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ABSTRACT

Decades of research have yet to provide a vaccine for the human immunodeficiency virus

which causes acquired immune deficiency syndrome. The virus sequence varies at high

rates once infection occurs, but changes in the RNA sequence that defines the virus are

further convoluted by the limited number of variations that can infecting another host dur-

ing heterosexual intercourse. Current theoretical research has turned attention to genital

mucosa pH levels over systemic pH levels in the quest to determine the transmission bot-

tleneck observed. Previous research in this field developed a computational approach for

determining pH sensitivity that indicated higher potential for transmission at mucosa pH

levels present during intercourse. The process was extended to incorporate multiple pro-

gram / multiple data operations, advanced compression for accumulated data and a prin-

cipal component analysis (PCA)-based machine learning technique for classification of

gp120 proteins against a known transmitted variant; This method is called Biomolecular

Electro-Static Indexing (BESI). The process was further extended to the residue level by a

method termed Electrostatic Variance Masking (EVM) and used in conjunction with BESI

to determine structural differences present among various subspecies across HIV Clade.

Results indicate that variable loop composition outside of the core selected by EVM may

be responsible for binding affinity observed in many other studies and that pH modula-

tion of residues selected by EVM may influence specific regions of the viral envelope

protein involved in protein-protein interactions. Further research has shown that pH af-

fects binding free energy, a measure of contribution solvation has for interactions between

two molecules. These data indicate that a functional range of pH exists and is different

for gp120/CD4 interactions compared to gp120/broadly neutralizing antibody interactions.

The methods presented in this dissertation have been applied extensively to HIV gp120 pro-

teins individually and in protein-protein interaction simulations. Protein interaction simu-

lations for gp120 with human CD4 protein (found on the surface of T lymphocytes, mono-
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cytes, dendritic cells and brain microglia), and gp120 with broadly neutralizing antibodies

provide unique insight not easily or economically achievable with traditional laboratory

methods. The pipeline and methods are easily adapted to other protein structures, such as

SARS-CoV-2 spike protein with human angiotensin-converting enzyme 2, and should pro-

vide valuable and unique insights into interactions where environmental factors, like pH,

may modulate how two proteins interact.
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CHAPTER I : PROLOGUE

Life as we know it functions through proteins: linear assemblies of amino acids; amino

acids are monomer molecules comprised of a central carbon atom bonded to a hydrogen

atom (CH), referred to as the alpha carbon, in a covalent bond with an amino group (NH2),

a carboxyl group (COOH), and an R group as shown in Figure 1.1. The characteristic that

distinguishes the approximately twenty unique amino acids is the composition of the side

chain bonded to the alpha carbon referred to as the R group. The amino group of one amino

acid may bind to the carboxyl group of another in what is referred to as a peptide bond.

Polypeptides are series of amino acids, linked together by peptide bonds, with an amino

terminator at one end and a carboxyl terminator on the opposite end, as shown in Figure

1.2. Proteins are specific sequences of amino acids that constitute the building blocks of

biological systems that form organisms from simple single cell life forms to highly complex

systems, such as human beings.

This dissertation explores protein structure electrostatic charges and the effects envi-

ronmental pH has on structure charge. These methods are useful for studying individual

proteins or interactions between two proteins, provided the assemblies have experimentally

determined three dimensional representations available. Methods of determination may be

X-Ray Crystallography (Drenth and Mesters, 2007), Nuclear Magnetic Resonance Spec-

troscopy (Cavanagh, 2007), Three Dimensional Electron Microscopy (Frank, 2006) or any

other means of producing 3D coordinate representations of molecules. For protein inter-

action analysis, these methods require three dimensional representations of the individual

protein structures in isolation as well as the bound structures.

Such experimentally determined structures are available for human immunodeficiency

virus (HIV) gp120 glycoprotein, human immune system T-cell CD4 substructures, and

broadly neutralizing antibodies. These proteins are the subject of many studies in the field

of HIV research, particularly in terms of transmission and immune system response. For
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CHAPTER II : HUMAN IMMUNODEFICIENCY VIRUS

Transmission

The Human Immunodeficiency Virus (HIV) was first identified in 1983; vaccine re-

search ensued immediately and is still underway at the time of this writing. HIV is typi-

cally transmitted in a mucosa pool during sexual intercourse; other means of transmission

may include, but are not limited to: blood transfusions, sharing syringes, and organ trans-

plants. While these additional methods are potential means of infection, they obfuscate

the problem of transmission by introducing numerous contextual variables. Many proteins

on the external surface of the virion assist with attachment to the target cell, however, the

initial interaction is between the viral envelope (Env) glycoprotein gp120 and human gly-

coprotein CD4 (Klatzmann et al., 1984). CD4 is found on the surface of T lymphocytes,

monocytes, dendritic cells, and brain microglia (Wyatt, 1998). Wyatt et al. also explain in

detail that the major function of CD4 binding is to induce exposure of chemo-kine receptors

through conformational changes in gp120 which facilitate the process of membrane fusion

and leads to the eventual introduction of reproductive material into the host cell required

for proliferation to take place.

Figure 2.1 presents a simple diagram of the infection process: An HIV virion attaches

to the host cell membrane at CD4 [1] and penetrates the cell [2]. Once entry into the host

cell is completed, viral RNA is injected into the cell and undergoes reverse transcription to

produce viral DNA [3]. The viral DNA is integrated with cell DNA [4] where transcrip-

tion produces messenger RNA (mRNA) [5] which is translated into protein structures [6]

and assembled into a viral core [7]. The completed virus is ejected from the cell through

a process called budding [8] and released [9]. Glycoprotein gp120 (blue) and host cell

protein CD4 (red) are expanded for clarity to the left of the diagram, the CD4 binding site

(CD4bs) is indicated by the green circle. Because the interaction between gp120 and CD4
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binding action. Thus, every infected cell has the potential to generate a new variation of

HIV based on random errors in the reverse transcription process.

Clinical studies have shown that the majority of HIV variants present in the genital

tract is not responsible for transmission from one host to another (Boeras et al., 2011); this

observation suggest that some mechanism, circumstance or combination of the two stifles

or enhances transmission. These data indicate a cyclical process in which the high rate

of viral evolution determines the potential for transmission between hosts after the initial

infection takes place. The following studies support this conjecture:

Researchers investigating variable loop lengths in gp120 glycoprotein also examined

evolutionary relationships through the use of maximum likelihood (ML) trees and discov-

ered what was termed as an “extreme bottleneck” related to transmission (Derdeyn et al.,

2004), in other words, the majority of HIV virions are incapable of transmitting between

hosts. Although the study concludes that assertions of a bottleneck do not constitute con-

clusive proof of the ‘bottleneck’ hypothesis, it does provide an avenue of investigation that

had not been pursued previously.

Another study used a mathematical model of random viral evolution along with phylo-

genetic tree constructions to study the transmission bottleneck. The results suggest that “78

out of 102 subjects were infected by a single variant of the virus” (Keele et al., 2008). Keele

et al. also revealed that the 24 remaining subjects were infected by fewer than 6 variants

of HIV. These data support the hypothesis that there exists a bottleneck in transmission and

raises the need for further investigation.

Researchers have also cited a bottleneck in transmission while linking methods that

mitigate the mucosal barrier to inflammatory genital infections (Haaland et al., 2009). This

information provides a direct link to mucosa as an agent that inhibits HIV transmission.

In October of 2011, researchers published a study directly focused on the transmission

bottleneck that may be due to genetic diversity (Boeras et al., 2011). The research involved
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a group of couples where one person per pair was infected and the other subject was ex-

pected to become infected. This study provided scientists with a unique opportunity to

capture near incident transmission variants of the virus. In at least one case, researchers

were able to identify the original variant that crossed the barrier and established a de novo

infection.

With an identified transmitted founder (a variant in the body less than 6 months) and

source variant (the donor virus that crossed the transmission barrier), an opportunity to

search for methods of analysis with a potential to predict HIV variants that could support

crossing the transmission barrier may be possible.

Broadly Neutralizing Antibodies

As previously stated, bnAbs are a biological response to intrusion of the body by anti-

gens associated with pathogens, such is the case with viral infections. While the process

culminating in this response is outside the scope of this research, the structures (bnAbs)

produced by this response are of pivotal importance. These structures are specific to the

antigen present and therefore unique to specific types of infection, such as HIV.

Current research in the field of HIV has largely focused on bnAbs. Figure 2.2 displays a

gp120 (top) bound to a bnAb (bottom). The bnAb is a multi-chain molecule represented in

red and gray to differentiate the heavy and light chains, respectively, that comprise the pro-

tein. Fragments of gp120 selected via evolutionary sequence analysis and computational

optimization to potentially invoke the production of bnAbs have previously been employed

in work on vaccine production (Fischer et al., 2007). More recently, our understanding of

how bnAbs interact with gp120 has improved; scientist have identified several approaches

to these interactions involving regions of gp120 at the: CD4 binding site (CD4bs), variable

loop 2 (V2) apex, variable loop 3 (V3) glycan regions, and membrane-proximal external

region (MPER) of sub-unit protein gp41, which lies beneath gp120 in unbound conforma-

tions.
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neutralizing antibodies induced by laboratory HIV strains were ineffective against wild

types of the virus and suggest that individuals who develop bnAbs as a result of infection

may provide more potent bnAb variants. This research also suggests that induced variations

may provide a key to developing more effective bnAbs.

Deletion of variable loops V1/V2 and V3 from gp120 as a means to increase binding

efficacy of antibodies suggest that these variable loops shield the CD4bs, thereby limiting

the ability of antibody recognition (Pantophlet and Burton, 2006; Sullivan et al., 1998; Cao

et al., 1997; Wyatt et al., 1995, 1993).

Restrictions on the effectiveness a bnAb may have against a broad range of gp120

variations has reduced the field from which a potent bnAb may emerge. Two such bnAbs,

3BNC117 and VRC01, have been the subject of studies showing forward direction towards

a vaccine (Kwon et al., 2018; Bar et al., 2016; Caskey et al., 2015; Scheid et al., 2016;

Schoofs et al., 2016).

Work to engineer bnAbs that target gp120 at CD4bs that address the shortcoming of

wild types, is ongoing (LaBranche et al., 2019; Kwon et al., 2018). Variants of bnAb 10E8

engineered to posses hydrophobic or positively charged amino acids have increased po-

tency and undiminished functional breadth (Kwon et al., 2018). LaBranche et al. (2019)

also provides examples of wild types and engineered variants of CH235 that display in-

creased potency and undiminished breadth.

Electrostatic analysis may inform work, to engineer bnAbs, by providing mechanistic

insights into the binding function of variations in the structure of bnAbs.
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CHAPTER III : CALCULATING ELECTROSTATICS

This research extends upon a pipeline previously developed to determine a so called elec-

trophoretic fingerprint of the gp120 trimer. Scientists hypothesized that electrophoretic

mobility (EM) (Mehrishi and Bauer, 2002; Richmond and Fisher, 1973) could be applied

to study proteins across pH titrations and salinities of mucosal and other fundamental com-

partments (Stieh et al., 2013). Stieh et al. performed laboratory experiments and developed

a computational approach to compare against. The resulting pipeline produced electro-

static charge data for the surface of bound and unbound conformations of gp120 as tables

of 61 titrations by the number of models generated, as shown in Figure 3.1 (top and middle

respectively). The difference of results as b− ub, where b the bound data and ub is the

unbound data, produce the electrophoretic fingerprint (bottom) of Figure 3.1.

Electrostatic Surface Charge Pipeline

The pipeline of (Stieh et al., 2013) is enhanced through the use of full structure as-

semblies, energy minimization, advanced compression techniques and a fully automatic

execution environment based on standard message passing interface (MPI) functions and

direct system calls to general public licensed (GPL) third party tools. Figure 3.2 shows the

path taken through the pipeline and all third party utilities invoked. An explanation of each

step in the pipeline, including significant parameters, will be followed by an explanation of

the execution environment and configuration methods.

Structure Modeling

Structure modeling is facilitated through comparative modeling by Modeller (Sali and

Blundell, 1993). Comparative modeling uses experimentally determined protein struc-

tures, which may be generated by X-Ray Crystallography, Nuclear Magnetic Resonance

Spectroscopy or Three Dimensional Electron Microscopy (Drenth and Mesters, 2007; Ca-

vanagh, 2007; Frank, 2006) to predict variable loops and other ligands. The predicted
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Figure 3.1: The electrostatic potential map of a bound (top) and unbound (top middle)

gp120 showing the slight variations from approximately pH 4.5 to 6.0. The electrophoretic

fingerprint (bottom) is the result of subtracting the unbound data from the bound data.

protein is possible through comparison of one or more closely related template proteins

to produce a useful theoretical model of the undetermined sequence (Eswar et al., 2002;

Martı́-Renom et al., 2000; Fiser, 2004; Misura and Baker, 2005; Petrey and Honig, 2005;
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Figure 3.2: The electrostatic surface charge pipeline has many steps to process utilizing an

array of external utilities.

Misura et al., 2006). Closely related template proteins are one of three factors involved in

the selection of source templates. Environmental aspects such as solvent and pH combined

with physical aspects such as completeness, resolution and quality should also be consid-

ered (Martı́-Renom et al., 2000). Comparative modeling produces theoretical structural

models with root mean square (rms) errors of approximately 1Å (Sali and Blundell, 1993),

where the previous considerations have been applied.

For each model produced, Modeller evaluates the structure based on the discrete opti-

mized protein energy (DOPE) (Shen and Sali, 2006) to provide a score value. In principal,

native structures have the lowest free energy state in natural conditions, but calculations

of this type are computationally expensive (Shen and Sali, 2006). Shen et al. describe a

variety of works involving statistical potentials, the simplicity and accuracy of these types

of methods and the wide range of uses to substantiate DOPE. Scoring by DOPE via dis-

crete optimization requires treating the reference state as a uniformly dense sphere based on

the native structure size from which the statistical potential is determined (Shen and Sali,

2006). The pipeline uses DOPE scoring to select a quality set of models for processing.
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Template proteins used to generate all gp120 models are: 1G9M, 1RZK, 2B4C, 2BF1,

2NY7, 3JWD, 3JWO, and 3LQA (Kwong et al., 2000; Huang et al., 2004, 2005; Chen

et al., 2005; Zhou et al., 2007; Pancera et al., 2010; Diskin et al., 2010). Template proteins

used to generate all bnAb models are: 3U4B, 4FQ1, 4FQ2, 4OD1, and 2NY7 (McLellan

et al., 2011; Mouquet et al., 2012; Doria-Rose et al., 2014; Zhou et al., 2007). CD4 was

generated from a single template protein, 1G9M (Kwong et al., 2000). All templates and

models are stored in PDB format, an atomic coordinate storage method used for proteins

(Berman, 2000; Berman et al., 2003).

Gromacs Minimization

Once theoretical models are generated by Modeller, the structures are energy minimized

by Gromacs (Berendsen et al., 1995; Lindahl et al., 2001) to ensure that proteins are not

manipulated under stress from atoms that are unnaturally close that may alter folding char-

acteristics or even break covalent bonds in simulation. Gromacs (Berendsen et al., 1995;

Lindahl et al., 2001) was chosen to perform this operation because of its wide acceptance,

open source, and mature options set. Conjugate gradient algorithm is the selected integrator

and the procedure is limited in the number of iterations to ensure completion. The assem-

bly is prepared with Gromacs’ pdb2gmx utility using the Amber99SB-ILDN force field

(Lindorff-Larsen et al., 2010), ignore hydrogen, tip3p water, and add terminator options.

Other force fields are not considered, since only structure energy minimization is desired.

Frodan

Frodan manipulates proteins geometrically by exploring angular and torsional limits of

bonded atoms to maintain stereo-chemically correct states (Farrell et al., 2010). By sup-

plying a template protein in a desired state, such as bound or unbound conformations, the

source protein can be shifted to the target proteins conformation to the supported limits of

the source protein. Figure 3.3 shows examples of a model structure shifted into the bound

(left) and unbound (right) conformations. Frodan performs protein folding based on atom
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Figure 3.4: Graph expressing typical energy minimization data after Modeller (red) and

Frodan (blue). These data indicate that Frodan generally maintains a lowered energy state

during manipulation of the structure.

box in which a solvent of specific pH concentration is applied. Titrations of pH from 3.0

to 9.0 is performed in this manner to generate 61 new files using 0.1 increments. The con-

version uses: the AMBER (Hornak et al., 2006) force field, for its wide acceptance, and

PROPKA, one of the most commonly used predictors of pH state (Olsson et al., 2011).

PDB2PQR is a required tool for the setup of Adaptive Poisson-Boltzmann Solver process-

ing.

Gromacs PSIZE Utility

Each structure generated requires the determination of grid points, center of mass, fine

and coarse mesh lengths, all provided by Gromacs’ psize.py (Baker et al., 2001). Again,

Gromacs is a common tool, with wide acceptance of use.
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APBS Preparation

Each structure must be prepared for the Adaptive Poisson-Boltzmann Solver (APBS)

(Baker et al., 2001; Jurrus et al., 2018). Preparation involves providing access to an APBS

input file, with all required parameters determined and applied. APBS is a widely used,

open source software with a mature code base that performs well and is very stable in

parallel environments.

VMD Solvent Accessible Surface Area

This function executes a Visual Molecular Dynamics (VMD) (Humphrey et al., 1996)

script that determines the solvent accessible surface (SAS) and surface area (SASA) using

VMD’s measure sasa function at 1.4 Å resolution, to return two files containing the required

information for later calculations. VMD is a widely used, open source software utility

that provides scripted operations which are used extensively in the pipeline and analysis

processes.

APBS

This step represents the largest execution requirements in terms of CPU, memory,

and disk. APBS generates data proportional to the number of atoms contained in the

molecule(s), and the box volume containing the structures being processed. Multiply this

by the number of entries being examined, and a very large data set appears in the target di-

rectory structure. The data returned is all floating point data of x >= 1.00000, in scientific

notation for each interesting point within the grid (i.e. atoms). For solvents or empty space,

values approach 0. This format has a higher tolerance for minor floating point errors intro-

duced by lossy compression routines such as ZFP (Lindstrom, 2014). ZFP is incorporated

into the pipeline using Cython methods (Virtanen et al., 2020; Behnel et al., 2011).
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ZFP

The initial estimates of the total data to be produced during one study of 252 sequences

was estimated at approximately 130TB. The largest producer of data is APBS, from which

all charge data is stored in DX format, which is textual based, consisting of descriptive and

numeric content. Basic methods of encapsulation (eg. GZIP) typically achieve 2:1 com-

pression ratios and is a callable method in APBS, but, ratios of 2:1 are entirely inadequate

for large scale analysis of structures in the manner presented by this example.

To overcome this limitation ZFP is employed to provide floating point data compression

with a 0.1 acceptable loss setting. ZFP works exclusively with radix based exponential

data by ingesting binary arrays and compressing them through signal processing methods

(Lindstrom, 2014). A typical operation in our study produced compression ratios of 75:1, a

maximum error of 0.016 kT/e, and a peak signal to noise ratio of 113:1. This compression

method reduced overall data storage requirements down to an easily manageable size of

approximately 7TB, that preserves the work for future analysis.

APBS output is stored in a temporary location, compressed and written to disk with

a modified DX file that contains all descriptive information and the location of the ZFP

compressed data file. Figure 3.5 shows a typical modified DX file used in this process.

3 Dimensional Convolution

To determine electrostatic charges on the surface area of any given protein or complex

of proteins, a 3 dimensional convolution of charge data per surface point is performed.

This method involves using the eight surrounding points in a lattice grid that encompass a

central point to calculate the average charge at that central point.

An MPI Based Execution Environment

Message Passing Interface (MPI) is a standard used for the communications and inter-

actions of multiple host systems, performing multi-process functions commonly used in
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# Data from 1.4.2

#

# POTENTIAL (kT/e)

#

object 1 class gridpositions counts 193 193 257

origin 1.606700e+01 -3.164700e+01 -5.223200e+01

delta 5.171771e-01 0.000000e+00 0.000000e+00

delta 0.000000e+00 4.630000e-01 0.000000e+00

delta 0.000000e+00 0.000000e+00 4.776641e-01

object 2 class gridconnections counts 193 193 257

object 3 class array type double rank 0 items 9572993 data follows

---

prot-0033.dx.ZDX

---

attribute "dep" string "positions"

object "regular positions regular connections" class field

component "positions" value 1

component "connections" value 2

component "data" value 3

Figure 3.5: Typical output of a ZFP compressed DX file showing the location of com-

pressed data and all required notations and parameters needed to reconstruct the original

DX file format.

high performance computing environments. MPI facilitates the implementation of multi-

ple program multiple data (MPMD) parallelism and is utilized in Python (Van Rossum and

Drake Jr, 1995), which simplifies rapid modification of the program during prototyping. A

producer-consumer modeled approach is utilized, which involves indexing the number of

activities to be performed for any given step, sending the next index to each sub-process

involved, and deriving the work unit from the index in real time.

JSON (ISO/IEC JTC 1/SC 22, 2017) was chosen for configuration of the pipeline be-

cause of its simplicity, ease of use. Its popularity has spread from JavaScript to other

communities, e.g. Python, where it has largely replaced other markup languages such as
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XML. Indicative of this popularity is that Python has a JSON module that is part of the

standard distribution.

