordO_L, coordl_L, bondweight,
nonbondweight) :

Potential.__init__(self, name, thres)

self.bondweight = bondweight

self .nonbondweight = nonbondweight

self.psdcalc = psdcalc.PSD3_Calculations()

# determine neighbours

nbrsO_L = super(PSD_ENI, self).updateGrid(coord0_L)
nbrsi_L = super (PSD_ENI, self).updateGrid(coordl_L)

# ENI uses the union of the neighbour list.

self.nbrs_L = sorted(list(set().union(nbrsO_L, nbrsi_L)))
self .weight_interactions = []

# Convert bonds_L to a set so membership check is 0(1),

# see "https://wiki.python.org/moin/TimeComplexity".
self .bonds_L = set(bonds_L)
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for pair in self.nbrs_L:
if pair in self.bonds_L:

self.weight_interactions.append(bondweight)
else:

self .weight_interactions.append(nonbondweight)
# convert coord to matrix

self.PO = sp.matrix(coord0_L)
self.P1 sp.matrix(coordl_L)

def getStartConformation(self):
return self.PO

def getEndConformation(self):
return self.P1

def getBonds(self):
return self.bonds_L

# Get interpolated quadrance with parameter t
def get_quadrance_ref(self, t):

g_ref = []

for pairs in self.nbrs_L:
a = pairs[0]
b = pairs[1]

gab0 = sp.sum(sp.square(self.PO[a,:]-self.PO[b,:]))
gabl = sp.sum(sp.square(self.Pl[a,:]-self.P1[b,:]))
g_ref.append(qabO*x(1-t) + gabl * t)
return gq_ref
def cost(self,P, t):

quadrance_ref =self.get_quadrance_ref (t)

return self.psdcalc.cost(self.weight_interactions, quadrance_ref,
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self.nbrs_L, P)
def grad(self, P, t):
quadrance_ref = self.get_quadrance_ref (t)
return self.psdcalc.grad(self.weight_interactions, quadrance_ref,
self.nbrs_L, P)
def Hess(self, P, Dir, t):

quadrance_ref =self.get_quadrance_ref (t)

return self.psdcalc.Hess(self.weight_interactions, quadrance_ref,
self.nbrs_L, P, Dir)

A.10 The PSD iENM Class

The PSD_iENM Class implements the linearly interpolated PSD iENM potential. Data are
passed to the PSD3_Calculations class, which performs the actual calculations.

class PSD_iENM(Potential):
def __init__(self, name, bonds_L, thres, coord0_L, coordl_L, bondweights,
nonbondweights) :
print "PSD iENM constructor"

Potential. __init__(self, name, thres)

self.psdcalc = psdcalc.PSD3_Calculations()

self.bonds_L

bonds_L

self .nbrsO_L
self.nbrsi_L

super (PSD_iENM, self).updateGrid(coord0_L)
super (PSD_iENM, self).updateGrid(coordl_L)

self.PO = sp.matrix(coord0_L)
self.P1 = sp.matrix(coordl_L))

# set the weight vector for the beginning structure’s interaction pairs
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self.weight_interactionsO = self.get_interaction_weights(bondweights,

nonbondweights, self.nbrsO_L)
# set the weight vector for the ending structure’s interaction pairs
self .weight_interactionsl = self.get_interaction_weights(bondweights,
nonbondweights, self.nbrsl_L)

self.quadrance0 = self.get_quadrance_ref (self.PO, self.nbrsO_L)
self.quadrancel = self.get_quadrance_ref(self.P1, self.nbrsl_L)

def getStartConformation(self):
return self.PO

def getEndConformation(self):
return self.P1

def get_interaction_weights(self, bondweights, nonbondweights, nbrs_L):
weight L = []
for pair in nbrs_L:

if pair in self.bonds_L:
# weight for bond
weight_L.append(bondweights)

else:
# weight for nonbonded interaction
weight_L.append(nonbondweights)

return weight_L

def get_quadrance_ref(self, P, nbrs_L):

g_ref =[]

for pairs in nbrs_L:
a = pairs[0]
b = pairs[1]

qab = sp.sum(sp.square(P[a,:]-P[b,:]))
g_ref .append(qgab)
return gq_ref

def cost(self,P, t):
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cost0 = self.psdcalc
self .nbrsO_L, P)
costl = self.psdcalc
self .nbrs1_L, P)

return (1-t)*cost0 +

def grad(self, P, t):
grad0 = self.psdcalc
self .nbrsO_L, P)

gradl = self.psdcalc
self .nbrs1_L, P)

.cost(self.

.cost(self.

t*costl

.grad(self.

.grad(self.

return (1-t)* grad0 + t*gradi

def Hess(self, P, Dir, t):

HessO = self.psdcalc
self .nbrsO_L, P,
Hessl = self.psdcalc
self .nbrsi_L, P,

return (1-t)* HessO + t * Hessl

.Hess(self.

Dir)

.Hess(self.

Dir)

weight_interactions0O,self.quadrance0,

weight_interactionsl,self.quadrancel,

weight_interactionsO,self.quadranceO,

weight_interactionsl,self.quadrancel,

weight_interactionsO, self.quadranceO,

weight_interactionsl, self.quadrancel,

A.11 The PSD_Collision Class

This class implements the PSD collision avoidance energy. It is the generic PSD potential
with reference distance equal to the threshold distance for which a collision is assumed to
have occurred between atoms.

The collision threshold distance, thres, is the distance used to construct the grid of

cubes.

import psd3Calculations as psdcalc
from potential import Potential
class PSD_Collision(Potential):
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def __init__(self, name, bonds_L, thres, weight):

Potential.__init__(self, name, thres)

# Convert bonds_L to a set so membership check is 0(1),
# see "https://wiki.python.org/moin/TimeComplexity".
self.bonds_L = set(bonds_L)

self.weight = weight

self.psdcalc = psdcalc.PSD3_Calculations()
self.thres = thres

# pairs of atoms within collision threshold
self.checkPairs_L =[]

# weight applied to pairs in self.checkPairs_L
self.collision_weights =[]

# Check if any atoms have collided, ignore bonded atoms.
def updateCollisionPairs(self, P):

coord_L = P.tolist()
pairs_L = super(PSD_Collision, self).updateGrid(coord_L)
self.checkPairs_L =[]
self.collision_weights =[]
for pair in pairs_L:
if not pair in self.bonds_L:
self.checkPairs_L.append(pair)
self.collision_weights.append(self.weight)

self.quadrance_ref = [self.thres**2]*len(self.checkPairs_L)
def cost(self, P):

return self.psdcalc.cost(self.collision_weights, self.quadrance_ref,
self.checkPairs_L, P)

def grad(self, P):

return self.psdcalc.grad(self.collision_weights, self.quadrance_ref,
self.checkPairs_L, P)
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def Hess(self, P, Dir):

return self.psdcalc.Hess(self.collision_weights, self.quadrance_ref,
self.checkPairs_L, P, Dir)

A.12 The Manifold Class

This is the base Manifold class. It implements the functions common to both C(R3") and
C(S™*), as discussed in Section 6.4.

The adjacency list self.adjacencylist D is a dictionary with key an atomic index,
and the value being a list of atomic indices of atoms that are involved in a constraint with
the key index. This list is used to create self.edgeAdjacencyList_D, which is another
adjacency list where the key is a pair of atomic indices for two atoms in a constraint, and
the value is a list of pairs, each pair is a constraint that shares an atom with the key pair.
These lists help to construct the sparse matrix () and its directional derivative.

class Manifold(object):
def __init__(self, name, constraints_L):

self .name = name
self.constraints_L = constraints_L

self .makeAdjacencyList ()
self .makeEdgeAdjacencyList ()

# Adjacency list of the protein, implemented using a
# dictionary.

def makeAdjacencylList(self):
self.adjacencylist_D = {}

for constr in self.constraints_L:
a = constr[0]

b = constr[1]

if a in self.adjacencylist_D:
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self.adjacencylist_D[a] .append(b)
else:

self.adjacencylist_D[a]l=[b]
if b in self.adjacencylist_D:

self.adjacencylist_D[b] .append(a)
else:

self.adjacencylist_D[b]=[al

def makeEdgeAdjacencylList(self):
self.edgeAdjacencyList_D = {}
for pair in self.constraints_L:

a = pair[0]
b = pair[1]
nbr_c_L =[]

# get edges ajacent to a
for val in self.adjacencylist_D[a]:

nbr_c = tuple(sorted((a, val)))
nbr_c_L.append(nbr_c)

# get edges adjacent to b
for val in self.adjacencylist_DI[b]:

nbr_c = tuple(sorted((b, val)))
if not nbr_c in nbr_c_L:
nbr_c_L.append(nbr_c)

if pair in self.edgeAdjacencyList_D:
self.edgeAdjacencyList_D[pair]=self.edgeAdjacencylList_D[pair] +
nbr_c_L
else:
self.edgeAdjacencyList_D[pair] = nbr_c_L

# Return the Q matrix for solving for Lagrange multipliers
# as a sparse matrix
def makeQ(self, pl, p2):
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# reshape to n by 3 arrays for easier handling
rl,cl = pl.shape
r2,c2 = pl.shape

if c1 !'= 3:
pl = pl.reshape((len(p1)/3, 3))
if c2 !'= 3:

p2 = p2.reshape((len(p2)/3, 3))

const_I_L =[]

const_J_L = []

entry_IJ_L = []

for pairl in self.edgeAdjacencylList_D :

c_i = self.constraints_L.index(pairI)
diff I = pl[pairI[0],:]1-pllpairI[1],:]

for pairJ in self.edgeAdjacencylList_D[pairI]:
c_j = self.constraints_L.index(pairJ)

diff_J = p2[pairJ[0],:1-p2[pairJ[1],:]
dot = sp.sum(sp.multiply(diff_I, diff_J))

sign = -1

if c_i == c_j:
sign = 2

elif pairI[0]==pairJ[0] or pairI[1]==pairJ[1]:
sign = 1

entry_ij = sign * dot

const_I_L.append(c_1i)
const_J_L.append(c_j)
entry_IJ_L.append(entry_ij)

Q = sparse.csc_matrix((entry_IJ_L, (const_I_L, const_J_L)),

shape=(len(self.constraints_L), len(self.constraints_L)) )
return Q
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def make_tau(self, P, Z):
rp,cp = P.shape
rz,cz = Z.shape

if cp !'= 3:
P = P.reshape((len(P)/3, 3))
if cz I= 3:

Z = Z.reshape((len(Z)/3, 3))
tau = []

for pair in self.constraints_L:

a = pair[0]
b = pair[1]
Zab = Z[a,:]1-Z[b,:]

Pab = P[a,:]1-P[b,:]
tau_ij = sp.sum(sp.multiply(Zab, Pab))

tau.append(tau_ij)

sp.matrix(tau)
tau.T
return tau

tau
tau

def make_dtau(self, P, Z, dEgrad, Egrad ):
# Ensure arrays are n by 3

rp, Cp = P.shape
rz, cz = Z.shape
rgrad, cgrad = Egrad.shape
rdg, cdg = dEgrad.shape
if cp !=3:

P = P.reshape(len(P)/3, 3)
if cz 1=3:

