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Abstract

The increase of HIV infection in macrophages results in HIV proteins being released, like

HIV Tat which impairs the function of monoamine transporters. HIV-infected patients have
displayed increased synaptic levels of dopamine (DA) due to reduced binding and function

of monoamine transporters such as norepinephrine transporter (NET) and dopamine transporter
(DAT). Development of a three-dimensional model of the HIV-1 Tat-human NET (hNET) binding
complex would help reveal how HIV-1 Tat causes toxicity in the neuron by affecting DA

uptake. Here we use computational techniques such as molecular modeling to study microscopic
properties and molecular dynamics of the HIV-1 Tat-hNET binding. These modeling techniques
allow us to analyze non-covalent interactions and observe residue-residue contacts to verify a
model structure. The modeling results studied here show that HIV-1 Tat-hNET binding is highly
dynamic and that HIV-1 Tat preferentially binds to hNET in its outward-open state. In particular,
HIV-1 Tat forms hydrogen bond interactions with side chains of hNET residues Y84, K88, and
T544. The favorable hydrogen bonding interactions of HIV-1 Tat with the hNET side chain
residues Y84 and T544 have been validated by our subsequently performed DA uptake activity
assays and site-directed mutagenesis, suggesting that the modeled HIV-1 Tat-hNET binding
mode is reasonable. These mechanistic and structural insights gained through homology models
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discussed in this study are expected to encourage the pursuit of pharmacological and biochemical
studies on HIV-1 Tat interacting with hNET mechanisms and detailed structures.

Graphical Abstract
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Introduction

Within the Human immunodeficiency virus (HIV) is a gene that encodes the transactivator
of transcription (Tat) which is involved in the regulation of proteins that control how HIV
infects the cells of its host.1® HIV-1 Tat causes viral toxicity in neurons by interacting with
monoamine neurotransmitters that are found in the central nervous system (CNS). These
transmitters, known as the norepinephrine transporter (NET) and dopamine transporter
(DAT), are also targets for widely abused drugs (psychostimulants). More specifically,
when HIV-1 Tat binds to these neurotransmitters, it can dysregulate the dopamine (DA)
uptake process.5-28 There have been reports showing that HIV viral replication within the
CNS leads to the development and progression of HIV-associated neurocognitive disorder
(HAND).18 Common symptoms of HAND include difficulty with cognitive functions like
learning and making decisions, loss of attention and concentration, deficits in memory
and executive function, and tremors or loss of coordination.29:30 Most HIV therapies use
highly active antiretroviral therapy (HAART) medications which allow their patients to
live longer.3! Majority of HAART, especially protease inhibitors, have difficulty passing
the blood-brain barrier (BBB) because of their low permeability, but the virus that infects
macrophages does in fact possess the ability to cross the BBB.32 The progression of HIV
infection leads to decreased levels of DA and causes selective damage to DA-rich areas of
the brain in advanced stages of HIV infection.813.14.33

DAT is a monoamine transporter found on the presynaptic axonal membrane and its function
is to regulate the neuronal synapse DA concentration. DA is released from the post-synaptic
receptors into the synapse, at which point DAT will attempt to transfer DA into the neuron

ACS Chem Neurosci. Author manuscript; available in PMC 2022 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adeniran et al.

Page 3

through the pre-synaptic terminal.34-36 HIV-1 Tat has been reported to impact the function
of DAT through /n vitro studies.3”-39 HIV proteins and controlled substances, such as
methamphetamine and cocaine, will increase DA levels in a synergistic manner inside of the
synapse. DA can bind to the microglia, primarily in the brain, through DA receptors found
on the postsynaptic terminal and stimulate HIV replication in HIV-infected cells. Previous
work highlighted the severity of HIV infection in DA-rich areas of the brain, dorsal and
ventral areas, suggesting a connection between DA levels and neuronal degeneration in HIV
cases. These reports included experimental and computational studies, which examined how
HIV-1 Tat binds to the human DAT (hDAT) in the extracellular regions.40-43

NET possess the ability to transport DA as well as norepinephrine (NE).#4:45 In certain
areas of the brain, like the prefrontal cortex (PFC), DA uptake relies on NET for its
transport.46 Carboni et a/. explains certain situations arise where temporary DAT deletion
occurs, DA will be cleared from extracellular space through NET.#7 Another important area
is the hippocampus, which resembles the PFC where the uptake of DA into the terminal
occurs through the more densely expressed NET.46:48-50 Straus er a/ showed that HIV-1 Tat
expression influences DA transmission by decreasing uptake through both NET and DAT in
the PFC of HIV-1 Tat transgenic mice.5!

