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Abstract. Nef -HIV-1 has been shown to be involved in NADPH complex interaction
and superoxide production. The aim of this work was to study the domains involved in the
interaction between Nef and p22-phox. Two approaches were used: 1) in silico modelling,
to determine the potential binding motifs and design Nef truncated forms and 2) functional
assays. The results showed that GFPVT 68-72, FPDW 121-124 and REVLE 179-183 on Nef
are critical for p22-phox (RPQIG 142-146 and PGGP 181-184) docking. However, only the
region containing FPDW 121-124 on Nef is able to induce superoxide production. Understan-
ding the molecular mechanisms involved in generating oxidative stress during HIV infection,
is critical for therapeutic intervention, in order to minimize viral replication and dissemination.
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Identificacion del dominio de Nef-VIH-1 involucrado
en la interaccion con p22-phox y produccion de

superoxido.

Invest Clin 2016, 57(3): 305 - 319
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Resumen. Se ha evidenciado que Nef-VIH-1 estd involucrado en la interaccion con el
complejo NADPH y la produccion de superdxido. El objetivo de este trabajo fue identificar los
dominios implicados en la interaccion entre Nef y p22-phox. Se utilizaron dos estrategias: 1)
andlisis in silico para determinar los posibles motivos de union y el disefio Nef formas trunca-
das y 2) ensayos funcionales. Los resultados mostraron que GFPVT 68-72, FPDW 121 a 124y
179 a 183 REVLE de Nef son criticos para su union con p22-phox (RPQIG 142-146 y 181-184
PGGP). Sin embargo, so6lo la region que contiene FPDW 121-124 en Nef, es capaz de inducir
la produccion de superoxido. La comprension de los mecanismos moleculares implicados en
la generacion de estrés oxidativo durante la infeccion por VIH, es critico para la intervencion
terapéutica, con el fin de minimizar la replicacion y la propagacion viral.

Recrbido: 24-11-2015 . Aceptado. 26-05-2016

INTRODUCTION

An increased oxidative stress has been des-
cribed in chronically HIV-1-infected patients,
associated with an elevated extracellular and in-
tracellular reactive oxygen species (ROS) levels
(1, 2). Elevated ROS production in HIV infec-
ted patients has been implicated in the acquired
immune deficiency syndrome (AIDS) pathoge-
nesis, and could be responsible for the inflam-
matory status. This may lead to chronic immu-
ne system activation (3), followed by a cellular
dysfunction, cell death and loss of memory T
cell response (4). In addition, T helper imbalan-
ce, related to premature regulatory T cells (Treg)
response, and ultimately premature aging of the
immune system because of a direct and quan-
titative shortening of telomere (5-7), has been
observed. Altogether this inflammatory status
results in a greatly disturbed immune response.

NADPH oxidase (NOX) family members
are major cellular sources of ROS, they include
seven proteins (NOX1-5 and DUOX1-2), each
of these isoforms have a core catalytic subunit
called NADPH oxidase (NOX) and dual oxi-
dase (DUOX), and have five regulatory subu-
nits. NOX2 NADPH oxidase is composed by
functional transmembrane heterodimers, gp91-
phox and p22-phox (also known as cytochrome
b558), and four regulatory cytosolic subunits
p40-phox, p47-phox, p67-phox, and Rac2 (8).

Several HIV-1 proteins have been shown to
be involved in ROS production and responsible
to enhance the oxidative stress during disease
progression, these include Nef (9, 10), Tat (11),
gp120 (12) and Vpr (13). Nef is a 27-34 kDa
myristoylated protein produced exclusively by
HIV-1/2 and simian immunodeficiency virus,
which plays a pivotal role in AIDS pathoge-
nesis. Pro-oxidative Nef properties have been
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previously demonstrated in macrophages (14)
hepatocytes (15), endothelial cells (16) and neu-
trophils (17). Several pathways could explain
ROS modulation: 1) Nef can induce superoxi-
de production by activating PAK (p21-activated
kinase) in a Cdc42/Rac dependent manner (10);
2) Nef interacts with Hck (hemopoietic cell ki-
nase) and can induce phosphorylation and mem-
brane translocation of p47-phox (9); and 3) Nef
interacts with p22-phox and could directly affect
NOX2 NADPH-activity (17). Nevertheless, the
molecular mechanism of the interaction among
Nef and p22-phox is still unknown.

