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ABSTRACT

Though Human Immunodeficiency Virus has been studied for several decades, a consis-
tently effective vaccine has not yet been produced. While most experimental and compu-
tational work in this area has been performed under slightly basic conditions (eg. blood/-
plasma), the viral transmission event generally occurs at the highly acidic mucosa. Since
pH can greatly affect protein structure, it likely affects epitope exposure to either inhibit or
facilitate transmission. In this thesis, a pipeline for analyzing the pH sensitivity of protein-
protein interactions is applied to the transmission critical interaction between the HIV gp120
and host CD4 proteins. The interaction between gp120 and CD4 is shown to be stronger
at low pH for all strains tested, which is consistent with previous work and supports the
accuracy of the introduced pipeline. Also, early transmitted founder (TF) strains generally
bind CD4 better at low pH and are more pH sensitive than systemically circulating chronic

control (CC) strains.
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CHAPTER L.
INTRODUCTION

More than thirty years after the discovery of Acquired Immune Deficiency Syndrome
(AIDS), there is still no vaccine against the Human Immunodeficiency Virus (HIV) that
causes the disease. While antiretroviral therapies are quite effective at reducing the trans-
mission rate of HIV [40, 1], economic and social challenges [41], as well as a need for
extremely high adherence to treatment [11] prevent this from being a universally viable
option; vaccines would provide a much simpler and direct means of preventing the spread
of HIV [29].

HIV has a very high mutation rate, so antigenic regions which are targeted by antibodies
vary greatly across HIV virions within a single host. Most vaccine research has focused on
inducing broadly neutralizing antibodies (bnAbs). However, bnAbs are only produced by
a small fraction of individuals infected with HIV, and the production of these antibodies
only occurs after chronic infection [36]. The bnAbs are able to target regions of the virus
that must be conserved due to functional requirements [10], most of which are found on
the gp120 extracellular subunit of the envelope protein (Env) that is responsible for binding
CD4 on the surface of T-Cells to begin infection [62]. This indicates that the CD4 binding
region of Env is very important for vaccine production, since the virus must conserve this
region to maintain its ability to infect [10].

Vaccines have been produced from Env fragments that have been computationally
optimized to invoke the production of bnAbs [22]; results from these vaccines have varied
from successful [7] to unsuccessful [35]. A possible explanation for this inconsistency is
that the bnAbs are isolated from the blood, which has a slightly basic pH, while HIV is
transmitted at the mucosa, which is highly acidic. Since protein structure and protein-protein
interactions are typically affected by pH, it is likely that the structure of Env and its affinity

for other proteins, such as CD4 and bnAbs, are altered. It has been shown that gp120,



the subunit of Env that interacts with CD4, binds CD4 better under acidic conditions [55].
This indicates that HIV is better able to bind its target and begin infection under lower pH
conditions. Additionally, since HIV mutates rapidly within the host, the strains in a chronic
infection, so called chronic control (CC) strains, will likely have adapted to the systemic
pH, and will be less efficient at binding CD4 under acidic conditions when compared to
transmitted founder (TF) strains. Consequently, the bnAbs produced in chronically infected
individuals are less likely to neutralize HIV transmission at the mucosa. Therefore, it is
important to study gp120-CD4 binding under mucosal pH because this conserved interaction
is an important target for vaccine production.

The large variation in gp120 sequence across HIV strains makes experimental studies
prohibitive, but computational modeling can aid in filling this gap in a predictive capacity.
In order to model the large number of sequences in this dataset, a pipeline must be able to
create fast, accurate models of Env and the Env-CD4 interaction. It also must be able to
incorporate environmental permutations, such as pH and salinity, so that their effects can be
evaluated. Lastly, the pipeline must robustly incorporate potential structural rearrangements
because entropic factors contribute to the stability of particular conformations, which affects
the stability of an interaction.

In this thesis, a dataset of TF and CC pairs, which spans HIV clades B and C, was
used to test several hypotheses. It was predicted that the Env-CD4 interaction would be
strongest at low, mucosal level pH. It was also predicted that the Env protein from TF strains
would bind CD4 better under low, mucosal level pH when compared to CC strains, and that
this interaction would be more pH sensitive in TF strains. To test these hypotheses, a new
pipeline was constructed that has all of the aforementioned necessary components.

The data gained from the pipeline was used to elucidate potential mechanisms responsible
for differences between HIV classes. Key structural motifs were identified which have

implications for future study of Env-CD4 and Env-antibody interactions.



CHAPTERII.
BACKGROUND

HIV Env Protein Structure

The HIV envelope protein (Env) (Figure 1A) is a non-covalently linked homotrimer
of heterodimers [38]. Each heterodimer consists of the transmembrane glycoprotein gp41
and the surface glycoprotein gp120 [24]. The gp120 subunit contains 5 conserved (C1-C5)
and 5 hypervariable (V1-V5) regions [32]. The gp120 surface that composes the interface
between gp120 and its target receptor CD4 is large, 800A2, and it contains a highly variable
280A3 cavity that does not interact with CD4 as well as a highly conserved 150A3 cavity
that is required for CD4 binding.

HIV Env Protein and Infection

Env is responsible for target cell recognition and initiating fusion. It is first involved in
target cell adhesion; this can be a specific [52] or non-specific [24, 32] interaction with cell
attachment factors on the surface of the target cell. While these attachment factors are not

essential, they likely bring Env close to CD4 for the required Env CD4 binding event [60].

A.Env B. CD4 Binding C. Coreceptor Binding D. Membrane Fusion

HIV
2 Membrane %

gpl20

Coreceptor
(CCR5/CXCR4)

Host Cell Membrane

Two Env Complexes

Figure 1: HIV Binding and Entry. A) HIV Env consists of gp120 and gp41. B) gp120 binds
CD4 on the host cell. C) This triggers a conformational change that allows for coreceptor
binding. D) This initiates membrane fusion.



When Env binds CD4 (Figure 1B) through the conserved CD4 binding site on gp120,
Phe43 of CD4 blocks the entrance of the 150A3 cavity of the CD4 binding site; this is
critical for this interaction to occur [47]. Env binding CD4 leads to rearrangements in the
V1/V2 loop as well as V3, along with a shift in a 4 -strand bridging sheet [14, 60].

These shifts in gp120 structure induced by binding to CD4 enable gp120 to bind a
coreceptor (Figure 1C), which appears to nearly always be CCRS or CXCR4 [4, 47]. The
coreceptor interaction induces the exposure of the hydrophobic gp41 fusion peptide, which
inserts into the host membrane and forms a fusion pore (Figure 1D), which facilitates the
delivery of the viral contents into the host cell cytoplasm [60].

HIV Vaccine

Binding to CD4 and the coreceptor is necessary for infection, so both the CD4 binding
site and the coreceptor binding site of gp120 must maintain conserved regions. This makes
these regions strong candidates for epitopes to include in a vaccine. However, the coreceptor
binding site does not fully form until CD4 binds gp120, so the coreceptor binding site is
protected from neutralization [24]. This makes the CD4 binding site a stronger candidate
for effective vaccine production. To further support this, the most abundant bnAbs target the
gp120 CD4 binding site to inhibit the interaction between Env and CD4 [62].

While production of bnAbs is a primary goal of an HIV vaccine, bnAbs are typically
specific to the founder strain and occur in only approximately 20% of infected individuals
after chronic infection [36]. Additionally, the maturation process of the bnAbs seems much
more complex than typical antibody production; gp120-bnAbs targeting the CD4 binding
site accumulate 40 to 46% changes in the variable domain-amino acid sequence during
affinity maturation, which is much larger than the typical 5 to 15% mutation rate in this
region [61]. This is likely due to the highly variable exposed region accompanied by the

generally shielded conserved regions of the gp120 peptide [44].



To overcome this problem, composite peptides computationally optimized to contain
the maximum number of epitopes from a set of viral proteins were produced to create a
vaccine to effectively induce the production of bnAbs [22]. This approach had success in
protecting rthesus monkeys from difficult-to-neutralize simian-human immunodeficiency
virus SHIV-SF162P3 [7]; however, this approach was generally unsuccessful in the RV 144
Thai HIV-1 vaccine efficacy trial [35].

A possible explanation for this inconsistency is that the isolated bnAbs come from
the slightly basic blood, while HIV transmission occurs at the very acidic mucosa. This
difference in environment would likely alter the surface chemistry and the epitope exposure
of gp120. Indeed, it has been shown that the surface conformation of gp120 is affected by
pH, and that gp120 binds CD4 better under acidic environments [55]. Consequently, a better
understanding of the Env-CD4 interaction under mucosal acidity would likely be useful in
determining effective epitopes for vaccine production.