The pipeline driver was modeled using VCML2, which is a Docker (Rodrigues and

Druschel, 2010) and Linux container based (Linux Containers, 2008) virtual cluster method

developed in Python (Morton et al., 2016). VCML2 also uses JSON as a configuration

method to define virtual clusters. The software is published and available at:

https://zenodo.org/badge/latestdoi/270651434

The source code for the ESSC pipeline is published and available at:

https://zenodo.org/badge/latestdoi/271174094



21

CHAPTER IV : METHODS

Background

Dynamic Electrophoretic Fingerprinting

Electrophoretic mobility (EM) is an experimental measure of surface charge used to

characterize and separate micro-organisms (Mehrishi and Bauer, 2002; Richmond and

Fisher, 1973). Researchers hypothesized the method could be applied across saline and

pH ranges relevant to mucosal environments where transmission is common and results in

systemic infection. The method was employed to study trimeric gp120/gp41 from clade B

HIV-1 strain BX08 (Stieh et al., 2013) in the bound and unbound conformations by evalu-

ating the difference between the two states. The results described surface charge variations

across titrations indicating decreased gp120 surface charge in mucosal environments, com-

plementing the positive charge of the CD4 receptor surface. This potentially could be the

result of variations in gp120 protein structure and the interactions of surrounding solvent

where blood plasma and mucous vary in pH and saline levels. This technique is used to

validate the pipeline process in the methods that follow.

Bio-molecular Electrostatic Indexing

Bio-molecular ElectroStatic Indexing (BESI) is a machine learning method of classi-

fication, loosely based on Latent Semantic Indexing (LSI) (Deerwester et al., 1990). The

goal is to determine if gp120 has distinguishable characteristics, in terms of electrostatics,

that could be used to compare against a variant known to have caused an infection. This

knowledge would provide the ability to predict variants of gp120 more likely to cross the

transmission barrier. This method involves both principal component analysis and cosine

similarity analysis. The data used to derive this method was produced from sequences

provided by (Boeras et al., 2011).
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Principal component analysis (PCA) is a common method of dimensional reduction

(Pearson and Lipman, 1988; Hotelling, 1933) used in a wide range of fields. The method is

useful for exploratory analysis and predictive modeling, where it provides low dimensional

representations of high dimensional, multivariate data better suited for visualization.

The method utilizes cosine similarity analysis (CSA) as a means of comparing vectors

on an Rx coordinate system, where the cosine of the angle between two vectors is an indi-

cator of the similarity, where cos(0) = 1 indicates the vectors are on the same line. This

holds true for cos(180) =−1, where the direction of the ray is reversed, the line on which

the vector exist is still identical. The calculation is:

cos(θ) =
a ·b

||a||2||b||2
=

∑
x
i=1 aibi

√

∑
x
i=1 a2

i

√

∑
x
i=1 b2

i

where a and b are of the target and control sequences respectively.

BESI combines PCA and CSA in order to quantify the similarity between gp120 vari-

ants using three data sources: unbound, bound conformational ESP vectors and the differ-

ence between the two, as previously described. Initially, the first principal component for

each sequence and conformation was compared to that of the control sequence, using CSA.

Figures 4.1 - 4.3 express the results of each analysis. Based on the information present

in EFP, Figure 4.1 displayed unexpected results. One can observe that the distribution of

scores produces a large number of highly related sequences, which contrast the statistical

results of (Boeras et al., 2011). The same description holds true in Figure 4.2, where bound

data is presented. In contrast, Figure 4.3 demonstrates that the unbound conformation data

provides a more discerning means of identifying sequences that are similar to the control.

To further refine the method, BESI uses the first two principal components to represent

each data point, as two components are sufficient to describe at least 50% of the variance in

the data, on average. Figure 4.4 displays the percentage of variance in each sequence that

is explained by the first two principal components. Observe that the lowest returned score

is 0.4933. Finally, BESI uses the absolute values of the CSA scores, as show in Figure 4.5
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Figure 4.1: BESI scores for the electrostatic fingerprint data showing an unusually high

number of similar sequences.

Control

−1.0

−0.5

0.0

0.5

1.0

Sequence

S
c
o
re

Figure 4.2: BESI scores of bound conformation data showing an unusually high number of

similar sequences.
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Figure 4.3: BESI scores of unbound conformational data showing a significant signal can

be determined.
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Figure 4.4: The minimum number of principal components to obtain an average minimum

variance greater than 50% requires the use of the first two principal components. By this

standard, the lowest value returned is 0.4933.

To verify that two principal components are a good fit, we reverse the PCA to recon-

struct the bound, unbound, and EFP electrostatic data. Figures 4.6, 4.7, and 4.8 display

original (left) and PCA reconstructed (right) data for bound, unbound, and EFP respec-

tively.
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Figure 4.5: BESI scores taken as the absolute value. Horizontal line intersects the y-axis at

0.80 to distinguish predicted sequences that exhibit characteristics of the control.
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Figure 4.6: Original (left) and PCA reconstruction (right) of typical bound electrostatic

data show reconstructed data from PCA is valid.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−2

0

2

4

6

8

10

pH

E
S

P
 (

k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−2

0

2

4

6

8

10

pH

E
S

P
 (

k
T

/e
)

Figure 4.7: Original (left) and PCA reconstruction (right) of typical unbound electrostatic

data show reconstructed data from PCA is valid.
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Figure 4.8: Original (left) and PCA reconstruction (right) of typical EFP shows recon-

structed data from PCA is valid.

BESI computes the cosine similarity between the principal components of each variant

sequence and the target sequence, and averages the values together to return a BESI score

for each variant. To visualize BESI as a search space, Table 4.1 expresses the method as

a list of sequence model data where PCA data is generated from the model data computed

for each sequence, BESI searches by comparison of results to a control variant to return

similar sequences. BESI has a tendency to select the most likely candidate variant within

the top 3 scores returned and in no predictable scoring order. It is important to keep in mind

that the variations taking place upon infection of a new cell are not predictable, BESI only

predicts electrostatic characteristics that match those of the control variant used.

BESI scores can then be applied as a color gradient to leaves in a phylogenetic tree as

a visual comparison method. Figure 4.9 represents a typical overlay of BESI to a phylo-

genetic tree, with donor and recipient classes of sequences being represented as two color

gradients. Recipient scores are applied white to red, donor scores are light green to blue.

Phylogenetic trees were constructed as follows: Sequences were separated by subject,

and aligned with MAFFT v7.273 using the L-INS-i strategy(Katoh and Standley, 2013). A

maximum likelihood (ML) phylogenetic tree was constructed using the RAxML software,

version 8.2.11 (Stamatakis, 2014) with the HIVW amino acid model of substitution (Nickle

et al., 2007) and 100 bootstrap replicates. Trees were midpoint-rooted and rendered using

APE version 5.0 (Paradis et al., 2004)..
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Table 4.1: Visualization of the search space imposed by BESI. The process encompasses

PCA of the sequence model set of surface charge data, CSA comparison of the first 2 prin-

cipal components of the control and target data, which is loosely based on latent semantic

indexing.

Unbound Data for Each Sequence

Model/pH 3.0 3.1 3.2 3.3 . . . 9.0

Model 1 0.008658 -1.246752 0.441558 1.229436 . . . -1.290042

Model 2 0.017316 1.25541 -0.017316 0.580086 . . . -1.16883

. . . . . . . . . . . . . . . . . . . . .

Model N 0.019243 1.142856 -1.55844 1.549782 . . . 1.090908

Seq 1 PCA

Seq 2 PCA

. . . . . .

Seq N PCA

CSA

of

PC 1,2

BESI

BESI compares the first 2

principal components of

each sequence against the

first 2 principal components

of the control.

Applying this method to several different studies give a unique perspective of the trans-

mission bottleneck previously described.

Results

These results are a product of the sequence set of 252 gp120 proteins sourced from

Boeras et al. (2011), Trask et al. (2002), Li et al. (2006a), Rong et al. (2009), Kawashima

et al. (2009), and Carlson et al. (2014). As previously stated, these sequences provide a

unique opportunity to investigate the transmission bottleneck related to HIV. The inves-

tigations involved couples where one subject was infected with HIV and the other was

expected to contract the disease from their partner.

The sequence data is coded to include the source country, subject pair numbers, gender,

and extraction characteristics as shown in Table 4.2. The source countries are Rwanda and

Zambia, the couples are heterosexual. Details of the studies and results can be obtained

from the referenced papers.
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Figure 4.9: Typical phylogenetic tree with BESI scores overlaid as a color gradient on the

leafs. Donor sequences are shaded from light green to blue and recipient sequences are

shaded from white to red, lowest to highest similarity respectively in comparison to the

control sequence.

Table 4.2: List of sequence donors. Subject indicates country of origin, couple identifier

and gender respectively. D/R indicates the subjects status as the donor and communication

recipient, respectively. Total is the number of variants provided.

Subject D/R Total Subject D/R Total

R56F R 4 R56M D 13

Z153F D 11 Z153M R 10

Z185F D 10 Z185M R 10

Z201F D 42 Z201M R 14

Z205F D 5 Z205M R 7

Z216F D 24 Z216M R 1

Z221F D 26 Z221M R 10

Z238F D 20 Z238M R 2

Z242F R 3 Z242M D 16

Z292F D 18 Z292M R 6
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Table 4.3: Couple Z242 details sequence name, HIV clade, donor/recipient classification

and BESI scores. This set contains the control gp120 variant with a score of 1.

Sequence Clade Donor/Recipient Score

Z242FPL25jan038 plasmid C R 0.7165

Z242FPL25JAN03PCR23ENV1.1 C R 0.8074

Z242FPL25JAN03PCR8ENV1.1 C R 0.7678

Z242MPL25jan0323 plasmid C D 0.6160

Z242MPL25jan0326 plasmid C D 0.2545

Z242MPL25JAN0326 C D 0.4055

Z242MPL25JAN0327-1 C D 0.4842

Z242MPL25JAN0327-2 C D 0.6960

Z242MPL25JAN0327-3 C D 0.6077

Z242MPL25jan0328 plasmid 8-1 C D 0.7817

Z242MPL25jan0328 plasmid 8-2 C D 0.3643

Z242MPL25jan0328 plasmid 8-3 C D 0.3562

Z242MPL25jan0333 plasmid C D 0.6345

Z242MPL25JAN03PCR23ENV1.1-DT C D 1

Z242MPL25JAN03PCR33ENV1.1-DNT C D 0.7255

Z242MPL26 plasmid C D 0.0567

Z242MPL28 plasmid 8-1 C D 0.7180

Z242MPL28 plasmid 8-2 C D 0.5666

Z242MPL28 plasmid 8-3 C D 0.5867

From this large pool of HIV sequences, Boeras et al. (2011) provides a set of predictions

regarding two gp120 variants, a Donor Transmitted (DT) Z242MPL25JAN03PCR23ENV-

1.1-DT and a Donor Non Transmitted (DNT) Z242MPL25JAN03PCR33ENV1.1-DNT

gp120 (Boeras et al., 2011). The DT variant is used as the control for BESI in this and

all other studies involving BESI.

Figure 4.9 represents BESI versus phylogenetic tree containing the two predicted vari-

ants previously described. The tree classifies the DT variant as a child of the DNT variant

from the donor and closely relates recipient variant Z242FPL25JAN03PCR23ENV1.1 to

DT; in fact, the two variants differ by a single residue (Boeras et al., 2011). Z242FPL-

25JAN03PCR23ENV1.1 has a high BESI score, meaning that it has similar electrostatic

characteristics as the DT variant indicating it has the potential to cross the transmission

bottleneck. BESI scores for couple Z242 can be viewed in Table 4.3.
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Figure 4.10: BESI versus phylogenetic tree for couple R56. This tree requires the scores

in Table 4.4 and the understanding that BESI typically includes the candidate gp120 in the

top 3 scores. This information indicates R56MCA21aug053 plasmid 5i is the transmitted

founder for this couple and is the second highest score returned for this donor.

BESI scores returned for couple R56 requires deeper interpretation. As previously

stated, BESI has a tendency to pick the top 3 contenders in no particular scoring order. R56

is a good example of this behavior, where the recipients are descendants of R56MPL21-

apr05K4 plasmid 4-1 along with the second highest donor scored sequence R56MCA21-

aug053 plasmid 5i. This represents a good example of the potential predictive power of

BESI.

BESI scores returned for couple Z153 follow the same interpretation requirements as

couple R56. The phylogenetic tree indicates that recipient variants of gp120 are descen-

dants of Z153FPL13MAR02ENV1.1. The candidate picked by BESI as the transmitted

variant is Z153FPL13MAR02ENV3.1, with the second highest donor BESI score and is
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Table 4.4: Couple R56 details sequence name, HIV clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

R56FPL21apr05B6 plasmid a A1 R 0.5639

R56FPL21apr05B6 plasmid b A1 R 0.6491

R56FPL21apr05E7 plasmid a A1 R 0.6681

R56FPL21apr05E7 plasmid b A1 R 0.7265

R56MCA21aug0516 plasmid 9iii A1 D 0.6510

R56MCA21aug053 plasmid 5i A1 D 0.7849

R56MCA21aug056 plasmid 6iii A1 D 0.6874

R56MCF21aug0511 plasmid 1v A1 D 0.9149

R56MCF21aug0514 plasmid 2iv A1 D 0.6241

R56MCF21aug0519 plasmid 3ii A1 D 0.7520

R56MPL21apr05C2 plasmid 7-1 A1 D 0.2402

R56MPL21apr05C5 plasmid 6-4 A1 D 0.0690

R56MPL21apr05G5 plasmid 5-3 A1 D 0.3853

R56MPL21apr05H3 plasmid 1-3 A1 D 0.6418

R56MPL21apr05K4 plasmid 4-1 A1 D 0.7099

R56MPL21apr05K6 plasmid 2-4 A1 D 0.6610

R56MPL21apr05P5 plasmid 8-1 A1 D 0.5628

also under the same sub-tree as the recipients. The complete list of scores for couple Z153

is in Table 4.5.

Couple Z185 presents a selection of sequences, where ten variations were selected out

of twenty-three (counts obtained from(LANL, 2020)), see Figure 4.12. BESI selects a can-

didate sequence Z185MPB17AUG02ENV1.2 with a score of 0.7578 as the highest donor

score, see Table 4.6. According to the phylogenetic tree, sequence Z185MPB17AUG02-

ENVC18 is the potential transmitted variant, but the score is too low to be considered a

positive match. Hence, in this example BESI was unable to infer the transmitted variant.

Note, however, it is possible that the gp120 group selected does not contain the actual

donor variation or the process falls short under certain circumstances yet to be determined

that resulted in an indeterminate.

Figure 4.13 provides a potential view of BESI performing poorly in that a strong score

of 0.844 for variant Z221FPL7MAR03ENV3.3 exists in the same clade as the recipient
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Figure 4.11: Couple Z153 also follows through with the second highest donor BESI score

(see Table 4.5), Z153FPL13MAR02ENV3.1, and being in the correct sub-tree as a candi-

date to cross the transmission barrier.

variations, but is below the recipient branch. For this donor (LANL, 2020) reports 75

sequence variations were extracted. Again this presents the potential that the transmitted

variant is not present.

The remaining five BESI versus phylogenetic trees can be observed in Appendix A. All

remaining comparisons display similar results to those presented above.

Discussion

BESI is a machine learning method that can be used to predict which gp120 variants

have a high potential to cross the HIV transmission bottleneck. BESI has provided favor-

able results where 70% of the couples evaluated indicate a valid selection of the potential

transmitted variant. BESI should be evaluated against traditional laboratory methods to
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Table 4.5: Couple Z153 details sequence name, HIV clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z153FPB13MAR02ENV1.1 C D 0.7805

Z153FPB13MAR02ENV2.1 C D 0.6534

Z153FPB13MAR02ENV3.1 C D 0.6418

Z153FPB13MAR02ENV4.1 C D 0.4343

Z153FPB13MAR02ENV5.1 C D 0.5929

Z153FPL13MAR02ENV1.1 C D 0.6646

Z153FPL13MAR02ENV2.1 C D 0.6235

Z153FPL13MAR02ENV3.1 C D 0.7729

Z153FPL13MAR02ENV4.1 C D 0.5975

Z153FPL13MAR02ENV5.1 C D 0.7057

Z153FPL13MAR02ENV6.1 C D 0.4000

Z153MPB13MAR02ENV1.1 C R 0.6535

Z153MPB13MAR02ENV2.1 C R 0.6395

Z153MPB13MAR02ENV3.1 C R 0.5342

Z153MPB13MAR02ENV4.1 C R 0.6366

Z153MPB13MAR02ENV5.1 C R 0.6169

Z153MPL13MAR02ENV1.1 C R 0.7532

Z153MPL13MAR02ENV2.1 C R 0.3788

Z153MPL13MAR02ENV3.1 C R 0.3973

Z153MPL13MAR02ENV4.1 C R 0.5760

Z153MPL13MAR02ENV5.1 C R 0.5313

determine accuracy. Efforts of this nature would substantiate the method and bring forward

emerging technologies that help to understand biological functions.

Additionally, BESI should be used with complete experimentally derived structures as

control variants, which would limit structural fluctuations based on generation of homology

models built from templates. Furthermore, sensitivity of the method to proteins of various

clade may also present the need to make clade specific comparisons.

Electrostatic Variance Masking

Selection of residues that show surface charge response to pH shifts involves calculating

the electrostatic potential variance of each residue across all sequence aligned variants,

vertically. All proteins are aligned to HXB2CG, as described in (Korber-Irrgang et al.,
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Figure 4.12: BESI versus phylogenetic tree for couple Z185 show BESI failing to correctly

identify a plausible donor variant that matches the evolutionary tree with the third highest

score is the only selection under the proper clade, but in a sub-tree below the plausible

transmission point of Z185MPB17AUG02ENVC18.

1998), using MAFFT (Katoh and Standley, 2013) with einsi and a gap penalty of 2.0. This

provides a common numbering scheme for residues and allows describing those residues

that EVM selects in a concise manner.

This process to derive residue charge variance is graphically expresses in Figure 4.14,

and described in detail as follows: Each sequence model is analyzed for each pH value at

the residue level to create a 3 dimensional array of X residues by Y models by Z pH values.

The arrays are stacked to align residues where, model 1 at pH 3.0, residue 1 is aligned with

model 2 at pH 3.0, residue 1 and so on. The column median on the Y axis (models) at

pH 3.0 is taken. This is repeated for each residue for pH 3.0 to 9.0 in 0.1 increments until

all residues for this sequence have been processed to reduce the array to 2 dimensions.
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Table 4.6: Couple Z185 details sequence name, HIV clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z185FPB24AUG02ENV1.1 C R 0.5886

Z185FPB24AUG02ENV2.1 C R 0.5685

Z185FPB24AUG02ENV3.1 C R 0.6572

Z185FPB24AUG02ENV4.1 C R 0.6877

Z185FPB24AUG02ENV5.1 C R 0.7378

Z185FPL17AUG02ENV1.1 C R 0.6261

Z185FPL17AUG02ENV2.1 C R 0.5967

Z185FPL17AUG02ENV3.1 C R 0.8361

Z185FPL17AUG02ENV4.1 C R 0.4797

Z185FPL17AUG02ENV5.1 C R 0.5713

Z185MPB17AUG02ENV1.2 C D 0.7578

Z185MPB17AUG02ENV1.5 C D 0.6644

Z185MPB17AUG02ENV7.4 C D 0.6073

Z185MPB17AUG02ENV7.5 C D 0.7367

Z185MPB17AUG02ENV7.6 C D 0.6901

Z185MPB17AUG02ENVB17 C D 0.4992

Z185MPB17AUG02ENVB6 C D 0.6004

Z185MPB17AUG02ENVC17 C D 0.7019

Z185MPB17AUG02ENVC18 C D 0.6798

Z185MPB17AUG02ENVC8 C D 0.6053

The sequence alignment with HXB2CG is then referenced to expand the array by the X

dimension (residue) to match the sequence alignment, so that where gaps in the sequence

alignment exist, a charge value of zero is assigned to the gap position.