Different functional domains involved in the
membrane targeting, intracellular trafficking,
and cell signaling (18) have been described in
Nef protein. Thus delineating the molecular me-
chanisms of Nef and p22-phox interaction, is
critical for identification of potential therapeutic
targets. Therefore, the aim of this work was to
map the structural and functional motifinvolved
in Nef and p22-phox interaction, by using two
approaches: 1) in silico modelling to determine
the potential binding motifs that participate in
the protein-protein interaction, and designing
truncated forms of Nef protein and 2) functio-
nal assays, to map the involved domains. The
results showed that GFPVT 68-72, FPDW121-
124 and REVLE 179-183 on Nef are critical
for p22-phox (RPQIG 142-146 and PGGP 181-
184) docking, and only FPDW121-124 on Nef
is necessary to induce superoxide production.
Mapping of Nef domains responsible of the in-
teraction with and activation of NOX2 NADPH
oxidase complex could help to identify potential
therapeutic targets that block this association in
order to restore the functional activity of NOX2
NADPH oxidase complex, thereby minimizing
the harmful effects and improving the physiolo-
gical responses during HIV infection.

MATERIAL AND METHODS

Media and reagents

HRP-conjugated anti-goat, goat anti-HIV-
Nef, rabbit anti-human-p22-phox and mou-
se anti-his, were all purchased from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA).
Dihydrorhodamine-123 (DHR-123) was pur-
chased from Molecular Probes, (Eugene, OR).
HRP-conjugated anti-mouse and anti-rabbit an-
tibodies were purchased from Pierce, Rockford,
IL. Ncol, HindIII and T4 DNA ligase, were all
purchased from New England Biolabs (Ipswich,
MA, USA). Rodamine-conjugated anti-mou-
se and FITC-conjugated anti-mouse, were all
purchased from Jackson ImmunoResearch Inc
(West Grove, PA, USA).

In silico analysis of HIV-1 Nef and
p22-phox association: Identification
of potential binding motifs

Nef and p22-phox association was initially
assessed by using molecular 3D modeling and
protein-protein interaction analysis (docking).
This approach was performed using bioinfor-
matics servers. For Nef, a sequence previously
reported, was used (17) (Figs. la and 1b) and for
p22-phox analysis, both a sequence previously
published (19) and cytoplasmic domain starting
in Y 121 position, was explored (Figs. 1c and
1d). AIl FASTA files were processed online using
the Phyre2 bioinformatics server (20). An inten-
sive modeling algorithm was used to obtain 3D
models in PDB format (Protein Data Bank). The
PDB files which were obtained were processed
in bioinformatics Cluspro2.0 server (21), the
algorithm used for interaction was designed as
follows: the p22-phox cytoplasmic domain was
defined as the stationary receiver and the Nef
protein, at full length or as functional domains
were defined as the dynamic ligand. Models that
had higher favoring energy or lower free energy
(AG), and great steric feasibility, were selected.
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Amino acids sequences and interacting motives
were visualized by using ICM Browser software
(Molsoft LLC, San Diego, CA, U SA).

Cloning and expression of truncated
Nef-His protein

The Nef-His wild type used as a template
was obtained by PCR from HIV delta R 8.2
pPTK, which contains HIV-1 genes. Primers
used for cloning are shown in Table I and trun-
cated forms (NefA) are detailed in Fig. 2. Ne-
fA’s were obtained by PCR from pet21d-Nef.
Forward primers contained the Ncol restriction
site while retaining the start codon; reverse pri-
mers contained HindIIl restriction site. PCR
products were cloned into the pET21d, which
contained a c-terminal hexahistidine tag. Clo-
nes were sequenced to verify that the sequences

Same batch was used for all assays.