This study attempts to provide a computational model describing how HIV-1 Tat interacts
with human NET (hNET). It is our hypothesis that HIV-1 Tat binding is similar in NET

as DAT. State-of-the-art molecular modeling techniques were used to study the HIV-1
Tat-hNET complex as the RCSB Protein Data Bank (PDB) only hosts crystal structure

of the following transporters, Aquifex aeolicus leucine transporter (LeuT)%2, Drosophila
DAT (dDAT)®3, and human serotonin transporter (\SERT).245 Currently, the X-ray crystal
structure for hANET and hDAT has not been resolved. Previous computational studies have
laid the ground work for modelling such structures, this includes work by our group which
based hDAT models on the previous LeuT structure using homology modeling techniques.>®
The LeuT X-ray crystal structure was used as a template to reasonably model hDAT and
hNET structures for their interactions with small-molecule ligands.56-5% The template LeuT
shares 20.4% sequence identity and 42% sequence similarity with hDAT. More recently, our
group has previously modeled hDAT from dDAT, and offered great insight on conserved
residues and inhibitor interactions.#260 In these studies, hDAT was modeled after dDAT
because there was sequence similarity of 59% (identity: 46%). The previously obtained
hDAT models allowed the investigation of the interactions between hDAT with dopamine,
cocaine, and other inhibitors.61.62

Homology modeling can be quite useful when the model template has a high evolutionary
homology sequence and identity percentage when compared to the modeled protein. Recent
studies have modeled NET using DAT as a template and showed a high conservation of
topological domains. The study shows most of the differences between NET and DAT are
found towards the C-terminus.53 The hNET and hDAT sequences are quite similar with
sequence similarity of 82% and sequence identity of 71%. The hDAT modelled structures
were found to be consistent with known structural insight gained from previously reported
wet-experimental hDAT validation. In this present study, the HIV-1 Tat-hNET binding
mode has been resolved using protein—protein docking® and molecular dynamic (MD)
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simulations.5® The computationally resolved binding mode is supported by subsequently
obtained experimental data from DA uptake assays and site-directed. Insights from this
study will hopefully establish a basis for further studies on the relationship between HIV-1
infection and DA uptake inhibition as well as HIV-1 Tat molecular mechanism and its effect
in neurons.

Results and Discussion

In determining the bound structure of HIV-1 Tat~-hNET, we need to investigate and obtain
the individual structural details of hNET and HIV-1 Tat. The structure of hNET can

be categorized in three different conformational states (including the outward-occluded,
outward-open, and inward-open) which are similar to hDAT and built from homology
modeled structures discussed in previous reports.*2 The modeled structure of hNET

is consistent with structural insights discussed in previously reported wet-experimental
validations and previous modeling studies of hNET.86.:67 The hNET model exhibits very
similar features of hDAT which include conserved residues and a binding site for dopamine.

HIV-1 Tat subtype B is more prevalent in the North American hemisphere and is composed
of 86 amino acids. It contains a +12e net charge with a physiological pH of 7.4. In 2001,
experimentalists were successful in using multinuclear NMR spectroscopy to resolve the
structure of the HIV-1 Tat protein. From the NMR study, there were 11 conformations
presented to the protein databank (RCSB PDB ID: 1JFW)88, the structures are similar with
an average root-mean square deviation (RMSD) of 1.3 A on the backbone heavy atoms.*2
HIV-1 Tat is composed of a majority of coil and loop conformations with a few p-turns.
Transient folding appears to only occur in two regions composed of residues 38-48 and
residues 60—72, while the main functional region is the cysteine-rich region which includes
residues 22-37.68

Rigid-body protein—protein docking methods can yield accurate results but has difficulty
predicting systems that exhibit conformational flexibility. The complex structures shown

in this study were determined from previous works that utilized protein—protein docking,

a refined series of energy minimizations, and molecular dynamics (MD) simulations that
captured the most favorable HIV-1 Tat-hDAT binding structure. There are three different
conformational states of hDAT (outward-occluded, outward-open, and inward-open). Due

to significant homology similarity, ANET samples these conformations as well, but the
outward-open state is more suited and favored for binding with HIV-1 Tat. The reason HIV-1
Tat prefers binding with hNET in the outward-open structure is due to the favorable binding
energy. According to the binding energies calculated by using the Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) approach, the HIV-1 Tat binding with hNET in
the outward-open state has the lowest binding energy (which means the highest binding
affinity). The binding energies of HIV-1 Tat with hNET in the outward-occluded and
inward-open states are much higher (see Supporting Information for the binding structures
and their relative binding energies). The most favorable HIV Tat-hNET binding mode
(outward-open state) was refined further by performing MD simulations for a total of 2

us, which included 200 independent MD trajectories each at 10 ns. The computationally
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modeled HIV-1 Tat-hNET binding interactions in the outward-open state are discussed
below in detail.