Z = Z.reshape(len(Z)/3, 3)
if cgrad !=3:
Egrad = Egrad.reshape(len(Egrad)/3, 3)

if cp !=3:
dEgrad = dEgrad.reshape(len(dEgrad)/3, 3)
dtau = []
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for pair in self.constraints_L:
a = pair[0]
b = pair[1]
Zab = Z[a,:1-Z[b,:]
Pab = P[a,:]-P[b,:]

dEgrad_ab = dEgradl[a,:] - dEgradl[b,:]
Egrad_ab = Egradla,:]1-Egradl[b,:]
dtau_ab = sp.sum(sp.multiply(dEgrad_ab, Pab)) \
+ sp.sum(sp.multiply(Egrad_ab, Zab))
dtau.append(dtau_ab)
dtau = sp.matrix(dtau)
dtau = dtau.T
return dtau

def projection_mult(self, P, Z):

tau = self.make_tau(P, Z)
Q = self.makeQ(P,P)

mult = sla.spsolve(Q, tau)
mult = sp.matrix(mult)
mult = mult.T

return mult
def projection_dmult(self, P, Z, Egrad, dEgrad, mult):
dtau = self.make_dtau(P, Z, dEgrad, Egrad)

dQ = self.makeQ(P, Z)*2
dQ_mult = dQ * mult
RHS = dtau - dQ_mult

Q = self.makeQ(P,P)

dmult = sla.spsolve(Q, RHS)
dmult = sp.matrix(dmult)
dmult dmult.T

return dmult
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A.13 The R3n_manifold Class

This class implements functions relevant for enforcing constraints in C(R3"), for example,
projecting the gradient and Hessian, forming the constraint force, and retracting to the
constraint manifolds. These function names match their corresponding function names
in C(S"?). The optimizer (Section A.15) does not need to known the exact Riemannian
manifold (recall matrix manifold optimization algorithms can be implemented for a variety
of matrix manifolds).

from manifold import Manifold
class R3n_manifold(Manifold):
# initialize with a potential energy and a collision energy
def __init__(self, potential, collision, constraints_L):
Manifold.__init__(self, ’R3n Manifold’, constraints_L)
self .potential = potential
self.collision = collision
def getName(self):
return self.name
def getStartConformation(self):
return self.potential.getStartConformation()
def getEndConformation(self):
return self.potential.getEndConformation()

# Update which pairs to check for collision
def updateCollisionCheck(self,pvec):

self.collision.updateCollisionPairs(pvec)

def cost(self, pvec, pvec_pre, t):
return self.potential.cost(pvec, t)+self.collision.cost(pvec)

def Egrad(self, pvec, pvec_pre, t):
return self.potential.grad(pvec, t) + self.collision.grad(pvec)

def grad(self, pvec, pvec_pre, t):
return self.projection(pvec, self.Egrad(pvec, pvec_pre, t))

def Hess(self, pvec, pvec_pre, dirvec, t):

Egrad = self.Egrad(pvec, pvec_pre, t)
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dEgrad = self.potential.Hess(pvec, dirvec, t)+self.collision.Hess(pvec,
dirvec)

mult = self.projection_mult(pvec, Egrad)
dmult = self.projection_dmult(pvec, dirvec, Egrad, dEgrad, mult)

dconstraintForce = self.getConstraintForce (mult,
dirvec)+self.getConstraintForce(dmult, pvec)

return self.projection(pvec, dEgrad-dconstraintForce)

def getConstraintForce(self, mult, pvec):
constraint_force = Oxpvec

for i in range(len(self.constraints_L)):
pair = self.constraints_L[i]

multi = sp.asscalar(mult[i,0])

a = pair[0]

b = pair[1]

entry = multi*(pvec[3*a:3*(a+1), :] - pvec[3*b:3*(b+1), :1)

constraint_force[3*a:3x(a+1), :] = constraint_force[3*a:3*(a+1), :]
+ entry

constraint_force[3*b:3%(b+1), :] = constraint_force[3*b:3*(b+1), :]
- entry

return constraint_force
# Project to tangent space of constraint manifold and returns 3n by 1 vector
def projection(self, pvec, z):

mult = self.projection_mult(pvec, z)
constraint_force = self.getConstraintForce(mult, pvec)

return z - constraint_force
# Implements fast projection and returns 3n by 1 vector

def retraction(self, pvecz):
pveczk = pvecz
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# use the starting conformation’s reference distances
pO = self.getStartConformation()

for k in range(10):
error = []

for pair in self.constraints_L:
a = pair[0]
b = pair[1]
gqab = sp.sum(sp.square(pveczk[3*a:3%(a+1),:]-
pveczk[3*b:3*(b+1),:]1))
q0ab = sp.sum(sp.square(p0[3*a:3*(a+1),:]1- pO[3*b:3*(b+1),:1))
error.append(0.5%(gab-q0ab))
error = sp.matrix(error)

error = error.T
errornorm = la.norm(error)

if errornorm < le-6:
break
#print "norm error ", errornorm
Q = self.makeQ(pveczk, pveczk)
mult = sla.spsolve(Q, error)
mult = sp.matrix(mult)
mult = mult.T
dpveczk = self.getConstraintForce(mult, pveczk)
pveczk = pveczk -dpveczk

return pveczk

def inner_product(self, avec, bvec):
return sp.trace(avec.T*bvec)

A.14 The PSD3 manifold Class

This class implements relevant functions needed for enforcing constraints on C(S%).
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# The rank 3 PSD manifold provides the geometric objects needed
# for optimization algorithms on this manifold.
from manifold import Manifold
class PSD3_manifold(Manifold):
def __init__(self, potential, collision, constraints_L):

Manifold.__init__(self, ’PSD3 Manifold’, constraints_L)

self.potential = potential
self.collision = collision

# Return the name of this potential.

def getName(self):
return self.name

# Return coordinates of the starting conformation.
def getStartConformation(self):
return self.potential.getStartConformation()
# Return coordinates of the ending conformation.
def getEndConformation(self):
return self.potential.getEndConformation()
# Update which pairs to check for collision
def updateCollisionCheck(self,P):
self.collision.updateCollisionPairs(P)
def cost(self, P, Ppre, t):
return self.potential.cost(P,t)+self.collision.cost(P)
def Egrad(self, P, Ppre, t):
return self.potential.grad(P, t)+self.collision.grad(P)

def grad(self, P, Ppre, t):

return self.projection(P, self.Egrad(P, Ppre, t))
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def Hess(self, P, Ppre, Dir, t):

Egrad = self.Egrad(P, Ppre, t)
dEgrad = self.potential.Hess(P, Dir, t) + self.collision.Hess(P, Dir)

mult = self.projection_mult(P,Egrad)

dmult = self.projection_dmult(P, Dir, Egrad, dEgrad, mult)
SS = P.TxP

AS = P.T*Egrad - Egrad.T*P

Omega = self.sylvester(SS, AS)

AS2 = (Dir.T*Egrad - Egrad.T*Dir) + (P.T*dEgrad - dEgrad.T*P) -
Omega* (Dir.T*P+P.T*Dir) - (Dir.T#P+P.T*Dir)*0Omega

dOmega = self.sylvester(SS, AS2)

dconstraintforce = self.getConstraintForce(mult,Dir)+
self.getConstraintForce(dmult,P)

dprojgrad = dEgrad-P*dOmega-Dir*0Omega - dconstraintforce

return self.projection(P,dprojgrad)

def getConstraintForce(self, mult, P):
constraint_force = O*P

for i in range(len(self.constraints_L)):

pair = self.constraints_L[i]
multi = sp.asscalar(mult([i])

a = pair[0]

b = pair[1]

entry = multi*(P[a, :] - P[b, :1)
constraint_forcela,:] = constraint_forcela,:] + entry

constraint_force[b,:] = constraint_force[b,:] - entry
return constraint_force
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# Projection to tangent space of constraint manifold and returns n by 3
matrix.
def projection(self, P, Z):

SS
AS

P.TxP
P.TxZ - Z.T*P

Omega = self.sylvester(SS, AS)

# construct Q matrix

mult = self.projection_mult(P,Z)

constraint_force = self.getConstraintForce(mult,P)
return Z - P*Omega - constraint_force

# Retracts to constraint manifold and returns n by 3 matrix
def retraction(self, PZ):
PZk = PZ
# use the starting conformation’s reference distances
PO = self.getStartConformation()

for k in range(10):

error = []

for pair in self.constraints_L:
a = pair[0]
b = pair[1]
gab = sp.sum(sp.square(PZk[a, :]1-PZk[b,:]1))
g0ab = sp.sum(sp.square(PO[a,:1-PO[b,:]1))
error.append(0.5%(gqab - qOab))

error = sp.matrix(error)
error.T

error
errornorm = la.norm(error)
if errornorm < le-6:

break

Q = self.makeQ(PZk, PZk)
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mult = sla.spsolve(Q, error)

mult = sp.matrix(mult)

mult = mult.T

dPZk = self.getConstraintForce(mult, PZk)

PZk = PZk -dPZk

return PZk

def inner_product(self, A, B):
A = sp.matrix(A)
B = sp.matrix(B)
return sp.trace(A.T*B)

# Solve Sylvester equation

def sylvester(self, Sym_mat, Asym_mat):
Sym = sp.matrix(Sym_mat)
Asym = sp.matrix(Asym_mat)

row, col = Sym.shape
p = col

V, sig, Vh = la.svd(Sym)
V= sp.matrix(V)

0 = sp.zeros((p,p))
02 = V.T*Asym
02 = 02%V

for i in range(p-1):
for j in range(i+l, p):
A = sig[i] + siglj]

if not A ==
0[i,j1=02[1i,j]/float (A)
else:
0[i,jl =0
0=0-0.T
0 = sp.matrix(0)
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omega = Vx0xV.T

return omega

A.15 The Optimzer Class

The implementation of the trust region algorithm and the tCG algorithm below is based on

the implementation from Mishra et al. at https://bamdevmishra.in/codes/edmcompletion/.
In the implementation below, the trust region algorithm is using the norm of the gradient

as the stopping criterion. This is based on the theoretical result discussed in Section 3.5,

see Equation (3.4) and related references. However, this is not the stopping criterion used

by Mishra et al.. In their implementation, the stopping criterion is:

if accept && k > min_outer && (abs(rhonum) < epsilon || abs(rhonum)/fx_old <
vepsilon)}

This stopping criterion is checking firstly whether the minimum number of iterations has
been tried, and then checking if rhonum, which is the numerator of pj is small enough.
Recall from Equation (3.6), the numerator of py is defined as the difference between the
function at the current iterate, and the function at the proposed iterate. If this numerator
is very small, it means the RTR algorithm is not making very significant progress in
decreasing the objective function. Therefore, Mishra’s stopping criterion terminates once
it sees the algorithm has decreased the objective function as much as possible.