Transmitted Founders and Chronic Controls

In most clinical HIV infections, a single TF virion is responsible for the transmission
event [28]. TF viruses share common traits that distinguish them from chronic control (CC)
strains, and these traits likely enhance TF virus fitness for crossing the mucosal barrier
and promoting productive initial infection [45]. TF strains have a higher ENV content,
which likely contributes to their increased virulence; while a particular mechanism was not
determined, TF virions bind dendritic cells more efficiently and are more resistant to IFN-o
[45]. Since TF virions are typically transmitted at acidic mucosa, it is expected that TF
strains are better adapted for transmission at low pH relative to CC strains.

B Clade and C Clade

Clades B and C are subgroups of the HIV-1 group major [56]. Clade C is the most
prevalent clade of HIV globally, and is the most common in China, India, and Africa,

while clade B is most prevalent in America and Europe [3]. Clade C is less virulent [3],



which causes a slower progression and a longer asymptomatic period; this increases the
opportunities for transmission [49].

Previous gp120-CD4 Modeling

The gp120 protein and the gp120-CD4 interaction were previously modeled using several
solved gp120 structures [55]. In that study, partial atomic charges and protonation states
were calculated across pH and salinity ranges using the PDB2PQR framework [17] and the
PROPKA3.0 [42] program, respectively; the APBS [5] tool was used to determine surface
charges. It was found that the surface potentials of the CD4 protein and the CD4 binding
site of gp120 complemented one another at low pH.

The use of crystal structures allowed for calculating the effect of pH on the surface
of an actual solved structure; it also eliminated the need for computationally predicting
structures. However, this greatly limited the number of sequences that could be compared
because each sequence required a solved crystal structure. Additionally, comparisons
between conformations and ligand interactions were between different solved structures
from different sequences. This makes it more difficult to draw conclusions from comparisons
between a complex and an unbound conformation at a given pH.

The surface charge calculations from the previous modeling method [55] provided a
broad potential mechanism for increased CD4 binding at low pH. However, the effect of
these changes in surface charge on CD4 binding was not quantified.

Overcoming Previous Limitations

The limitations from using only crystal structures could be overcome by computationally
producing accurate structures from available gp120 sequences. One available tool that can
help achieve this goal is MODELLER [51], which aligns a protein sequence to a template
structure to quickly produce a model for the protein sequence [19]. Another helpful tool is
FRODAN, which is a computationally inexpensive tool that uses geometric targeting to shift

the conformation of an input model towards the conformation of a target model [21]. These



tools require target structures to which they align the input data. There are several solved
gp120 structures, such as IRZK [26] and 2B4C [25], but all models have CD4, an antibody,
or both bound. The only unbound model available is 2BF1, which is the SIV gp120 subunit
[13]. While there are differences in the protein sequence, this structure does provide a loose
template for unbound structural alignments with HIV gp120.

APBS [5] can be used to directly calculate the electrostatic contribution to the binding
energy, AG, of the gp120-CD4 complex based upon solvation energy calculations. This will
reveal the quantitative effect pH has on the gp120-CD4 interaction. This will also provide
the ability to measure entropic factors based upon the solvation energy difference between
the bound and unbound conformations. Conveniently, performing these calculations also
produces the data necessary for determining surface potential, so it can be compared between

the generated models as well.



CHAPTER III.
METHODS

gp120 Sequences

One TF sequence and one CC sequence were analyzed from each of 24 individuals.
Of these 24 pairs of sequences, 18 pairs were B clade sequences, and 6 were C clade
sequences. TF sequences were defined as sequences collected within the first 6 months of
infection, while CC sequences were collected after this initial period. Sequence information
is provided in Appendix A.

Pipeline Configuration and Automation

Bash, Python, and R [48] scripts were used to automate the modeling and analysis of all
sequences within the dataset. The scripts were designed to provide sequences and target
structures to the initial modeling step (Figure 2A), and then to progress through the pipeline
(Figure 2B-G) by processing the output from the current step and providing it to the next
step. This pipeline is easily applicable to modeling the effect of pH and salinity for other
protein-protein interactions as well.

Sequences were evenly distributed among 4 rack mounted DELL R815 servers, each
containing 4 16-core 2.3GHz AMD Opteron processors, 512GB of RAM, and utilizing
RedHat Enterprise Linux 6.5 OS. Each server processed a single sequence completely before
beginning with the next sequence. PDB2PQR [18, 17] and APBS [5] steps were ran as 8
parallel jobs to increase throughput. APBS [5] was allowed 8 cores per job.

Homology Models

The analyzed sequences do not have solved structures, so modeling was required to
create structural data to analyze. MODELLER [51] was used with a pre-constructed set
of seven template gp120 structures to produce a set of homology models (Figure 2A). The
structures used were 1G9M [31], 1IRZK [26], 2B4C [25], 2NY7 [63], 3JWD [43], 3JWO

[43], and 3LQA [16]. Ten homology models were produced for each tested sequence. This



provides ten repetitions per model to account for natural structural variations in the flexible
V regions.

Models of Bound and Unbound gp120 and the gp120-CD4 Complex

To determine the binding energy of the complex, the electrostatic energy from the
complex and from the individual components of the complex must be determined, so models
for these structures needed to be produced. Each homology model was processed to produce
a model in the bound and unbound conformations as well as a model of the gp120-CD4
complex. FRODAN is needed to correct deviations in the core structure of the models,
which commonly occur in protein models produced by MODELLER [46]. It is also needed
for producing unbound models because the only available solved unbound target structure
is 2BF1 [13], and MODELLER cannot produce an accurate model from a single example.
Lastly, FRODAN allows for the accurate docking of CD4 to gp120 to form the complex
structure with the produced models.

To produce the unbound conformation gp120 model, first the MODELLER [51] salign
tool was used to align the 2BF1 unbound simian gp120 structure [13] to the coordinates
of the gp120 model from the produced complex; then the FRODAN [21] tool was used to
shift the conformation of the bound gp120 model towards the aligned 2BF1 conformation to
produce the required unbound gp120 model (Figure 2B). The VMD [27] translate feature
was used to separate CD4 and gp120 from the solved complex structure 1RZK, which is
a crystal structure of a CD4 bound gp120 [26]. This file was split into a separate file for
each chain. The MODELLER [51] salign tool was used to align every unbound homology
model from Figure 2B to the coordinates of the IRZK gp120 chain; this model is used as
free unbound gp120 in later steps.

The newly aligned chain was concatenated with the separated CD4 chain PDB file that
was created when splitting the 1RZK PDB file; this creates a file with CD4 and the new

model of gp120 in a reasonable proximity to simulate binding. The FRODAN [21] tool uses
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this concatenated file as the initial structure and the original 1RZK PDB file as the target
structure to produce the gp120-CD4 complex with the new gp120 model (Figure 2D). The
1RZK structure is the perfect target for making the complex, because it is an actual solved
CD4 bound gp120 complex [26]. The resulting complex file was used to create separate
files for the gp120 and CD4 chains in the same conformation and position as in the complex.
This created the required CD4 and bound conformation gp120 models.

Atomic Charges and Protonation States

Charge and protonation data are required for the electrostatic energy calculations, so the
models needed to be converted to PQR format. For all models, PQR files were generated
over the tested pH range for CD4, the gp120-CD4 complex, and gp120 in both the bound
and unbound conformations (Figure 2E). The tested pH range was from 3 to 9 in increments
of 0.1. For each model/pH combination, PQR files were produced using PDB2PQR 2.0.0
[18, 17], which used PROPKA 3.0 [42, 54] to determine the partial atomic charges and
protonation states (Figure 2E).

Binding Energy

Electrostatic energy for each structure was calculated for all of the PQR files by using
APBS 1.4 [5] to solve the full non-linear Poisson-Boltzmann equation (Figure 2F). For
each set, the number of grid points, coarse mesh lengths, fine mesh lengths, and known
center were calculated using the APBS [5] psize tool with the gp120-CD4 complex PQR
file from the set; the APBS [5] calculation used these values for all molecules within the
corresponding set. The counter ion (e.g. NaCl) concentration was set to 0.155M for ions
with a +1 charge and for ions with a -1 charge. The calculations were carried out using
water as the solvent and 310K as the system energy. Surface potential data were saved in
DX format for each molecule within a set at whole number pH values to conserve space, as
each DX file consumed approximately 150MB of disk space. Total data usage is described

in Results.
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Binding energies were calculated in two ways. The bound form binding energy was
calculated by subtracting the electrostatic energies of both the CD4 molecule and the bound
conformation of gp120 from the electrostatic energy of the gp120-CD4 complex at a given
pH. The unbound form binding energy was calculated by subtracting the electrostatic
energies of both the CD4 molecule and the unbound conformation of gp120 from the
electrostatic energy of the gp120-CD4 complex at a given pH. Additionally, the difference
between these two binding energies were calculated by subtracting the unbound binding
energy from the bound binding energy within a particular set.