Key intermolecular interactions in HIV-1 Tat-hNET binding

Figure 1A shows HIV-1 Tat binding to hNET in the outward-open confirmational state
after energy minimization. The bound complex shows HIV-1 Tat embedded in the
extracellular domain of hNET (green) due to electrostatic attraction. HIV-1 Tat is bound
above hNET in the vestibule on the extracellular side, forming a contacting interface.
This interface between the proteins due to electrostatic complementarity can prevent the
uptake of neurotransmitters, because the favorable binding of HIV-1 Tat with hNET in
the outward-open state effectively blocks the conformational change required to uptake a
neurotransmitter such as DA.

The most critical interactions include hNET residues Y84 and K88 as well as T544 shown
in Figure 1C. There are weak hydrogen-bonding (HB) interactions between the positively
charged butylammonium group of HIV-1 Tat K19 side chain and the hydroxyl group of
hNET Y84 side chain. Another HB interaction exists between the oxygen atom of HIV-1 Tat
P18 backbone and the positively charged butylammonium group of hNET K88 side chain.
Lastly, there is a HB interaction between the positively charged butylammonium of HIV-1
Tat K40 side chain and the hydroxyl group of hNET T544 side chain.

We highlight these interactions and show the distances for the modeled structure in Figure
1D. The weak HB interactions between HIV-1 Tat K19 and hNET Y84 exhibit a distance of
3.4 A between the hydroxyl oxygen of hNET Y84 side chain and the positively charged N
atom of HIV-1 Tat K19 side chain, with a distance of 3.2 A between the positively charged
N atom of hNET K88 side chain and the backbone oxygen of HIV-1 Tat P18, and lastly a
distance of 2.8 A between the hydroxyl oxygen of hNET T544 and the positively charged N
atom of HIV-1 Tat K40. These HB interactions along with the electrostatic complementarity
help to maintain this bound complex.

Dynamics of HIV-1 Tat-hNET interactions

In Figure 2, we show the RMSD for the positions of heavy backbone atoms and distances of
the three critical intermolecular interactions of the HIV-1 Tat-hNET binding complex over
200 MD trajectories for a total of 2 ps. In Figure 2A, the RMSD values are shown for 2.0

ps MD trajectories which average 2.99 + 0.76 A. This suggests that the HIV-1 Tat-hNET
binding structure has a high conformational stability.

Based on the internuclear distances related to the HBs obtained from MD-simulations
mentioned above, the intermolecular interactions between HIV-1 Tat and hNET are highly
dynamic. For example, the MD-simulated distance between the positively charged nitrogen
of hNET K88 side chain and the backbone oxygen of HIV-1 Tat P18 ranged from 2.49

A t0 19.03 A (see Figure 2B), with an average distance of 4.19 A (or 4.19 + 1.90 A in

terms of the standard fluctuation), and 52.13% of the snapshots were shorter than 3.5 A (the
cutoff distance for a hydrogen bond used in this study). In other words, based on the MD
simulations, the hydrogen bond between the positively charged nitrogen of ANET K88 side
chain and the backbone oxygen of HIV-1 Tat P18 existed in 52.13% of the snapshots (with
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the distance cutoff of 3.5 A). The distance shown in Figure 2C represents the HB interaction
between the hydroxyl oxygen of hNET Y84 side chain and the positively charged nitrogen
of HIV-1 Tat K19 side chain, ranging from 2.57 A to 18.33 A, with an average distance

of 5.31 + 1.33 A, and the hydrogen bond existed in only 8.81% of the snapshots (with the
distance cutoff of 3.5 A). The distance shown in Figure 2D represents the HB interaction
between the hydroxyl oxygen of hNET T544 side chain and the positively charged nitrogen
of HIV-1 Tat K40 side chain, ranging from 2.55 A to 19.68 A, with an average distance

of 7.46 + 2.49 A, and the hydrogen bond existed in only 5.22% of the snapshots (with the
distance cutoff of 3.5 A). Overall, all the tracked distances depicted in Figure 2 suggest

that the HIV-1 Tat-hNET binding mode is dynamically stable. Notably, the occasional long
distances were due to the secondary structure characteristics of the HIV-1 Tat protein (which
is made up of 86 residues and its secondary structural composition includes a majority

of coils and 3 short alpha helices). There was no major structural change during the MD
simulation, just the mild stochastic conformational switching of solvent exposed coils.