# The RTR Opt class performs RTR optimizer using
# geometric objects from the manifold.
class RTR_Opt:

def __init__(self, manifold):

self .manifold = manifold
# Given previous conformation xpre at time t-1,

# find the next conformation at time t.
def rtr(self, xpre, t):


https://bamdevmishra.in/codes/edmcompletion/

# Default trust region radius parameters
TR_Radius0O = xpre.shape[l] # initial trust region radius

TR_Radius_max = (2**5)*TR_RadiusO # max trust region radius
rho_prime = 0.1 # accept or reject parameter

# initialize trust region radius
TR_Radius = TR_RadiusO

# initialize cost, grad, and norm of grad
X = Xpre

self.manifold.updateCollisionCheck (x)

fx = self.manifold.cost(x, xpre, t)
grad = self.manifold.grad(x, xpre, t)

normgrad = la.norm(grad)

tr_iteration = 0 # track number of iterations
max_tr_iteration 500 # maximum iterations of RTR

accept = 0
reject_count = 0

tcg_iterations_L =[]
while True:

tr_iteration = tr_iteration + 1

fx_old = £fx

eta = self.tCG(x, xpre, t, TR_Radius, grad)

x_prop = self.manifold.retraction(x + eta)
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Heta = self.manifold.Hess(x, xpre, eta, t)
fx_prop = self.manifold.cost(x_prop, xpre, t)

rho_numerator = fx-fx_prop

# rho_denominator is fx - quadratic approximation of fx

rho_denominator = -self.manifold.inner_product(eta, grad)\
- 0.5*self.manifold.inner_product(eta, Heta)

rho = rho_numerator / rho_denominator

if rho < 0.25:
# quadratic approximation is inaccurate, decrease radius
TR_Radius = 0.25*¥TR_Radius

elif rho > 0.75 and self.manifold.inner_product(eta, eta) ==
sp.power (TR_Radius, 2):
# quadratic approximation is accurate, increase radius
TR_Radius = sp.minimum(2.0%*TR_Radius, TR_Radius_max)

# Accept or reject new iterate x_prop
if rho > rho_prime:
# accept x_prop
Xpre = X
X =X_prop
fx = fx_prop
grad = self.manifold.grad(x, xpre, t)
normgrad = la.norm(grad)

accept =1

reject_count = 0
else:

accept = 0

reject_count = reject_count + 1

if norm_Rgrad < le-4:
break

if tr_iteration > max_tr_iteration :
# prevent too many iterations
break

if reject_count > 30:
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# prevent too many rejections
break

return X

# The tCG algorithm for solving the trust region subproblem.
def tCG(self, x, xpre, t, TR_Radius, grad):

# for evaluating stopping criterion
kappa = 0.1
theta =1

max_iterations 500
min_iterations = 0O

eta = 0.0*grad
e_e = 0.0
r = grad

r_r = self.manifold.inner_product(r, r)
norm_r = sp.sqrt(r_r)

norm_r0O = norm_r

dd=r_r

# initial search direction
delta = -r

e_.d = 0.0

tcg_iteration = 0

while True:

Hd = self.manifold.Hess(x, xpre, delta, t)
dHd = self.manifold.inner_product(delta, Hd)

if dHd <=0:
tau = (-e_d + sp.sqrt(e_d*e_d + d_d *((TR_Radius**2)-e_e)))/d_d
eta = eta + taux delta

break

alpha = r_r / dHd
e_e_new = e_e + 2.0*xalpha * e_d +alpha * alpha *d_d
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if e_e_new >= TR_Radius*x*2:
tau = (-e_d + sp.sqrt(e_d*e_d + d_d *((TR_Radius**2)-e_e)))/d_d
eta eta + taux delta

break
e_e = e_e_new

eta = eta + alpha * delta

H
]

r+ alpha * Hd
self .manifold.projection(x, r)

H
]

r_r_old = r_r

r_r = self.manifold.inner_product(r,r)
norm_r = sp.sqrt(r_r)

# check stopping criteria
if tcg_iteration > max_iterations:
break

if tcg_iteration > min_iterations and norm_r <=
norm_rO*sp.minimum(norm_rO*+*theta,kappa) :
break

# updates

beta = r_r /r_r_old

delta = -r + betaxdelta

e_d = betax(e_d + alpha*d_d)

d_d r_r + beta * beta * d_d
tcg_iteration = tcg_iteration + 1

return eta
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A.16 Running the Interpolation

A main class is needed to run the interpolation. The details are left to the reader. The idea
is that instances of the potentials are created and passed to the manifold, this manifold is
in turn passed to an optimizer, and the optimizer can then call the manifold to calculate
costs, gradients, Hessians in the RTR and tCG algorithms.
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Appendix B

Derivatives Involving Distance and
Quadrance

B.1 Derivative of Distance

Let z € R3,
dlz] dvaTz o (B.1)
dx N dx N Ty ‘ ‘
B.2 Derivative of Quadrance
Let z € R3,
2 T
Alwl®_dee)_y, (B.2)

dz dx

B.3 Derivative of Distance times Vector

Let # € R? and I3 be the 3 x 3 identity matrix. Note that || z || is a scalar so the order of
multiplication does not matter. The following expression uses the product rule for taking
derivatives:

d(a ||« |) _d(le =) _
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B.4 Second Order Expansion for the Hookean Potential
Energy

Let d € R be a scalar and x,6 € R3 be vectors, and the function to be expanded be:

fa) =5 (1o ||~ (B.4)
The second order expansion near x is:
f(x+6) = f(zx) +gradf(z)"6 + %(5THessf(x)5 : (B.5)
The constant term f(z) is given by:
fa) =5 (Lo | ~d? (B.6)

The gradient gradf(z) is a 3 x 1 vector given by:

gradf(z) = (|| = || =d) (B.7)

[

The Hessian Hessf(x) is a 3 X 3 matrix given by, using the product rule on gradf(x):

| @ || I3 — % xxl
Hessf(z) = (|| = || —d) (Hx—HQH B

d xxl
213——(13——> ,
| | | @[]

B.5 Second Order Expansion for the PSD Potential
Energy

(B.8)

Let d € R be a scalar and x,d € R? be vectors, and the function to be expanded be:

(272 — d)2 . (B.9)



The second order expansion near x is:
1
flx+90) ~ f(z) + gradf(z)"0 + §6THessf(x)5 . (B.10)
The constant term f(x) is given by:

(272 — d)2 . (B.11)

N | =

flz) =
The gradient gradf(z) is a 3 x 1 vector given by:

gradf(0) =2 ("2 —d) = . (B.12)

The Hessian Hessf(0) is a 3 X 3 matrix given by:

Hessf(0) =2 (z"2 — d) Is + daz” . (B.13)
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Appendix C

The S} Cone and the EDM Cone

The PSD cone and the EDM cone are both examples of convex cones. This Appendix
reviews some basic mathematics relating to convex cones and their faces. The faces of
PSD cones are also described. Further reading can be found in [11]. Matrices whose
entries are distance rather than quadrance are very similar to EDMs, these matrices have
been discussed in for example [241].

C.1 Introduction to Convexity

Let the blackboard bold font denote an arbitrary Euclidean space, e.g. E, and assume an
inner product is defined in E, (-,-) : E x E — R. Recall the following familiar Euclidean
spaces:

e R" the space of n-vectors, with dot product (z,y) = 2Ty = Yo Ty
o R™*", the space of mxn real matrices, and (A, B) = Trace(A"B) = 331" 377 | A;;Bi;.

e 8" = {X € R™™ : X = XT}, the space of n x n real symmetric matrices, and
<A, B> = TI'&CG(AB) = Zn A”Bl]

1,j=1

Note that R denotes the set of real numbers, and R, = {z € R : 2 > 0} denotes the set of
real numbers greater than or equal to zero, and R, = {z € R: x > 0} denotes the set of
real numbers strictly greater than zero.
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A set A C E is affine if:
ar+(1—a)ye A Ve,yec A acR. (C.1)

The affine hull of a set S C E, denoted aff(S), is the smallest affine set in E containing S.
A set S C E is conver if:

ar+(1—a)ye S Vr,yeS 0<a<l. (C.2)

The convex hull of a set S C E, conv(S), is the smallest convex set containing S. The unit
ball in E is defined as:
B:={zekE:||z|<1}. (C.3)

The ball around x € E with radius € > 0 is then given by:
r+eB={yecE:||z—y|<e}. (C4)
The relative interior of a convex set S C E is:
relint(S) := {z € aff(S) : (z + eB) Naff(S) C S, for some € > 0} . (C.5)
An alternative definition of the relative interior is given by [11] Theorem 2.8:

relint(S) := {x € §: Yy € S,3u > 1 such that pux + (1 — p)y € S}

C.6
={x € S:Vye S Iu>1suchthat y+ ulx —y) € S}. (C.6)

This definition says that in the relative interior, we can move in the direction d = = — y
slightly, and still remain in the set S, when x,y € S.

A set K CEis acone if Ry K = K, where:
RiK={ax:acR,z € K}. (C.7)
Let (-,-) denote the inner product in E. The dual cone K* is defined by:
K'={yeE: (x,y) >0,Vr € K} . (C.8)
A cone K is self-dual if K* = K.

Definition C.1.1 (A Face of a Convex Cone). Let K C E be a convezx cone. F is a face
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of K, denoted ' 1 K, if F' is a convex cone, F C K, and:
r,ye K ande+ye F = xz,yec F . (C.9)

If F # K, this is denoted by FF < K.

Definition C.1.2 (Exposed Face). A face F' < K is exposed if:
eK', F={zeK:(vz)=0}=Kn{v}" . (C.10)

A cone K s facially exposed if every face F' < K is exposed.

A face F' < K, has an associated conjugate face F' < K* given by:
Fe=K*NF*. (C.11)

Each point in the conjugate face F'© defines an exposed face that contains the face I, see
[141] Proposition 2.11. Mathematically, let K be a convex cone. If FF < K and ¢ € F¢,
then

FAKN{¢}t < K. (C.12)

Definition C.1.3 (Minimal Face). The minimal face of a convex cone K containing a set
S C K is denoted face(S) or face(S, K) if K is to be specified explicitly. It is given by:

face(S) = face(S, K) = ﬂ F. (C.13)

SCF<K

C.2 The R Cone and its Faces

The nonnegative orthant is defined as:

R} ={z € R":2 >0}, (C.14)
and the positive orthant is defined as:

R, ={zeR":2>0}. (C.15)

R? is a convex cone and also self-dual (Proposition 2.1.1 of [13]), and R’} is it’s relative
interior.
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Faces of R"} are given by:
Fr={zeR}:2;=0 VieI} where ZC{l,...,n}. (C.16)

That is, a point in R’} has n coordinates: (zi1,...,%,). The faces of R’ are given by
restricting a subset of these n coordinates to be equal to zero. The faces of R’} are essentially
]Ri, for k < n.

As an example, Ri has the following faces:

o The B2 cones: {(zy)[z > 0.y > 0}, {(5.2)ly > 0,2 > 0}, and {(z,2)|z > 0,z > 0}
are all faces of RY.

e The Ry cones: {z|z > 0}, {yly > 0}, and {z|z > 0} are faces of R3.
e The point (0,0,0) is a face of R3.

e The entire cone R? is a face of R3.

All of the faces of R? are exposed.

C.3 The PSD Cone and its Faces

The convex cone of n x n PSD matrices, S, is given by:
S’fr:{XES":vTXvZO,‘V’UER"}CS”. (C.17)
The relative interior of S”, denoted S’} , is given by:
ST, ={X€eS":v"Xv>0,Vv#0,0€R"}. (C.18)

It is well-known that the cone S} is self-dual, (S7)* = S}, see for example Proposition
2.1.1 of [13].