Binding energy sensitivity was determined as the binding energy at low-pH (3.5, 3.6,
3.7,3.8,3.9,4.0,4.1,4.2,4.3,4.4, and 4.5) subtracted from the binding energy at high-pH
(7.0,7.1,7.2,7.3,7.4,7.5,7.6,7.7,7.8,7.9, and 8.0, respectively).This produces 11 binding
energy sensitivity values for each of the 10 models within each sequence.

Individual sequence sensitivity was determined by pooling the 11 sensitivities from all
10 models within a sequence and creating a boxplot from these values. Group sensitivity was
determined by finding the median sensitivity across the 10 models within each sequence;
this produced 11 median sensitivity values for each sequence. These sensitivity values were
pooled with the sensitivity values from all sequences within the group, and a boxplot was
created from these pooled values.

Charge Density

Whole molecule charge density was calculated as the sum of all charges determined
by APBS divided by the total solvent accessible surface area, which was determined using
VMD [27]. The median charge density was determined within each group at pH 4, 5, 7, and
8.

Residue specific charge density was calculated as the sum of all charges determined

by APBS that were on the surface of the residue, divided by the solvent accessible surface
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area of the residue. VMD [27] was used to assign electrostatic charge coordinates to
corresponding residues and to determine the solvent accessible surface area of each residue.

To determine pH sensitivity of whole molecule charge density, first charge density
differences were determined by subtracting the unbound charge density from the bound
charge density at each pH value. These charge density differences were directly compared.
The sensitivity was calculated as this value at pH 4 subtracted from this value at pH 7, this
value at pH 5 subtracted from this value at pH 8, or the average of these two sensitivities.

Data Analysis

All data analysis and plotting was performed in R 3.2.4 [48]. Box plots were created
using the included boxplot function with notches enabled to automatically calculate a 95%
confidence interval utilizing the method shown in [12]. The included Wilcoxon signed rank
test was used to determine all confidence intervals. The included plot and matplot functions
were used for all other plotting.

K Nearest Neighbor Model Fitting

A K nearest neighbors algorithm was used to determine the distance to the 100 closest
coordinates in each generated model from each coordinate in the IRZK [26] template model.
The accuracy of each K value from 1 to 100, inclusive, was tested. The contributing charge
of each point was determined as the charge of the generated model coordinate divided by
the distance squared. The median of contributing charges 1 through K was assigned to the
template coordinate. The distribution of charges on the fitted template model was compared
to the distribution of the charges on the generated model using the KolmogorovSmirnov
statistic. This statistic was determined for all models and compared across K values from 1
to 100, inclusive.

Sequence Alignment

Clustal Omega [53, 23, 39] was used to align all sequences. TeXshade [8] was used to

format the alignment for publication and to highlight regions of consensus and similarity.
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Sequence Alignment Based Model Fitting

Within each group tested, charges were assigned to alignment positions in two ways.
The first way ignored gaps when assigning charge values to each position. Within each
group, the median of the residue specific pH sensitivity of charge density from all residues
at each position was found and assigned to the corresponding position; if no residues were
present at the position within the group, then a value of 0 was assigned. The other method
assigned a charge of zero to every gap in the alignment, so that gaps would contribute to the
median charge determined at each position.

Groups were compared by subtracting each assigned value from the corresponding value
in the other group. The top 1% of residues were identified as residues that had an absolute
sensitivity difference larger than 1% of the absolute sum of residue sensitivity differences in
a given comparison.

Mapping Sequences to Structures

The top residues identified in the alignment based model fitting were mapped onto one of
the model structures produced for the EU744010 sequence in this study. This sequence was
chosen because it was the longest sequence analyzed, so it covered the largest percentage of
the alignment. To visualize sensitivity, calculated residue sensitivity values were inserted
into the temperature factor column of the EU744010 PDB file. VMD [27] was used to
visualize the PDB files. The Surf drawing method was used for the entire protein. The
identified sensitive residues were colored using the Beta coloring method, which visualizes
the temperature factor of the PDB file. The remaining residues were set to color ID 8 (white),
and the material was set to Opaque for the first image; it was changed to Transparent for the

second. The included snapshot tool was used to capture the images.
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Figure 2: Pipeline for calculating and analyzing the pH sensitivity of the interaction between
gpl120 and CD4. A) MODELLER [51] is used to produce a model set from a gp120
sequence and several template structures. B) FRODAN [21] was used to shift the new
separated complex model toward the conformation of the SIV 2BF1 unbound structure
[13]. The model produced is used as the unbound gp120 structure in later steps. C) The
chains from the solved 1RZK gp120-CD4 complex were separated using VMD [27]. The
models produced in (2B) are aligned to the coordinates of the separated gp120 chain, and
the conformation is shifted towards the bound conformation. D) The CD4 structure is added
to the bound conformation and FRODAN [21] is used to shift these separated chains towards
the IRZK gp120-CD4 complex. E) PDB2PQR [18, 17] and PROPKA [42, 54] are used to
produce PQR files from the bound complex model, CD4, the bound gp120 chain, and the
unbound gp120 chain. This is determined across a range of pH values from 3 to 9, inclusive,
in increments of 0.1. F) APBS [5] is used to determine the electrostatic surface potential
of each model, as well as the binding energy of the complex. The electrostatic surface
potential was used to calculate whole molecule charge density data. G) Electrostatic data
and a Clustal Omega [53, 23, 39] sequence alignment were used to identify residues that
potentially contribute to pH sensitivity.
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CHAPTER IV.
RESULTS

Pipeline Throughput

An automated pipeline was successfully constructed for modeling pH sensitivity of a
protein-protein interaction given a set of sequences to model and the required structural
templates. In this work, each of the 48 sequences were used to create 10 sets of a bound
conformation model, an unbound conformation model, and a complex model; each of these
model sets was analyzed at 61 different pH values to determine the effect of pH on residue
and molecule specific electrostatic data, as well as the binding energy of the complex.
Each of the 4 machines in the cluster modeled and analyzed 12 of the 48 sequences. All
models were produced within approximately 3 hours; the electrostatic and binding energy
calculations were then completed within 3 weeks. With a total run time of 3 weeks using
256 cores, these calculations used approximately 130,000 CPU hours.

Electrostatic surface potential DX files were the largest use of space. Each DX file
was approximately 150MB, and each model produced 4 DX files at each of 7 distinct pH
values; therefore, each model consumed approximately 4.1GB of surface potential data.
With 10 models per sequence and 48 sequences, 13,440 DX files were created and stored;
this consumed approximately 1.9TB of surface potential data. All other generated files
consumed a total of approximately 300GB, which increased the total usage to approximately
2.2TB of space.

Charge Sensitivity

Whole molecule charge density was used to compare pH sensitivity between TF and
CC strains at pH values 4, 5, 7, and 8; the largest difference in charge was found when
comparing pH 5 to pH 8, and pH 4 was the only pH at which TF and CC differed (Figure
3A). This result was very consistent within B clade (Figure 3B). However, TF strains were

found to be more positive at pH 4, 5, and 7 within C clade (Figure 3C).
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Charge pH sensitivity was calculated as the difference in charge density between high
and low pH values. TF and CC strains were compared by the difference between pH 4 and 7
(Figure 4A), pH 5 and 8 (Figure 4B), and the average of the two intervals (Figure 4C). CC
strains were found to be more sensitive than TF strains when using the pH 4 and 7 interval
and the average of the intervals (Figures 4C & 4A). This was consistent within B clade
(Figures 4D & 4F), but no significant differences were found within C clade (Figures 4G,
4H & 41).

Clade B was more positive than clade C at all pH values tested; as with classes TF and
CC, the largest difference in charge was found when comparing pH 5 to pH 8 (Figure 5A).
This was consistent within classes TF (Figure 5B) and CC (Figure 5C).

B and C clades were compared by the difference between pH 4 and 7 (Figure 6A), pH
5 and 8 (Figure 6B), and the average of the two intervals (Figure 6C). B was significantly
more positive under all of these conditions. This was consistent within all but the pH 5 and

8 difference in classes TF (Figures 6D, 6E & 6F), and CC (Figures 6G, 6H & 6I).
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Figure 3: TF vs CC Charge Density Over pH. The difference in charge density between the
bound and unbound conformations of gp120 was calculated at pH 4, 5, 7, and 8. TF and CC
were compared overall (A), and within each clade (B & C)
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of the previous two calculations (C, F & I). TF and CC were compared overall (A-C), and
within each clade (D-I). (*p<0.05, **p<0.01, ***p<0.001)
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gp120-CD4 Binding Energy

Bound gp120 Conformation

The typical approach for using APBS [5] to calculate binding energy is to calculate the
difference of the total electrostatic energy between the complex of interest and the individual
chains from which the complex is composed. The conformation of the chains in the complex
and in the separate files are identical. The required structures were produced as shown in
Figures 2F and 2G.