Experimental validation through side-directed mutagenesis

According to the modeled HIV-1 Tat-hNET binding structure in Figure 1, three hNET
residues (Y84, K88, and T544) are predicted to have favorable HB interactions with HIV-1
Tat. To validate the predicted HIV-1 Tat-hNET binding mode, three mutants (Y84F, K88M,
and T544A) were designed to disrupt the favorable HB interactions of hANET with HIV-1 Tat
(as illustrated in Figure 3). These mutants were prepared through site-directed mutagenesis
and tested for their DA uptake activity in comparison with wild-type hNET (WT-hNET).

It turned out that the Y84F and T544A mutants did have the desirable DA update activity
of the WT-hNET. Unfortunately, the K88M mutant was inactive, suggesting that the K88M
mutation might have resulted in some major structural change of the protein. So, without
detectable DA update activity for the K88M mutant of hNET, we were unable to examine
whether HIV-1 Tat can inhibit the DA uptake activity of the K88M mutant. Nevertheless,
we were able to test whether HIV-1 Tat can inhibit the DA uptake activity of the Y84F

and T544A mutants in comparison with WT-hNET. It turned out that 140 nM recombinant
Tat;_gg did not significantly decrease the DA uptake activity of the Y84F and T544A
mutants, while decreasing the DA uptake activity of the WT-hNET, suggesting that the
favorable HIV-1 Tat-hNET interactions were disrupted by the Y84F and T544A mutations.
So, these results of the site-directed mutagenesis support the favorable HB interactions of
HIV-1 Tat with the side chains of hNET residues Y84 and T544.

Conclusion

In this work, we displayed a three-dimensional modeled structure of hNET binding with
HIV-1 Tat through the use of protein—protein docking methods and molecular dynamics
simulations. The obtained computational data suggests that HIV-1 Tat binds to the outward-
open state of hNET, which is similar to the binding of HIV-1 Tat with hDAT. Based on the
modeled HIV-1 Tat—-hNET binding structure, we have identified hNET residues Y84, K88,
and T544 as important residues for hNET interacting with HIV-1 Tat. These interactions
were analyzed over 2 ps of MD simulations. The newly obtained HIV-1 Tat-hNET binding
mode reveals novel mechanistic insights describing how HIV-1 Tat interacts with hNET.
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Further, the favorable HB interactions of HIV-1 Tat with the side chains of hNET residues
Y84 and T544 have been validated by our subsequently obtained experimental data from the
site-directed mutagenesis and DA uptake activity assays, suggesting that the computationally
modeled HIV-1 Tat-hNET binding mode is reasonable. In conclusion, this study depicts

how molecular dynamics and molecular modeling can be used to study protein-protein
interactions and address questions regarding mechanisms and complex structures.

Molecular Modeling

Although there is a reported PDB structure of dDAT in the RCSB Protein Databank, no x-
ray crystal structure of NET has been reported, preventing a direct structural comparison. To
understand the impact of the binding between HIV-1 Tat and hNET, we performed a Basic
Local Alignment Search Tool (BLAST) search of hNET to identify sequence similarity to
hDAT.89:70 Our search determined that, ANET and hDAT have 82% sequence similarity and
71% sequence identity. Mega X was used to generate a fasta file for ANET and hDAT based
on the BLAST alignment.” The Modeller software was then used to model hNET using
hDAT as a template.”2 After the model was constructed, the Procheck software was used to
check the stereochemistry of the model. HIV-1 Tat structure was obtained from a previous
study and placed into the extracellular domain with the AmberMD software package.’3

Molecular Dynamics

The modeled complex structure of HIV-1 Tat-hNET was imported into the tLeap module of
the Amber18%° suite of programs’ to add hydrogens using the ff14SB7°.76 modified version
of the Cornell et al.’” force field. A series of energy minimization (EM) were conducted on
the modeled structure of HIV-1 Tat-hNET complex to address the steric clashes. A second
series of energy minimizations were conducted on the entire protein bound structure. The
HIV-1 Tat-hNET complex system was energy-minimized with 4,000 steps using the deepest
decent EM method and 4,000 steps with the conjugate gradient EM method using the Sander
module from the Amber18 package. This series of EM stages were carried out by using a
harmonic constraint on the protein atoms and gradually decreasing the force constant from
300, 200, 100, 75, 50, and 25 kcal/mol/A2. A final energy-minimization stage was carried
out without any constraint.