Just as R’ has faces that are Ri, where £ < n, the S7 cone has faces that are S’i
cones, for k < n.

A more formal definition is given in Proposition 2.15 from [11], where proofs are also
provided. Some key statements from that Proposition are restated below in Proposition
C.3.1.
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Proposition C.3.1 (The Faces and Conjugate Faces of PSD Cones). Let Q € R™™™ be
an orthogonal matriz. Partition Q) as () = (U V), where U is an n X k full column rank
matriz and V is an n x (n — k) full column rank matriz. The value of k depends on the
application.

1. The PSD cone S'} has faces F' IS defined by:

A 0 _
F=USUT = kx(n=k) } T:Aesk}, C.19
+ {Q |:0(n—k)><k O(n—k)x (n—k) @ + (€.19)

where Sﬁ 18 the cone of k X k PSD matrices.

2. The conjugate face F'© I S is given by:

c n—ky/T __ Oka ka(n—k) T . n—k
Fo= VSt —{Q [O(n_k)xk bl Qripesitl (C.20)

3. The relative interior of a face F' is given by:

relint(F) = USE  UT . (C.21)

4. The relative interior of a conjugate face F° is given by:
relint(F) = US.*U™ . (C.22)
Note that F' and F° are closely related.

5. Any matriz in the conjugate face F¢ exposes a face F':
F a8 n{Y}*+, VY € F¢; in addition, F = ST N{Y}*+, VY € relint(F*).
6. Similar to above, any matrixz in the face F' exposes a conjugate face F°:
Fe a8t N{X}+, VX € F; in addition, F* = ST N{X}*+, VX € relini(F).

Y and X are also called exposing vectors.

Proof. Proofs for each of the above statements are given in the proof for Proposition 2.15
in [44]. O
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C.4 The Euclidean Distance Matrix

Given a set of points, py,...,p, € R", the matrix D € S™ whose (a, b)-th entry is given by
Dy = qap =|| pa — ps ||? is called the Euclidean distance matrix (EDM)[3, 24, 26, 44]. Note
that the EDM'’s entries are quadrances and not distances.

The embedding dimension of an EDM D is the smallest r such that the EDM exists,
see [11] Section 2.5.

embdim(D) = min{r : Ipy,...,pn € R" s.t. Doy =|| pa — ps ||* Va, b} . (C.23)

Denote the set of n x n EDMs by £". The rank of the Gram matrix is equivalent to the
embedding dimension of the corresponding EDM D, both are denoted by 7.

C.5 The Linear Isomorphism between S¢ N S' and &"

A Gram matrix X = PPT is centered if the atomic coordinates in P have centroid at the
origin. This can be expressed as X1, = PPT1, = 0,,, where X = PPT is an n x n PSD
Gram matrix, 1, is the n x 1 matrix of all ones, and 0,, is the n x 1 matrix of all zeros.
For an n x n EDM, D € £", a linear mapping IC(-) [20, 23, 11] relates a centered Gram
matrix to its corresponding EDM:

D = K(PP") = diag(PP")1L + 1, diag(PP")" — 2PP"

plTpl plTpl pnTpl
= + |1T+, (™ o TRl -2 0
P’ Pn P'DL o DnlDn (C.24)
piipr .. pi'p piTp1 .o PalDa pipr o P ;i '
= : : + : : -2 : - :
Pn'Pn oo Pn'Dn PPt o Pl Pa P'DL oo DnlPn

= (Pa"Pa + 2" Do — 2" ) = ((Pa — 26)" (Pa — b)) = (qa) -

Here, diag(-) is an operator that extracts the diagonal of the argument matrix and returns
the n x 1 vector containing the diagonal entries.

The mapping K(-) is a linear isomorphism from Sg N S% to " [26, 11], where
t={XeS":X1,=0,}. (C.25)

209



This linear isomorphism means both S¢ NS’} and £" are convex cones.

The mapping K(-) has a Moore-Penrose pseudoinverse, denoted KT(-), given by:
1
K'(D) = —§JoffDiag(D)J , (C.26)

where: .
J=1,—-1,1,1, (C.27)
n
and I,, is the n x n identity matrix. The operator offDiag(-) is defined as:

0 ifa=25

. (C.28)
Dab if a # b.

omie()a - |
Let A be a linear map A : X — Y, where X and Y are Euclidean spaces and let (-, -) denote
the dot product. The adjoint of A, denoted A*, is given by:
(Az,y) = (z, A'y) 2e€X yeY. (C.29)
The mapping () has an adjoint given by:
K*(A) = 2(Diag(Al,) — A) , (C.30)

where A is an n x n matrix. The diagonal operator, Diag(-), is the operator that takes
an n x 1 vector x, and returns an n x n diagonal matrix with the vector entries along the
diagonal. The ab-th entry of the matrix Diag(z) is:

[Diag(x)]ap = dapZa , (C.31)
where d4;, is the Kronecker delta. For example, for the n x 1 vector x = (z1,...,2,)T, we
have:

Ty
Diag(z) = : (C.32)
Ty

Further discussions of K(+) can be found in [3, 16, 20,

Y )
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C.6 EDM Completion and Facial Reduction

The EDMC problem was given in Definition 3.2.1 where the matrix manifold approach
for solving this problem was discussed. The study of the EDMC problem also led to the
study of facial reduction of PSD matrices, which is a research direction that developed
independently of matrix manifold optimization. This Section provides a brief review of
some key results.

This Section is organized as follows:

1. Section C.6.1 discusses the original motivation for facial reduction.

2. Section C.6.2 discusses the application of facial reduction to the SNL problem (Definition
3.2.3) formulated by Krislock and Wolkowicz in |11, 15].

3. Section C.6.3 discusses the application of facial reduction to the protein structure-
NMR problem (Definition 3.2.2) by Alipanahi et al. [5, 1] ,

4. Section C.6.4 discusses facial reduction in the noisy SNL problem, where the sensors
may have noise in their distance measurement with other sensors. The facial reduction
introduced in Cheung et al. [10] and Drusvyatskiy et al. [20] is more robust to noise.

5. Section C.6.5 reviews the connection between Rigid cluster ENI [37, 10, 41, 38], which
is a modification of ENI to interpolate the rotation and translation of rigid clusters
in the protein structure, to facial reduction. We showed in [51] if a protein structure
is represented using a Gram matrix, as a point on Si’?’ instead of R®*, then rigid
cluster ENI can be reformulated using facial reduction.

These subsections are only a brief review, the interested reader should consult the original
publications for a more detailed discussion. In order to use facial reduction for protein
structures, the information about which groups of atoms in a protein structure are assumed
to be rigid is required to be given as input, this is a separate problem of itself.

C.6.1 The Original Motivation for Facial Reduction

Semidefinite optimization problems are one type of convex optimization problem, this is
because S7, with no rank constraint, is a convex cone.

In the semidefinite relaxation of the EDMC problem, the feasible point X can have
potentially any rank (relaxation means remove the rank constraint), and therefore the

211



entire cone S? is the feasible region, provided the specified distances in the input incomplete
EDM D are satisfied by X. In the paper by Alfakih et al.[3], the feasible region for the
EDMC problem as a semidefinite optimization problem is given as follows:

F={X €S |Kuw(X)=Dy V(ab)eD},

where ICpp(X) is the mapping defined in Equation (4.15).

For convex optimization in general, Slater’s constraint qualification is a sufficient condition
for strong duality, see for example Boyd and Vandenberghe [12] Section 5.2.3 for more
information on strong duality. Slater’s constraint qualification requires the interior of the
feasible region of the optimization problem to have at least one feasible point, also called
a Slater point, i.e. the interior of the feasible region must be nonempty. For semidefinite
optimization problems in particular, knowing whether the problem being modelled satisfies
Slater’s constraint qualification is not only important for checking whether strong duality
holds, but is also a condition required by interior point algorithms to ensure a solution can
be found.

A Slater point for the EDMC problem is given by:

dX € Si+ s. t. Kab(X) =Dy V(a, b) eD ,

This definition says that if a full rank, rank n, positive definite matrix X exists that is also
feasible, then the EDMC problem satisfies Slater’s constraint qualification. The full rank
matrix X is an “interior point”, also called a “Slater point” because it is in the relative
interior of the S’} cone.

Definition C.6.1 (A Clique in the EDM). A clique is defined as a graph where all nodes
are adjacent, in other words, all possible undirected edges are present. For an EDM matrix,
a clique means the distance between all points have been determined.

Definition C.6.2 (Principal Submatrix). For a n x n matriz A, let C C {1,...,n}, the
matriz A[C,C] formed by taking the rows whose indices are in the set C, and the columns
whose indices are also in the set C is called a principal submatrix.

If the input EDM graph contains subgraphs that are themselves cliques, or equivalently,
if the input incomplete EDM, D, contains principal submatrices that have all entries
specified, then the rank of the feasible matrices is decreased. This means the EDMC
problem will not have a Slater point X € S7, and Slater’s constraint qualification is not
satisfied. This result is given as Theorem 4.1 of [11] and Theorem 2.3 [15] for the case of
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one clique in the EDM graph. This theorem is called the “Single Clique Facial Reducton”
theorem, and is restated below as a definition.

Definition C.6.3 (Single Clique Facial Reduction). Let D be an incomplete input EDM
to the EDMC problem. Suppose the input EDM D has one clique, let C C {1,...,n} be
the set containing the indices of the points in this clique. Since these indices can always
be permuted, assume without loss of generality that C = {1,...,q} and |C| = q. Let P¢ be
the matrix whose rows are the atomic coordinates of the points in clique C. Diagonalize
Xe = PP using either eigendecomposition or singular value decomposition,

Xe = PP = U-DU.".

Let:
ko1
Ue = q (Uc j—g) , (C.33)

where 14 is a g X 1 vector of all ones and k is the embedding dimension of the points. The
division by /q ensures that Ue 1is orthonormal.

Let:
k+1 n—gq
v="1 < Ue Oax(n— ) . (C.34)
n—q 0(n—q)><(k+1) [nfq

Then, the feasible n x n Gram matrices that solve this EDMC problem are found on the
face:
USgl_*qukJrlUT

Definition C.6.3 says that if the incomplete EDM has just one clique, Slater’s constraint
qualification cannot be satisfied because the feasible Gram matrix X that solves the
EDMC problem is not in the relative interior S, but rather on a lower dimensional
face. Mathematically, this is expressed as:

X eUsSy YT X ¢St

If the input incomplete EDM contains more than one clique, then each clique will define a
face that contains the feasible Gram matrices of the EDMC problem, given by Definiton
C.6.3. Recall the minimal face was defined in Definition C.1.3, facial reduction is the
process of intersecting all these faces to find the one unique minimal face containing the
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feasible Gram matrices. Suppose there are [ cliques:
Cy,...,Cp .

Using Definition C.6.3, each clique has a subspace representation given by Equation (C.34):
Uy,....,U; .