This is then repeated for the next sequence and so on, until a 3 dimensional array is

created consisting of X residues by Y sequences by Z pH. The 3 dimensional array is then

reduced to 2 dimensions again by the means of the Y axis across all residues (X axis) so

that each residue position has values across the pH range. The variance across the pH

range for each residue position is then determined and stored as a single dimension array

and graphed as in Figure 4.15. This method allows effective filtering of residues with small

variations in mean surface charge across the pH shift.
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Table 4.7: Couple Z221 details sequence name, HIV clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z221FPB7MAR03ENV10.3 C D 0.5970

Z221FPB7MAR03ENV11.3 C D 0.4638

Z221FPB7MAR03ENV6.4 C D 0.4345

Z221FPB7MAR03ENV9.1 C D 0.5074

Z221FPL08mar0335 C D 0.4239

Z221FPL08mar0344 C D 0.5674

Z221FPL08mar0348 C D 0.3801

Z221FPL08mar0351 C D 0.6545

Z221FPL08mar0355 C D 0.2047

Z221FPL08mar0371 C D 0.3647

Z221FPL08mar0380 C D 0.4614

Z221FPL35 plasmid 7-1 C D 0.6257

Z221FPL44 plasmid 4-1 C D 0.5208

Z221FPL48 plasmid 5-1 C D 0.7250

Z221FPL51 plasmid 2-2 C D 0.6522

Z221FPL55 plasmid 6-2 C D 0.0882

Z221FPL71 plasmid 9-1 C D 0.3137

Z221FPL7MAR03ENV1.2 C D 0.4447

Z221FPL7MAR03ENV10.4 C D 0.1714

Z221FPL7MAR03ENV2.3 C D 0.8690

Z221FPL7MAR03ENV3.3 C D 0.8440

Z221FPL80 plasmid 8-3 C D 0.5000

Z221FSW08mar0314H16iii C D 0.6183

Z221FSW08mar0314H16iv C D 0.5307

Z221FSW14H16 plasmid 6iii C D 0.5581

Z221FSW14H16iv plasmid 6iv C D 0.5209

Z221MPB7MAR03ENV4.1 C R 0.6787

Z221MPB7MAR03ENV5.4 C R 0.7317

Z221MPB7MAR03ENV6.4 C R 0.4948

Z221MPL08mar0375a C R 0.6477

Z221MPL08mar0375f C R 0.6811

Z221MPL75 plasmid a C R 0.6570

Z221MPL75 plasmid f C R 0.6478

Z221MPL7MAR03ENV2.1 C R 0.6140

Z221MPL7MAR03ENV4.2 C R 0.5595

Z221MPL7MAR03ENV6.4 C R 0.4602
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Figure 4.13: BESI versus phylogenetic tree for couple Z221. BESI scores in this set indi-

cate BESI performing poorly or potentially that the transmitting variant is not included in

the list of studied variants out of the 75 extracted from the patient (LANL, 2020). Donor se-

quences are shaded from light green to blue and recipient sequences are shaded from white

to red, lowest to highest similarity respectively in comparison to the control sequence.

The sequence alignment is then referenced again to provide the selection criteria for

high variance residues. Alignment gaps allows the determination of a cutoff value for

variance where gaps in some determined sequence can easily be detected. To determine a

starting value for selection, the ceiling of one-half the standard deviation is calculated for

the variance data and used as the cutoff value. Assuming a gap is selected, the cutoff value

is incremented by one until a uniform selection across all sequences can be determined.

The selected residues of the gp120 protein are then applied to a VMD representation

(Humphrey et al., 1996) to display the residues with high variance across the pH range.

For each of the sequences, the first model of the unbound conformation is loaded into
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Figure 4.14: Visualization of the process to extract variance data from residue electrostat-

ics. Models of residue data are reduced to 2 dimensions by taking the median of the set

across models/residue to eliminate the effects of outliers on the data. Once each seqence/-

model set is processed, the mean across the sequence set is taken to produce the residue

data for which the variance is extracted for each residue across the pH range.

VMD and an additional representation of the protein created and set to only display EVM

selected residues. The primary representation is presented as cartoon, colored by secondary

structure. For the residue selection, a red transparent surface is used to allow viewing the

alpha helix’s, beta sheets and other ligands with high pH variance.

This method of imaging residue structures participating in the mechanistic functions

of the binding process is called Electrostatic Variance Masking (EVM). Figure 4.16 is an

annotated representation of EVM applied as an overlay in red to a gp120 structure to display

residues of high variance. The α2 helix is marked to orient the view of the protein so the

CD4bs is facing outward. All other representations of EVM in this manner will be oriented

with the α2 helix left of the CD4 binding interface.

EVM also allows a representation of conserved residues to be presented via Weblogo

(MCrooks et al., 2004), as shown in Figure 4.17. Letters represent the single character
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Figure 4.15: Example of EVM results for a typical set of gp120 proteins.

residue identifier, common residues among sequences are shown with taller lettering, and

stacking indicates differences among sequences.

Finally, the alignment of each sequence to HXB2 allows examination of selected residues

against the map of HXB2 as provided in Korber-Irrgang et al. (1998). This allows for a con-

cise description of residues selected by EVM.

Results

The first set of results comes from a sequence set of 24 gp120 pairs consisting of one

transmitted founder (TF) and one chronic control (CC) structure from clade B, and C,

with 18 and 6 pairs of TF and CC sequences respectively. An additional TF sequence

from clade B is also included in the study. A complete list of accession numbers can

be found in Howton (2017). B clade gp120 were acquired from Keele et al. (2008), Bar
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et al. (2012), Salazar-Gonzalez et al. (2009), Dacheux et al. (2004), Turnbull et al. (2009),

Bunnik et al. (2008), Wei et al. (2003), and Li et al. (2006b). C clade gp120 were obtained

from Kothe et al. (2006), Abrahams et al. (2009), and Liu et al. (2012). This study broke

the sequence set into groupings to compare against clade and TF versus CC sequences

as designated by (Parrish et al., 2013). Sequence Z242MPL25JAN03PCR23ENV1.1-DT

is the control variant from (Morton et al., 2017). Table 4.8 displays the complete list of

sequences including clade and sub-class designations.

Table 4.8: Complete list of sequences showing clade and sub-class information from (Mor-

ton et al., 2018)

Sequence Clade Sub-Class Sequence Clade Sub-Class

03 CH40TF B TF 1997.133-L-10 B CC

46 CH40M6 B CC 1997.159-L-1 B CC

47 CH58TF B TF 1999.153-L-7 B CC

48 CH58M6 B CC 2000.309-L-7 B CC

49 CH77TF B TF 2004.MM42d22 GN1 B TF

50 CH77M6 B CC 2005.MM42d324 GN1 B CC

51 CH470TF B TF 1985.H2 5 12E3 B TF

52 CH470M6 B CC 1985.H5 4 B TF

53 CH569TF C TF 1986.H1 7 2D5 B TF

54 CH569M6 C CC 1986.H4 007 1C11 B TF

55 CH42TF C TF 1987.H3 12 7D5 B TF

56 CH42M6 C CC 1995.H2 114 8F6 B CC

57 CH236TF C TF 1996.H1 62 1A8 B CC

58 CH236M6 C CC 1996.H5 75 7G12 B CC

59 CH850TF C TF 1997.H3 110 8G7 B CC

60 CH850M6 C CC 1998.H4 146 2H10 B CC

61 CH264TF C TF BORI556 49 B CC

62 CH264M6 C CC HOBRd16 20 B TF

63 CH164M6 C CC SUMA736 59 B CC

64 CH164TF C TF 1990.BORId9 3F12 B TF

3w.21dps B TF 1990.WEAUd15 B2 B TF

1992.133-7 B TF 1991.HOBR0961 A21 B CC

1993.153-10 B TF 1991.SUMAd4 A32 B TF

1993.159-4 B TF 1993.WEAU1166 39 B CC

1994.309-2 B TF Z242MPL25JAN03PCR23ENV1.1-DT C CC

For all studies involving the pipeline, a sample EFP is taken to ensure the pipeline has

processed data as expected. Figure 4.18 shows typical results for bound, unbound and
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difference data to confirm the pipeline has processed as expected. These results open the

door to continue the analysis of these structures using EVM.

EVM selects residues that are predicted to be pH sensitive and therefore have variations

in charge across the physiological range of pH. For the referenced sequences, Figure 4.19

displays a map of the variance in the average ESP value of each residue. The selection

process takes the minimum variance required to obtain a consistent set of residues as de-

scribed in the methods section. Figure 4.20 displays a screeplot of the variance data and the

selected cutoff value, shown as a red horizontal line. Table 4.9 shows the statistical data re-

turned from EVM for the selected residues. The standard deviation is for the variance data

set. The cutoff value is the minimum variance value that excludes all sequence alignment

gaps and the % of variance selected is the percentage of the variance in the data set.

Table 4.9: Statistics for selection of high variance residues. The standard deviation is for

the variance data set. The cutoff value is the minimum variance value that excludes all

sequence alignment gaps and the % of variance selected is the percentage of the variance

in the data set.

Standard Deviation 101.0

1/2 Standard Deviation 50.5

Number of Selected Residues 64.0

Variance cutoff selected 51.0

% of variance selected 75.5%

% of residues selected 11.3%

The EVM selected residues across the set of sequences contains a conserved set of

residues, as shown in the Weblogo graph of Figure 4.21. This study provided additional

information involving HIV clade (clades B and C) and sub-class based on Keele et al.

(2008) that identify transmitted founder (TF) and chronic control (CC) sub-classes in vivo.

This information allows those divisions to be presented in separate graphs.

Figure 4.22 breaks the selection across clade to reveal an alternative perspective of

residue conservation. One can observe that clade C, which has only six sequences in the
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Figure 4.18: Electrostatics data for sequence 03 CH40TF displays a normal descent of

charge from low to high pH for bound (top) and unbound (middle) conformations. Bound

less unbound charge data (bottom) displays the signature EFP typical of this protein struc-

ture that confirms the pipeline has processed accordingly.
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Figure 4.19: Variance map of all sequences based on the method described presents a clear

signal.

set, has a wider variation of conserved residues than clade B, which has eighteen sequences

in the set.

Figure 4.23 breaks the selection across sub-classes to show an additional view of residue

conservation. This separation is nearly indistinguishable, which leads us to predict that

either the measure of sub-class delineation is incorrect or else no differences are developed

over time that distinguishes the two subclasses in terms of these selected residues.

EVM also produces actual residue numbering lists (not aligned to HXB2). The follow-

ing are selection lists for two typical sequences:

• 56 CH42M6: length - 64

14 18 31 58 63 65 66 69 73 81 90 91 92 93 94 170 172 184 185 187 216 219 220

221 222 224 225 231 232 234 254 258 265 267 333 339 340 345 347 360 394 395
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Figure 4.20: Screeplot of the variance data with the cutoff value shown as a red horizontal

line.
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Figure 4.21: Weblogo representation of the EVM selected residues for sequences in Morton

et al. (2018). The graph displays a high level of predicted conservation among the set.
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Figure 4.22: Weblogo representations, separating sequences across clade B (top) and C

(bottom). clade C, having only 6 sequences in the set, shows a wider variation of selected

residues versus the 18 sequences of clade B.



46

0.0

1.0

2.0

3.0

4.0

5.0

6.0

b
it
s

D
E

S

N

TEEWNY

S

K

H

D
N

D
EEE

QTPILCVSV
IIPHVTHGIPVLLG

N

A

I
T
H
QIC

H

P
SEV
IFCFR

L
MWR

G
K
E
I

VGIC
T

STL
V
TRPIEAGGGN

D
K
RNWRN

SEYY

0.0

1.0

2.0

3.0

4.0

5.0

6.0

b
it
s

D
E

N

TEEWNY

S

K

H

G

D
N

D
EEQTPILCVSV

IIPY
HVTHGIPVLLG

N

I
T
H

QIC
H

P

SEV
I

V
FCFL

R
MWR

K
G
E
I

VGIC
T

STV
L
TRPIAGGGN

D
K
RNWRSEYY

Figure 4.23: Weblogo representations of sequences separated across subclasses. Subclass

CC (top) and TF (bottom) are nearly indistinguishable, predicting that either the measure of

subclass delineation is incorrect or no differences are developed over time that distinguishes

the two in terms of the variability in these selected residues.

397 398 399 411 413 415 418 423 424 440 441 442 443 444 446 448 449 450 451

452 454 456

• 1996.H1 62 1A8: length - 64

14 18 31 58 63 65 66 69 73 81 90 91 92 93 94 176 178 190 191 193 222 225 226

227 228 230 231 237 238 240 260 264 271 273 339 345 346 351 353 366 414 415

417 418 419 431 433 435 438 443 444 461 462 463 464 465 467 469 470 471 472

473 475 477

Applying the imaging method previously described we produce Figures 4.24 and 4.25.

Note the similarities across gp120 structures. In particular we see that residues of the

CD4bs are highly conserved between the two variants.

Finally, this method produces the following HXB2 alignments using the previously

described methods to express the residues selected in terms of HXB2 sequence alignment:

• 47 51 64 91 96 98 99 102 106 114 123 124 125 126 127 199 201 213 214 216 245

248 249 250 251 253 254 260 261 263 283 287 294 296 364 370 371 376 378 391

426 427 429 430 431 443 445 447 450 455 456 470 471 472 473 474 476 478 479

480 481 482 484 486
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Figure 4.24: EVM imagery displaying the selected residues for sequence 56 CH42M6 in

red.

For all 48 structures in this simulation, 41 presented identical residue selections, while

the remaining seven structures varied by a single identical selection. The alternate list of

selected residues with the difference in red bold-faced font are:

• 47 51 64 91 96 98 99 102 106 114 123 124 125 126 127 199 201 213 214 216 245

248 249 250 251 253 254 260 261 263 283 287 294 296 364 370 371 376 378 396

426 427 429 430 431 443 445 447 450 455 456 470 471 472 473 474 476 478 479

480 481 482 484 486
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Figure 4.25: EVM imagery displaying the selected residues for sequence 1996.H1 62 1A8

in red.

The seven structures with the alternate selection were evenly distributed, to the extent possi-

ble, across TF/CC classes. Five of these variants were of clade B, the dominant subspecies

of this study.

Most notably, EVM selected amino-acids 124-127, 283, 364, 370, 371, 426-431, 455,

456, 470-474, 476 which are CD4 contact residues. Other pertinent selections are as fol-

lows: Residues 64, and 91 are adjacent to interface contacts with gp41. Residue 123 is a

co-receptor binding site outside of V3. Residues 199, 201, 251 are co-receptor sites specific

R5/X4. Residues 261 and 263 are adjacent to glycosite 262. Residue 294 is adjacent to
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Table 4.10: Sequence clade sources from (Morton et al., 2017)

Sequence Clade

R56MCF21aug0511 plasmid 1v A1

R56MPL21apr05C5 plasmid 6-4 A1

Z153FPB13MAR02ENV1.1 C

Z153FPL13MAR02ENV6.1 C

Z185MPB17AUG02ENVB17 C

Z185MPB17AUG02ENV1.2 C

Z201FPL7FEB03ENV2.1 C

Z201FCF07feb03DNA13C18 C

Z205MPB27MAR03ENV9.1 C

Z205MPB27MAR03ENV6.1 C

Z216FPL17jan0485f C

Z216FPB98 plasmid e C

Z221FPL55 plasmid 6-2 C

Z221FPL7MAR03ENV2.3 C

Z238FSW29oct0215A6v C

Z238FCF29oct0215A39 C

Z242MPL25JAN03PCR23ENV1.1-DT C

Z242MPL26 plasmid C

Z292FCF24may0512E26 plasmid 10iv A1

Z292FCF24may0512D18 plasmid 4i A1

glycosite 295. Residue 296 is the start of the V3 loop. Residue 391 is adjacent to glycosite

392. Residue 396 is at the V4 hyper-variable hot spot. Residue 447 is adjacent to glycosite

448. The previous descriptions are per the HXB2 Annotated Spreadsheet (Bette T. Korber

et al., 2017).

For the complete list of EVM figures and selections from this study, please refer to

Appendix B.

The second set of results come from a subset of sequences from (Morton et al., 2017).

Table 4.10 provides the sequence names and source clades for the 20 gp120 proteins ana-

lyzed.

Sample EFP graphs, to confirm proper processing of data, are show in Figure 4.26 .

For the referenced sequences, Figure 4.27 display the predicted pH sensitivity map

across residues of this study. Figure 4.28 provides the associated screeplot with the cutoff
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Figure 4.26: Electrostatics data for sequence R56MCF21aug0511 plasmid 1v displays a

normal descent of charge from low to high pH for bound (top) and unbound (middle) con-

formations. Bound less unbound charge data (bottom) displays the signature EFP typical

of this protein structure, indicating that the pipeline has processed accordingly.
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Figure 4.27: Variance map of all sequences based on the method described presents a clear

signal.

value shown by the red horizontal line. Table 4.11 shows the statistical data returned from

EVM for the selected residues.

Table 4.11: Statistics for selection of high variance residues. The standard deviation is for

the variance data set. The cutoff value is the minimum variance value that excludes all

sequence alignment gaps and the % of variance selected is the percentage of the variance

in the data set.

Standard Deviation 123.7

1/2 Standard Deviation 61.8

Number of Selected Residues 56.0

Variance cutoff selected 65.0

% of variance selected 73.6%

% of residues selected 11.0%

The following Weblogo representation shows all selected sequences in Figure 4.29.

Note the selected residues are highly conserved across variations of gp120 in (Morton
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Figure 4.28: Screeplot of the variance data with the cutoff value shown as a red horizontal

line.

et al., 2018). This data was further separated by clade to provide two additional Weblogo

representations, Figure 4.30 allows us to visualize clade A1 sequence residue variability,

and Figure 4.31 allows us to visualize clade C sequence residue variability. Clade A1

sequences have a smaller representation in this study that explains the low amplitude of the

graph.
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Figure 4.29: Weblogo representation of EVM selected residues for sequences. note that

these residues are highly conserved across all 20 gp120 variants. Commonality is indicated

by taller lettering and stacking indicates differences.
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Figure 4.30: Weblogo representation of EVM selected residues for sequences. showing

the conservation of residues among clade A1 variations of gp120. Clade A1 has fewer

sequences analyzed (4) as an explanation of the lower amplitude observed. Commonality

is indicated by taller lettering and stacking indicates differences.
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Figure 4.31: Weblogo representation of EVM select residues for sequences showing the

conservation among clade C variations of gp120. Commonality is indicated by taller let-

tering and stacking indicates differences.

EVM produces actual residue numbering lists (not aligned with HXB2). The following

are selection lists for two typical sequences:

• R56MCF21aug0511 plasmid 1v: length - 56

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 161 163 176 178 207 211 212 213

215 216 222 223 225 235 245 249 256 258 330 331 336 338 378 381 383 397 399

402 407 423 424 425 426 427 429 431 432 434 435 437 439

• Z201FPL7FEB03ENV2.1: length - 56

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 174 176 189 191 220 224 225 226

228 229 235 236 238 248 258 262 269 271 343 344 349 351 395 398 400 414 416

419 424 437 438 439 440 441 443 445 446 448 449 451 453

Applying the imaging method previously described we produce Figures 4.32 and 4.33.

In particular we see that residues of the CD4bs are highly conserved between the two

variants.
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Figure 4.32: EVM imagery displaying the selected residues for sequence R56MCF21aug-

0511 plasmid 1v in red.

Finally, for this set of sequences, residues are aligned to HXB2 as previously described

to express the residues selected in terms of HXB2 sequence alignment. Processing returned

the following list for all sequences in this set:

• 47 49 51 64 91 96 98 99 102 106 114 123 124 125 126 199 201 214 216 245 249

250 251 253 254 260 261 263 273 283 287 294 296 370 371 376 378 426 429 431

445 447 450 455 470 471 472 473 474 476 478 479 481 482 484 486
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Figure 4.33: EVM imagery displaying the selected residues for sequence Z201FPL7-

FEB03ENV2.1 in red.

Selected residues are described as follows: Residues 64 and 91 are adjacent to 65 and 92,

respectively, which are interface contacts with gp41; 123 which is a co-receptor binding

site outside of V3 and adjacent to 122 of the same function; 124-126 are CD4 contact

residues; 199 is a co-receptor specific (R5/X4) site; 201 is adjacent to 202 is a co-receptor

binding site outside of the V3 loop; 249-251 where 251 is co-receptor specific (R5/X4) site;

253 is adjacent to 252, which is a interface contact with gp41; 261 and 263 are adjacent to

glycosite 262; 283 is a CD4 contact residue; 294 is adjacent to glycosite 295; 296 is the

beginning of V3 loop; 370 is a CD4 contact residue and 371 is adjacent; 376 is adjacent
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to 377, a co-receptor binding site outside of V3; 378 is Cysteine linked to a counter part

at 445; 426, 429, 431 are CD4 contact residues; 445 is Cysteine linked to a counter part at

378; 447 is adjacent to glycosite 448; 455 is a CD4 contact residue; 470 is the V5 loop end

and adjacent to CD4 contact residue 469; 471-476 are CD4 contact residues.

For the complete list of EVM figures and selections from this study, please refer to

Appendix B.

Discussion

The data presented in this section displays EVM in a single mode of operation that

represents the predicted conservation of residues across entire sets of gp120 structures.

We observe that, when applied to different sequence sets, EVM selected residues differ in

number, but in every case, EVM selected CD4bs residues responsible for the mechanistic

binding function. These data indicate EVM is a powerful tool for understanding the binding

function and how environmental factors such as pH affect the binding process. It may

be interesting to perform EVM selection on individual clade, sub-class and single gp120

protein structures.

Some considerations of this potential use would involve adjusting the initial cutoff value

to a larger number, most likely to one standard deviation, to avoid capturing too many

residues. Currently, EVM attempts to capture the largest amount of variance in the fewest

possible residues. As calibrated, EVM captures approximately 50% of the total variance.

Although the total variance captured is dynamic, it depends on the current set of structures

being analyzed. The consistency of core residues captured suggests the method is robust.