A series of EM stages were carried out prior to the MD production run. A 5-ns MD
simulation was used to relax residues involved in steric clashes in vacuum. Then another
5-ns MD simulation was used to relax the binding interface of residues within 5 A of the
bound complex in vacuum. Another 5-ns MD simulation was used to relax the binding
interface of residues within 5 A of the either HIV-1 Tat or hNET in a solvated cubic box.
A final 5-ns MD simulation was carried out on the HIV-1 Tat-hNET complex to relax the
entire system in a solvated periodic octahedron box of TIP3P8 water model with a box
cutoff at 10 A.

The last frame of the solvated HIV-1 Tat-hNET complex was selected to conduct the MD
simulation of the system in a bilayer membrane. The bilayer was built using Membrane
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Builder in the CHARMM-GUI.79:80 The lipid and HIV-1 Tat-hNET complex were built
using CHARMM36 and CHARMM36m force field respectfully.8182 The HIV-1 Tat-hNET
complex was solvated using a CHARMM-compatible TIP3P water model.”8 The MD
simulations of all the solvated HIV-1 Tat-hNET complexes were carried out using the
CUDA version of the pmemd module from the Amber18 package’# with a constant
pressure (1 bar) and constant temperature (300 K). These MD simulations used the SHAKE
algorithm®3 to constrain all covalent bonds that involve a hydrogen and the Langevin
thermostat to regulate the temperature84 such that it can maintain 300 K with a collision
frequency of 1.0 ps~L. During the MD simulations, a 9 A cutoff was used to calculate the
short-range non-bonded interactions, the particle mesh Ewald (PME) method®® was used to
evaluate all long-range electrostatic interactions, and a time step of 2 fs was applied to the
integration of the Langevin equation of motion. This MD production was simulated in 2000
independent runs each at 10 ns, which contributed to a total of 2 ys.86

Site-directed mutagenesis and DA uptake activity assays

All hNET mutants were prepared with insight gained from the computational model using
site-directed mutagenesis starting from the wild-type (WT)-hNET sequence (NCBI, cDNA
clone MGC: 190603 IMAGE: 100062757). The combination of hNET mutations on Tyr84,
Lys88, and Thr544 (Y84F, tyrosine 84 to phenylalanine; K88M, lysine 88 to methionine;
T544A, threonine 544 to alanine) were predicted to eliminate hydrogen bonding interactions
of HIV-1 Tat with hNET. GENEWIZ (South Plainfield, NJ) performed site-directed
mutagenesis on synthetic cDNA used to encode hNET and subcloned into pcDNA3.1+ as

a template. GENEWIZ also performed DNA sequencing conducted on mutant constructs to
confirm the hNET sequences. Plasmid DNA was purified and propagated using a Qiagen Hi-
speed maxi prep plasmid DNA isolation kit (Qiagen, Valencia, CA, USA). All cell cultures
and transfection were conducted as described previously.87:88 PC12 cells were maintained
in a 5% CO5 incubator at 37 °C within a Dulbecco’s modified eagle medium (DMEM,

Life Technologies, Carlshad, CA) and supplemented with 2.5% fetal bovine serum, 2

mM glutamine, 15% horse serum, and antibiotics (100 U/ml penicillin and 100 pg/mL
streptomycin). Transient transfection was conducted on cells that were seeded into 24-well
plates with a density of 1x10° cells/cm?, then allowed to reach 100% confluence, and lastly
transfected 24 h later with WT or mutant hNET plasmid DNA using Lipofectamine 2000.
These cells were used for transfection after 24 h.

The Michaelis-Menten constant (K,) and maximal velocity (Vmax) of [SH]DA uptake
were examined in intact PC12 cells transiently expressing mutant or WT-hNET described
previously.89 The cells were washed twice in 1x Krebs-Ringer-HEPES (1x KRH) buffer,
then preincubated at room temperature for 10 min in buffer and/or nomifensine (at a final
concentration of 10 uM), and then incubated with the addition of unlabeled DA at one of
six concentrations (the final DA concentrations: 0.03-5 pM) and a fixed concentration of
[3H]DA (500,000 DPM/well, specific activity, 21.2 Ci/mmol) at room temperature for 8
min. Specific uptake was calculated by subtracting nonspecific uptake from total uptake in
the presence of 10 uM nomifensine and desipramine. The cells were washed twice with
ice-cold 1x KRH buffer, then lysed in 500 ul of 1% SDS for an hour. To determine the
effects of HIV-1 Tat inhibition on [3H]DA uptake, cells were harvested then resuspended
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in culture medium and allowed to incubate for 10 min at room temperature. Dissociated
cells were pelleted by centrifugation at 400 x g at 4°C for 5 min, then washed once