Then, facial reduction finds the subspace U such that:

!
range(U) = ﬂrange(Ui) ,

=1

where range(-) denote the range of a matrix. Once the matrix U has been found, the EDMC
problem can be formulated on a smaller cone. Suppose the resulting U found from facial
reduction is an n X p matrix, then the EDMC problem can be formulated as a semidefinite
optimization problem on the smaller cone:

USLU .

Slater’s constraint qualification will hold for this smaller cone, i.e. the smaller cone will
have an interior point that is a feasible Gram matrix to the EDMC problem.

C.6.2 Cliques in the SNL problem (Krislock and Wolkowicz [44,
)

In the SNL problem, a sensor is aware of its neighbours up to a threshold distance called
the “radio range”. There may be many sensors within this radio range, and they all known
each other’s inter-sensor distances, thus forming a clique in the input EDM graph, causing
the Slater’s contraint qualification to fail.

The main contribution of Krislock and Wolkowicz [11, 15] is to show that when the
SNL problem has exact distance data, i.e. no noise in the distance measurements, and
the input incomplete EDM graph has cliques (Slater’s constraint qualification fails), facial
reduction can be used to find a face of the PSD cone where a Slater’s point does exist. It
may even be possible to determine all sensor positions after facial reduction, without the
need for a semidefinite optimization solver.

The idea of Krislock and Wolkowicz’s algorithm is to start with each sensor as a clique
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Figure C.1: A rigid intersection between two abstract cliques. Figure 2.2 of [15].

DN

Figure C.2: A non-rigid intersection between two abstract cliques. Figure 2.3 of [15].

|

of one sensor (a trivial clique), it then attempts to make this clique bigger by checking
if there are sensors not in the clique, but is within the radio range of all the sensors in
the clique (adjacent to all the sensors in the clique). After the cliques have achieved a
maximum size the first step of the algorithm is complete.

The next step of the algorithm is to determine the subspace representations of these
cliques using Definition C.6.3.

Thereafter, cliques are checked to see if they have any common sensors, if they do then
these cliques intersect. There are two ways two cliques may intersect: rigidly, as shown in
Figure C.1. “Rigid” intersection means there is only one orientation the two cliques can
intersect, as the triangle in the diagram shows. The other way is to intersect non-rigidly,

215



as shown in Figure C.2, the dotted lines show the second possible orientation to intersect.
This diagram assumes the points are in 2D space, and so intermediate solutions where one
clique is out of the plane, e.g. one clique is oriented 90 degrees with respect to the other
clique, is not possible.

Consider two cliques, U; and Uj;, and suppose they have a subset of points in common,
i.e. they intersect. Let U; be the subspace of the clique C; found using Definition C.6.3,
and U; be the subspace of the clique C; also found using Definition C.6.3. Let

C=CnNg;
denote the indices of the points in their intersection. Let
UilC, 1]
be the matrix formed from taking the rows of U; specified in C, and let
Ui[C, ]

be the matrix formed from taking the rows of U; specified in C. U;[C,:] and U,[C,:] are
the subspace representation of the same clique, given by the index set C = C; N C;. This
means they should be the same matrix. If they are not, they must differ by a rotation and
translation.

If the intersection of these two cliques is rigid, see Figure C.1, a unique rotation and
translation can be found to rotate one of the matrices, say Uj;, so that after the rotation
Ui[C,:] and U;[C,:] are the same matrix. This idea is explained in more detail in Section
4.8 of [11]. Once the subspace has been rotated, an expression for

range(U) = range(U;) N range(U;)

can be found, which leads to finding the Cartesian coordinates of the points in the cliques
themselves. The details for this will not be discussed here, see [11].

If the intersection of these two cliques is non-rigid, see Figure C.2, a similar idea of
rotating one of the subspaces is used in [11], however, now there are two possible solutions
to how the cliques orient with respect to each other, this is given by the dotted lines in
Figure C.2. If one of these two solutions can be determined to be the correct solution, for
example distance constraints can be checked, then the subspace representation of the face
can be found just as in the rigid intersection case and these points can be localized. If the
correct solution cannot be determined, a semidefinite solver may be needed.
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C.6.3 Cliques in the Protein Structure-NMR problem (Alipanahi
et al. [5, 4])

In [141] the algorithm for localizing sensors with facial reduction was also applied to the
protein structure-NMR problem, where the incomplete input EDM has specified entries if

the inter-atomic distance is within a distance R, the values of R examined were 54, 6A4,
TA, and 8A.

The protein structure-NMR problem was re-examined by Alipanahi et al.[5, 1]. The
definition of the cliques used in this approach is different from the original approach in [11],
the cliques were defined using the protein structure’s chemical structures. This is shown
in Figure C.3, where three cliques are presented. The two cliques bounded by a square are
peptide planes, and the one clique bounded by a circle is a tetrahedral carbon, the bond
angles of a carbon atom has a tetrahedral shape.

Note that all three cliques intersect non-rigidly, compare Figure C.3 with Figure C.2.
Protein cliques will always intersect nonrigidly about a bond, since any motion of the
protein structure is from rotations about a bond.

Ca (

®
O

)

-
. g

Figure C.3: Protein clique example. Figure 3.13 of (Alipanahi, 2011[1]).
The method used for intersecting cliques by Alipanahi [1] is the subspace intersection
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method, see Theorem 5 of [1] and Algorithm 12.4.3 of [31]. This method is summarize next.

Suppose there are two cliques, whose atomic indices are given by the sets C; and Cs.
Suppose further without loss of generality these two sets form a consecutive set of integers.
In addition, since this discussion only involve two cliques, assume no other cliques in the
protein, such that C; UCy = {1,...,n}. This approach is applied recursively to intersect
more than two cliques.

Define the following cardinal values:

q1 = |61|
G2 = |Cz|
C.35
q=1CiNCs ( )
qu = |C1 UGy

Using Definition C.6.3 and Equation (C.34) when applied to these two cliques gives the
following subspace representation for the clique C;:

ki +1 qu —q n—qu
q1 Ue, 0q1X(quq) 04, X(n—qu) (C.36)
Uy = qu — ¢ O(qU—q)X(k’1+1) ]qu—q O(QU—Q)X(TL—CIU) ’
n —qu O(n—qU)X(kH—I) On—qUX(kg—i—l) In—qU

the following subspace representations for the clique Cy

qu — q ko +1 n—qu
w=a( Tw-q  Ow-gxk+) Oww-gxw-a (C.37)
U2 = q2 Oqu(qU—q) UCZ OQZX(n_QU)
n—qu O(IZX((]U*(I) OH*CIUX(szrl) In_QU

In order to find a matrix U such that range(U) =range(U; )N range(Us). Theorem 5 of [1]
and Algorithm 12.4.3 of [31], proceeds as follows:

1. Ensure U; and U; have orthonormal columns. If not, find the QR-decomposition for
Ui = Q1R and Uy = Q2 R5, and use ()1 and (), instead.

2. Form the matrix C' = U] Us, and find its singular value decomposition: C' =YX Z7.

3. Let Y,_; denote the columns of Y where the singular values are 1, then U = U;Y,—;
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is the required matrix U such that range(U) =range(U;)N range(Usy). The number
of singular values that are 1 therefore determines the number of columns of the
intersected subspace U.

The matrix U is now the subspace representation of the clique C = C; U Cy. In order to
intersect U with another subspace, Us, with clique indices C3, the above method is applied
recursively. Even if the protein has more than two cliques, only two cliques are intersected
at a time and for each intersection, using the same formulas as above.

Note that when intersecting U; and Us,, the last n — ¢y rows and columns are the same
and therefore, the smaller matrices:

ki +1 qu —q
[71 _ T ( Ucl OQ1><(qU—q)> ’ (C.38)
U =4\ Ou-a)x(ka+1)  Lar—q
and
qu —¢q ko +1
U, = 1 ( Loy O(qy—g)x(kgﬂ)) ' (C.39)
92 04, x(qu—q) Ue,

can be intersected instead using the above method. Then, suppose the matrix U is the
resulting matrix such that

range(U) = range(U;) N range(Us) |

it is expanded as follows to arrive at the subspace representation for the face containing
the n x n Gram matrix

k n—qu

U — qu ( U 0(1U><("QU)> '
n—dqu O(n—qU)Xk [nqu

The number £ is the number of columns of the intersected subspace U , this number was
already discussed above. See also Algorithm 3 of [1] on finding the number of columns of
the intersected subspace.
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C.6.4 Noisy SNL and Cliques (Cheung et al. [16], Drusvyatskiy
et al. [26, 25])

The conjugate face can also be used for facial reduction.

The face and conjugate of a PSD cone are defined in Proposition C.3.1. The face is
given by:

A Ok (n—
F=UStUT = kx(n—h) } T:Aesk}
* {Q |:O(n—k)><k O(n—k)x (n—k) @ +

and the conjuate face is given by:

¢ tran—ki T Orxr Orx(n—i)| A7 . n—k
Fe=VSty —{Q {Om_kw QT Bes Y

In addition, recall the following statement from the same Proposition:
F<ASTN{Y}" VY €F° inaddition F=S?N{Y}" VY € relint(F°).

This statement shows the conjugate face can be used to define the face.

Let Ue be the ¢ x (k + 1) matrix given by Equation (C.33). Let V € R?*(@%=1) he the
complement subspace, that is
range(U¢) = range(V)*.

The face given by the primal expression F = UcSEMUZ can be exposed by VVT € Fe.
This is mathematically written as:

ST N{VVTI = U SHUE . (C.40)
Since the entire protein structure has n atoms, define the matrix:

qg—k—1

q 174
V= . C.41
n—q (0<nq)x<qk1> ) (C.41)

Then the exposing vector for the face containing the Gram matrix of all n atoms as defined
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just by clique C is:

4 =y
vyT = 1 ( VVE - O ) . (C.42)
=4\ Om—g)xg On—q)x(n—q)

Let U be defined by equation (C.34), the primal expression for the face U Si_qukHU s
related to the exposing vector VVT from Equation (C.42) via the following mathematical
expression:

St N{vvTit = sy ettty (C.43)
See for example Theorem 1 of [16], Theorem 3.1 of [25].

The exposing vector for the intersection of two cliques is found from adding up the
exposing vectors for both cliques. Consider again the example in Section C.6.3 of two
cliques, with their atomic indices given by the sets C; and Cy. Define matrices Vi, V5 such
that:

range(T, ) = range(7;)*

and B B
range(Ue,) = range(V5)* .

The matrix V3147 exposing the face defined by the cliques given by indices C; is given by:

q1 n—q
‘/'1‘/'1T — q1 < ‘71‘71T Oq1><(n—q) ) ’ (044)
n—q O(n—q)qu O(n—q)X(n—q)

and the matrix Vo157 exposing the face defined by the cliques given by indices Cy is given
by:

qu — ¢ q2 n—qu
qu — 4 O(QU*Q)X(CIU*Q) O(QU*Q)X(D O(QU*Q)X(R*QU) (C 45)
VL' = 0 /A% 0 '
2v2 q2 2 X (qu—q) 2Vo g2%(n—qu)

N = qu \ On—gu)x(qv—q) Otm-au)xez On—gu)x(n—aqv)

Their sum ViViT + VaVaT exposes the subspace representing the intersection of the two
cliques, that is
(ViViT + Vo 1u1) Lrange(U;) Nrange(Us) .