Binding energies were compared between TF and CC strains, and TF strains appeared to
bind CD4 better than CC strains at pH values between approximately 3.5 and 6.5 (Figure
7A). This suggests that TF strains bind CD4 better at low pH when compared to CC strains.
The results were similar within clades B (Figure 8A) and C (Figure 8B), though the latter is
less consistent.

B clade appears to bind CD4 more strongly at pH values between approximately 4 and
4.5 (Figure 7B). When analyzed within classes TF (Figure 9A) and CC (Figure 9B), the

trend is only found within TF.
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Figure 5: B vs C Charge Density Over pH. The difference in charge density between the
bound and unbound conformations of gp120 was calculated at pH 4, 5, 7, and 8. B and C
were compared overall (A), and within each class (B & C)
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Unbound gp120 Conformation
While using the bound conformation of gp120 to determine the electrostatic energy of

free gp120 corresponds with the typical approach to APBS [5] binding energy calculations,
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indicate a favorable binding interaction between gp120 and CD4, and more negative values
indicate stronger binding. Points on the lines indicate statistically significant differences in
binding energy at the given pH with p <0.05. Comparisons were made between TF and CC
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it ignores the energy contribution of the conformational transition from the unbound state
to the bound state. To overcome this limitation, we replaced the bound gp120 energy
calculation with an unbound gp120 energy calculation; the unbound gp120 structure was
produced as indicated in Figures 2H, 21, and 2J-4.

Binding energies were compared between TF and CC strains, and CC strains appeared
to bind better at higher pH conditions, though this was only significant from pH 7.9 to 8.1
(Figure 10A). Within B clade, CC strains bound CD4 significantly better than TF strains at
pH values between 6.7 and 8.1 (Figure 11A). There was no significant difference within C
clade (Figure 11B).

C clade sequences bound CD4 significantly better than B clade sequences pH at 3.6 and
3.7 (Figure 10B); this was consistent at pH 3.7 within the CC class (Figure 12B). Within the
TF class, there is a trend of B binding CD4 better at approximately pH 6.5 and above, but

the significant difference was found at pH 9 (Figure 12A).
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Figure 9: B vs C Binding Energy Within Classes Using gp120 Bound Conformation. Values
below zero indicate a favorable binding interaction between gp120 and CD4, and more
negative values indicate stronger binding. Points on the lines indicate statistically significant
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Difference Between Bound and Unbound gp120 Conformation
To determine the portion of the binding energy due to the conformational shift from un-

bound gp120 to bound gp120, we determined the difference in the two previously calculated
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binding energies for each model/pH combination (Figure 13) by subtracting the unbound

calculation (Figure 10) from the bound calculations (Figure 7).
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The unbound calculation is:

AG = Gcomplex — Geps — Gunbound

and the bound calculation is:

AG = Gcomplex — Gepa — Gpound

In these equations, Geompiexs Gepas Gunbounds and Gpoung are the electrostatic energies

calculated at the given model/pH combination. Therefore,

(bound calculation) — (unbound calculation)

simplifies to

Gunb()und - Gb()und

This eliminates the electrostatic energy contribution of complex formation and simply leaves
the difference in solvation energy for the two conformations. Because a lower electrostatic
energy indicates a more preferable state, a positive result of this calculation indicates a
preference for the bound conformation, while a negative result indicates a preference for the
unbound conformation.

Both TF and CC classes prefer the unbound conformation approximately between pH
values 4.5 and 7.5, while the bound form is preferred outside of this range. The CC class
appears to be more positive than the TF class approximately between pH 4.5 and 8.5; this is
significant at pH 4.2, 4.7, 4.8, and from pH 7.4 to pH 8.1 (Figure 13A). Within the B clade,
this trend is significant at pH 4.7 an 4.8, as well as the majority of pH values between 6.2
and 8.3 (Figure 14A). However, the trend is mostly absent within the C clade, and there is

no significant difference at any point (Figure 14B).
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The B clade appears to be slightly more positive than the C clade between pH 5 and
6.3, but there are no significant differences (Figure 13B). This is also true within the CC
class, which has a slightly bigger difference between clades (Figure 15B). There is also no
significant difference within the TF class, though C appears to be slightly more positive than
B between pH 6 and 8 (Figure 15A).

Binding Energy pH Sensitivity

Bound gp120 Conformation

The difference in binding energy between low and high pH values was used as a
calculation of the pH sensitivity of this interaction. First, corresponding TF and CC bound
conformation sensitivity from each individual was compared, but no consistent differences
were found between corresponding sequences (Figure 16A). This was also true when
sensitivity was grouped by class; the median sensitivity was greater in the TF class, but there
was no significant difference (Figure 16B). This is also consistent within clades B (Figure

17A) and C (Figure 17B).
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Figure 14: TF vs CC Energy Difference Between Bound and Unbound Conformations.
Values below zero indicate a preference for the unbound conformation. Points on the
lines indicate statistically significant differences in energy at the given pH with p <0.05.
Comparisons between TF and CC were made within B clade (A) and within C clade (B)
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There is also no clear difference between individual B and C clade strains using the
bound gp120 conformation sensitivity (Figure 16A). There is also no significant difference
when sequences are pooled into their respective clades (Figure 16C). This is consistent
within class TF (Figure 18A), but B clade is significantly more sensitive within class CC
(Figure 18B).

Unbound gp120 Conformation

The binding sensitivity was also calculated using the unbound gp120 conformation
binding energies. No consistent differences were found between corresponding sequences
under these conditions, either (Figure 19A). However, when binding energy sensitivity data
were grouped into classes, CD4 binding in TF strains was found to be more sensitive to pH
than in CC strains (Figure 19B). This was consistent within B clade (Figure 20A), but not
within C clade (Figure 20B).

There was still no significant difference in pH sensitivity of CD4 binding between overall

B and C clades (Figure 19C). This was consistent within the TF class (Figure 21A). C clade
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statistically significant differences in energy at the given pH with p <0.05. Comparisons
between B and C were made within the TF class (A) and within the CC class (B)
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strains appear to be more sensitive than B clade within the CC class (Figure 21B). This is
the opposite of the result observed when using the bound gp120 conformation.
Difference Between Bound and Unbound gp120 Conformation

The pH sensitivity of the difference between bound and unbound conformations indicates
the pH sensitivity of the conformational change. There was no clear difference between
individual corresponding sequences (Figure 22A). There was no significant difference
between overall TF and CC strains (Figure 22B); these results were consistent within C
clade (Figure 23B). However, within B clade, TF strains were significantly more positive
than CC strains (Figure 23B). This indicates that the gp120 conformation shift from bound
to unbound is significantly more pH sensitive in TF strains than in CC strains.

There was also no significant difference between overall B and C clades (Figure 22C),
which was consistent within the TF class (Figure 24A). Within the CC class, C clade was
significantly more sensitive (Figure 24B).

Residue Specific pH Sensitivity

In order to determine a mechanism of pH sensitivity of the gp120-CD4 interaction,
residue specific sensitivity was determined to identify the most sensitive residues. Residue
specific charge was used to calculate pH sensitivity. Several methods were attempted to
produce class and clade models of residue specific pH sensitivities.

KNN Mapping of Coordinate Charges

One of the template models, 1RZK [26], was originally used as a target structure for
mapping residue specific charges. Electrostatic field coordinates generated by APBS [5] for
each model at pH 4, 5, 7, and 8 were used to determine specific charges for VMD produced
coordinate for each model. These charges were mapped onto 1RZK model coordinates
generated by VMD [27] using a KNN algorithm. The algorithm found 100 KNN for each of
68,701 coordinates in the target structure by calculating the distance from each of 140,000

to 170,000 points in each model. However, this approach proved to be intractable with 32
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sequences running in parallel completing approximately every 1.5 days. This would have
required approximately 90 days to complete the 40 pH specific models per each of the 48
sequences in the data set.

To overcome these limitations, the KNN mapping approach was refined to the binding
interface of the models. The residues of the binding interface for each model and the target
structure were identified by subtracting the solvent accessible surface area (SASA) of each
gp120 residue in the CD4-bound model from the bound conformation of gp120 without
CD4 included in the model. Any residue with a difference in SASA greater than zero was
considered to be part of the binding interface. Figure 25 shows an example of the SASA
differences determined for a single sequence model set. This greatly reduced the number of
coordinates to between 12,000 and 25,000 for the models and 10,506 for the target. This
allowed for all models to be mapped within a week using 100 KNN.