Future studies will be devised that exploit alternate implementations, as describe above,

that may expose more granular details of surface charge modulation due to environmental

pH.
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Binding Energies

Experimental and computational studies have shown pH to alter gp120 conformation

and impact binding to CD4 (Mason and Jensen, 2008); it stands to reason pH would also

impact gp120 to bnAb binding as well. Protein interactions involving gp120 and CD4

were previously modeled using solved gp120 structures (Stieh et al., 2013), and led to

predictions that lower pH enhanced attraction between the positive charge of CD4 to the

negative charge of gp120; these modifications were not elaborated on until investigated in

Howton (2017), and Howton and Phillips (2017). Interactions involving BE of gp120 to

bnAb have not previously been investigated using the ESSC pipeline.

The Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al., 2001; Jurrus et al.,

2018) provides charge data at the molecule and atomic levels, but has additional features

that allow calculating binding free energy as well. The “free energy cycle” (Baker et al.,

2001; Jurrus et al., 2018) is determined by the “elecEnergy” values for the complex of pri-

mary and secondary structures (which are returned by APBS), where the bound binding

energy value ‘∆BEb’ of the complex structure ‘∆Gc’, less the value of bound gp120 con-

formation ‘∆Geb,’ less the charge of a secondary structure (CD4 or bnAb) ‘∆Ga’ such that

the formula:

∆BEb = ∆Gc −∆Geb −∆Ga.

is satisfied for each possible combination. The same logic holds true for the unbound gp120

combinations, as expressed in this formula:

∆BEub = ∆Gc −∆Geub −∆Ga.

However, this is counter intuitive to the molecular process as the primary structure (gp120)

would not naturally be bound to a counter part molecule in the unbound state, and hence

would quickly transition to a natural bound conformation. This data, where calculated,
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will be presented for completeness. In order to represent this data in the clearest possible

manner, alternative graph presentations are employed.

For the purposes of expressing BE, all theoretical data will be normalized for clarity

using:

x′ =
x− setmin

setmax − setmin

Where x is the theoretical value, setmin is the minimum value of all theoretical data pro-

duced, setmax is the maximum value of all theoretical data produced, and x′ is the normal-

ized value returned.

This method presents the general hypothesis that binding energies increase as pH in-

creases.

Results

Source sequences and process confirmation for this study were as presented previously.

This study differs from the previous in that it involves the CD4 protein, the sequence for

which was sourced from PDB 1RZK 2.

Here we reproduce the work in Howton (2017), and the work in Howton and Phillips

(2017), to determine if the enhanced protocols of the modernized ESSC pipeline will alter

the results of those studies. Howton et al. hypothesized that differences in the transmis-

sibility of the TF variant as compared to the CC variant of gp120 could be determined in

binding energy characteristics. In both studies, the results were inconclusive in consider-

ation of TF and CC, however, both studies indicated that binding energies of gp120 and

CD4 in complex increased with increases in pH.

Originally, the representation of data involved taking mean values of data across the set

to produce predictions among clade and sub-class variants of gp120. Figure 4.34 displays

an aggregation of all binding energy motifs. The graph displays a range of pH (approxi-

mately pH 5.1 to 8.9 indicated by red shading) where the general hypothesis that binding

energies increase as pH increases applies.
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tively. Two out of three scores indicate a strong potential to cross the transmission bound-

ary.

These next results are from a collaborative effort between traditional biology methods

and methods of computational science intended to validate computer simulations against

laboratory results. The laboratory results are from four separate experiments evaluating

multiple known antibody binding locations: CD4bs, V2/V3/Glycan, N332 Glycan, Gly-

can, MPER and Polyclonal. Eleven different gp120 proteins were screened against fifteen

bnAbs at pH 5.5 and pH 7.4. Limitations in available crystal structures restrict the computa-

tional pipeline to assessment of CD4bs at this time, but further studies could be performed

on alternate binding targets when suitable structures become available. As a result, we

only process 4 of the 15 bnAbs with the computational pipeline: 3BNC117, B12, CH31,

and VRC01. These antibodies are bound to eleven monomer gp120 variants:

• 1056 10 (EU289186)

• 6101 1 (AY835434)

• 6535 3 (AY835438)

• CAAN A2 (AY835452)

• PVO 4 (AY835444)

• RHPA 7 (AY835447)

• THRO 18 (AY835448)

• TRJO 58 (AY835450)

• TRO 11 (AY835445)

• WEAU d15 (EU289202)
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• WITO 33 (AY835451)

Experimental results are compiled in Tables 4.12, 4.13, and 4.14. Duplication of exper-

iment 1 was used for confirmation of the methods. Results are viewable in Appendix C.

The data in each table is laid out in three sections horizontally. The top section contains the

experimental data, the mid and lower sections contain the simulation data for bound and

unbound gp120 conformations, respectively. The experimental data is focused on specific

regions of protein-protein interactions indicated under the column Specificity. Each table

is shaded where the values increase from lower to higher pH.

Inspection of experimental data reveals greater than 50% of results exhibit binding

energies that increase with pH (see Figure 4.38). V2/V3/Glycan regions being the only

binding location to contradict the general hypothesis that binding energies increase as pH

increases. Looking at the bottom of Figure 4.38, we see that most variations conform to

the general hypothesis that binding energies increase as pH increases. However, RHPA 7

and WITO 33 are exceptions.

Lab experiments produce eighty unique complexes (four sets did not include bnAb B12)

and BE’s for each complex were analyzed at low and high pH to determine if BE varies sig-

nificantly with pH. Some gp120 proteins (65535 3, CAAN A2, TRO 11, WITO 33) were

analyzed twice, in which case the most significant results are selected to reduce statistically

indeterminate values. The number of indeterminate from experiments was 23.75%. This

leaves 30 comparable complexes with determinate experimental results for which com-

putational/theoretical results are also available. We note that simulations resulted in no

statistically indeterminate computational/theoretical results.

Figure 4.39 compares lab results with theoretical data. The two sub panels represent lab

experiments (top) and theoretical predictions (bottom) with blue and red indicating pH 5.5

and pH 7.4, respectively. The +/− markers represent the direction of change in binding

energy from lower to higher pH. Agreement, disagreement and indeterminate experimental
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Figure 4.38: (top) Aggregation of all binding energy data grouped by binding location from

experimental results. (bottom) Aggregation of all binding energy data grouped by gp120

from experimental results. Columns represent the percentage of entries where binding

energies increase as pH rises. Label values, x (y), represent the number of entries used for

calculation (x) and the number of experimental entries including statistically indeterminate

values (y).
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Table 4.12: Binding energies for various combinations of gp120 and bnAb interactions.

Data is from laboratory experiment 1 (a), theoretical simulations for bound (b),and unbound

(c) conformations. Shading indicates a positive shift from pH 5.5 and pH 7.4.

(a) Experimental Data WITO 33 TRO 11 CAAN A2 6535 3

Mab Specificity pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4

VRC01 CD4bs 0.2 0.57 0.81 1.81 0.48 4.05 2.25 10.3

3BNC117 CD4bs 0.06 0.11 0.08 0.09 0.64 1.86 0.5 1.49

CH31 CD4bs 0.39 0.36 0.14 0.46 1.67 >25 >25 >25

CH01 V2/V3/Glycan 0.22 0.18 >25 >25 >25 >25 1.08 3.15

PG9 V2/V3/Glycan 0.07 0.07 >5 >5 >5 >5 2.35 1.3

PG16 V2/V3/Glycan 0.04 0.01 >5 0.85 >5 >5 >5 >5

PGT121 N332 Glycan 4.53 2.65 0.02 0.06 0.03 0.06 0.01 0.03

PGT128 N332 Glycan >5 >5 0.08 0.04 0.29 0.26 0.02 0.02

B12 CD4bs >25 >25 >25 >25 >25 >25 >25 11.86

2G12 Glycan 3.43 1.91 0.45 0.43 >25 >25 >25 10.51

2F5 MPER 3.13 >25 >25 >25 19.48 >25 >25 >25

4E10 MPER 8.13 >25 >25 15.47 5.14 >25 >25 >25

10E8 1.02 1.6 0.67 0.51 >5 >5 >5 1.55

HIVIG-C Polyclonal >625 >625 11.59 305.24 104.34 418.5 22.33 85.04

(b) Theoretical Data (Bound Conformation) (kJ/mol)

VRC01 CD4bs -738.842 134.421 690.625 724.008 -577.448 525.957 -995.402 -21.477

3BNC117 CD4bs -577.435 -276.686 267.382 -311.158 -1467.642 -982.648 -258.319 -352.997

CH31 CD4bs -614.313 22.164 -431.106 -695.141 -980.249 -164.143 -511.745 -419.132

B12 CD4bs 253.089 805.424 1052.882 850.447 672.888 957.792 467.298 326.361

(c) Theoretical Data (Unbound Conformation) (kJ/mol)

VRC01 CD4bs -246.47 -254.385 611.395 246.099 253.613 180.33 -600.143 -168.005

3BNC117 CD4bs -110.491 -650.74 361.673 -603.765 -807.513 -1521.939 88.97 -569.129

CH31 CD4bs 125.187 -105.794 -62.67 -724.235 -24.053 -416.22 243.916 -192.191

B12 CD4bs 570.553 272.138 898.522 296.377 1542.047 648.147 675.992 20.267

data are indicated with green, yellow and gray shading, respectively. Complexes are noted

as bnAb/gp120 along the horizontal axis.

Binding energies increased for 26/30 complexes, or 86.67% of experimental complexes

(top sub-panel of Figure 4.39). Theoretical predictions indicate a similar pattern with 31/40

complexes, or 77.5% exhibiting binding energies that increase with pH (see the lower sub-

panel of Figure 4.39). Looking at experimental bnAb binding energies individually we

find that 90.9% of 3BNC117 complexes, 63.6% of CH31 complexes, 0.0% of B12 com-

plexes, and 81.8% of VRC01 complexes exhibit binding energies that increase with pH.

Meanwhile, theoretical predictions present 72.7% of 3BNC117 complexes , 42.8% of B12

complexes, 81.8% of CH31 complexes, and 100% of VRC01 complexes exhibit binding

energies that increase with pH. Overall, the two methods are in 80% agreement; ten com-

parisons are indeterminate.
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Table 4.13: Binding energies for various combinations of gp120 and bnAb interactions.

Data is from laboratory experiment 3 (a), theoretical simulations for bound (b),and unbound

(c) conformations. Shading indicates a positive shift from pH 5.5 and pH 7.4.

(a) Experimental Data CAAN A2 PVO 4 RHPA 7 TRJO 58

Mab Specificity pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4

VRC01 CD4bs 2.46 3.93 1.79 2.5 0.18 0.18 0.3 0.36

3BNC117 CD4bs 1.52 1.4 0.19 0.26 0.06 0.06 0.2 0.28

CH31 CD4bs >25 >25 0.68 1.21 0.26 0.46 0.2 0.68

CH01 V2/V3/Glycan >25 >25 >25 >25 >25 >25 >25 >25

PG9 V2/V3/Glycan >5 >5 >5 >5 >5 >5 1.52 1.38

PG16 V2/V3/Glycan >5 >5 >5 >5 2.99 2.54 3.71 0.91

PGT121 N332 Glycan 0.10 0.07 1.3 1.25 0.12 0.10 >5 >5

PGT128 N332 Glycan 1.31 0.47 0.08 0.06 0.14 0.12 0.08 0.08

B12 CD4bs >25 >25 >25 >25 0.82 0.71 >25 >25

2G12 Glycan >25 >25 8.85 5.41 >25 >25 >25 >25

2F5 MPER 17.38 >25 >25 >25 >25 >25 >25 >25

4E10 MPER >25 >25 >25 >25 >25 >25 >25 >25

10E8 MPER 4.92 >5 >5 >5 >5 >5 4.28 3.21

DH512 MPER 8.91 15.8 27.51 36.69 24.2 32.69 8.79 13.97

HIVIG-C Polyclonal 247 452 >625 >625 >625 >625 277 406

(b) Theoretical Data (Bound Conformation) (kJ/mol)

VRC01 CD4bs -577.448 525.957 -1655.079 -337.444 -365.739 -265.319 -15.73 749.636

3BNC117 CD4bs -1467.642 -982.648 -1214.111 -724.872 998.961 47.708 232.436 257.113

CH31 CD4bs -980.249 -164.143 -1802.553 -1171.902 -101.613 -542.056 -528.289 129.654

B12 CD4bs 672.888 957.792 143.964 1038.709 488.658 349.589 1079.109 850.867

(c) Theoretical Data (Unbound Conformation) (kJ/mol)

VRC01 CD4bs 253.613 180.33 -338.03 -217.35 463.952 -142.728 -86.706 106.753

3BNC117 CD4bs -807.513 -1521.939 -259.281 -978.416 1799.105 120.993 55.545 -462.854

CH31 CD4bs -24.053 -416.22 -684.752 -1228.829 637.608 -528.427 -380.298 -314.488

B12 CD4bs 1542.047 648.147 729.007 440.539 1204.27 299.473 1305.875 546.177

Figure 4.40 shows four panels with binding patterns of the selected bnAbs to gp120:

(A) 3BNC117, (B) B12, (C) CH31, and (D) VRC01. Clearly, bnAbs dictate binding po-

tential motifs of the complexes across varying pH levels. The red vertical bar is conserva-

tively placed at the approximate point where unpredictable binding energies end and the

red shaded background predicts the functional binding range of each bnAb where the gen-

eral hypothesis that binding energies increase as pH increases is supported. Additionally,

our data supports the hypothesis that fluctuations in the starting pH and range of expected

binding predictability controls breadth of bnAb effectiveness in vivo, as suggested by (Stieh

et al., 2013; Morton et al., 2017). Additional studies are required to identify where each

bnAb denatures at the extremes of pH to provide further evidence to support this hypothe-

sis.
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Table 4.14: Binding energies for various combinations of gp120 and bnAb interactions.

Data is from laboratory experiment 3 (a), theoretical simulations for bound (b),and unbound

(c) conformations. Shading indicates a positive shift from pH 5.5 and pH 7.4.

(a) Experimental Data 1056 10 TA11 1826 6101 1 THRO 18 WEAU d15 410 5017

Mab Specificity pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4

VRC01 CD4bs 1.48 2.31 0.14 0.3 >25 >25 0.22 0.52

3BNC117 CD4bs 0.44 0.55 0.06 0.11 5.83 12.48 0.15 0.31

CH31 CD4bs 0.61 1.62 0.21 1.02 >25 >25 0.17 0.49

2F5 MPER 0.91 2.02 >25 >25 >25 >25 2.31 5.18

4E10 MPER 4.77 5.77 1.58 1.34 >25 >25 5.24 4.95

10E8 MPER 1.32 0.85 0.13 0.05 2.56 2.72 >5 >5

DH512 MPER 0.93 0.84 0.53 0.31 5.99 4.55 1.22 1.17

HIVIG-C Polyclonal 224.38 359.12 222.8 563.15 554.02 >625 188.78 466.44

(b) Theoretical Data (Bound Conformation) (kJ/mol)

VRC01 CD4bs -329.054 493.316 -95.681 765.584 -349.488 1025.603 397.848 1166.446

3BNC117 CD4bs -522.442 -88.206 -760.644 -519.292 -1083.553 -661.214 184.225 452.75

CH31 CD4bs -66.364 494.52 -719.118 -610.734 -304.668 720.046 761.281 1573.397

B12 CD4bs -422.101 419.317 328.044 335.167 286.265 1325.066 440.151 1110.685

(c) Theoretical Data (Unbound Conformation) (kJ/mol)

VRC01 CD4bs -321.629 112.58 -43.598 145.586 611.395 246.099 -375.303 38.83

3BNC117 CD4bs -449.077 -409.769 -565.985 -1007.794 361.673 -603.765 -316.893 -479.116

CH31 CD4bs -180.928 5.75 -108.169 -652.381 -62.67 -724.235 -121.937 269.598

B12 CD4bs -188.829 277.933 735.001 94.994 898.522 296.377 248.421 488.277

Mascola et al. compiled data of various site functional bnAbs including breadth and

potency specific information (Mascola and Haynes, 2013). Our observations mostly agree

with Mascola et al. in terms of breadth and potency versus starting pH and functional range.

These results are visible in Figure 4.40 and also expressed here with the following notation:

wide, good, moderate, and low are denoted as ‘++++’, ‘+++’, ‘++’, and ‘+,’ respectively:

• 3BNC117 has good breadth with good potency (+++, +++) and good starting pH

(5.9) with good range of 2.6 (5.9 - 8.5)

• B12 has low breadth with moderate potency (+, ++) and high starting pH (6.2) with

good range of 2.7 (6.2 - 8.9)

• VRC-CH30-34 lineages have good breadth with good potency (+++, +++) and high

starting pH with low range 2.2 (6.3–8.5)

• VRC01-03 lineages have wide breadth with good potency (++++, +++) and low start-

ing pH (5.6) with wide range 2.9 (5.6–8.5)
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pH 7.4 or pH 5.5 growth medium containing 75 µg/ml DEAE dextran. After the incu-

bation, the virus/sample mixtures were transferred to the cell plates. One set of control

wells received cells + virus (virus control) and another set received cells only (background

control). After 48 hours of incubation, 100 µl of cells was transferred to a 96-well black

solid plate (Costar) for measurements of luminescence using the Britelite Luminescence

Reporter Gene Assay System (PerkinElmer Life Sciences). Neutralization titers are the

dilution (serum/plasma samples) or concentration (mAbs) at which relative luminescence

units (RLU) are reduced by 50% compared to virus control wells after subtraction of back-

ground RLUs. Assay stocks of molecularly cloned Env-pseudotyped viruses will be pre-

pared by transfection in 293T/17 cells (American Type Culture Collection) and titrated in

TZM-bl cells as described Montefiori (2009), Li et al. (2005).

Discussion

Binding energy motifs provide no evidence that the range of pH values for which bind-

ing energies increase with pH varies between subclasses or clades (Morton et al., 2018).

The data does provide some interesting observations about the breadth of pH values where

functional binding between gp120 and CD4 occurs, where the general hypothesis that bind-

ing energies increase as pH increases, applies across a very broad range of pH. The sig-

nificance of this point becomes apparent on further investigation. Figure 4.40 shows wide

variations in binding energies predicted computationally below pH 6.0. These variations

may explain, in part, sporadic indicators of negative movement in binding energies as pH

increases. In the case of B12, the motif clearly explains the reversal of predicted positive

movement in binding energies for most B12 complexes where binding energies exhibit a

local maximum at pH 5.5 with a value exceeding that at pH 7.4. B12 is also observed to

be centered vertically across complexes more so than others. A detailed analysis of B12

versus other strains of bnAbs would be required to properly understand this phenomenon.
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While no data from experiments or theoretical predictions indicate the potential for

any bnAb to protect or eliminate HIV at the wide range of physiological pH, theoretical

predictions provide an indicator of why HIV may be able to escape the immune response

to HIV infection. Looking at the predicted functional range of gp120 to CD4 binding, this

range exceeds and in some cases is predicted to extend into the pH range of mucosa where

bnAbs investigated to date do not show any predicted functional capabilities.

Comparing BESI to Supervised Machine Learning

This section is presented as validation of the unsupervised methods employed by BESI

for the purposes of seeking agreement from more than one technique. For this method,

simple artificial neural networks are employed as a binary and tertiary classifier. The meth-

ods employ Tensorflow (Abadi et al., 2016) and Keras (Chollet, 2015) as displayed in code

snippets. All training data is augmented through derivation of source data by averaging

individual model results of target data. With thirty models of a specific target, such as

the control variant gp120, model zero is averaged with model one to produce a new set

of results, then with model two etc. Then model one results are averaged with model

two results etc., until all model results have been cycled through to produce the augmented

training data. This method is employed across all specific requirements for each supervised

method.

Binary Classifier

Figure 4.41 shows the model construct for the binary classifier using sixty-one inputs

with a one hundred and twenty eight node hidden layer to a single node output. Figure

4.42 provides a visual representation of the binary classifier. Dropout layers are only used

during training to prevent over-fitting the data and are not depicted in the figure. The neural

network is dense (fully meshed) and utilizes Rectified Linear Unit (ReLU) activation for

the input and hidden layers. Output is sigmoid activated to complete the binary classifier.
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model = k e r a s . S e q u e n t i a l (

[

l a y e r s . Dense ( 1 2 8 , i n p u t d i m =61 , a c t i v a t i o n = ’ r e l u ’ ) ,

l a y e r s . Dropout ( 0 . 5 ) ,

l a y e r s . Dense ( 1 2 8 , a c t i v a t i o n = ’ r e l u ’ ) ,

l a y e r s . Dropout ( 0 . 5 ) ,

l a y e r s . Dense ( 1 , a c t i v a t i o n = ’ s igmoid ’ )

]

)

model . compi le ( l o s s = ’ b i n a r y c r o s s e n t r o p y ’ ,

o p t i m i z e r = ’ rmsprop ’ ,

m e t r i c s =[ ’ a c c u r a c y ’ ] )

h i s t o r y = model . f i t ( x t r a i n , y t r a i n ,

epochs =100 , b a t c h s i z e =50 ,

v a l i d a t i o n d a t a =( x v a l , y v a l ) ,

v e r b o s e =1)

t e s t d a t a = np . g e n f r o m t x t ( ’ i n p u t d a t a . t x t ’ , d e l i m i t e r = ’ ’ )

t e s t d a t a l a b e l s = np . g e n f r o m t x t ( ’ s e q u e n c e . l i s t ’ , d e l i m i t e r = ’ ’ )

r e s u l t s = model . p r e d i c t ( t e s t d a t a )

Figure 4.41: Model construct of a binary classifier using 61 inputs tied to a 128 node hidden

layer that feeds a single output node.