If there are [ cliques in total, the sum of all their exposing vectors exposes the intersection
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of all [ clique’s subspaces. That is, let
Vvl = (it 4+ 4+ 1y (C.46)

and let:
range(U) = range(U;) N -+ - Nrange(U)) .

Then:
VVT Lrange(U) .

The matrix U is found from diagonalizing the matrix VV7 given by Equation C.46, then
the eigenvectors that corresponds to eigenvalues that are 0 are used to form the columns
of U.

The main advantage of this method is it is robust to noise in the distance measurements,
see [16] where this type of facial reduction was applied to the noisy SNL problem.

The main disadvantage of this method is the final exposing vector, given by Equation
(C.406), needs to be diagonalized to recover V| from which the subspace of the intersection
of the spaces, U is found.

C.6.5 Rigid Clusters and ENI [41, 37]

Elastic network interpolation (ENT) as proposed by Kim et al. [37, 40, 11, 38] was reviewed
in Chapter 2 Section 2.4. Rigid cluster ENI is a variation of ENI that interpolates the
rotation and translations of rigid groups of atoms in a protein structure [11, 37].

This section discusses the connection between facial reduction and rigid cluster ENI.
This discussion has also appeared in our previous publication [54].

Suppose the a-th atom belongs to the r-th clique, let p,(t) € R* denote its coordinates
at an arbitrary time ¢, and let there be ¢ atoms in this clique. Let t; —tg be a small time
increment. The position of atom a at time 1, p,(t1), relative to p,(ty) at time tq is given
by:

Pa(t1) = R(wr(t1 — t0)) (pa(to) — c:(to)) + cr(to) + der(ts — to) - (C.47)

Here, ¢,(t) is the r-th clique’s centroid at time ¢, and ¢, (t1 — to) = ¢ (t1) — ¢ (ty) denote
the relative translation of the clique’s centroid from time t; to ;. The axis-angle vector
for this clique at time ¢, is denoted by

wr(tl — tg) = ‘9(751 — to)ur(to) s
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it cluster

Fixed frame of
reference in space

Figure C.4: A schematic diagram of a protein with three rigid clusters (a rigid group of
atoms that move concurrently) connected by springs. Figure 6.1 of (Kim, 2004[37]).

where u,(ty) = (z,(to), yr(to), 2:(to))? € R? is the axis of rotation, | wu,.(ty) ||= 1, and
O(t, — to) € R, a scalar, is the counterclockwise angle of rotation from time ¢y to time ¢;.
The rotation matrix R(w.(t; — to)) to rotate any point within the r-th clique from time ¢,
to t1 is given by the well-known Rodrigues’ rotation formula:

R(w:(t1 — o))

= I + (sin(0(t; — to))skew(u,(tg)) + (1 — cos(8(t; — to))skew(u,(to))?

= exp(0(t; — to)skew(u,(to))) (C.48)
= exp(skew(0(t; — to)u.(to)))

= exp(skew(w,(t; —to))) ,

where for 7 = (z,y,2)T € R3, skew(Z) is defined as:

0 —z
skew(Z)=|[ 2z 0 -z, (C.49)
-y x 0

The function exp(-) is the matrix exponential. Since we assumed t; — ¢y is a small time
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increment, we will also assume the rotation between time ¢y and ¢; is small, the rotation
matrix can then be approximated as:

R(w,(t1 —to)) =~ I3 + skew(w,(t; — to)) , (C.50)

where I3 is the 3 x 3 identity matrix. This approximation simplifies equation (C.47) for
Pi (tl) to:

Pa(t1) = (pa(to) — cr(to)) + skew(w,(t1 — to)) (pa(to) — ¢ (to)) + cr(to) + 0c,(t1 — to)
= pa(to) + skew(w,(t1 — to)) (pa(to) — ¢ (to)) + dcp(t1 — o) -

(C.51)
Note that for v, w € R3, skew(w)v = —skew(v)w. More concisely, we can express p;(t;) as:
Pa(t1) = pa(to) — skew (pa(to) — ¢ (to)) wr(ts — to) + der(t — to) (C.52)
= pa(to) + Ha(to)y(t1) '
where:
H,(ty) = (—skew (pa(to) — (o)) 13) e R3%6 (C.53)
and:

y(ty) = (&:((le_—i?)) eR’. (C.54)

The same change y(t;) is applied to all atoms in the clique, so we can form the matrix
expression:

p1(th) p1(to) Hi(to)
: ~ : + : y(ty) . (C.55)

pq(.tl) pq<t0) Hq'(tﬂ)

Equation (C.55) shows to find the time ¢; coordinates from time ¢, for the points in the
clique, we only need to find the much smaller y(t;).

A Second Expression for Rigid Clusters

Consider the transpose of equation (C.51):

pa(t)” & pa(to)” + (Pa(to) — cr(to))” skew(wy(ty — to))" + dep(ty — to)© (C.56)
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Since all atoms that belong to one clique are rotated by the same rotation matrix, skew(w, (t; — to))T,
and translated by the same vector dc,.(t; —ty)”, we can place all ¢ equations into a matrix:

pi(t)” pi(to)” (Pa(to) — Cr(to))T 1
: ~ : + :
pq(tl)T pq(tO)T (pq(to) - Cr(tO))T

Define the matrix U,.:

(skegvcsc(u;(ti . )@))T> . (C57)

(p1(to) — cr(t0))” 1
U, = : o (C.58)
(pg(to) — cr(to))” 1

U, is called the point representation of the face of the r-th clique, see [11] Section 4.12.
Analogous to y(t1), we define Y'(¢1) as:

Then we have the matrix expression:

Equation (C.60) shows that when advancing from time ¢, to time ¢, if we can factor
P(ty) = U.S(ty), then equaton (C.60) becomes:

P(t)) = U,(S(to) + Y (t1)) - (C.61)

Equation (C.61) shows we only need to change S(ty) to arrive at P(t;). Although U,
has been defined based on time tg, it can be defined with respect to a reference time, for
example ¢t = 0.

Facial reduction only requires the face matrix U, to be found, rotation matrices or axis
angle vectors do not need to be introduced explicitly.
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Appendix D

An Introduction to Riemannian
Manifolds

The purpose of this Appendix is to provide enough differential geometry background to
define Riemannian manifolds. Further reading can be found in [50, 49, 48, 1, 77, 78].
Formulating the Euler-Lagrange equations on Riemannian manifolds is also discussed in
this Appendix. Further reading on classical mechanics and Riemannian manifolds can be
found in for example [7, 15].

D.1 Topological Manifolds

Topologies are abstract objects that generalize the notion of open intervals in R. More
precisely, a topology on a space M is a collection T, of subsets of M, these subsets are
called “open sets”. These open sets have the following properties:

1. The subsets M and () belong to 7.

2. For subsets Uy, Us,--- € T, their union is also in 7, Uy UUy U --- € T, the union
may be finite or infinite.

3. For finitely many subsets Uy, Us, - - - € T, their intersection is also in 7, UyN---NU,, €
T.
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Elements of M are called points, denoted p € M. A neighborhood of p is an open subset
U C M that contains p. Neighborhoods give a feel of “nearness” without the need for a
metric. A statement is true “near” a point p if it is true in a neighborhood of p.

Open sets also give a convenient definition of continuity. A map f : M — N between
topological spaces M and N is continuous if for every open subset U C N, its preimage
f~YU) is open in M.

A topological space is Hausdorff if distinct points can always be separated by disjoint
open sets.

A topological space has a non-unique special collection B of subsets of M called a basis.
This collection has the property that:

1. each x € M belongs to at least one element of B

2. ifx € (B1NBy) with By, By € B, then there exists Bs € B such that € By C B1N By

A topological space is second countable if it admits a countable basis.

Two topological spaces M and N are homeomorphic if there is a bijective map ¢ :
M — N such that both ¢ and ¢! are continuous functions.

A topological space M is locally Fuclidean of dimension n if every point of M has a
neighborhood homeomorphic to an open subset of R™.

The special homeomorphism ¢ that maps U € M to U = o(U) C R™ is called a (local)
coordinate map. The pair (U, ) is called a coordinate chart. U is called the coordinate
domain, or coordinate neighborhood or coordinate ball if (U) is an open ball in R™. For a
point p, the component functions of ¢,

ot =2'(p),..., 2" = 2"(p) (D.1)

are called the local coordinates of p.

A topological n-manifold is a second countable, Hausdorff space that is locally Euclidean
of dimension n.

D.2 Smooth Manifolds

Recall from calculus a function F' is smooth (denoted C*) if each of its component functions
has continuous partial derivatives of all orders. A smooth manifold is a topological manifold
with extra structure for deciding which functions on the manifold are smooth.
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An obvious way to extend smoothness to manifolds for a function f: M — R is to say
f is smooth if and only if fop~!: U — R is smooth, where ¢ is a coordinate map defined
above. But the choice of ¢ must be limited to only a collection of smooth charts. This
collection is the new structure to be defined.

Given a topological manifold and two charts (U, ¢), (V, 1) with UNV # 0, the transition
map from ¢ to 1 is the composite function

Yvop lipUNV)—=ypUNV)

A diffeomorphism is a smooth bijective function, with a smooth inverse. If either UNV = ()
or ¥ o o=t is a diffeomorphism, then (U, ) and (V, ) are smoothly compatible.

An atlas A for a topological manifold M is a collection of charts (U,, ¢s) such that
the union of the coordinate domains cover M.

JUa =M

If in addition, any two charts are smoothly compatible then this atlas A is called a
smooth atlas.

There may be many atlases that give the same collection of smooth functions. This
ambiguity is avoided by defining a mazimal smooth atlas A, which is a smooth atlas that
contains all charts that are smoothly compatible; the maximal atlas is not contained in
any strictly larger smooth atlas. A maximal smooth atlas is also called a smooth structure
or a differentiable structure.

A smooth manifold is a pair (M, .A), where M is a topological manifold and A is a
smooth structure.

Any chart (U, ¢) contained in the maximal smooth atlas is called a smooth chart. The
coordinate map ¢ is called a smooth coordinate map, and U is called a smooth coordinate
domain or smooth coordinate neighborhood or a smooth coordinate ball if p(U) is a ball in
Fuclidean space.

Finally, given this smooth atlas, define a function f : M — R to be smooth if and only
if for every p € M there exists a smooth chart (U, ¢) with p € U, and f o ¢~! is smooth
for each coordinate chart (U, ¢). The set of all smooth real-valued functions f: M — R
is denoted C™(M). C*°(M) is a vector space. The function f = f o ¢! is called the
coordinate representation of f. This concept of smoothness generalizes easily to maps
between manifolds. let F' : M — N be a map between manifolds M and AN. For any
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p € M, let (U, p) be a smooth chart containing p and (V, ) be a smooth chart containing
F(p) such that F(U) C V. F is smooth if for all p € M the composite map 1o F op~! is
smooth from ¢(U) to (V).

Oftentimes, for simplicity, the coordinate domain U is thought of as simultaneously
being an open subset of the manifold M and as an open subset of R”. As well, the
coordinates (x!,...,2") = ¢(p) are thought of as being p € U, called the coordinate

representation. Similarly, the notation f may also be suppressed when there is no confusion.