The KolmogorovSmirnov (KS) statistic between the fitted template model and the
original models was used to determine the optimal number of nearest neighbors from 1 to
100 26. For all models, as the value of K increased, the KS statistic also increased. This
indicates that the model fit became worse as the value of K increased. It was unlikely that a
single nearest neighbor based mapping would produce a strong fit, and this approach ignored
any pH sensitivity outside of the binding region. Consequently, an alternative approach was
explored.

Sequence Alignment Mapping

To ensure that all residues were consistent and residues were matched appropriately,
a sequence alignment was used to map residue specific sensitivity to particular positions.
Because of the differences observed in the overall charge density at different pH values
(Figures 3 & 3), sensitives were calculated using only pH 4 and 7, only pH 5 and 8, and
all 4 pH values together. Clustal Omega [53, 23, 39] was used to align all sequences in the

data set along with 1RZK [26] (Appendix B). The median sensitivity of the residues at each
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Table 1: TF vs CC Top Residue Positions. Residue positions were chosen if the absolute
value of the charge at that position was greater than 1% of the sum of the absolute charge of

every position.

pH Values Overall Within B Clade Within C Clade
199, 253, 255,
_— 343, 348, 376, ggg’gzg’ggg’ 262, 299, 348,
406, 409, 413 ) 9%, 90/ 390, 391, 397,
402, 427
453

giz’ggé’ggg’ 285, 289, 342, 254, 280, 299,
8& 5 104 405 106, 343, 402, 404, 314, 348, 358,

107,413 405, 407, 413 359, 391
263. 289, 301, 240, 255, 280,
ver 343, 348, 349, §§3’§§§’i§§’ 348, 349, 390,
VETAge | 403, 404, 406, 100, 414 427 391, 397, 449,

409, 414 P 455, 494

position in the alignment were determined for TF and CC classes overall and within each
clade, and for B and C clades overall and within each class. A gap at a position did not
contribute to the median of the position, and a sensitivity of zero was used if all sequences
within a group had a gap at a position.

TF and CC classes were compared by subtracting CC sensitivity from TF sensitivity
at each position in the alignment (Figure 27A). This was also compared within B clade
(Figure 27B) and C clade (Figure 27C). Positive values indicate greater sensitivity in TF
strains, while negative values indicate greater sensitivity in CC strains. There was a greater
number of residues that were more sensitive in CC than in TF under all conditions. These
general patterns remained consistent when considering only pH 4 and 7, or only pH 5 and
8 (Appendix C.1 & C.2). The top 1% of residues were determined based upon absolute
sensitivity difference (Table 1).

B and C clades were compared by subtracting C sensitivity from B sensitivity at each

position in the alignment (Figure 28A). This was also compared within classes TF (Figure
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Table 2: B vs C Top Residue Positions. Residue positions were chosen if the absolute value
of the charge at that position was greater than 1% of the sum of the absolute charge of every
position.

pH Values Overall Within TF Class | Within CC Class

285, 342, 343,

7T &4 343 402 474
285, 342,343,

8&5 405 402, 403, 412, 405

413
Average 342, 343, 358, 342, 343, 358, 342, 347, 358,
373,409, 453 402, 427, 453 409, 474

28B) and CC (Figure 28C). Positive values indicate greater sensitivity in B strains, while
negative values indicate greater sensitivity in C strains. These general patterns remained
consistent when considering only pH 4 and 7, or only pH 5 and 8 (Appendix C.3 & C.4).
There was a greater number of residues that were more sensitive in B clade than in C clade.
The top 1% of residues were determined based upon absolute sensitivity difference (Table
2).

To ensure that small sample sizes from certain positions in the alignment were not
biasing the results, the median charge of each position was also determined with gaps
contributing a value of zero to a position. The overall trend remained the same between
TF and CC classes (Figure 29 and Appendix D.1 & D.2). The top 1% of residues were
determined based upon absolute sensitivity difference (Table 3).

The overall trend also remained the same between B and C clades (Figure 30 and
Appendix D.3 & D.4). The top 1% of residues were determined based upon absolute
sensitivity difference (Table 4).

Sequence Comparison

Identified pH sensitive alignment positions were analyzed for sequence composition

using R 2.38.4 [48], and the package RWebLogo [58]. While some sequence differences
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Table 3: TF vs CC Top Residue Positions Considering Gaps. Residue positions were chosen
if the absolute value of the charge at that position was greater than 1% of the sum of the

absolute charge of every position.

pH Values Overall Within B Clade Within C Clade
199, 243, 253,
oo | s, | 230 G0
376, 391 3’87 4’27 ’ 299, 314, 375,
’ 390, 391, 453
207, 285, 289, 254, 255, 280,
8&5 289, 299, 338 290, 291, 338, 289, 299, 314,
387, 419, 427 375, 390, 458
263, 285, 289, 240, 253, 255,
243, 263, 289, 290, 302, 322, 262, 289, 301,
Average 301, 320, 322, 335, 338, 339, 315, 353, 390,
395, 455 387, 394, 395, 391, 449, 453,
425, 427 455, 494

Table 4: B vs C Top Residue Positions Considering Gaps. Residue positions were chosen
if the absolute value of the charge at that position was greater than 1% of the sum of the
absolute charge of every position.

pH Values Overall Within TF Class | Within CC Class
263,290, 373, 262, 285, 315,
7&4 453 373 263, 373
8&5 263 285, 373, 427 262
263, 296, 373, 262, 285, 373,
Average 453, 457 387, 427, 453 263, 338, 350

were found between TF and CC strains at the sensitive alignment positions, none of these
differences indicate a clear mechanism for pH sensitivity (Figure 31). The most striking
difference is at position 343; a positive lysine is found in the TF class, while a negative
glutamate is found in the CC class (Figures 31A, 31B & 31C, and Appendix E.1). However,
this difference is not found within the C clade (Appendix E.2), and the bit score is low under
the conditions in which it is found; this is because this is an insertion that only occurs within

the TF and CC forms of the WEAU sequence (Appendix B).
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There was also no clear insight into the mechanism for the difference pH sensitivity
between B and C clades (Figure 32 and Appendix E.3 & E.4). There were low bit scores
(Position 350 in Appendix E.3C & E.4C) and the differences were often small changes in
the ratio of similar amino acids (Position 427 in Appendix E.3B & E.4B).

These problems persisted when gaps were considered in the identification of sensitive
residues (Appendix F.1, FE3, F4, FE2, ES5, & E6).

Mapping Sequences to Structures

The sensitivities of the selected residues were mapped onto a single model of the
EU744010 sequence because it was the longest sequence analyzed (503 AA). The binding
interface was also mapped onto this structure to determine if any of the identified residues
likely interacts with CD4 (Figure 33). None of the residues identified within the TF/CC
or B/C groups was a member of the CD4 binding interface under any conditions tested
(Figures 34, 35 & 36). However, many of the identified residues in the TF/CC comparisons
were near the binding interface, so they could indirectly affect the gp120-CD4 interaction;
these residues were marked with a yellow arrow and the alignment position was indicated
(Figures 34 & 35). Interestingly, most of the residues were found to be more pH sensitive in
CC strains.

When comparing B and C clades, there were much fewer sensitive residues exposed near
the binding surface (Figures 34 & 36). Within each the TF class, C clade had considerably
more pH sensitive residues exposed near the binding site than B clade, and the most
significant residues within class CC were not present on the model (Figure 36).