The network is trained with one hundred epochs using augmented training and valida-

tion data as previously described. Figures 4.43 and 4.44 express training and validation

loss and accuracy respectively.

Results

Scoring by the binary classifier can be see in Table 4.15 for all 252 sequences used

in (Morton et al., 2017). The results indicate fitting issues are experienced by the neural

network. Some parameter exploration took place with marginal changes to the results (data

not shown).
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Table 4.15 – Continued from previous page

Sequence Score Sequence Score

Table 4.15: Scoring from binary classifier showing under-fitting by the

neural network.

Sequence Score Sequence Score

Z238FSW15A6 plasmid 6v 0.9819 Z201FPL07feb03102-1 1

Z238FSW15G4 plasmid 4i 0.9999 Z201FPL07feb03103-1 1

Z238FSW15H8 plasmid 3ii 1 Z201FPL07feb03105-1 1

Z238FSW29oct0215A11 1 Z201FPL07feb0350-2 1

Z238FSW29oct0215A6v 0.9767 Z201FPL07feb0351-1 0.8955

Z238FSW29oct0215G4 0.9999 Z201FPL07feb0368-2 1

Z238FSW29oct0215H8 1 Z201FPL07feb0372-1 1

Z238MPL17 plasmid a 0.8942 Z201FPL07feb0390-1 1

Z238MPL9 plasmid c 0.3827 Z201FPL100 plasmid 8-1 1

Z242FPL25JAN03PCR23ENV1.1 0.9998 Z201FPL102 plasmid 7-1 1

Z242FPL25JAN03PCR8ENV1.1 1 Z201FPL103 plasmid 4-1 1

Z242FPL25jan038 plasmid 1 Z201FPL105 plasmid 3-1 1

Z242MPL25JAN0326 0.8888 Z201FPL50 plasmid 5-2 1

Z242MPL25JAN0327-1 1 Z201FPL51 plasmid 1-1 0.913

Z242MPL25JAN0327-2 0.9999 Z201FPL68 plasmid 6-2 1

Z242MPL25JAN0327-3 1 Z201FPL72 plasmid 9-1 1

Z242MPL25JAN03PCR23ENV1.1-DT 1 Z201FPL7FEB03ENV1.8 1

Z242MPL25JAN03PCR33ENV1.1-DNT 0.0016 Z201FPL7FEB03ENV2.1 1

Z242MPL25jan0323 plasmid 1 Z201FPL7FEB03ENV3.3 1

Z242MPL25jan0326 plasmid 0.9648 Z201FPL7FEB03ENV4.1 1

Z242MPL25jan0328 plasmid 8-1 1 Z201FPL7FEB03ENV5.2 1

Z242MPL25jan0328 plasmid 8-2 1 Z201FPL7FEB03ENV6.1 1

Z242MPL25jan0328 plasmid 8-3 0.9998 Z201FPL7FEB03ENV7.1 0.8914

Z242MPL25jan0333 plasmid 0.0018 Z201FPL90 plasmid 2-1 1

Z242MPL26 plasmid 0.9942 Z201FSW07feb03DNA13D1 1

Table 4.15 – Continued on next page
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Table 4.15 – Continued from previous page

Sequence Score Sequence Score

Z242MPL28 plasmid 8-1 1 Z201FSWDNA13D1 plasmid 4i 1

Z242MPL28 plasmid 8-2 1 Z201MPB7FEB03ENV2.1 1

Z242MPL28 plasmid 8-3 1 Z201MPB7FEB03ENV4.1 1

Z292FCA12A52 plasmid 9v 1 Z201MPB7FEB03ENV5.1 0.9999

Z292FCA24may0512A52 1 Z201MPL07feb0352a 1

Z292FCA24may0512A52 plasmid 9v 1 Z201MPL07feb0352aa 0.9995

Z292FCA24may0512A58 plasmid 6v 0.9656 Z201MPL07feb0352e 0.9998

Z292FCA24may0512D10 plasmid 5iii 1 Z201MPL07feb0384c 0.9999

Z292FCF12E26 plasmid 10iv 1 Z201MPL52 plasmid a 0.9999

Z292FCF24may0512D18 plasmid 4i 1 Z201MPL52 plasmid aa 0.9999

Z292FCF24may0512E26 1 Z201MPL52 plasmid e 0.9998

Z292FCF24may0512E26 plasmid 10iv 1 Z201MPL7FEB03ENV2.1 0.9998

Z292FPL24may05105 plasmid 5-1 1 Z201MPL7FEB03ENV3.1 1

Z292FPL24may05136 plasmid 7-1 1 Z201MPL7FEB03ENV4.1 1

Z292FPL24may05152 plasmid 1-3 0.9999 Z201MPL84 plasmid c 0.9957

Z292FPL24may05160 plasmid 4-1 1 Z205FPB27MAR03ENV1.1 0.8165

Z292FPL24may05164 plasmid 9-2 1 Z205FPB27MAR03ENV4.2 0.7305

Z292FPL24may05172 plasmid 6-1 1 Z205FPL27MAR03ENV4.1 0.019

Z292FPL24may0535 plasmid 3-3 1 Z205FPL27MAR03ENV5.2 1

Z292FSW24may0512E12 plasmid 3v 0.9996 Z205FPL27MAR03ENV6.3 0.6004

Z292FSW24may0512E20 plasmid 2i 1 Z205MPB27MAR03ENV4.1 1

Z292MPL113 plasmid e 1 Z205MPB27MAR03ENV6.1 1

Z292MPL150 plasmid b 1 Z205MPB27MAR03ENV9.1 0.0816

Z292MPL24may05113 plasmid e 1 Z205MPL27MAR03ENV1.1NF 1

Z292MPL24may05113e 1 Z205MPL27MAR03ENV2.3 0.341

Z292MPL24may05150 plasmid b 1 Z205MPL27MAR03ENV3.1NF 0.9999

Z292MPL24may05150b 1 Z205MPL27MAR03ENV6.3 1

R56FPL21apr05B6 plasmid a 0.9777 Z216FC17jan04RNAB37 0.9996

Table 4.15 – Continued on next page
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Sequence Score Sequence Score

R56FPL21apr05B6 plasmid b 0.9807 Z216FCF17jan04RNAB44 0.0097

R56FPL21apr05E7 plasmid a 0.5807 Z216FCFRNA11B44 plasmid 2iv 0.0064

R56FPL21apr05E7 plasmid b 0.9906 Z216FCRNA11B37 plasmid 7i 0.9998

R56MCA21aug0516 plasmid 9iii 0.9999 Z216FPB112 plasmid e 1

R56MCA21aug053 plasmid 5i 1 Z216FPB85 plasmid f 0.9289

R56MCA21aug056 plasmid 6iii 1 Z216FPB98 plasmid e 0.9447

R56MCF21aug0511 plasmid 1v 1 Z216FPL129 plasmid 6-1 1

R56MCF21aug0514 plasmid 2iv 1 Z216FPL138 plasmid 8-3 0.9963

R56MCF21aug0519 plasmid 3ii 1 Z216FPL17jan04112e 1

R56MPL21apr05C2 plasmid 7-1 1 Z216FPL17jan04129 1

R56MPL21apr05C5 plasmid 6-4 1 Z216FPL17jan04138 0.9872

R56MPL21apr05G5 plasmid 5-3 1 Z216FPL17jan04190 0.9994

R56MPL21apr05H3 plasmid 1-3 1 Z216FPL17jan046 0.0008

R56MPL21apr05K4 plasmid 4-1 1 Z216FPL17jan0483 0.0069

R56MPL21apr05K6 plasmid 2-4 1 Z216FPL17jan0485f 0.9793

R56MPL21apr05P5 plasmid 8-1 1 Z216FPL17jan0492 1

Z153FPB13MAR02ENV1.1 0.828 Z216FPL17jan0498e 0.8215

Z153FPB13MAR02ENV2.1 0.9979 Z216FPL190 plasmid 5-1 0.9999

Z153FPB13MAR02ENV3.1 0.3384 Z216FPL6 plasmid 4-4 0.0028

Z153FPB13MAR02ENV4.1 0.9996 Z216FPL83 plasmid 7-2 0.1336

Z153FPB13MAR02ENV5.1 0.9989 Z216FPL92 plasmid 1-1 0.9999

Z153FPL13MAR02ENV1.1 0.9033 Z216FSW17jan04DNA15 0.975

Z153FPL13MAR02ENV2.1 0.2734 Z216FSWDNA11I5 plasmid 5v 0.9916

Z153FPL13MAR02ENV3.1 0.0002 Z216MPL133 plasmid 0.9964

Z153FPL13MAR02ENV4.1 0.9996 Z221FPB7MAR03ENV10.3 1

Z153FPL13MAR02ENV5.1 0.0015 Z221FPB7MAR03ENV11.3 1

Z153FPL13MAR02ENV6.1 0.0014 Z221FPB7MAR03ENV6.4 1

Z153MPB13MAR02ENV1.1 0.9998 Z221FPB7MAR03ENV9.1 0.935

Table 4.15 – Continued on next page
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Z153MPB13MAR02ENV2.1 0.8576 Z221FPL08mar0335 0.9796

Z153MPB13MAR02ENV3.1 0.9998 Z221FPL08mar0344 0.0004

Z153MPB13MAR02ENV4.1 1 Z221FPL08mar0348 0.4223

Z153MPB13MAR02ENV5.1 0.9999 Z221FPL08mar0351 0.9989

Z153MPL13MAR02ENV1.1 0.9996 Z221FPL08mar0355 0.0619

Z153MPL13MAR02ENV2.1 0.9995 Z221FPL08mar0371 0.9597

Z153MPL13MAR02ENV3.1 0.9631 Z221FPL08mar0380 1

Z153MPL13MAR02ENV4.1 0.9997 Z221FPL35 plasmid 7-1 0.8827

Z153MPL13MAR02ENV5.1 0.9996 Z221FPL44 plasmid 4-1 0.0008

Z185FPB24AUG02ENV1.1 0 Z221FPL48 plasmid 5-1 0.3918

Z185FPB24AUG02ENV2.1 0 Z221FPL51 plasmid 2-2 0.9996

Z185FPB24AUG02ENV3.1 0 Z221FPL55 plasmid 6-2 0.0259

Z185FPB24AUG02ENV4.1 0 Z221FPL71 plasmid 9-1 0.9746

Z185FPB24AUG02ENV5.1 0 Z221FPL7MAR03ENV1.2 0.9677

Z185FPL17AUG02ENV1.1 0.0003 Z221FPL7MAR03ENV10.4 0.9999

Z185FPL17AUG02ENV2.1 0 Z221FPL7MAR03ENV2.3 1

Z185FPL17AUG02ENV3.1 0.0018 Z221FPL7MAR03ENV3.3 0.9987

Z185FPL17AUG02ENV4.1 0 Z221FPL80 plasmid 8-3 1

Z185FPL17AUG02ENV5.1 0 Z221FSW08mar0314H16iii 0.7743

Z185MPB17AUG02ENV1.2 0.0038 Z221FSW08mar0314H16iv 0.9668

Z185MPB17AUG02ENV1.5 0.0021 Z221FSW14H16 plasmid 6iii 0.9665

Z185MPB17AUG02ENV7.4 0 Z221FSW14H16iv plasmid 6iv 0.9941

Z185MPB17AUG02ENV7.5 0 Z221MPB7MAR03ENV4.1 0.9832

Z185MPB17AUG02ENV7.6 0 Z221MPB7MAR03ENV5.4 0.8951

Z185MPB17AUG02ENVB17 0 Z221MPB7MAR03ENV6.4 0.2915

Z185MPB17AUG02ENVB6 0 Z221MPL08mar0375a 0.8709

Z185MPB17AUG02ENVC17 0 Z221MPL08mar0375f 0.9939

Z185MPB17AUG02ENVC18 0 Z221MPL75 plasmid a 0.9284

Table 4.15 – Continued on next page
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Z185MPB17AUG02ENVC8 0.0034 Z221MPL75 plasmid f 0.9941

Z201FCA07feb0313C8 0.9999 Z221MPL7MAR03ENV2.1 0.9861

Z201FCA07feb03DNA13G10 1 Z221MPL7MAR03ENV4.2 0.9195

Z201FCA13C8 plasmid 2iii 0.9999 Z221MPL7MAR03ENV6.4 0.8982

Z201FCADNA13G10 plasmid 6i 1 Z238FCA15C6 plasmid 1v 0.8263

Z201FCF07feb03DNA13C18 1 Z238FCA29oct0215C6 0.8369

Z201FCF07feb03DNA13G13 1 Z238FCF15A39 plasmid 9ii 1

Z201FCF07feb03DNA13H13 0.9999 Z238FCF15C13 plasmid 2ii 1

Z201FCF07feb03DNA13H9 0.4086 Z238FCF29oct0215A39 1

Z201FCFDNA13C18 plasmid 3ii 1 Z238FCF29oct0215C13 1

Z201FCFDNA13G13 plasmid 7i 1 Z238FPL12 plasmid 1-2 1

Z201FCFDNA13H13 plasmid 10i 0.9991 Z238FPL16 plasmid 2-3 1

Z201FCFDNA13H9 plasmid 8v 0.3429 Z238FPL29nov0212 1

Z201FPB7FEB03ENV1.1 1 Z238FPL29nov0216 1

Z201FPB7FEB03ENV5.1 1 Z238FPL29nov024 1

Z201FPB7FEB03ENV6.1 0.9996 Z238FPL4 plasmid 6-1 1

Z201FPL07feb03100-1 1 Z238FSW15A11 plasmid 7ii 1

Three Class Neural Network

The evaluation of supervised methods was continued with a three output classifier in an

attempt to identify transmitted, non-transmitted and recipient variations of gp120. Figure

4.45 provides the model construct of the neural network. Figure 4.46 provides a graphical

representation of the neural network. This method was trained with augmented data in

similar fashion as the binary classifier with similar accuracy characteristics and displayed

similar issues with fitting (data not shown).
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(Derdeyn et al., 2004). In (Morton et al., 2019) a comparison of BESI against variable loop

lengths was performed against a subset of sequences from (Morton et al., 2017). BESI is

a clustering method, therefore the analysis of loop lengths in comparison to BESI would

suggest that clusters of sequences with similar scores would gather around the vicinity of

a control variant on a Cartesian coordinate system. The original data indicated potential

correlation in variable loops 2 and 5 as is shown in Figures 4.48 and 4.51. Variable loops

1, 3, and 4 indicate no potential correlation as shown in Figures 4.47, 4.49, and 4.50. The

results from this analysis indicated the need to perform the comparison against a larger

population of gp120.
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Figure 4.47: BESI control (red) versus Variable loop 1 length and score.

Results

The same comparative method is applied to the full set of sequences from (Morton

et al., 2017) to produce Figures 4.52 through 4.56. These data indicate no correlation with

observations made Derdeyn et al. in regards to BESI versus variable loop lengths.
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Figure 4.48: BESI control (red) versus Variable loop 2 length and score.
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Figure 4.49: BESI control (red) versus Variable loop 3 length and score.

Discussion

Variable loop lengths provided no usable correlation with BESI as the scatter plots for

all loops of 252 sequences had broad ranges of scores for each loop length. Based on these

data, the conclusion is that variable loop lengths have no bearing on binding function that

can be determined by BESI, but this does imply that variable loop lengths do not play a

role in binding efficacy generally.
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Figure 4.50: BESI control (red) versus Variable loop 4 length and score.
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Figure 4.51: BESI control (red) versus Variable loop 5 length and score.
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Figure 4.52: BESI control (red) versus Variable loop 1 length and score for all sequences.
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Figure 4.53: BESI control (red) versus Variable loop 2 length and score for all sequences.
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Figure 4.54: BESI control (red) versus Variable loop 3 length and score for all sequences.
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Figure 4.55: BESI control (red) versus Variable loop 4 length and score for all sequences.
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Figure 4.56: BESI control (red) versus Variable loop 5 length and score for all sequences.
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CHAPTER V : DISCUSSIONS

BESI predicts a cyclical nature of gp120 variations indicating that variants of HIV cycle

through the ability to cross the transmission barrier in genital tract mucosa, barring inflam-

mation or open sores. EVM suggest that sequence variations of residues outside the CD4

binding site are the primary mechanism for modulating the potential transmission rate of

the virus since residues outside of the conserved binding site are primarily where sequence

differences arise. Allosteric interactions must drive much of the process in this case, but

BESI cannot determine this definitively since it only works on the static endpoints of the

binding process. It might be possible to model these transitions using molecular dynamics

or Frodan, but the increase in APBS calculations needed to sample the intermediate states

is still computationally prohibitive with current software.

Binding energy data suggests that gp120 interactions with CD4 are predicted to func-

tion below pH 5.0 in a small fraction of gp120/CD4 interactions and easily into the low pH

5.0 range for all interactions evaluated. This is in contrast to predicted working ranges of

gp120/bnAb interactions that predict a functional range down to pH 5.6. These results sug-

gest that a potential vaccine solution would be to engineer bnAbs that have a gp120 to bnAb

BE motif similar to that of gp120 to CD4 motifs. These data further suggest that research

across larger gp120/bnAb interactions are required to substantiate these observations and

validate the computational predictions.

The comparative methods evaluated against BESI (supervised learning and variable

loop lengths) provided no useful correlation with BESI. The use of artificial neural net-

works needs to be further investigated to determine any potential value; these particular

instances were initial exploratory methods to determine feasibility of process.

Fauci et al. suggest that “enormous intellectual leaps beyond present day knowledge”

are required to design a vaccine that blocks HIV infection, but continues to suggests that

“laboratory, non-human primate testing and clinical research” are required to do so (Fauci
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et al., 2008). While the first statement is true, the solution lies in computational meth-

ods capable of evaluating interactions in broader and more expedient experiments and use

these results to guide laboratory experimentation in a more effective manner, this is the

intellectual value provided by the methods of analysis presented in this dissertation.
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APPENDIX A : BESI

Boeras et al.

Table A.1: Couple Z242 details sequence name, HIV Clade, donor/recipient classification

and BESI scores. This set contains the control gp120 variant with a score of 1.