and resuspended with PBS (phosphate-buffered saline). The dissociated cells underwent an
additional centrifugation at 400 x g at 4°C for 5 min, and resuspended in 1X KRH buffer.
[3H]DA uptake was determined in cell suspensions prepared from mutant and WT-hDAT in
the absence or presence of recombinant Tat,_gg (at a final concentration of 140 nM). Cell
suspensions were preincubated with HIV-1 Tat at room temperature for 20 min, and then
incubated for 8 min after adding [3H]DA (0.05 pM, final concentration). 10 uM nomifensine
and desipramine (in terms of the final concentrations) were used to determine non-specific
[3H]DA uptake. The incubation was terminated after immediate filtration through Whatman
GF/B glass filters (presoaked with 1x KRH buffer containing 1 mM pyrocatechol for

at least 3 h). Glass filters were washed for three times with 3 ml ice-cold KRH buffer
containing pyrocatechol using a Brandel cell harvester M-48 (Brandel Inc., Gaithersburg,
MD). The radioactivity was measured by using a liquid scintillation counter Tri-Carb
2900TR (PerkinElmer Life and Analytical Sciences, Waltham, MA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIV Tat

Figure 1.
Modeled structure of HIV-1 Tat bound to hNET in the outward-open state after the

molecular docking and energy minimization. (A) HIV-1 Tat-hNET binding structure
developed from homology modeling. HIV-1 Tat is (orange) shown here with the cartoon
representation, hNET (green) is represented using the cartoon representation. The lipid
membrane is shown using semitransparent surface and stick representation colored
according to heavy atoms. (B) HIV-1 Tat (orange) and hNET (green) are shown here with
the surface representation showing the shape complementarity. (C) Highlighting HIV-1 Tat
bound to hNET with critical residues important for maintaining the formed complex. HIV-1
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Tat is (orange) shown here with the cartoon representation. Dopamine (red), residues Y84,
Y88, and T544 of hNET (purple) are all shown in surface representation. (D) Internuclear
distances are shown between the binding interface of HIV-1 Tat-hNET binding structure.
HIV-1 Tat (orange) and hNET (green) are represented in the cartoon representation.
Residues Y84, Y88, and T544 of hNET (cyan) as well as P18, K19, and K40 of Tat (purple)
shown as sticks which are important for maintaining the binding between the two proteins.
Intermolecular HBs are indicated as dashed lines, and distances are labeled next to the
respected lines.
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Figure 2.
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Time (us)

RMSD and critical distances for the HIV-1 Tat-hNET binding structure based on the MD
production simulations. (A) RMSD values (black) for the Tat-hNET binding structures
backbone heavy atoms (Ca, C, O, N) in the 2.0 ps MD trajectories. (B) Critical distance
(red) of the interaction between the nitrogen of hNET K88 side chain and the backbone
oxygen of HIV-1 Tat P18. (C) Critical distance (blue) of the interaction between the side
chain oxygen of hNET Y84 and side-chain nitrogen of HIV-1 Tat K19. (D) Critical distance
(green) of the interaction between the oxygen of hNET T544 side chain and the nitrogen of

HIV-1 Tat K40 side chain.
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Figure 3.
Critical interactions shown between important residues and mutated residues. Mutants of

hNET were modeled from the WT-hNET obtained from the HIV-1 Tat-hNET binding
structure followed by energy minimizations. (A) Distances are shown between the side chain
oxygen of hNET T544 (cyan) and side chain nitrogen of HIV-1 Tat K40 (purple) as well

as the side chain oxygen of hNET Y84 (cyan) and side chain nitrogen of HIV-1 Tat K19
(purple). (B) Y84F mutation shows the disrupted interaction between HIV-1 Tat residue K19
(purple) and hNET residue F84 (cyan) due to a loss of a hydroxyl group from hNET residue
Y84. (C) T544A mutation shows the disrupted interaction between HIV-1 Tat residue K40
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(purple) and hNET residue A544 (cyan) due to a loss of a hydroxyl group from hNET
residue T544.
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