The sensitivities calculated with gaps considered were also mapped onto this gp120
structure. As with the previous mapping, no binding interface residues were found among
the identified sensitive positions. The TF/CC comparison found fewer residues located near
the binding interface than with the previous sensitivities. Residue 391 was found under

many conditions in both sensitivity sets, and occurred primarily within C clade (Figures
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35B, 35D, 35F, 37A, 38B & 38F ) Additionally, CC strains were found to have a greater
number of increased sensitivity residues.
When comparing B and C clades, the residues missing from the model were no longer

significant, and the majority of significant residues were more sensitive in B clade (Figures

37 & 39).
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Figure 16: pH Sensitivity of Binding Energy Using gp120 Bound Conformation. Sensitivity
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Figure 17: TF vs CC pH Sensitivity of Binding Energy Within Clades Using gp120 Bound
Conformation. Sensitivity was calculated as the difference in binding energy between low
and high pH conditions. TF and CC were compared within B clade (A) and within C clade
(B)
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Figure 18: B vs C pH Sensitivity of Binding Energy Within Classes Using gp120 Bound
Conformation. Sensitivity was calculated as the difference in binding energy between low
and high pH conditions. B and C clades were compared within the TF class (A) and within
the CC class (B)
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Figure 20: TF vs CC pH Sensitivity of Binding Energy Within Clades Using gp120 Unbound
Conformation. Sensitivity was calculated as the difference in binding energy between low
and high pH conditions. TF and CC were compared within B clade (A) and within C clade
(B) (**p<0.01)
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Figure 21: B vs C pH Sensitivity of Binding Energy Within Classes Using gp120 Unbound
Conformation. Sensitivity was calculated as the difference in binding energy between low
and high pH conditions. B and C clades were compared within the TF class (A) and within
the CC class (B)
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Figure 23: TF vs CC pH Sensitivity of Energy Difference Between Bound and Unbound
Conformations. Values above zero indicate a shift toward a preference for the bound
conformation when pH is shifted from high to low. Sensitivity was calculated as the
difference in energy between low and high pH conditions. TF and CC were compared within
B clade (A) and within C clade (B)
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Figure 24: B vs C pH Sensitivity of Energy Difference Between Bound and Unbound
Conformations. Values above zero indicate a shift toward a preference for the bound
conformation when pH is shifted from high to low. Sensitivity was calculated as the
difference in energy between low and high pH conditions. TF and CC were compared within

the TF class (A) and within the CC class (B)
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Figure 25: Binding Interface Residue Identification Example. A) Difference between solvent
accessible surface area of each residue before and after ligand is bound. B) Percentage of
solvent accessible surface area that remains after ligand is bound.
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Figure 26: Analysis of KNN Mapping Using KS Statistic. The KS statistic was calculated
between the charge distribution in the mapping of each sequence and the original model
charge distribution for each value of K from 1 to 100, inclusive.
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Figure 27: TF vs CC Relative Residue Specific pH Sensitivity. Median charges of residues
at each position in the alignment were computed. Sensitivity was calculated as the average
of the difference between the charge at pH 4 subtracted from the charge at pH 7 and the
charge at pH 5 subtracted from the charge at pH 8. CC charges were subtracted from TF
charges. Values above zero indicate greater sensitivity in TF strains, while values below
zero indicate greater sensitivity in CC strains. Red points are greater than one interquartile
range above zero, and green points are below one interquartile range below zero.
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Figure 28: B vs C Relative Residue Specific pH Sensitivity. Median charges of residues at
each position in the alignment were computed. Sensitivity was calculated as the average of
the difference between the charge at pH 4 subtracted from the charge at pH 7 and the charge
at pH 5 subtracted from the charge at pH 8. C charges were subtracted from B charges.
Values above zero indicate greater sensitivity in B strains, while values below zero indicate
greater sensitivity in C strains. Red points are greater than one interquartile range above
zero, and green points are below one interquartile range below zero
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Figure 29: TF vs CC Relative Residue Specific pH Sensitivity Considering Gaps. Median
charges of residues at each position in the alignment were computed with gaps being
considered a charge value of zero. Sensitivity was calculated as the average of the difference
between the charge at pH 4 subtracted from the charge at pH 7 and the charge at pH 5
subtracted from the charge at pH 8. CC charges were subtracted from TF charges. Values
above zero indicate greater sensitivity in TF strains, while values below zero indicate greater
sensitivity in CC strains. Red points are greater than one interquartile range above zero, and
green points are below one interquartile range below zero.
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Figure 30: B vs C Relative Residue Specific pH Sensitivity Considering Gaps. Median
charges of residues at each position in the alignment were computed with gaps being
considered a charge value of zero. Sensitivity was calculated as the average of the difference
between the charge at pH 4 subtracted from the charge at pH 7 and the charge at pH 5
subtracted from the charge at pH 8. C charges were subtracted from B charges. Values
above zero indicate greater sensitivity in B strains, while values below zero indicate greater
sensitivity in C strains. Red points are greater than one interquartile range above zero, and
green points are below one interquartile range below zero.
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Figure 31: TF vs CC Sensitive Residue Composition. A) Comparison of the top 1% of
residues identified identified from Figure 27A. B) Comparison of the top 1% of residues
identified in Figure C.1A. C) Comparison of the top 1% of residues identified in Figure
C.2A.
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Figure 32: B vs C Sensitive Residue Composition. A) Comparison of the top 1% of residues
identified identified from Figure 28 A. B) Comparison of the top 1% of residues identified in
Figure C.3A. C) Comparison of the top 1% of residues identified in Figure C.4A.
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Figure 33: CD4 Binding Interface Mapped onto EU744010. The CD4 binding interface was
determined as described in the KNN section of the methods. Identified binding interface
residues are indicated in yellow
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Figure 34: Structural Mapping of Residue Sensitivities for Overall Classes and Clades.
A) Binding site interface residues are colored yellow. B-G) Each sub-figure contains two
images of the same mapping. The left image shows a surface view of the binding interface
side of the model, and the right one has all residues transparent except the selected sensitive
residues. Blue indicates greater sensitivity in TF (B, D & F) or B Clade (C, E & G). Red
indicates greater sensitivity in CC (B, D & F) or C Clade (C, E & G). Green identifies the
general location of identified residues that are not present in the model structure; green
residues are the closest residue within two positions to the missing residue. Arrows indicate
residues that are exposed near the CD4 binding interface.
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Figure 35: TF vs CC Structural Mapping of Residue Sensitivities Within Clades. Each
sub-figure contains two images of the same mapping. The left image shows a surface view
of the binding interface side of the model, and the right one has all residues transparent
except the selected sensitive residues. Blue indicates greater sensitivity in TF (A, C & E) or
B Clade (B, D & F). Red indicates greater sensitivity in CC (A, C & E) or C Clade (B, D
& F). Green identifies the general location of identified residues that are not present in the
model structure; green residues are the closest residue within two positions to the missing
residue. Arrows indicate residues that are exposed near the CD4 binding interface.
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Figure 36: B vs C Structural Mapping of Residue Sensitivities Within Classes. Each sub-
figure contains two images of the same mapping. The left image shows a surface view of
the binding interface side of the model, and the right one has all residues transparent except
the selected sensitive residues. Blue indicates greater sensitivity in TF (A, C & E) or B
Clade (B, D & F). Red indicates greater sensitivity in CC (A, C & E) or C Clade (B, D & F).
Green identifies the general location of identified residues that are not present in the model
structure; green residues are the closest residue within two positions to the missing residue.
Arrows indicate residues that are exposed near the CD4 binding interface.
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Figure 37: Structural Mapping of Gap Included Residue Sensitivities for Overall Classes
and Clades. A) Binding site interface residues are colored yellow. B-G) Each sub-figure
contains two images of the same mapping. The left image shows a surface view of the
binding interface side of the model, and the right one has all residues transparent except
the selected sensitive residues. Blue indicates greater sensitivity in TF (B, D & F) or B
Clade (C, E & G). Red indicates greater sensitivity in CC (B, D & F) or C Clade (C, E & G).
Green identifies the general location of identified residues that are not present in the model
structure; green residues are the closest residue within two positions to the missing residue.
Arrows indicate residues that are exposed near the CD4 binding interface.
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Figure 38: TF vs CC Structural Mapping of Gap Included Residue Sensitivities Within
Clades. Each sub-figure contains two images of the same mapping. The left image shows a
surface view of the binding interface side of the model, and the right one has all residues
transparent except the selected sensitive residues. Blue indicates greater sensitivity in TF
(A, C & E) or B Clade (B, D & F). Red indicates greater sensitivity in CC (A, C & E) or C
Clade (B, D & F). Green identifies the general location of identified residues that are not
present in the model structure; green residues are the closest residue within two positions
to the missing residue. Arrows indicate residues that are exposed near the CD4 binding
interface.
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Figure 39: B vs C Structural Mapping of Gap Included Residue Sensitivities Within Classes.
Each sub-figure contains two images of the same mapping. The left image shows a surface
view of the binding interface side of the model, and the right one has all residues transparent
except the selected sensitive residues. Blue indicates greater sensitivity in TF (A, C & E) or
B Clade (B, D & F). Red indicates greater sensitivity in CC (A, C & E) or C Clade (B, D
& F). Green identifies the general location of identified residues that are not present in the
model structure; green residues are the closest residue within two positions to the missing
residue. Arrows indicate residues that are exposed near the CD4 binding interface.
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CHAPTER V.
DISCUSSION

Though AIDS and HIV have been studied for several decades, a viable vaccine has yet
to be produced. Since the significance of the acidic pH of the typical mucosal transmission
site has been broadly overlooked, we constructed a pipeline to analyze the pH sensitivity
of the gp120-CD4 interaction in TF and CC strains. Here 24 sets of corresponding TF and
CC gp120 sequences were analyzed for pH sensitivity of the gp120-CD4 interaction. B
clade and C clade were compared as well, with 18 sets from B clade and 6 sets from C clade.
These comparisons were also performed within clades, and within classes, respectively.