Sequence Clade Donor/Recipient Score

Z242FPL25jan038 plasmid C R 0.7165

Z242FPL25JAN03PCR23ENV1.1 C R 0.8074

Z242FPL25JAN03PCR8ENV1.1 C R 0.7678

Z242MPL25jan0323 plasmid C D 0.6160

Z242MPL25jan0326 plasmid C D 0.2545

Z242MPL25JAN0326 C D 0.4055

Z242MPL25JAN0327-1 C D 0.4842

Z242MPL25JAN0327-2 C D 0.6960

Z242MPL25JAN0327-3 C D 0.6077

Z242MPL25jan0328 plasmid 8-1 C D 0.7817

Z242MPL25jan0328 plasmid 8-2 C D 0.3643

Z242MPL25jan0328 plasmid 8-3 C D 0.3562

Z242MPL25jan0333 plasmid C D 0.6345

Z242MPL25JAN03PCR23ENV1.1-DT C D 1

Z242MPL25JAN03PCR33ENV1.1-DNT C D 0.7255

Z242MPL26 plasmid C D 0.0567

Z242MPL28 plasmid 8-1 C D 0.7180

Z242MPL28 plasmid 8-2 C D 0.5666

Z242MPL28 plasmid 8-3 C D 0.5867
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Figure A.1: BESI versus phylogenetic tree for couple Z242. This couple contains the

control variant gp120 Z242MPL25JAN03PCR23ENV1.1-DT. Donor sequences are shaded

from light green to blue and recipient sequences are shaded from white to red, lowest to

highest similarity respectively in comparison to the control sequence.
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Figure A.2: BESI versus phylogenetic tree for couple R56. This tree requires the scores

in Table A.2 and the knowledge that BESI typically includes the candidate gp120 in the

top 3 scores. This information indicates R56MCA21aug053 plasmid 5i is the transmitted

founder for this couple and is the second highest score returned for this donor. Donor

sequences are shaded from light green to blue and recipient sequences are shaded from

white to red, lowest to highest similarity respectively in comparison to the control sequence.
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Table A.2: Couple R56 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

R56FPL21apr05B6 plasmid a A1 R 0.5639

R56FPL21apr05B6 plasmid b A1 R 0.6491

R56FPL21apr05E7 plasmid a A1 R 0.6681

R56FPL21apr05E7 plasmid b A1 R 0.7265

R56MCA21aug0516 plasmid 9iii A1 D 0.6510

R56MCA21aug053 plasmid 5i A1 D 0.7849

R56MCA21aug056 plasmid 6iii A1 D 0.6874

R56MCF21aug0511 plasmid 1v A1 D 0.9149

R56MCF21aug0514 plasmid 2iv A1 D 0.6241

R56MCF21aug0519 plasmid 3ii A1 D 0.7520

R56MPL21apr05C2 plasmid 7-1 A1 D 0.2402

R56MPL21apr05C5 plasmid 6-4 A1 D 0.0690

R56MPL21apr05G5 plasmid 5-3 A1 D 0.3853

R56MPL21apr05H3 plasmid 1-3 A1 D 0.6418

R56MPL21apr05K4 plasmid 4-1 A1 D 0.7099

R56MPL21apr05K6 plasmid 2-4 A1 D 0.6610

R56MPL21apr05P5 plasmid 8-1 A1 D 0.5628
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Figure A.3: Couple Z153 with the second highest donor BESI score (see Table A.3),

Z153FPL13MAR02ENV3.1, being in the correct sub-tree as a candidate to cross the trans-

mission barrier. Donor sequences are shaded from light green to blue and recipient se-

quences are shaded from white to red, lowest to highest similarity respectively in compari-

son to the control sequence.
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Table A.3: Couple Z153 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z153FPB13MAR02ENV1.1 C D 0.7805

Z153FPB13MAR02ENV2.1 C D 0.6534

Z153FPB13MAR02ENV3.1 C D 0.6418

Z153FPB13MAR02ENV4.1 C D 0.4343

Z153FPB13MAR02ENV5.1 C D 0.5929

Z153FPL13MAR02ENV1.1 C D 0.6646

Z153FPL13MAR02ENV2.1 C D 0.6235

Z153FPL13MAR02ENV3.1 C D 0.7729

Z153FPL13MAR02ENV4.1 C D 0.5975

Z153FPL13MAR02ENV5.1 C D 0.7057

Z153FPL13MAR02ENV6.1 C D 0.4000

Z153MPB13MAR02ENV1.1 C R 0.6535

Z153MPB13MAR02ENV2.1 C R 0.6395

Z153MPB13MAR02ENV3.1 C R 0.5342

Z153MPB13MAR02ENV4.1 C R 0.6366

Z153MPB13MAR02ENV5.1 C R 0.6169

Z153MPL13MAR02ENV1.1 C R 0.7532

Z153MPL13MAR02ENV2.1 C R 0.3788

Z153MPL13MAR02ENV3.1 C R 0.3973

Z153MPL13MAR02ENV4.1 C R 0.5760

Z153MPL13MAR02ENV5.1 C R 0.5313
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Figure A.4: BESI versus phylogenetics for couple Z185. This tree implies that the transmit-

ting sequence is not included in this set or BESI fails at an undetermined level. Donor se-

quences are shaded from light green to blue and recipient sequences are shaded from white

to red, lowest to highest similarity respectively in comparison to the control sequence.
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Table A.4: Couple Z185 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z185FPB24AUG02ENV1.1 C R 0.5886

Z185FPB24AUG02ENV2.1 C R 0.5685

Z185FPB24AUG02ENV3.1 C R 0.6572

Z185FPB24AUG02ENV4.1 C R 0.6877

Z185FPB24AUG02ENV5.1 C R 0.7378

Z185FPL17AUG02ENV1.1 C R 0.6261

Z185FPL17AUG02ENV2.1 C R 0.5967

Z185FPL17AUG02ENV3.1 C R 0.8361

Z185FPL17AUG02ENV4.1 C R 0.4797

Z185FPL17AUG02ENV5.1 C R 0.5713

Z185MPB17AUG02ENV1.2 C D 0.7578

Z185MPB17AUG02ENV1.5 C D 0.6644

Z185MPB17AUG02ENV7.4 C D 0.6073

Z185MPB17AUG02ENV7.5 C D 0.7367

Z185MPB17AUG02ENV7.6 C D 0.6901

Z185MPB17AUG02ENVB17 C D 0.4992

Z185MPB17AUG02ENVB6 C D 0.6004

Z185MPB17AUG02ENVC17 C D 0.7019

Z185MPB17AUG02ENVC18 C D 0.6798

Z185MPB17AUG02ENVC8 C D 0.6053



110

D
o

n
o

r
R

e
c
ip

ie
n

tS
im

ila
ri

ty
 t

o
 C

o
n

tr
o

l

1.0

0.0

High

Low

Z201FCF07feb03DNA13H9
Z201FCFDNA13H9_plasmid_8v

Z201FPL7FEB03ENV7.1
Z201FPL51_plasmid_1−1
Z201FPL07feb0351−1

Z201FSWDNA13D1_plasmid_4i
Z201FSW07feb03DNA13D1

Z201FPL7FEB03ENV6.1
Z201FPL7FEB03ENV5.2
Z201FCFDNA13C18_plasmid_3ii
Z201FCF07feb03DNA13C18
Z201FPL07feb03102−1
Z201FPL102_plasmid_7−1

Z201FPL100_plasmid_8−1
Z201FPL07feb03100−1
Z201FPL7FEB03ENV1.8
Z201FPL105_plasmid_3−1
Z201FPL07feb03105−1
Z201FPB7FEB03ENV1.1

Z201FPL7FEB03ENV3.3
Z201FPL50_plasmid_5−2
Z201FPL07feb0350−2
Z201FPL103_plasmid_4−1
Z201FPL07feb03103−1

Z201FPB7FEB03ENV5.1
Z201FCA07feb03DNA13G10
Z201FCADNA13G10_plasmid_6i

Z201FPL7FEB03ENV4.1
Z201FPL07feb0390−1
Z201FPL90_plasmid_2−1

Z201FPL07feb0368−2
Z201FPL68_plasmid_6−2

Z201FPB7FEB03ENV6.1
Z201FCF07feb03DNA13G13
Z201FCFDNA13G13_plasmid_7i

Z201FCF07feb03DNA13H13
Z201FCFDNA13H13_plasmid_10i

Z201MPL52_plasmid_e
Z201MPB7FEB03ENV2.1
Z201MPL07feb0352a
Z201MPL07feb0384c
Z201MPL7FEB03ENV2.1
Z201MPL52_plasmid_a
Z201MPL52_plasmid_aa
Z201MPL07feb0352e
Z201MPL84_plasmid_c
Z201MPB7FEB03ENV5.1
Z201MPL07feb0352aa
Z201MPL7FEB03ENV4.1
Z201MPL7FEB03ENV3.1
Z201FPL07feb0372−1
Z201FPL72_plasmid_9−1
Z201MPB7FEB03ENV4.1

Z201FPL7FEB03ENV2.1

Z201FCA13C8_plasmid_2iii
Z201FCA07feb0313C8

0.02

Z201FCF07feb03DNA13H9
Z201FCFDNA13H9_plasmid_8v

Z201FPL7FEB03ENV7.1
Z201FPL51_plasmid_1−1
Z201FPL07feb0351−1

Z201FSWDNA13D1_plasmid_4i
Z201FSW07feb03DNA13D1

Z201FPL7FEB03ENV6.1
Z201FPL7FEB03ENV5.2
Z201FCFDNA13C18_plasmid_3ii
Z201FCF07feb03DNA13C18
Z201FPL07feb03102−1
Z201FPL102_plasmid_7−1

Z201FPL100_plasmid_8−1
Z201FPL07feb03100−1
Z201FPL7FEB03ENV1.8
Z201FPL105_plasmid_3−1
Z201FPL07feb03105−1
Z201FPB7FEB03ENV1.1

Z201FPL7FEB03ENV3.3
Z201FPL50_plasmid_5−2
Z201FPL07feb0350−2
Z201FPL103_plasmid_4−1
Z201FPL07feb03103−1

Z201FPB7FEB03ENV5.1
Z201FCA07feb03DNA13G10
Z201FCADNA13G10_plasmid_6i

Z201FPL7FEB03ENV4.1
Z201FPL07feb0390−1
Z201FPL90_plasmid_2−1

Z201FPL07feb0368−2
Z201FPL68_plasmid_6−2

Z201FPB7FEB03ENV6.1
Z201FCF07feb03DNA13G13
Z201FCFDNA13G13_plasmid_7i

Z201FCF07feb03DNA13H13
Z201FCFDNA13H13_plasmid_10i

Z201MPL52_plasmid_e
Z201MPB7FEB03ENV2.1
Z201MPL07feb0352a
Z201MPL07feb0384c
Z201MPL7FEB03ENV2.1
Z201MPL52_plasmid_a
Z201MPL52_plasmid_aa
Z201MPL07feb0352e
Z201MPL84_plasmid_c
Z201MPB7FEB03ENV5.1
Z201MPL07feb0352aa
Z201MPL7FEB03ENV4.1
Z201MPL7FEB03ENV3.1
Z201FPL07feb0372−1
Z201FPL72_plasmid_9−1
Z201MPB7FEB03ENV4.1

Z201FPL7FEB03ENV2.1

Z201FCA13C8_plasmid_2iii
Z201FCA07feb0313C8

Figure A.5: BESI versus phylogenetic tree for couple Z201. BESI scores in this set indi-

cates the actual donor sequence is not in the selected set from the 123 variations available

as determined through (LANL, 2020). Donor sequences are shaded from light green to

blue and recipient sequences are shaded from white to red, lowest to highest similarity

respectively in comparison to the control sequence.
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Table A.5: Couple Z201 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score Sequence Clade Donor/Recipient Score

Z201FCA07feb0313C8 C D 0.6002 Z201FPL50 plasmid 5-2 C D 0.6983

Z201FCA07feb03DNA13G10 C D 0.5850 Z201FPL51 plasmid 1-1 C D 0.6061

Z201FCA13C8 plasmid 2iii C D 0.5584 Z201FPL68 plasmid 6-2 C D 0.2184

Z201FCADNA13G10 plasmid 6i C D 0.6675 Z201FPL72 plasmid 9-1 C D 0.4966

Z201FCF07feb03DNA13C18 C D 0.1855 Z201FPL7FEB03ENV1.8 C D 0.7299

Z201FCF07feb03DNA13G13 C D 0.3276 Z201FPL7FEB03ENV2.1 C D 0.9377

Z201FCF07feb03DNA13H13 C D 0.6400 Z201FPL7FEB03ENV3.3 C D 0.5970

Z201FCF07feb03DNA13H9 C D 0.6218 Z201FPL7FEB03ENV4.1 C D 0.3923

Z201FCFDNA13C18 plasmid 3ii C D 0.4423 Z201FPL7FEB03ENV5.2 C D 0.7720

Z201FCFDNA13G13 plasmid 7i C D 0.3565 Z201FPL7FEB03ENV6.1 C D 0.6239

Z201FCFDNA13H13 plasmid 10i C D 0.6728 Z201FPL7FEB03ENV7.1 C D 0.5498

Z201FCFDNA13H9 plasmid 8v C D 0.5832 Z201FPL90 plasmid 2-1 C D 0.3754

Z201FPB7FEB03ENV1.1 C D 0.4512 Z201FSW07feb03DNA13D1 C D 0.4027

Z201FPB7FEB03ENV5.1 C D 0.4884 Z201FSWDNA13D1 plasmid 4i C D 0.6227

Z201FPB7FEB03ENV6.1 C D 0.6664 Z201MPB7FEB03ENV2.1 C R 0.6653

Z201FPL07feb03100-1 C D 0.5254 Z201MPB7FEB03ENV4.1 C R 0.4916

Z201FPL07feb03102-1 C D 0.2237 Z201MPB7FEB03ENV5.1 C R 0.6396

Z201FPL07feb03103-1 C D 0.6404 Z201MPL07feb0352a C R 0.6864

Z201FPL07feb03105-1 C D 0.4429 Z201MPL07feb0352aa C R 0.6169

Z201FPL07feb0350-2 C D 0.4097 Z201MPL07feb0352e C R 0.5116

Z201FPL07feb0351-1 C D 0.5520 Z201MPL07feb0384c C R 0.7266

Z201FPL07feb0368-2 C D 0.5132 Z201MPL52 plasmid a C R 0.4055

Z201FPL07feb0372-1 C D 0.4909 Z201MPL52 plasmid aa C R 0.6714

Z201FPL07feb0390-1 C D 0.5614 Z201MPL52 plasmid e C R 0.6998

Z201FPL100 plasmid 8-1 C D 0.6385 Z201MPL7FEB03ENV2.1 C R 0.9211

Z201FPL102 plasmid 7-1 C D 0.5214 Z201MPL7FEB03ENV3.1 C R 0.6378

Z201FPL103 plasmid 4-1 C D 0.6180 Z201MPL7FEB03ENV4.1 C R 0.5640

Z201FPL105 plasmid 3-1 C D 0.6777 Z201MPL84 plasmid c C R 0.5964

Table A.6: Couple Z205 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z205FPB27MAR03ENV1.1 C R 0.6282

Z205FPB27MAR03ENV4.2 C R 0.4622

Z205FPL27MAR03ENV4.1 C R 0.7423

Z205FPL27MAR03ENV5.2 C R 0.6494

Z205FPL27MAR03ENV6.3 C R 0.6827

Z205MPB27MAR03ENV4.1 C D 0.6576

Z205MPB27MAR03ENV6.1 C D 0.5764

Z205MPB27MAR03ENV9.1 C D 0.7500

Z205MPL27MAR03ENV1.1NF C D 0.6472

Z205MPL27MAR03ENV2.3 C D 0.7407

Z205MPL27MAR03ENV3.1NF C D 0.7357

Z205MPL27MAR03ENV6.3 C D 0.6919
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Figure A.6: BESI versus phylogenetic tree for couple Z205. BESI scores in this set indicate

a potential match for the transmitted variant Z205MPB27MAR03ENV9.1 in that all recip-

ient variations are shown as descendants. Donor sequences are shaded from light green

to blue and recipient sequences are shaded from white to red, lowest to highest similarity

respectively in comparison to the control sequence.
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Figure A.7: BESI versus phylogenetic tree for couple Z216. BESI scores in this set indicate

a potential that the transmitting variant is not included in the list of studied variants out

of the 78 extracted from the patient (LANL, 2020). Donor sequences are shaded from

light green to blue and recipient sequences are shaded from white to red, lowest to highest

similarity respectively in comparison to the control sequence.
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Table A.7: Couple Z216 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z216FC17jan04RNAB37 C D 0.6857

Z216FCF17jan04RNAB44 C D 0.7025

Z216FCFRNA11B44 plasmid 2iv C D 0.7594

Z216FCRNA11B37 plasmid 7i C D 0.7649

Z216FPB112 plasmid e C D 0.4585

Z216FPB85 plasmid f C D 0.6496

Z216FPB98 plasmid e C D 0.4431

Z216FPL129 plasmid 6-1 C D 0.7031

Z216FPL138 plasmid 8-3 C D 0.4495

Z216FPL17jan04112e C D 0.5090

Z216FPL17jan04129 C D 0.7305

Z216FPL17jan04138 C D 0.5819

Z216FPL17jan04190 C D 0.7299

Z216FPL17jan046 C D 0.7307

Z216FPL17jan0483 C D 0.5189

Z216FPL17jan0485f C D 0.7766

Z216FPL17jan0492 C D 0.6053

Z216FPL17jan0498e C D 0.5118

Z216FPL190 plasmid 5-1 C D 0.7420

Z216FPL6 plasmid 4-4 C D 0.6970

Z216FPL83 plasmid 7-2 C D 0.6244

Z216FPL92 plasmid 1-1 C D 0.6998

Z216FSW17jan04DNA15 C D 0.6213

Z216FSWDNA11I5 plasmid 5v C D 0.6041

Z216MPL133 plasmid C R 0.7030
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Figure A.8: BESI versus phylogenetic tree for couple Z221. BESI scores in this set indicate

BESI performing poorly or potentially that the transmitting variant is not included in the list

of studied variants out of the 75 extracted from the patient (LANL, 2020). Donor sequences

are shaded from light green to blue and recipient sequences are shaded from white to red,

lowest to highest similarity respectively in comparison to the control sequence.
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Table A.8: Couple Z221 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z221FPB7MAR03ENV10.3 C D 0.5970

Z221FPB7MAR03ENV11.3 C D 0.4638

Z221FPB7MAR03ENV6.4 C D 0.4345

Z221FPB7MAR03ENV9.1 C D 0.5074

Z221FPL08mar0335 C D 0.4239

Z221FPL08mar0344 C D 0.5674

Z221FPL08mar0348 C D 0.3801

Z221FPL08mar0351 C D 0.6545

Z221FPL08mar0355 C D 0.2047

Z221FPL08mar0371 C D 0.3647

Z221FPL08mar0380 C D 0.4614

Z221FPL35 plasmid 7-1 C D 0.6257

Z221FPL44 plasmid 4-1 C D 0.5208

Z221FPL48 plasmid 5-1 C D 0.7250

Z221FPL51 plasmid 2-2 C D 0.6522

Z221FPL55 plasmid 6-2 C D 0.0882

Z221FPL71 plasmid 9-1 C D 0.3137

Z221FPL7MAR03ENV1.2 C D 0.4447

Z221FPL7MAR03ENV10.4 C D 0.1714

Z221FPL7MAR03ENV2.3 C D 0.8690

Z221FPL7MAR03ENV3.3 C D 0.8440

Z221FPL80 plasmid 8-3 C D 0.5000

Z221FSW08mar0314H16iii C D 0.6183

Z221FSW08mar0314H16iv C D 0.5307

Z221FSW14H16 plasmid 6iii C D 0.5581

Z221FSW14H16iv plasmid 6iv C D 0.5209

Z221MPB7MAR03ENV4.1 C R 0.6787

Z221MPB7MAR03ENV5.4 C R 0.7317

Z221MPB7MAR03ENV6.4 C R 0.4948

Z221MPL08mar0375a C R 0.6477

Z221MPL08mar0375f C R 0.6811

Z221MPL75 plasmid a C R 0.6570

Z221MPL75 plasmid f C R 0.6478

Z221MPL7MAR03ENV2.1 C R 0.6140

Z221MPL7MAR03ENV4.2 C R 0.5595

Z221MPL7MAR03ENV6.4 C R 0.4602
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Figure A.9: BESI versus phylogenetic tree for couple Z238. BESI scores in this set indicate

a solid hit from BESI where the two top scores are at the clade top containing recipient

variations. Donor sequences are shaded from light green to blue and recipient sequences

are shaded from white to red, lowest to highest similarity respectively in comparison to the

control sequence.
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Table A.9: Couple Z238 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z238FCA15C6 plasmid 1v C D 0.4906

Z238FCA29oct0215C6 C D 0.4516

Z238FCF15A39 plasmid 9ii C D 0.8425

Z238FCF15C13 plasmid 2ii C D 0.6939

Z238FCF29oct0215A39 C D 0.8924

Z238FCF29oct0215C13 C D 0.6836

Z238FPL12 plasmid 1-2 C D 0.4856

Z238FPL16 plasmid 2-3 C D 0.4638

Z238FPL29nov0212 C D 0.6379

Z238FPL29nov0216 C D 0.5126

Z238FPL29nov024 C D 0.8266

Z238FPL4 plasmid 6-1 C D 0.6018

Z238FSW15A11 plasmid 7ii C D 0.5691

Z238FSW15A6 plasmid 6v C D 0.5517

Z238FSW15G4 plasmid 4i C D 0.6534

Z238FSW15H8 plasmid 3ii C D 0.5672

Z238FSW29oct0215A11 C D 0.4837

Z238FSW29oct0215A6v C D 0.3516

Z238FSW29oct0215G4 C D 0.6531

Z238FSW29oct0215H8 C D 0.7268

Z238MPL17 plasmid a C R 0.7134

Z238MPL9 plasmid c C R 0.6540
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Figure A.10: BESI versus phylogenetic tree for couple Z292. BESI scores in this set

indicate a solid hit from BESI where the top score is near the clade top containing recipient

variations. Donor sequences are shaded from light green to blue and recipient sequences

are shaded from white to red, lowest to highest similarity respectively in comparison to the

control sequence.
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Table A.10: Couple Z292 details sequence name, HIV Clade, donor/recipient classification

and BESI scores.