D.3 Geometric Objects

D.3.1 Tangent space

The tangent space to a manifold at a point is a linear approximation of the manifold at
that point.

In Euclidean space, R", the tangent space at a point p can be thought of as a “copy”
of R™ with the origin at p. For example, a tangent plane to a sphere in 3D space, S? C R3,
at a point p is a copy of R? centered at p. This motivates the definition of the geometric
tangent space to R™ at a point p € R" to be the set R} = {p} x R™ (see Chapter 3 page 61

of [19]):
R} = {(p,v) :v €R"}, (D.2)

(p,v) may be denoted v, or v[,. Note that R} is a vector space:
u, +v, = (u+wv), where u,, vy, (u+v), € R}

c(vy) = (cv), where c € R
There is an isomorphism between R and R", R} = R™.

This geometric view does not generalize to arbitrary abstract smooth manifolds with no
ambient space. For that, the concept of a directional derivative is used. Recall a directional
derivative is a linear map D,|, : C*°(R") — R such that for any p € R}, in the direction
v at p we have:

Duyf=Duftp) = 5| S+ 10) (D3)
t=0

This linear operator satisfies the product rule

Dyl (fg9) = f(p) Dol, 9+ 9(p) Dul, f (D.4)
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With this motivation, define a new object, called a derivation, which is a linear map
X : C*(R") — R that satisfies the product rule:

X(fg)=f)Xg+gp)Xf

Let T,(R™) denote the set of all derivations of C*°(R") at p. T,(R") is a vector space under
the operations:
(X+V)f=Xf+Yf

(eX)f = e(Xf)

Proposition D.3.1. The geometric tangent space R} is isomorphic to T,(R") (see [/9]
Proposition 3.2).

These derivations are used to define a tangent space.

Definition D.3.1 (Tangent Space). The tangent space at a point p is the set of all
derivations at p. This space is a vector space denoted T,M. An element of T,M s
called a tangent vector at p.

Derivations by themselves are abstract. But they can be represented by something
concrete: tangent vectors to curves (see [19] page 75).

Let J C R be an interval, then a curve is a smooth map v : J — M. The tangent
vector to vy at ty, denoted +/(t), is a derivation at y(ty) that can act on functions by:

(o) =22 ) (D.5)

Y (to)f = a o

dt

to

Each point p € M has its own tangent space, and these spaces are all disjoint. Taking
the disjoint union gives a new object called the tangent bundle:

™ =[] M

peEM

The tangent bundle comes with a natural projection 7 : TM — M given by w(p,n) = p
which sends every vector (p,n) =1, in 7, M to the point p.

Lemma D.3.1. For any smooth n-manifold, the tangent bundle is a smooth 2n-manifold

(see Lemma 4.1 [19]).
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D.3.2 Pushforwards

A tangent space gives a local linear approximation of the manifold. A map F': M — N
between two manifolds can also be approximated by a linear map called the pushforward
between the two tangent spaces, near a point p € M and F(p) € N. The pushforward is
a linear map

F, : Tp./\/l — Tp(p)N

defined by:
(FEn)(f) =n(f o F)

The pushforward is also called the differential or total derivative of a function F. For
functions mapping from R" to R™, F' : R® — R™, the pushforward is represented by the
Jacobian matriz of F. There are at least two notations for the pushforward:

e F.n, is favored by authors like Lee [19] when discussing abstract manifolds,
e DF(p)[n,| is favored by authors like Absil [I] when discussing matrix manifolds.

See [19] page 65 to 72 for additional discussions of the pushforward. Some properties of
the pushforward are given by Lemma 3.5 of [19], restated below.

Lemma D.3.2. Let F: M — N and G : N — P be smooth maps for manifolds M, N,
and P, and p € M (see Lemma 3.5 of [19]) .

1. F,: T,M — Try)N is linear

2. (GoF),=G,0oF, =T,M — Tgopp)P

8. (Idy)s = Idpp - T,M — T,M

4. If F is a diffeomorphism, then F, : T,M — Tr) N is an isomorphism.

Using the pushforward notation, a tangent vector to a curve v at ty € J is denoted:

d
"t)) =7 | —
' (to) 7<dt

and the corresponding linear action is:

> € TyupyM , (D.6)

to

V{t)f = . (%

) f (D.7)
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Lemma D.3.3. Let M be a smooth manifold and p € M. Every X € T, M is the tangent
vector to some smooth curve M (see Lemma 3.11 of [19]).

As a consequence of Lemma D.3.3, F, X can be computed for any X € 7,M and smooth
map F' : M — N by finding a smooth curve 7 such that X = ~/(0)

’ >=(Fov)*<%

F.X = F.(Y(0) = F. o, (a

) —(Foy)(0)  (D8)

to
The pushforward F, can be used to determine the rank of F.

Definition D.3.2 (Rank of a Differentiable Function). Let My and My denote two
manifolds with dimension dy and dy respectively. Consider a differentiable function F :
My — My with charts @1 and @ for My and My respectively. Let the coordinate
representation of F be ' = ps0 F o ©1'. The rank of F is the dimension of the range of
DF(p1(x))[-] : R" — R%. DF(py(x)) is the differential of F at p(x).

Definition D.3.3 (Immersions and Submersions). Let My and My denote two manifolds
with dimension dy and dy respectively.

e [ is an immersion if its rank is dim(My) = dy; immersions are locally like injective
linear maps.

e [ is a submersion if its rank is dim(My) = dy; submersions are locally like surjective
linear maps.

D.4 Examples of smooth manifolds

The following are some objects that satisfy the definition of a smooth manifold. These
examples are taken from [19] p 17.

o (Lee[19] Example 1.13) R™ is a smooth n-manifold with the atlas consisting of just a
single chart (R™, Idg~). This is called the standard smooth structure.

o (Lee[19] Example 1.14) Let v : R — R be ¥ (x) = 2°. The atlas of the single chart
(R, 1) is a smooth structure on R This chart is not smoothly compatible with the
standard smooth structure Idg because the transition map Idg o ¢~'(z) = 2'/3 is
not smooth at the origin.
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o (Lee[19] Example 1.15) A finite-dimensional vector space V with any norm determines
a topology. V' is a smooth manifold where the smooth structure is the atlas with the
single chart (V, E~!), where E : R®™ — V is a basis isomorphism given by:

E(z) = Z:cE : (D.9)

for any ordered basis (Ey, ..., E,) of V. This map is a homeomorphism and so the
single chart (V, E~!) is a smooth structure.

The same element E(x) € V can be expressed in a different ordered basis (Ey, . . ., E,)
so that E(7) = E(z) € V. Let E; = >, A] Ej where A = (A7) is an invertible matrix.

This means: . . .
j=1 i=1

=1 i=1

So it follows: .
=) a'Al (D.11)
i=1
The transition map between these two charts is:

E7oB@) =3=@,....2" =0 _Ala'...)> Al')=Ax (D.12)

So the map from x to 7 is an invertible linear map making the two charts smoothly
compatible. Thus, all bases determine the same smooth structure.

o (Lee[19] Example 1.16, Absil [1] Section 3.1.5) The space of n x m matrices with real
entries, denoted M (n x m,R) or R™™ [I] is a vector space under matrix addition
and scalar multiplication, and so is a smooth manifold of dimension n x m. When
m = n, the notation M (n,R) is also used. Note the notation R™ without the x
symbol means the space of mn x 1 vectors.

o (Lee[19] Example 1.17) When M is a smooth n-manifold, any open subset U C M
is a smooth manifold called the open submanifold of M with atlas given by:

Ay = {smooth charts (V,¢) for M such that V C U}.

o (Lee[19] Example 1.18) The general linear group, denoted GL,,, is the set of invertible
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nxn matrices. This set is a smooth n?-manifold since it is an open subset of M (n, R),
the set where the determinant is nonzero.

D.5 Riemannian Manifolds

A Riemannian metric is a 2-tensor field that is symmetric, g(X,Y") = g(Y, X), and positive
definite at each point, g(X, X) > 0 if X > 0. This metric is defined on the tangent space
at point p, so X and Y are tangent vectors on this tangent space.

A Riemannian manifold (M, g) is a smooth manifold M with a Riemannian metric
g(+,-) defined on the tangent space of every point p on the smooth manifold.

D.5.1 The Exponential Map

Exponential maps are defined for an abstract Riemannian manifold M as follows. Let
v : I — M, where I C R, be a curve on the manifold M. See Section D.3.1 for the
definition of a curve on a manifold. Define a geodesic to be a curve on a manifold ~ with
zero acceleration. This definition depends on the Riemannian connection V. Denote the
geodesic with intial point p and initial velocity V by vy,. Let TM denote the tangent
bundle of M, see Section D.3.1 for the definition. Define the set:

U={V €TM:~y is defined on an interval containing [0, 1]} .
Then, the exponential map, is the map Exp : U — M defined by:
Exp(V) =y (1) . (D.13)

Equation (D.13) means for a point on p € M, the exponential map determines the point
on M away from p, in the direction V' € T, M, where the geodesic has travelled by time
t= 1, ’yv(l) e M.

D.6 Matrix Manifolds

A matrix manifold is a manifold as defined in classical differential geometry, each element
of the manifold can be represented by a matriz. Optimization algorithms in R” work with
inner products and length. Therefore, a Riemannian metric on the tangent space of the
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matrix manifold needs to be defined when generalizing optimization algorithms in R™ to
matrix manifold. Thus, matrix manifolds are also Riemannian manifolds.

Some examples of matrix manifolds are presented below.

D.6.1 R

Recall from the above discussion in Section D.4 that R™, or equivalently R3", is a smooth
manifold,

For an arbitrary point ? € R®", the tangent space at ﬁ is another copy of R3" with
the origin at 7/, see for example [19] Chapter 3. The dot product for R3" can be defined
to be the Riemannian metric on the tangent space. The smooth manifold R3" with a
Riemannian metric defined on all its tangent spaces is a Riemannian manifold.

Note that R3" is also a matrix manifold since each point is represented by a 3n x 1
matrix. No constraints are required to describe R3™ and R3" also has no quotient structure.

D.6.2 R™™

The set of n x m matrices with real entries, R™*™  discussed above (Lee[19] Example 1.16)
is a matrix manifold. R™*™ is a nm-dimensional vector space, any vector space is a smooth
manifold as discussed above.

Define p(Y') = vec(Y') to be the function that stack the columns of Y below each other
to form an nm x 1 vector. Any matrix ¥ € R"™™ can be turned into an nm x 1 vectors
y € R™ using the function ¢(Y) = vec(Y'). Thus, ¢(Y") defines a chart for R"*™.

For two matrix A, B on the tangent space of a point Y, the inner product (Euclidean
metric):
Trace(A” B) = vec(A) vec(B)

is defined as the Riemannian metric, making R™*" a Riemannian manifold.

Two ways to construct matrix manifolds from R™*™ are by the operations of taking
embedded submanifolds and quotient manifolds of this space.