Overall and within B clade, the charge density of CC strains was found to be more pH
sensitive when using the pH interval 4 and 7, and when using the average of the two intervals
(Figure 4). This result differs from what was found previously [55], which may result from
the increased number of sequences analyzed. The surface charge of B clade sequences was
significantly more sensitive to pH than that of C clade sequences; this was consistent within
both classes, though the pH 5 and 8 interval was only significant for the overall comparison
4.

Calculations using the bound conformation found TF strains to bind CD4 significantly
better than CC strains at low pH (Figures 16B & 17); At high pH values, CC was found
to bind CD4 significantly better in the calculation using the unbound gp120 conformation
within B clade (Figure 20A); this was also present as a trend in the overall comparison (Fig-
ure 10A). The CC class within B clade also significantly prefers the unbound conformation
at high pH values, and at several acidic pH values (Figure 23A). These results suggest that
the increased CD4 binding at low pH in TF strains is not due to increased pressure to assume
the bound conformation, and is more likely due to a more favorable interaction between
gp120 and CD4; conversely, the increased binding ability of CC strains at higher pH values

appears to be influenced by an increased preference to assume the bound conformation.
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B clade was significantly better at binding CD4 at pH values between 4.1 and 4.6 when
using the bound gp120 conformation (Figures 16C) & 18A). The only significant differences
found using the unbound conformation were at pH 3.6 and 3.7 within the overall group, but
there was a trend within class TF in which C clade bound CD4 better at pH values above
6 (Figure 21B). B clade preferred the unbound conformation over C clade from pH 5 to 7
within the overall group (Figure 22C) and within CC (Figure 24), but C clade prefers the
unbound conformation within class TF from pH 6 to 8 (Figure 24A). The trend within class
TF suggests that C clade may bind better at higher pH due to a preference for the bound
conformation; however, this is based upon an observed trend, so a larger number of C clade
samples would be needed to evaluate its significance.

In all binding energy calculations, gp120 was found to bind CD4 better at low pH values.
This is also consistent with previous experimental results [55], which further supports the
accuracy and utility of this pipeline.

It was not possible to distinguish corresponding TF and CC sequences or overall groups
at the individual sequence level for any condition tested (Figures 16A, 19A & 22A). When
calculating sensitivity with the bound gp120 conformations, no significant differences
could be found between TF and CC (Figures 16 & 17). Using the unbound conformation
for the calculation, the TF gp120-CD4 interaction was significantly more sensitive to pH
within B clade (Figure 20A). This was consistent with previous experimental results [55],
which supports the accuracy of this pipeline as a method of modeling pH sensitivity of
protein-protein interactions.

Within the CC class, CD4 binding was found to be significantly more sensitive in B clade
when using the bound conformation (Figure 18B), but significantly more sensitive in C clade
when using the unbound conformation (Figure 21B). Also within CC, the preference for the

bound conformation was found to be significantly more sensitive in C clade (Figure 24B).
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These results suggest that within the CC class, pH affects CD4 binding through changes in
the binding interface in B clade, while it affects the conformational shift in C clade.

Efforts to understand a mechanism of binding sensitivity identified multiple residues that
may contribute to the observed differences (Tables 1, 2, 3 & 4). Unfortunately, sequence
comparisons did not indicate any clear sequence difference that could contribute to the
observed sensitivity differences (Figures 31 & 32, and Appendix E & F).

Mapping the residues onto a gp120 structure identified regions of the protein that likely
contribute to the pH sensitivity mechanism. Though none of the most sensitive residues
were found in the binding interface, many were found in close proximity (Figures 34, 35, 36,
37, 38 & 39). This provides potential targets for future investigations into this mechanism.

A possible alternative method of identifying important residues for the mechanism of
pH sensitivity would be to systematically remove each residue from each sequence, and then
use the altered sequences to calculate the binding energy of the gp120-CD4 interactions.
However, this would greatly increase the number of models that would have to be produced
and the amount of calculation time. To reduce the magnitude of this task, a method
such as residue specific surface charge pH sensitivity could be used to identify potential
residues to remove. Regardless, this approach would require increased computational power.
Additionally, it would also be interesting to look at the pH sensitivity of the interaction
between gp120 and bnAbs because their typical target is the CD4 binding site of gp120 [62].

While a mechanism for the pH sensitivity of gp120 surface charge density and CD4
binding was not determined, this work does show the importance of pH in this critical
interaction. This is particularly important for HIV vaccine research because the CD4
binding site is an important vaccine target, and pH has been shown to affect antibody
binding at the mucosa [20].

Additionally, this work shows the effectiveness of this pipeline in analyzing pH sensitivity

of protein-protein interactions. The pipeline was capable of efficiently creating multiple
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models for a large set of sequences, as well as calculate electrostatic information across a
large set of conditions. Computed gp120-CD4 binding energy sensitivity were also consistent
with previous work [55]. This tool could be applied to additional studies involving pH,
as well. Studies involving the optimization or engineering of proteins for specific pH
binding could utilize this pipeline to evaluate the binding interaction within the desired pH
range. Additionally, mutational studies seeking to alter the pH at which a particular protein
conformation occurs could analyze multiple altered sequences to determine the effect of pH
on the conformation of the given sequence. This pipeline is a useful, generalizable tool for

any study involving the effect of pH on conformation or protein-protein interactions.
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APPENDIX A
Sequence Information

The gp120 regions of the following sequences were used in this study.

Table A.1: Sequence Information

Sequence Name Protein Accession ~ Clade Class  Reference
03_CH40TF ACD41465 B TF [28]
46_CH40M6 AFK87864 B CcC [6]
47_CHS8TF ACEG68159 B TF [28]
48_CH58M6 AFK88130 B CcC [6]
49_CHT77TF ACD41595 B TF [28]
50_-CH77M6 ACRS52213 B CcC [50]
51_CH470TF AGG92565 B TF [37]
52_CH470M6 AGG92637 B CcC [37]
53_CHS569TF Unavailable C TF [30]
54_CH569M6 Unavailable C CcC [30]
55_CH42TF ACS67441 C TF [2]
56_CH42M6 AGF30459 C CcC Unpublished
57_CH236TF ACS67726 C TF [2]
58_CH236M6 Unavailable C CcC [30]
59_CH850TF Unavailable C TF [30]
60_CH850M6 Unavailable C CcC [30]
61_CH264TF Unavailable C TF [30]
62_CH264M6 Unavailable C CcC [30]
64_CH164TF AGG99748 C TF [37]
63_CH164M6 AGG99898 C CcC [37]
B.FR.1992.133-7.AY535431 AAS58774 B TF [15]
B.FR.1997.133-L-10.AY 535442 AASS58785 B CcC [15]
B.FR.1993.153-10.AY 535498 AAS58841 B TF [15]
B.FR.1999.153-L-7.AY535510 AAS58853 B CcC [15]
B.FR.1993.159-4.AY 535465 AAS58808 B TF [15]
B.FR.1997.159-L-1.AY535477 AAS58820 B CcC [15]
B.FR.1994.309-2.AY 535448 AAS58791 B TF [15]
B.FR.2000.309-L-7.AY535461 AAS58804 B CcC [15]
B.GB.2004.MM42d22_GN1.HM586198 ADK75299 B TF [57]
B.GB.2005.MM42d324_GN1.HM586204  ADK75319 B CcC [57]
B.NL.1985.H2_5_12E3.EU744016 ACE76354 B TF [9]
B.NL.1995.H2_114_8F6.EU744054 ACE76392 B CcC [9]
B.NL.1985.H5_4_bulk. EU744146 ACE76484 B TF [9]
B.NL.1996.H5_75_7G12.EU744175 ACE76513 B CcC [9]
B.NL.1986.H1.7_2D5.EU743978 ACE76316 B TF [9]
B.NL.1996.H1_62_1A8.EU744010 ACE76348 B CcC [9]
B.NL.1986.H4_007_1C11.EU744102 ACE76440 B TF [9]
B.NL.1998.H4_146_2H10.EU744145 ACE76483 B CcC [9]
B.NL.1987.H3_12_7D5.EU744057 ACE76395 B TF [9]
B.NL.1997.H3_110_8G7.EU744096 ACE76434 B CcC [9]
B.US.1990.BORId9_3F12.EU576290 ACE67727 B TF [28]
B.US.-.BORI556.49.AY 223734 AAP57334 B CcC [59]
B.US.-.HOBRd16-20.DQ444262 ABD9659%4 B TF [33]
B.US.1991.HOBR0961_A21.GU331656 AEO086126 B CcC [34]
B.US.1991.SUMAd4_A32.EU579117 ACD42000 B TF [28]
B.US.-.SUMA736.59.AY223781 AAP57376 B CcC [59]
B.US.1990.WEAUd15_B2.EU577371 ACET71521 B TF [28]
B.US.1993.WEAU1166_39.AY223751 AAP57351 B CcC Unpublished
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APPENDIX B
gp120 Sequence Alignment
All sequences used in this study were aligned using Clustal Omega [53, 23, 39].
TeXshade [8] was used to format the alignment for publication and to highlight regions of
consensus and similarity. In black is the template sequence 1RZK [26]. Names in red are B
clade TF strains. Names in Blue are C clade TF strains. Names in green are B clade CC
strains. Names in orange are C clade CC strains. The alignment is color coded by similarity.
A purple column indicates perfect consensus A blue column indicates majority consensus
Pink indicates consensus based upon similarity of amino acids. The alignment is 22 pages