Sequence Clade Donor/Recipient Score

Z292FCA12A52 plasmid 9v A1 D 0.6247

Z292FCA24may0512A52 plasmid 9v A1 D 0.5981

Z292FCA24may0512A52 A1 D 0.5379

Z292FCA24may0512A58 plasmid 6v A1 D 0.5721

Z292FCA24may0512D10 plasmid 5iii A1 D 0.7436

Z292FCF12E26 plasmid 10iv A1 D 0.5866

Z292FCF24may0512D18 plasmid 4i A1 D 0.1378

Z292FCF24may0512E26 plasmid 10iv A1 D 0.8701

Z292FCF24may0512E26 A1 D 0.5617

Z292FPL24may05105 plasmid 5-1 A1 D 0.6860

Z292FPL24may05136 plasmid 7-1 A1 D 0.4621

Z292FPL24may05152 plasmid 1-3 A1 D 0.7396

Z292FPL24may05160 plasmid 4-1 A1 D 0.4234

Z292FPL24may05164 plasmid 9-2 A1 D 0.5957

Z292FPL24may05172 plasmid 6-1 A1 D 0.6003

Z292FPL24may0535 plasmid 3-3 A1 D 0.7354

Z292FSW24may0512E12 plasmid 3v A1 D 0.5076

Z292FSW24may0512E20 plasmid 2i A1 D 0.7083

Z292MPL113 plasmid e A1 R 0.7443

Z292MPL150 plasmid b A1 R 0.5396

Z292MPL24may05113 plasmid e A1 R 0.6382

Z292MPL24may05113e A1 R 0.5833

Z292MPL24may05150 plasmid b A1 R 0.4663

Z292MPL24may05150b A1 R 0.5250
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Complete PCA Reconstructions for Boeras et al.
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Figure A.11: Comparison of original (left) and PCA reconstruction (right) for sequence

R56FPL21apr05B6 plasmid a.
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Figure A.12: Comparison of original (left) and PCA reconstruction (right) for sequence

R56FPL21apr05B6 plasmid b.
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Figure A.13: Comparison of original (left) and PCA reconstruction (right) for sequence

R56FPL21apr05E7 plasmid a.
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Figure A.14: Comparison of original (left) and PCA reconstruction (right) for sequence

R56FPL21apr05E7 plasmid b.
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Figure A.15: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MCA21aug0516 plasmid 9iii.
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Figure A.16: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MCA21aug053 plasmid 5i.
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Figure A.17: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MCA21aug056 plasmid 6iii.
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Figure A.18: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MCF21aug0511 plasmid 1v.
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Figure A.19: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MCF21aug0514 plasmid 2iv.
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Figure A.20: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MCF21aug0519 plasmid 3ii.
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Figure A.21: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05C2 plasmid 7-1.
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Figure A.22: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05C5 plasmid 6-4.
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Figure A.23: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05G5 plasmid 5-3.
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Figure A.24: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05H3 plasmid 1-3.
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Figure A.25: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05K4 plasmid 4-1.
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Figure A.26: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05K6 plasmid 2-4.
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Figure A.27: Comparison of original (left) and PCA reconstruction (right) for sequence

R56MPL21apr05P5 plasmid 8-1.
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Figure A.28: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPB13MAR02ENV1.1.
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Figure A.29: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPB13MAR02ENV2.1.
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Figure A.30: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPB13MAR02ENV3.1.
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Figure A.31: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPB13MAR02ENV4.1.
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Figure A.32: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPB13MAR02ENV5.1.
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Figure A.33: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPL13MAR02ENV1.1.
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Figure A.34: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPL13MAR02ENV2.1.
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Figure A.35: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPL13MAR02ENV3.1.
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Figure A.36: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPL13MAR02ENV4.1.
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Figure A.37: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPL13MAR02ENV5.1.
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Figure A.38: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153FPL13MAR02ENV6.1.
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Figure A.39: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPB13MAR02ENV1.1.
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Figure A.40: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPB13MAR02ENV2.1.
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Figure A.41: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPB13MAR02ENV3.1.
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Figure A.42: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPB13MAR02ENV4.1.
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Figure A.43: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPB13MAR02ENV5.1.
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Figure A.44: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPL13MAR02ENV1.1.
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Figure A.45: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPL13MAR02ENV2.1.
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Figure A.46: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPL13MAR02ENV3.1.
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Figure A.47: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPL13MAR02ENV4.1.
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Figure A.48: Comparison of original (left) and PCA reconstruction (right) for sequence

Z153MPL13MAR02ENV5.1.
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Figure A.49: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPB24AUG02ENV1.1.
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Figure A.50: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPB24AUG02ENV2.1.
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Figure A.51: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPB24AUG02ENV3.1.
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Figure A.52: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPB24AUG02ENV4.1.
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Figure A.53: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPB24AUG02ENV5.1.
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Figure A.54: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPL17AUG02ENV1.1.
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Figure A.55: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPL17AUG02ENV2.1.
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Figure A.56: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPL17AUG02ENV3.1.
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Figure A.57: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPL17AUG02ENV4.1.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.58: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185FPL17AUG02ENV5.1.
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Figure A.59: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENV1.2.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.60: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENV1.5.
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Figure A.61: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENV7.4.
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Figure A.62: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENV7.5.
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Figure A.63: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENV7.6.
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Figure A.64: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENVB17.
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Figure A.65: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENVB6.
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Figure A.66: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENVC17.
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Figure A.67: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENVC18.
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Figure A.68: Comparison of original (left) and PCA reconstruction (right) for sequence

Z185MPB17AUG02ENVC8.
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Figure A.69: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCA07feb0313C8.
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Figure A.70: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCA07feb03DNA13G10.
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Figure A.71: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCA13C8 plasmid 2iii.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.72: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCADNA13G10 plasmid 6i.
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Figure A.73: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCF07feb03DNA13C18.
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Figure A.74: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCF07feb03DNA13G13.
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Figure A.75: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCF07feb03DNA13H13.
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Figure A.76: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCF07feb03DNA13H9.
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Figure A.77: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCFDNA13C18 plasmid 3ii.
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Figure A.78: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCFDNA13G13 plasmid 7i.
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Figure A.79: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCFDNA13H13 plasmid 10i.
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Figure A.80: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FCFDNA13H9 plasmid 8v.
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Figure A.81: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPB7FEB03ENV1.1.
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Figure A.82: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPB7FEB03ENV5.1.
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Figure A.83: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPB7FEB03ENV6.1.
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Figure A.84: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb03100-1.
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Figure A.85: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb03102-1.
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Figure A.86: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb03103-1.
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Figure A.87: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb03105-1.
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Figure A.88: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb0350-2.
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Figure A.89: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb0351-1.
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Figure A.90: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb0368-2.
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Figure A.91: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb0372-1.
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Figure A.92: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL07feb0390-1.
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Figure A.93: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL100 plasmid 8-1.
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Figure A.94: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL102 plasmid 7-1.
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Figure A.95: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL103 plasmid 4-1.
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Figure A.96: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL105 plasmid 3-1.
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Figure A.97: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL50 plasmid 5-2.
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Figure A.98: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL51 plasmid 1-1.
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Figure A.99: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL68 plasmid 6-2.
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Figure A.100: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL72 plasmid 9-1.
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Figure A.101: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV1.8.
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Figure A.102: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV2.1.
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Figure A.103: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV3.3.
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Figure A.104: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV4.1.
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Figure A.105: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV5.2.
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Figure A.106: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV6.1.
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Figure A.107: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL7FEB03ENV7.1.
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Figure A.108: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FPL90 plasmid 2-1.
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Figure A.109: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FSW07feb03DNA13D1.
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Figure A.110: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201FSWDNA13D1 plasmid 4i.
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Figure A.111: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPB7FEB03ENV2.1.
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Figure A.112: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPB7FEB03ENV4.1.
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Figure A.113: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPB7FEB03ENV5.1.
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Figure A.114: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL07feb0352a.
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Figure A.115: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL07feb0352aa.
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Figure A.116: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL07feb0352e.
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Figure A.117: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL07feb0384c.
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Figure A.118: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL52 plasmid a.
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Figure A.119: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL52 plasmid aa.
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Figure A.120: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL52 plasmid e.
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Figure A.121: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL7FEB03ENV2.1.
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Figure A.122: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL7FEB03ENV3.1.
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Figure A.123: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL7FEB03ENV4.1.
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Figure A.124: Comparison of original (left) and PCA reconstruction (right) for sequence

Z201MPL84 plasmid c.
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Figure A.125: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205FPB27MAR03ENV1.1.
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Figure A.126: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205FPB27MAR03ENV4.2.
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Figure A.127: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205FPL27MAR03ENV4.1.
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Figure A.128: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205FPL27MAR03ENV5.2.
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Figure A.129: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205FPL27MAR03ENV6.3.
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Figure A.130: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPB27MAR03ENV4.1.
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Figure A.131: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPB27MAR03ENV6.1.
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Figure A.132: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPB27MAR03ENV9.1.
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Figure A.133: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPL27MAR03ENV1.1NF.
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Figure A.134: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPL27MAR03ENV2.3.
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Figure A.135: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPL27MAR03ENV3.1NF.
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Figure A.136: Comparison of original (left) and PCA reconstruction (right) for sequence

Z205MPL27MAR03ENV6.3.
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Figure A.137: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FC17jan04RNAB37.
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Figure A.138: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FCF17jan04RNAB44.
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Figure A.139: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FCFRNA11B44 plasmid 2iv.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.140: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FCRNA11B37 plasmid 7i.
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Figure A.141: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPB112 plasmid e.
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Figure A.142: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPB85 plasmid f.
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Figure A.143: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPB98 plasmid e.
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Figure A.144: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL129 plasmid 6-1.
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Figure A.145: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL138 plasmid 8-3.
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Figure A.146: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan04112e.
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Figure A.147: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan04129.
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Figure A.148: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan04138.
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Figure A.149: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan04190.
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Figure A.150: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan046.
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Figure A.151: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan0483.
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Figure A.152: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan0485f.
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Figure A.153: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan0492.
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Figure A.154: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL17jan0498e.
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Figure A.155: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL190 plasmid 5-1.
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Figure A.156: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL6 plasmid 4-4.
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Figure A.157: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL83 plasmid 7-2.
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Figure A.158: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FPL92 plasmid 1-1.
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Figure A.159: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FSW17jan04DNA15.
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Figure A.160: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216FSWDNA11I5 plasmid 5v.
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Figure A.161: Comparison of original (left) and PCA reconstruction (right) for sequence

Z216MPL133 plasmid.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.162: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPB7MAR03ENV10.3.
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Figure A.163: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPB7MAR03ENV11.3.
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Figure A.164: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPB7MAR03ENV6.4.
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Figure A.165: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPB7MAR03ENV9.1.
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Figure A.166: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0335.
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Figure A.167: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0344.
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Figure A.168: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0348.
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Figure A.169: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0351.
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Figure A.170: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0355.



161

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.171: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0371.
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Figure A.172: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL08mar0380.
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Figure A.173: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL35 plasmid 7-1.
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Figure A.174: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL44 plasmid 4-1.
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Figure A.175: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL48 plasmid 5-1.
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Figure A.176: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL51 plasmid 2-2.
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Figure A.177: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL55 plasmid 6-2.
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Figure A.178: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL71 plasmid 9-1.
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Figure A.179: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL7MAR03ENV1.2.
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Figure A.180: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL7MAR03ENV10.4.
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Figure A.181: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL7MAR03ENV2.3.
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Figure A.182: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL7MAR03ENV3.3.
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Figure A.183: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FPL80 plasmid 8-3.
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Figure A.184: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FSW08mar0314H16iii.
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Figure A.185: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FSW08mar0314H16iv.
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Figure A.186: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FSW14H16 plasmid 6iii.
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Figure A.187: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221FSW14H16iv plasmid 6iv.
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Figure A.188: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPB7MAR03ENV4.1.
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Figure A.189: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPB7MAR03ENV5.4.
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Figure A.190: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPB7MAR03ENV6.4.
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Figure A.191: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL08mar0375a.
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Figure A.192: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL08mar0375f.
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Figure A.193: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL75 plasmid a.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.194: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL75 plasmid f.
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Figure A.195: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL7MAR03ENV2.1.
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Figure A.196: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL7MAR03ENV4.2.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.197: Comparison of original (left) and PCA reconstruction (right) for sequence

Z221MPL7MAR03ENV6.4.
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Figure A.198: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FCA15C6 plasmid 1v.
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Figure A.199: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FCA29oct0215C6.
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Figure A.200: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FCF15A39 plasmid 9ii.
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Figure A.201: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FCF15C13 plasmid 2ii.
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Figure A.202: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FCF29oct0215A39.
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Figure A.203: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FCF29oct0215C13.
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Figure A.204: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FPL12 plasmid 1-2.
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Figure A.205: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FPL16 plasmid 2-3.
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Figure A.206: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FPL29nov0212.
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Figure A.207: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FPL29nov0216.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.208: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FPL29nov024.
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Figure A.209: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FPL4 plasmid 6-1.
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Figure A.210: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW15A11 plasmid 7ii.
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Figure A.211: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW15A6 plasmid 6v.
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Figure A.212: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW15G4 plasmid 4i.
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Figure A.213: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW15H8 plasmid 3ii.
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Figure A.214: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW29oct0215A11.
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Figure A.215: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW29oct0215A6v.
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Figure A.216: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW29oct0215G4.
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Figure A.217: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238FSW29oct0215H8.
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Figure A.218: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238MPL17 plasmid a.
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Figure A.219: Comparison of original (left) and PCA reconstruction (right) for sequence

Z238MPL9 plasmid c.
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Figure A.220: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242FPL25JAN03PCR23ENV1.1.
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Figure A.221: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242FPL25JAN03PCR8ENV1.1.
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Figure A.222: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242FPL25jan038 plasmid.
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Figure A.223: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25JAN0326.
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Figure A.224: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25JAN0327-1.
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Figure A.225: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25JAN0327-2.
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Figure A.226: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25JAN0327-3.
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Figure A.227: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25JAN03PCR23ENV1.1-DT.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.228: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25JAN03PCR33ENV1.1-DNT.
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Figure A.229: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25jan0323 plasmid.
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Figure A.230: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25jan0326 plasmid.
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Figure A.231: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25jan0328 plasmid 8-1.
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Figure A.232: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25jan0328 plasmid 8-2.
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Figure A.233: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25jan0328 plasmid 8-3.
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Figure A.234: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL25jan0333 plasmid.
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Figure A.235: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL26 plasmid.
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Figure A.236: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL28 plasmid 8-1.
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Figure A.237: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL28 plasmid 8-2.
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Figure A.238: Comparison of original (left) and PCA reconstruction (right) for sequence

Z242MPL28 plasmid 8-3.
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Figure A.239: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCA12A52 plasmid 9v.
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Figure A.240: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCA24may0512A52.

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.241: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCA24may0512A52 plasmid 9v.
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Figure A.242: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCA24may0512A58 plasmid 6v.
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Figure A.243: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCA24may0512D10 plasmid 5iii.
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Figure A.244: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCF12E26 plasmid 10iv.
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Figure A.245: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCF24may0512D18 plasmid 4i.
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Figure A.246: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCF24may0512E26.



180

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2 7.5 7.8 8.1 8.4 8.7 9

−3

−2

−1

0

1

pH

∆
 E

S
P

 (
k
T

/e
)

Figure A.247: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FCF24may0512E26 plasmid 10iv.
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Figure A.248: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may05105 plasmid 5-1.
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Figure A.249: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may05136 plasmid 7-1.
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Figure A.250: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may05152 plasmid 1-3.
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Figure A.251: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may05160 plasmid 4-1.
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Figure A.252: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may05164 plasmid 9-2.
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Figure A.253: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may05172 plasmid 6-1.
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Figure A.254: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FPL24may0535 plasmid 3-3.
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Figure A.255: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FSW24may0512E12 plasmid 3v.
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Figure A.256: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292FSW24may0512E20 plasmid 2i.
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Figure A.257: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292MPL113 plasmid e.
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Figure A.258: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292MPL150 plasmid b.
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Figure A.259: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292MPL24may05113 plasmid e.
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Figure A.260: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292MPL24may05113e.
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Figure A.261: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292MPL24may05150 plasmid b.
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Figure A.262: Comparison of original (left) and PCA reconstruction (right) for sequence

Z292MPL24may05150b.
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APPENDIX B : EVM

Complete EVM Results for Morton et al. (2018)

Figure B.1: EVM imagery displaying the selected residues for sequence 03 CH40TF in

red.
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Figure B.2: EVM imagery displaying the selected residues for sequence 46 CH40M6 in

red.

Figure B.3: EVM imagery displaying the selected residues for sequence 47 CH58TF in

red.
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Figure B.4: EVM imagery displaying the selected residues for sequence 48 CH58M6 in

red.
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Figure B.5: EVM imagery displaying the selected residues for sequence 49 CH77TF in

red.

Figure B.6: EVM imagery displaying the selected residues for sequence 50 CH77M6 in

red.
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Figure B.7: EVM imagery displaying the selected residues for sequence 51 CH470TF in

red.

Figure B.8: EVM imagery displaying the selected residues for sequence 52 CH470M6 in

red.
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Figure B.9: EVM imagery displaying the selected residues for sequence 53 CH569TF in

red.

Figure B.10: EVM imagery displaying the selected residues for sequence 54 CH569M6 in

red.
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Figure B.11: EVM imagery displaying the selected residues for sequence 55 CH42TF in

red.

Figure B.12: EVM imagery displaying the selected residues for sequence 56 CH42M6 in

red.



191

Figure B.13: EVM imagery displaying the selected residues for sequence 57 CH236TF in

red.

Figure B.14: EVM imagery displaying the selected residues for sequence 58 CH236M6 in

red.
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Figure B.15: EVM imagery displaying the selected residues for sequence 59 CH850TF in

red.

Figure B.16: EVM imagery displaying the selected residues for sequence 60 CH850M6 in

red.
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Figure B.17: EVM imagery displaying the selected residues for sequence 61 CH264TF in

red.

Figure B.18: EVM imagery displaying the selected residues for sequence 62 CH264M6 in

red.
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Figure B.19: EVM imagery displaying the selected residues for sequence 63 CH164M6 in

red.

Figure B.20: EVM imagery displaying the selected residues for sequence 64 CH164TF in

red.
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Figure B.21: EVM imagery displaying the selected residues for sequence 3w.21dps in red.

Figure B.22: EVM imagery displaying the selected residues for sequence 1992.133-7 in

red.
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Figure B.23: EVM imagery displaying the selected residues for sequence 1993.153-10 in

red.

Figure B.24: EVM imagery displaying the selected residues for sequence 1993.159-4 in

red.
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Figure B.25: EVM imagery displaying the selected residues for sequence 1994.309-2 in

red.

Figure B.26: EVM imagery displaying the selected residues for sequence 1997.133-L-10

in red.
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Figure B.27: EVM imagery displaying the selected residues for sequence 1997.159-L-1 in

red.

Figure B.28: EVM imagery displaying the selected residues for sequence 1999.153-L-7 in

red.



199

Figure B.29: EVM imagery displaying the selected residues for sequence 2000.309-L-7 in

red.

Figure B.30: EVM imagery displaying the selected residues for sequence 2004.MM42-

d22 GN1 in red.
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Figure B.31: EVM imagery displaying the selected residues for sequence 2005.MM42-

d324 GN1 in red.

Figure B.32: EVM imagery displaying the selected residues for sequence 1985.H2 5 12E3

in red.
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Figure B.33: EVM imagery displaying the selected residues for sequence 1985.H5 4 in

red.

Figure B.34: EVM imagery displaying the selected residues for sequence 1986.H1 7 2D5

in red.
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Figure B.35: EVM imagery displaying the selected residues for sequence 1986.H4 007 -

1C11 in red.

Figure B.36: EVM imagery displaying the selected residues for sequence 1987.H3 12 7D5

in red.
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Figure B.37: EVM imagery displaying the selected residues for sequence 1995.H2 114 -

8F6 in red.

Figure B.38: EVM imagery displaying the selected residues for sequence 1996.H1 62 1A8

in red.
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Figure B.39: EVM imagery displaying the selected residues for sequence 1996.H5 75 -

7G12 in red.

Figure B.40: EVM imagery displaying the selected residues for sequence 1997.H3 110 -

8G7 in red.
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Figure B.41: EVM imagery displaying the selected residues for sequence 1998.H4 146 -

2H10 in red.

Figure B.42: EVM imagery displaying the selected residues for sequence BORI556 49 in

red.
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Figure B.43: EVM imagery displaying the selected residues for sequence HOBRd16 20 in

red.

Figure B.44: EVM imagery displaying the selected residues for sequence SUMA736 59 in

red.
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Figure B.45: EVM imagery displaying the selected residues for sequence 1990.BORId9 -

3F12 in red.

Figure B.46: EVM imagery displaying the selected residues for sequence 1990.WEAU-

d15 B2 in red.
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Figure B.47: EVM imagery displaying the selected residues for sequence 1991.HOBR-

0961 A21 in red.

Figure B.48: EVM imagery displaying the selected residues for sequence 1991.SUMAd4 -

A32 in red.
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Figure B.49: EVM imagery displaying the selected residues for sequence 1993.WEAU-

1166 39 in red.

EVM Selections

• 03 CH40TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 164 166 178 179 181 210 213 214

215 216 218 219 225 226 228 248 252 259 261 326 332 333 338 340 353 384 385

387 388 389 401 403 405 408 413 414 429 430 431 432 433 435 437 438 439 440

441 443 445

• 46 CH40M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 164 166 178 179 181 210 213 214

215 216 218 219 225 226 228 248 252 259 261 326 332 333 338 340 353 384 385

387 388 389 401 403 405 408 413 414 429 430 431 432 433 435 437 438 439 440

441 443 445

• 47 CH58TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 168 170 182 183 185 214 217 218
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Figure B.50: EVM imagery displaying the selected residues for sequence Z242MPL-

25JAN03PCR23ENV1.1-DT in red.