If M is an embedded submanifold of R™*™, then R"*™ is referred to as the embedding
space. If M is a quotient manifold of R"*™ then R"*™ is referred to as the total space.
Following the convention in [I] page 29, both an embedding space and a total space can
also be called a structure space.
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D.6.3 Embedded Submanifolds of R"*™

Let M be a manifold with topology 7. Let N' C M. The subspace topology Ty is defined
as:
Tv={UCN :U=NNV where VeT}.

This expression means the open subsets of in the topology 7T are the open subsets of the
bigger space M intersected with N.

Let (M, A) and (N, B) be manifolds and their respective maximal atlases. If N' C M,
and the inclusion map i : N' — M : z — x is an immersion, then (N, B) is an immersed
submanifold. If the manifold topology of A coincides with the subspace topology induced
from the topological space M, then N is called an embedded submanifold.

Embedded submanifolds of R"*™ can be described by constraint sets on the space
Rnxm'

The Compact and Non-compact Stiefel Manifolds are Embedded Submanifold
Of RTLXm

Both the compact and non-compact Stiefel manifolds are embedded submanifolds of R™*™.

Assume m < n. The compact Stiefel manifold, denoted St(m,n), is the set of all n x m
orthonormal matrices. It is described by the following constraint set:

St(m,n) ={Y e R Y'Y = [,,} ={Y e R : det(Y"Y) =1} , (D.14)

where det(-) takes the determinant of the argument.

When m = 1, St(m,n) reduces to the unit sphere. When m = n, St(m,n) becomes
the orthogonal group O,,.

The noncompact Stiefel manifold R}*™ (Absil Section 3.1.5 [1] and Lee Example 1.19
[19]) is the set of n x m full rank matrices. The constraint describing this manifold is given
by:

RP>™ ={Y € R™™ : det(Y'Y) # 0} (D.15)

When m = 1, R}*™ reduces to the Euclidean space R™ with the original removed, also
known as the real projective space. When m = n, it becomes the general linear group GL,,.
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D.6.4 Quotient Manifolds of R"*"

Let M be a Riemannian manifold. Let ~ be an equivalence relation defined between points

on M.

Definition D.6.1 (Equivalence Relation). For a manifold M, an equivalence relation, ~,
is a relation between points on the manifold M with the following properties:

e Reflerive: x ~ x, Vo € M.
o Symmetric: x ~ y if and only if y ~ x, Vz,y € M.

o Transitive: if x ~y and y ~ z, then x ~ z, Vx,y,z € M.

An equivalence class is a set where all elements have an equivalence relationship with
each other:

[z] ={y e M:z~y}
The quotient of M by ~ is the set of equivalence classes, and is denoted M/ ~:

M/ ~={[x] 1z € M} .

If the natural projection ™ : M — M/ ~ given by:

is also a submersion, then M/ ~ is a quotient manifold. Each of the equivalence classes
[z] are an embedded submanifold of M (see Proposition 3.4.4 of [1]).

Figure D.1 (taken from Figure 2.5 of [78]) is a schematic diagram representing a quotient
manifold. In this Figure, M is the structure space, M/ ~ is the quotient manifold, [z] =
7~ m(z) is an equivalence class, with = being a representative element of the equivalence
class. The equivalence class [z] when regarded as a subset of M is called a fiber. A point

on the quotient manifold is denoted 7(x).

In applications of matrix manifolds, any matrix from an equivalence class can be used
to represent that equivalence class. Calculations relating to the quotient matrix manifold
are expressed in terms of these “representative matrices”.
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M/~
Figure 2.5: A quotient space M/ ~ and its fibers 71 (m(x)).

Figure D.1: A schematic diagram of a quotient manifold. Taken from Figure 2.5 of [78].

The Grassmann manifold is a Quotient Manifold of R™*™

The Grassmann manifold Grass(m,n) is the set of all m-dimensional subspaces of R™
(Section 3.4.4 [1]). For n x m matrices X and Y, if Y = XM where M € GL,,, then
they describe the same m-dimensional subspace. That is span(Y) = span(X). Any two
matrices that can be expressed by such a relation are in the same equivalence class. Each
of these equivalence classes is one element of the Grassmann manifold. Thus, Grass(m,n)
is a quotient manifold with the quotient structure [1]:

Grass(m,n) ~ RI*™/GL,, (D.16)

D.6.5 The rank r Positive Semidefinite Matrix Manifold S'}"

All matrices in the relative interior, S” , have full rank n. The boundary of S} is given

by:

n—1
st\st, =Js}", (D.17)
r=0
where:
ST ={X e S" :rank(X) =r}. (D.18)
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The boundary contains all the rank deficient matrices in S”. The notation S’} is the same
as S”
++

It is also well known that S7_ is a Riemannian manifold [59]. It was shown in [78]
Section 3.2 that S’" is a smooth manifold embedded in the set of n x n real matrices,
R™" for every r < n.

The fixed rank PSD matrix manifold does not have a natural geometry. This was
discussed in [78] Section 6.6, where various geometries S'" is diffeomorphic to has been
presented (see page 17 of [78], where the symbol ~ is used to denote diffecomorphism
between two manifolds). Two quotient geometries that S’ is diffeomorphic to are given
below.

The quotient manifold S"" ~ (St(r,n) x S}")/0O,

A positive semidefinite matrix X can be factored as X = USU?, where U € St(r,n)
is an element of the compact Stiefel manifold, and S € S}" is a r x r positive definite

matrix. This factorization is unique up to the action of the orthogonal group: U — UQ,
S — QTSQ for Q € O,. See [11] for further discussions.

The quotient manifold S"" ~ R"*" /O,

A positive semidefinite matrix X can be factored as X = YY7 where Y € R™ ", This
factorization is unique up to the action of the orthogonal group: Y — Y@, where @) is an
r x r orthogonal matrix, @ € O,. This geometry has appeared in [34, 58].

The atomic coordinates of a protein can be represented by a 3n x 1 vector ? when the
Riemannian manifold R3" is being used to model ENMs.

Alternatively, the atomic coordinates can be represented by an n x 3 matrix P, or
equivalently the Gram matrix PP?, when the Riemannian manifold S’}r’?’ ~ R?*" /O, is
being used to model ENMs.

Define the Riemannian metric on the tangent space at P to be given by Trace(XTY),
where X and Y are n x 3 matrices on the tangent space at P, and Trace(-) takes the trace
of the argument. The manifold Si’?’ ~ R?”*" /O, together with this metric has the structure
of a Riemannian manifold.
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D.7 Riemannian Manifolds and Classical Mechanics

The study of the equations of motion for classical mechanics on Riemannian manifolds can
be found in various sources, two examples are [7, 15].

In classical mechanics, the motion of a particle (or particle system) is completely
described by its position, p, and velocity v. The position p belongs to a space called
the coordinate space, which is a Riemannian manifold M. The space of position and
velocity, (p,v) is called the phase space, which is identified with the tangent bundle T M.

Definition D.7.1. The potential energy is defined as a differentiable function mapping
from the Riemannian manifold M to R, U : M — R.

Definition D.7.2. Let M be a Riemannian manifold. The kinetic energy at a point p is
given by:

() = %g(&&) , §eM, (D.19)

where g(-,-) is the Riemannian metric defined in Section D.5.

Consider an abstract particle with position p(t) € M, its velocity is given by v(t) =
p(t) € T,u)M, where the dot indicates a time derivative. The Lagrangian is a function
from the tangent bundle to the real numbers, L : TM — R, given by:

L(p(t),p(t)) = 59(p(t), p(t)) — U(p(t)) - (D.20)
The equation of motion of this particle is given:

d 9L oL
50 = D (D.21)
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Appendix E

Miscellaneous Mathematics

E.1 Solving the Sylvester Equation via Diagonalization

Let A, B, C', and X be matrices with the appropriate shape. The Sylvester equation given
by:

AX - XB=C
has a solution X, if an only if A and B do not have any eigenvalues in common, see for
example [72, &]. The Sylvester equation that appears in this thesis has the form:
YIY)Q+QY'Y) =27, (E.1)

where Y is an n X r matrix, ) is an r X r skew symmetric matrix, and Z is an r X r skew
symmetric matrix. Note that A = YTY and B = —A, therefore A and B will not have
any eigenvalues in common.

To solve this form of the Sylvester equation !, first diagonalize Y7Y (e.g. using singular
value decomposition (SVD)) as YTY = VDiag(c)V?, where Diag(o) is a diagonal matrix
with the singular values along the diagonal, and V is an n x r matrix such that VV7 = I,,,
VTV = I,. Equation (E.1) can now be rewritten as:

Diag(o)VTQV + VIQVDiag(o) = VI ZV (E.2)

!This approach for solving the Sylvester equation is implemented in the matlab code for the EDMC
problem by Mishra’s https://bamdevmishra.in/codes/edmcompletion/
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Define:
Q,=VviQv

and
Z,=VTzv

and Equation (E.1) becomes the simpler equation:
Diag(o)Q2, + Q,Diag(o) = Z, (E.3)
Equation (E.3) can be expressed using element-wise matrix multiplication, o, as:
Q0 (013) +Q, 0 (1307) = Z, . (E.4)

Factor out €2,:
Q, 0 (012 +130") = Z, . (E.5)

Let @ denote element-wise division, then:
Q, = 27,0 (013 + 1307) . (E.6)
Since Q, = VIQV, Q is recovered by the matrix multiplication
Q=vQ,v".

The Python code below implements this approach using scipy. Only the top triangle of
the €2, matrix is calculated, then the lower triangle of 2, is determined using:

Q,=Q,—0F.

# Solve Sylvester equation

def sylvester(Sym_mat, Skew_mat):
Sym = sp.matrix(Sym_mat)
Skew = sp.matrix(Skew_mat)

row, col = Sym.shape
r = col

V, sig, Vh = la.svd(Sym)
V= sp.matrix(V)
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0 = sp.zeros((r,r))
02 = V.T*Skew
02 = 02*V
# only the upper triangular portion of 0 is calculated
for i in range(r-1):
for j in range(i+l, r):
A = sigli] + siglj]

if not A ==
0[i,j1=02[i,j]l/float(A)
else:
0[i,jl = 0
0=0-0.T
0 = sp.matrix(0)

omega = Vx0xV.T
return omega

E.2 The Procrustes Problem

Suppose A, B € R""™ then the Procrustes problem is to find an orthogonal m x m matrix
Q@ € O,, to rotate B to be as close to A as possible.

For example, suppose A = P is an n x 3 matrix with rows representing the 3D Cartesian
coordinates of n points. Suppose B = P, is another n x 3 matrix also with the rows
representing the 3D Cartesian coordinates of another group of n points. The Procrustes
problem is to find an 3 x 3 rotation matrix () € O3 to rotate B = P, such that the two
sets of points are as close as possible.

The Procrustes problem can be formulated as the following optimization problem:
mén | A—BQ ||r
s.t. QTQ =1, .

The solution to the optimization problem is:

(E.7)

Q=U0v"

where U and V' come from the singular value decomposition of BTA = USVT. See [14]
Section 3.1.1 and [31] Section 12.4.1 for a proof of this result.
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Appendix F

Quadrance in Other Research Areas

F.1 The Stress Function and the S-Stress Function

The study of the Hookean potential and the PSD potential is not unique to this thesis. In
(Parhizkar 2013 [62]) the author discussed the stress function and the s-stress function.
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