because the alignment length is 527 amino acids, and 25 amino acids are included on each

page.
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APPENDIX C

Additional Residue Specific Sensitivity
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Figure C.1: TF vs CC Relative Residue Specific pH Sensitivity Using pH 4 and 7. Median
charges of residues at each position in the alignment were computed. Sensitivity was
calculated as the charge at pH 4 subtracted from the charge at pH 7. CC charges were
subtracted from TF charges. Values above zero indicate greater sensitivity in TF strains,
while values below zero indicate greater sensitivity in CC strains. Red points are greater
than one interquartile range above zero, and green points are below one interquartile range
below zero.
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Figure C.2: TF vs CC Relative Residue Specific pH Sensitivity Using pH 5 and 8. Median
charges of residues at each position in the alignment were computed. Sensitivity was
calculated as the charge at pH 5 subtracted from the charge at pH 8. CC charges were
subtracted from TF charges. Values above zero indicate greater sensitivity in TF strains,
while values below zero indicate greater sensitivity in CC strains. Red points are greater
than one interquartile range above zero, and green points are below one interquartile range

below zero.
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Figure C.3: B vs C Relative Residue Specific pH Sensitivity Using pH 4 and 7. Median
charges of residues at each position in the alignment were computed. Sensitivity was
calculated as the charge at pH 4 subtracted from the charge at pH 7. B charges were
subtracted from B charges. Values above zero indicate greater sensitivity in B strains, while
values below zero indicate greater sensitivity in C strains. Red points are greater than one
interquartile range above zero, and green points are below one interquartile range below
ZEer0.



98

Sensitivity
Sensitivity

0 100 200 300 400 500 0 100 200 300 400 500
Alignment Position Alignment Position
(A) Overall (B) Within TF

Sensitivity

T T T T T T
o 100 200 300 400 500

Alignment Position

(C) Within CC

Figure C.4: B vs C Relative Residue Specific pH Sensitivity Using pH 5 and 8. Median
charges of residues at each position in the alignment were computed. Sensitivity was
calculated as the charge at pH 5 subtracted from the charge at pH 8. B charges were
subtracted from B charges. Values above zero indicate greater sensitivity in B strains, while
values below zero indicate greater sensitivity in C strains. Red points are greater than one

interquartile range above zero, and green points are below one interquartile range below
Zero.
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APPENDIX D

Additional Residue Specific Sensitivity Considering Gaps
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Figure D.1: TF vs CC Relative Residue Specific pH Sensitivity Using pH 4 and 7 Consid-
ering Gaps. Median charges of residues at each position in the alignment were computed
with gaps being considered a charge value of zero. Sensitivity was calculated as the charge
at pH 4 subtracted from the charge at pH 7. CC charges were subtracted from TF charges.
Values above zero indicate greater sensitivity in TF strains, while values below zero indicate
greater sensitivity in CC strains. Red points are greater than one interquartile range above
zero, and green points are below one interquartile range below zero.
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Figure D.2: TF vs CC Relative Residue Specific pH Sensitivity Using pH 5 and 8 Consid-
ering Gaps. Median charges of residues at each position in the alignment were computed
with gaps being considered a charge value of zero. Sensitivity was calculated as the charge
at pH 5 subtracted from the charge at pH 8. CC charges were subtracted from TF charges.
Values above zero indicate greater sensitivity in TF strains, while values below zero indicate
greater sensitivity in CC strains. Red points are greater than one interquartile range above
zero, and green points are below one interquartile range below zero.
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Figure D.3: B vs C Relative Residue Specific pH Sensitivity Using pH 4 and 7 Considering
Gaps. Median charges of residues at each position in the alignment were computed with
gaps being considered a charge value of zero. Sensitivity was calculated as the charge at pH
4 subtracted from the charge at pH 7. B charges were subtracted from B charges. Values
above zero indicate greater sensitivity in B strains, while values below zero indicate greater
sensitivity in C strains. Red points are greater than one interquartile range above zero, and
green points are below one interquartile range below zero.
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Figure D.4: B vs C Relative Residue Specific pH Sensitivity Using pH 5 and 8 Considering
Gaps. Median charges of residues at each position in the alignment were computed with
gaps being considered a charge value of zero. Sensitivity was calculated as the charge at pH
5 subtracted from the charge at pH 8. B charges were subtracted from B charges. Values
above zero indicate greater sensitivity in B strains, while values below zero indicate greater
sensitivity in C strains. Red points are greater than one interquartile range above zero, and
green points are below one interquartile range below zero.



APPENDIX E

Sequence Logos Within Groups
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Figure E.1: TF vs CC Sensitive Residue Composition Within B Clade. A) Comparison of
the top 1% of residues identified identified from Figure 27B. B) Comparison of the top 1%
of residues identified in Figure C.1B. C) Comparison of the top 1% of residues identified in

Figure C.2B.
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Figure E.2: TF vs CC Sensitive Residue Composition Within C Clade. A) Comparison of
the top 1% of residues identified identified from Figure 27C. B) Comparison of the top 1%
of residues identified in Figure C.1C. C) Comparison of the top 1% of residues identified in

Figure C.2C.
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Figure E.3: B vs C Sensitive Residue Composition Within the TF Class. A) Comparison of
the top 1% of residues identified identified from Figure 28B. B) Comparison of the top 1%
of residues identified in Figure C.3B. C) Comparison of the top 1% of residues identified in

Figure C.4B.
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Figure E.4: B vs C Sensitive Residue Composition Within the CC Class. A) Comparison of
the top 1% of residues identified identified from Figure 28C. B) Comparison of the top 1%
of residues identified in Figure C.3C. C) Comparison of the top 1% of residues identified in

Figure C.4C.
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APPENDIX F

Sequence Logos Considering Gaps
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Figure F.1: TF vs CC Sensitive Residue Composition Considering Gaps. A) Comparison of
the top 1% of residues identified identified from Figure 29A. B) Comparison of the top 1%
of residues identified in Figure D.1A. C) Comparison of the top 1% of residues identified in

Figure D.2A.
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Figure F.2: B vs C Sensitive Residue Composition Considering Gaps. A) Comparison of the
top 1% of residues identified identified from Figure 30A. B) Comparison of the top 1% of
residues identified in Figure D.3A. C) Comparison of the top 1% of residues identified in

Figure D.4A.
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Figure F.3: TF vs CC Sensitive Residue Composition Considering Gaps Within B Clade. A)
Comparison of the top 1% of residues identified identified from Figure 29B. B) Comparison
of the top 1% of residues identified in Figure D.1B. C) Comparison of the top 1% of residues

identified in Figure D.2B.
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Figure F.4: TF vs CC Sensitive Residue Composition Considering Gaps Within C Clade. A)
Comparison of the top 1% of residues identified identified from Figure 29C. B) Comparison
of the top 1% of residues identified in Figure D.1C. C) Comparison of the top 1% of residues

identified in Figure D.2C.
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Figure F.5: B vs C Sensitive Residue Composition Considering Gaps Within TF Class. A)
Comparison of the top 1% of residues identified identified from Figure 30B. B) Comparison
of the top 1% of residues identified in Figure D.3B. C) Comparison of the top 1% of residues

identified in Figure D.4B.
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Figure F.6: B vs C Sensitive Residue Composition Considering Gaps Within CC Class. A)
Comparison of the top 1% of residues identified identified from Figure 30C. B) Comparison
of the top 1% of residues identified in Figure D.3C. C) Comparison of the top 1% of residues

identified in Figure D.4C.