219 220 222 223 229 230 232 252 256 263 265 330 336 337 342 344 357 387 388

390 391 392 404 406 408 411 416 417 430 431 432 433 434 436 438 439 440 441

442 444 446

• 48 CH58M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 168 170 182 183 185 214 217 218

219 220 222 223 229 230 232 252 256 263 265 330 336 337 342 344 357 387 388

390 391 392 404 406 408 411 416 417 430 431 432 433 434 436 438 439 440 441

442 444 446

• 49 CH77TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 167 169 181 182 184 213 216 217

218 219 221 222 228 229 231 251 255 262 264 330 336 337 342 344 357 386 387

389 390 391 403 405 407 410 415 416 430 431 432 433 434 436 438 439 440 441

442 444 446
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• 50 CH77M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 167 169 181 182 184 213 216 217

218 219 221 222 228 229 231 251 255 262 264 330 336 337 342 344 357 386 387

389 390 391 403 405 407 410 415 416 430 431 432 433 434 436 438 439 440 441

442 444 446

• 51 CH470TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 256 260 267 269 339 345 346 351 353 366 398 399

401 402 403 415 417 419 422 427 428 444 445 446 447 448 450 452 453 454 455

456 458 460

• 52 CH470M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 256 260 267 269 339 345 346 351 353 366 398 399

401 402 403 415 417 419 422 427 428 444 445 446 447 448 450 452 453 454 455

456 458 460

• 53 CH569TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 161 163 175 176 178 207 210 211

212 213 215 216 222 223 225 245 249 256 258 323 329 330 335 337 350 377 378

380 381 382 394 396 398 401 406 407 421 422 423 424 425 427 429 430 431 432

433 435 437

• 54 CH569M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 161 163 175 176 178 207 210 211

212 213 215 216 222 223 225 245 249 256 258 323 329 330 335 337 350 377 378

380 381 382 394 396 398 401 406 407 421 422 423 424 425 427 429 430 431 432

433 435 437



212

• 55 CH42TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 171 173 185 186 188 217 220 221

222 223 225 226 232 233 235 255 259 266 268 334 340 341 346 348 361 395 396

398 399 400 412 414 416 419 424 425 441 442 443 444 445 447 449 450 451 452

453 455 457

• 56 CH42M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 171 173 185 186 188 217 220 221

222 223 225 226 232 233 235 255 259 266 268 334 340 341 346 348 361 395 396

398 399 400 412 414 416 419 424 425 441 442 443 444 445 447 449 450 451 452

453 455 457

• 57 CH236TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 181 183 195 196 198 227 230 231

232 233 235 236 242 243 245 265 269 276 278 344 350 351 356 358 371 403 404

406 407 408 420 422 424 427 432 433 450 451 452 453 454 456 458 459 460 461

462 464 466

• 58 CH236M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 181 183 195 196 198 227 230 231

232 233 235 236 242 243 245 265 269 276 278 344 350 351 356 358 371 403 404

406 407 408 420 422 424 427 432 433 450 451 452 453 454 456 458 459 460 461

462 464 466

• 59 CH850TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 171 173 185 186 188 217 220 221

222 223 225 226 232 233 235 255 259 266 268 334 340 341 346 348 361 388 389

391 392 393 405 407 409 412 417 418 431 432 433 434 435 437 439 440 441 442

443 445 447
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• 60 CH850M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 171 173 185 186 188 217 220 221

222 223 225 226 232 233 235 255 259 266 268 334 340 341 346 348 361 388 389

391 392 393 405 407 409 412 417 418 432 433 434 435 436 438 440 441 442 443

444 446 448

• 61 CH264TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 256 260 267 269 337 343 344 349 351 364 396 397

399 400 401 413 415 417 420 425 426 438 439 440 441 442 444 446 447 448 449

450 452 454

• 62 CH264M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 256 260 267 269 337 343 344 349 351 364 396 397

399 400 401 413 415 417 420 425 426 438 439 440 441 442 444 446 447 448 449

450 452 454

• 63 CH164M6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 165 167 179 180 182 211 214 215

216 217 219 220 226 227 229 249 253 260 262 328 334 335 340 342 355 388 389

391 392 393 405 407 409 412 417 418 432 433 434 435 436 438 440 441 442 443

444 446 448

• 64 CH164TF:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 165 167 179 180 182 211 214 215

216 217 219 220 226 227 229 249 253 260 262 328 334 335 340 342 355 388 389

391 392 393 405 407 409 412 417 418 432 433 434 435 436 438 440 441 442 443

444 446 448
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• 3w.21dps:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 173 175 187 188 190 219 222 223

224 225 227 228 234 235 237 257 261 268 270 336 342 343 348 350 363 395 396

398 399 400 412 414 416 419 424 425 440 441 442 443 444 446 448 449 450 451

452 454 456

• 1992.133-7:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 161 163 175 176 178 207 210 211

212 213 215 216 222 223 225 245 249 256 258 324 330 331 336 338 351 381 382

384 385 386 398 400 402 405 410 411 426 427 428 429 430 432 434 435 436 437

438 440 442

• 1993.153-10:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 162 164 176 177 179 208 211 212

213 214 216 217 223 224 226 246 250 257 259 326 332 333 338 340 353 389 390

392 393 394 406 408 410 413 418 419 434 435 436 437 438 440 442 443 444 445

446 448 450

• 1993.159-4:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 159 161 173 174 176 205 208 209

210 211 213 214 220 221 223 243 247 254 256 322 328 329 334 336 349 387 388

390 391 392 404 406 408 411 416 417 434 435 436 437 438 440 442 443 444 445

446 448 450

• 1994.309-2:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 169 171 183 184 186 215 218 219

220 221 223 224 230 231 233 253 257 264 266 332 338 339 344 346 359 391 392

394 395 396 408 410 412 415 420 421 436 437 438 439 440 442 444 445 446 447

448 450 452
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• 1997.133-L-10:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 255 259 266 268 334 340 341 346 348 361 397 398

400 401 402 414 416 418 421 426 427 441 442 443 444 445 447 449 450 451 452

453 455 457

• 1997.159-L-1:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 159 161 173 174 176 205 208 209

210 211 213 214 220 221 223 243 247 254 256 322 328 329 334 336 349 387 388

390 391 392 404 406 408 411 416 417 434 435 436 437 438 440 442 443 444 445

446 448 450

• 1999.153-L-7:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 162 164 176 177 179 208 211 212

213 214 216 217 223 224 226 246 250 257 259 325 331 332 337 339 352 383 384

386 387 388 400 402 404 407 412 413 428 429 430 431 432 434 436 437 438 439

440 442 444

• 2000.309-L-7:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 175 177 189 190 192 221 224 225

226 227 229 230 236 237 239 259 263 270 272 339 345 346 351 353 366 394 395

397 398 399 411 413 415 418 423 424 443 444 445 446 447 449 451 452 453 454

455 457 459

• 2004.MM42d22 GN1:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 166 168 180 181 183 212 215 216

217 218 220 221 227 228 230 250 254 261 263 328 334 335 340 342 355 381 382

384 385 386 398 400 402 405 410 411 427 428 429 430 431 433 435 436 437 438

439 441 443
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• 2005.MM42d324 GN1:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 166 168 180 181 183 212 215 216

217 218 220 221 227 228 230 250 254 261 263 328 334 335 340 342 355 381 382

384 385 386 398 400 402 405 410 411 427 428 429 430 431 433 435 436 437 438

439 441 443

• 1985.H2 5 12E3:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 169 171 183 184 186 215 218 219

220 221 223 224 230 231 233 253 257 264 266 332 338 339 344 346 359 395 396

398 399 400 412 414 416 419 424 425 441 442 443 444 445 447 449 450 451 452

453 455 457

• 1985.H5 4:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 166 168 180 181 183 212 215 216

217 218 220 221 227 228 230 250 254 261 263 329 335 336 341 343 356 386 387

389 390 391 403 405 407 410 415 416 431 432 433 434 435 437 439 440 441 442

443 445 447

• 1986.H1 7 2D5:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 164 166 178 179 181 210 213 214

215 216 218 219 225 226 228 248 252 259 261 327 333 334 339 341 354 386 387

389 390 391 403 405 407 410 415 416 434 435 436 437 438 440 442 443 444 445

446 448 450

• 1986.H4 007 1C11:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 166 168 180 181 183 212 215 216

217 218 220 221 227 228 230 250 254 261 263 329 335 336 341 343 356 388 389

391 392 393 405 407 409 412 417 418 431 432 433 434 435 437 439 440 441 442

443 445 447
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• 1987.H3 12 7D5:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 160 162 174 175 177 206 209 210

211 212 214 215 221 222 224 244 248 255 257 323 329 330 335 337 350 381 382

384 385 386 398 400 402 405 410 411 425 426 427 428 429 431 433 434 435 436

437 439 441

• 1995.H2 114 8F6:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 175 177 189 190 192 221 224 225

226 227 229 230 236 237 239 259 263 270 272 338 344 345 350 352 365 397 398

400 401 402 414 416 418 421 426 427 441 442 443 444 445 447 449 450 451 452

453 455 457

• 1996.H1 62 1A8:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 177 179 191 192 194 223 226 227

228 229 231 232 238 239 241 261 265 272 274 340 346 347 352 354 367 415 416

418 419 420 432 434 436 439 444 445 462 463 464 465 466 468 470 471 472 473

474 476 478

• 1996.H5 75 7G12:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 167 169 181 182 184 213 216 217

218 219 221 222 228 229 231 251 255 262 264 330 336 337 342 344 357 384 385

387 388 389 401 403 405 408 413 414 428 429 430 431 432 434 436 437 438 439

440 442 444

• 1997.H3 110 8G7:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 179 181 193 194 196 225 228 229

230 231 233 234 240 241 243 263 267 274 276 342 348 349 354 356 369 404 405

407 408 409 421 423 425 428 433 434 450 451 452 453 454 456 458 459 460 461

462 464 466
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• 1998.H4 146 2H10:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 170 172 184 185 187 216 219 220

221 222 224 225 231 232 234 254 258 265 267 334 340 341 346 348 361 393 394

396 397 398 410 412 414 417 422 423 438 439 440 441 442 444 446 447 448 449

450 452 454

• BORI556 49:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 167 169 181 182 184 213 216 217

218 219 221 222 228 229 231 251 255 262 264 331 337 338 343 345 358 398 399

401 402 403 415 417 419 422 427 428 443 444 445 446 447 449 451 452 453 454

455 457 459

• HOBRd16 20:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 168 170 182 183 185 214 217 218

219 220 222 223 229 230 232 252 256 263 265 332 338 339 344 346 359 392 393

395 396 397 409 411 413 416 421 422 437 438 439 440 441 443 445 446 447 448

449 451 453

• SUMA736 59:

15 19 32 58 63 65 66 69 73 81 90 91 92 93 94 168 170 182 183 185 214 217 218

219 220 222 223 229 230 232 252 256 263 265 331 337 338 343 345 358 392 393

395 396 397 409 411 413 416 421 422 439 440 441 442 443 445 447 448 449 450

451 453 455

• 1990.BORId9 3F12:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 175 177 189 190 192 221 224 225

226 227 229 230 236 237 239 259 263 270 272 339 345 346 351 353 366 405 406

408 409 410 422 424 426 429 434 435 450 451 452 453 454 456 458 459 460 461

462 464 466
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• 1990.WEAUd15 B2:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 256 260 267 269 337 343 344 349 351 364 396 397

399 400 401 413 415 417 420 425 426 441 442 443 444 445 447 449 450 451 452

453 455 457

• 1991.HOBR0961 A21:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 168 170 182 183 185 214 217 218

219 220 222 223 229 230 232 252 256 263 265 332 338 339 344 346 359 392 393

395 396 397 409 411 413 416 421 422 437 438 439 440 441 443 445 446 447 448

449 451 453

• 1991.SUMAd4 A32:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 169 171 183 184 186 215 218 219

220 221 223 224 230 231 233 253 257 264 266 332 338 339 344 346 359 393 394

396 397 398 410 412 414 417 422 423 440 441 442 443 444 446 448 449 450 451

452 454 456

• 1993.WEAU1166 39:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 172 174 186 187 189 218 221 222

223 224 226 227 233 234 236 256 260 267 269 337 343 344 349 351 364 396 397

399 400 401 413 415 417 420 425 426 440 441 442 443 444 446 448 449 450 451

452 454 456

• Z242MPL25JAN03PCR23ENV1.1-DT:

15 19 32 59 64 66 67 70 74 82 91 92 93 94 95 166 168 180 181 183 212 215 216

217 218 220 221 227 228 230 249 253 260 262 327 333 334 339 341 354 378 379

381 382 383 395 397 399 402 407 408 421 422 423 424 425 427 429 430 431 432

433 435 437
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Figure B.51: EVM imagery displaying the selected residues for sequence R56MCF21aug-

0511 plasmid 1v in red.

Complete EVM Results for Morton et al. (2019)
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Figure B.52: EVM imagery displaying the selected residues for sequence R56MPL21apr-

05C5 plasmid 6-4 in red.

Figure B.53: EVM imagery displaying the selected residues for sequence Z153FPB-

13MAR02ENV1.1 in red.
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Figure B.54: EVM imagery displaying the selected residues for sequence Z153FPL-

13MAR02ENV6.1 in red.

Figure B.55: EVM imagery displaying the selected residues for sequence Z185MPB-

17AUG02ENV1.2 in red.
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Figure B.56: EVM imagery displaying the selected residues for sequence Z185MPB-

17AUG02ENVB17 in red.

Figure B.57: EVM imagery displaying the selected residues for sequence Z201FCF-

07feb03DNA13C18 in red.
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Figure B.58: EVM imagery displaying the selected residues for sequence Z201FPL-

7FEB03ENV2.1 in red.

Figure B.59: EVM imagery displaying the selected residues for sequence Z205MPB-

27MAR03ENV6.1 in red.
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Figure B.60: EVM imagery displaying the selected residues for sequence Z205MPB-

27MAR03ENV9.1 in red.

Figure B.61: EVM imagery displaying the selected residues for sequence Z216FPB98 -

plasmid e in red.
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Figure B.62: EVM imagery displaying the selected residues for sequence Z216FPL-

17jan0485f in red.

Figure B.63: EVM imagery displaying the selected residues for sequence Z221FPL55 -

plasmid 6-2 in red.
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Figure B.64: EVM imagery displaying the selected residues for sequence Z221FPL-

7MAR03ENV2.3 in red.

Figure B.65: EVM imagery displaying the selected residues for sequence Z238FCF-

29oct0215A39 in red.
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Figure B.66: EVM imagery displaying the selected residues for sequence Z238FSW-

29oct0215A6v in red.

Figure B.67: EVM imagery displaying the selected residues for sequence Z242MPL-

25JAN03PCR23ENV1.1-DT in red.
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Figure B.68: EVM imagery displaying the selected residues for sequence Z242MPL26 -

plasmid in red.

EVM Selections

• R56MCF21aug0511 plasmid 1v:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 161 163 176 178 207 211 212 213

215 216 222 223 225 235 245 249 256 258 330 331 336 338 378 381 383 397 399

402 407 423 424 425 426 427 429 431 432 434 435 437 439

• R56MPL21apr05C5 plasmid 6-4:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 166 168 181 183 212 216 217 218

220 221 227 228 230 240 250 254 261 263 335 336 341 343 378 381 383 397 399

402 407 422 423 424 425 426 428 430 431 433 434 436 438

• Z153FPB13MAR02ENV1.1:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 161 163 176 178 207 211 212 213

215 216 222 223 225 235 245 249 256 258 331 332 337 339 376 379 381 395 397

400 405 418 419 420 421 422 424 426 427 429 430 432 434



230

Figure B.69: EVM imagery displaying the selected residues for sequence Z292FCF-

24may0512D18 plasmid 4i in red.

Figure B.70: EVM imagery displaying the selected residues for sequence Z292FCF-

24may0512E26 plasmid 10iv in red.
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• Z153FPL13MAR02ENV6.1:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 161 163 176 178 207 211 212 213

215 216 222 223 225 235 245 249 256 258 329 330 335 337 374 377 379 393 395

398 403 421 422 423 424 425 427 429 430 432 433 435 437

• Z185MPB17AUG02ENV1.2:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 165 167 180 182 211 215 216 217

219 220 226 227 229 239 249 253 260 262 334 335 340 342 386 389 391 405 407

410 415 431 432 433 434 435 437 439 440 442 443 445 447

• Z185MPB17AUG02ENVB17:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 165 167 180 182 211 215 216 217

219 220 226 227 229 239 249 253 260 262 334 335 340 342 384 387 389 403 405

408 413 426 427 428 429 430 432 434 435 437 438 440 442

• Z201FCF07feb03DNA13C18:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 174 176 189 191 220 224 225 226

228 229 235 236 238 248 258 262 269 271 343 344 349 351 395 398 400 414 416

419 424 437 438 439 440 441 443 445 446 448 449 451 453

• Z201FPL7FEB03ENV2.1:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 174 176 189 191 220 224 225 226

228 229 235 236 238 248 258 262 269 271 343 344 349 351 395 398 400 414 416

419 424 437 438 439 440 441 443 445 446 448 449 451 453

• Z205MPB27MAR03ENV6.1:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 172 174 187 189 218 222 223 224

226 227 233 234 236 246 256 260 267 269 341 342 347 349 389 392 394 408 410

413 418 433 434 435 436 437 439 441 442 444 445 447 449
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• Z205MPB27MAR03ENV9.1:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 172 174 187 189 219 223 224 225

227 228 234 235 237 247 257 261 268 270 342 343 348 350 387 390 392 406 408

411 416 431 432 433 434 435 437 439 440 442 443 445 447

• Z216FPB98 plasmid e:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 169 171 184 186 215 219 220 221

223 224 230 231 233 243 253 257 264 266 339 340 345 347 393 396 398 412 414

417 422 439 440 441 442 443 445 447 448 450 451 453 455

• Z216FPL17jan0485f:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 164 166 179 181 210 214 215 216

218 219 225 226 228 238 248 252 259 261 333 334 339 341 383 386 388 402 404

407 412 426 427 428 429 430 432 434 435 437 438 440 442

• Z221FPL55 plasmid 6-2:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 186 188 201 203 232 236 237 238

240 241 247 248 250 260 270 274 281 283 354 355 360 362 406 409 411 425 427

430 435 453 454 455 456 457 459 461 462 464 465 467 469

• Z221FPL7MAR03ENV2.3:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 173 175 188 190 219 223 224 225

227 228 234 235 237 247 257 261 268 270 342 343 348 350 394 397 399 413 415

418 423 439 440 441 442 443 445 447 448 450 451 453 455

• Z238FCF29oct0215A39:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 163 165 178 180 209 213 214 215

217 218 224 225 227 237 247 251 258 260 332 333 338 340 379 382 384 398 400

403 408 425 426 427 428 429 431 433 434 436 437 439 441
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• Z238FSW29oct0215A6v:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 163 165 178 180 209 213 214 215

217 218 224 225 227 237 247 251 258 260 332 333 338 340 388 391 393 407 409

412 417 436 437 438 439 440 442 444 445 447 448 450 452

• Z242MPL25JAN03PCR23ENV1.1-DT:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 166 168 181 183 212 216 217 218

220 221 227 228 230 239 249 253 260 262 333 334 339 341 378 381 383 397 399

402 407 421 422 423 424 425 427 429 430 432 433 435 437

• Z242MPL26 plasmid:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 166 168 181 183 212 216 217 218

220 221 227 228 230 239 249 253 260 262 333 334 339 341 378 381 383 397 399

402 407 421 422 423 424 425 427 429 430 432 433 435 437

• Z292FCF24may0512D18 plasmid 4i:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 172 174 187 189 218 222 223 224

226 227 233 234 236 246 256 260 267 269 342 343 348 350 394 397 399 413 415

418 423 438 439 440 441 442 444 446 447 449 450 452 454

• Z292FCF24may0512E26 plasmid 10iv:

15 17 19 32 59 64 66 67 70 74 82 91 92 93 94 170 172 185 187 216 220 221 222

224 225 231 232 234 244 254 258 265 267 340 341 346 348 393 396 398 412 414

417 422 437 438 439 440 441 443 445 446 448 449 451 453
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APPENDIX C : BINDING ENERGIES

Experiment 2 of Unpublished Works

Table C.1: Experiment 2 is a duplication of the procedures used to produce results for Table

4.12 (top) to validate methods.

WITO.33 ID#4164 TRO.11 ID#4654 CAAN.A2 ID#1839 6535.3 ID#5021

Mab Specificity pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4 pH5.5 pH7.4

VRC01 CD4bs 0.38 0.41 1.09 1.74 1.41 3.95 4.37 6.55

3BNC117 CD4bs N/A N/A 0.08 0.15 0.74 2.42 N/A >25

CH31 CD4bs 0.23 0.19 0.14 0.44 11.31 >25 >25 >25

CH01 V2/V3/Glycan 0.17 0.14 >25 >25 >25 >25 3.46 3.7

PG9 V2/V3/Glycan 0.05 0.03 >5 >5 >5 >5 1.35 0.95

PG16 V2/V3/Glycan 0.02 0.01 >5 3.96 >5 >5 >5 >5

PGT121 N332 Glycan >5 4.19 0.06 0.09 0.05 0.08 0.06 0.04

PGT128 N332 Glycan >5 >5 0.10 0.06 0.87 0.63 0.07 0.04

IgG1b12 CD4bs >25 >25 >25 >25 >25 >25 >25 15.11

2G12 Glycan 2.94 3.04 0.38 0.41 >25 >25 8.27 13.25

2F5 MPER 2.13 6.35 >25 >25 >25 >25 17.68 >25

4E10 MPER 5.92 9.28 11.58 7.68 >25 >25 >25 12.83

10E8 0.67 0.71 0.83 0.26 >5 >5 >5 2.64

HIVIG-C Polyclonal >625 541.19 110.98 111.15 173.68 310.23 74.99 81.44

Vir. dilution undiluted diluted 1:8 diluted 1:10 undiluted

VCTRL 95K 150K 30K 71K 33K 55K 60K 100K
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