Human blood samples and isolation
of polymorphonuclear leukocytes
(PMNSs)

Peripheral blood samples were obtained
from 10 healthy subjects. The experimental pro-
tocol was approved by the Ethics Committee of
The University of Los Andes, and written infor-
med consent was obtained from all the subjects.
PMNs were obtained as previously described
(23). Citrated venous blood was mixed with 6%
dextran solution (mol. wt 500°000) and incu-
bated at room temperature for 30 min. Leuco-
cyte-enriched supernatant was collected, diluted
with RPMI-1640 and layered on Ficoll-Hypa-
que (1077, Sigma, St Louis, MO, USA). After
density gradient centrifugation at 400 g for 30
min, PMN were obtained from the bottom. Red

TABLE I
PRIMERS LIST USED TO CLONING NEF TRUCATED FORMS

NefAl2

forward [5’-ccccatgggtggcaagtggtcaaaaagt-3']

reverse [5’-ggaagcttctcttcctectcttgtget-3']

NefAl4

forward [5’-ccccatgggtggcaagtggtcaaaaagt-3']

reverse [5’°-cgaagcttcttttcttttaaaaagtggcta-3']

NefA36

forward [5°-ggccatgggagcaatcacaagtagcaa-3']

reverse [5’°-gcaagcttgtagcaccatccaaaggtcag-3']

NefA38

forward [5’-ggccatgggagcaatcacaagtagcaa-3'|

reverse [5’-ccaagcttgcagttcttgaagtactccggat-3']

were correct. Nef-His wild type and Nef-His
truncated forms in pet21d were used to trans-
form E. coli BL21-CodonPlus-RIPL, and pro-
tein purification was performed in sepharose
Ni/nitrilotriacetic acid (NTA) column (BioRad).
The presence of Nef and NefA proteins was mo-
nitored by electrophoresis and western blot. All
proteins were further treated with an endoto-
xin binding column (Pierce LAL Chromogenic
Endotoxin Quantitation Kit) and ultrafiltered
(Amicon Ultra Unit) to remove buffer salts (22).

blood cells contained in PMN pellets were eli-
minated by hypotonic lysis using cold distilled
water.

Superoxide production

Flow cytometry analysis of neutrophil res-
piratory burst activity was measured using a
modification of a previously published me-
thod (24). Briefly, freshly isolated neutrophils
(1x106 cells/mL) were preloaded with DHR-
123 (Iumol/L) at 37°C for 15min. Afterwards,
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>LCL|SALMEN_2010|rNEF_[HIV1]

MGGKWSKSSVIGWPTVRERMRRAEPAADGVGAVSRDLEKHGAITSSNTAATNADCAWLEAQEEEEVGFPVTPQVPL
RPMTYKAAVDLSHFLKEKGGLEGLIHSQRRQDILDPWIYHTQGYFPDWQNYTPGPGIRYPLTFGWCYKLVPVEQEKVEE
ANEGENTRLLHPVSLHGMDDPEREVLEWRFDSRLAFHHMAREKHPEYCKDCHHHHHH

>REF| DAHAN_2002 | PMID_11733522 | p22phox_[HUMAN]
MGQIEWAMWANEQALASGLILITGGIVATAGRFTQWYFGAYSIVAGVFVCLLEYPRGKRKKGSTMERWG QKHMTAVV
KLFGPFTRNYYVRAVLHLLLSVPAGFLLATILGTACLAIAS G| T I L e T L e A

<& C-terminal

Fig.1. 1a and 1bshows Nef sequence and 3D model; 1c and 1d represents p22-phox and 3D model of cytosolic
domain. Shaded area in 1lc represents p22-phox cytosolic domain sequences.
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Fig.2. Nef truncate forms. 2a Represents Nef wild type. 2b to 2e represents truncated forms: 2b. NefA12 (residues
1-65) only has the myristoylation (MIR) domain; 2¢ NefA14 (residues 20-94) contain Proline-rich Sequence
(SH3 binding domain) and the first Arg-rich sequence (PAK2 binding domain); 2d NefA36 (residues 91-143)
contain SH3 binding domain, the first PAK2 binding domain and dimerization dimerization (DIM), and ab-
sence of c-terminal portion and 2e NefA38 (residues 91-206) contain SH3 binding domain, the both PAK2
binding domain, dimerization (DIM), c-terminal portion, but absence of the myristoylation (MIR) domain.

cells were incubated with Nef-His and NefA. A
curve doses/response was established by using
50ng/mL up to 500ng/mL. ROS production was
induced from 100ng/mL and a doses response
manner. We choose 500ng/mL as the most op-
timal response (25, 26), during 60 min at 37°
C. Cells were analyzed on a FACScan flow cy-
tometer (Becton Dickinson, San Jose, CA). A
total of 10,000 events were collected from each
sample.

Statistical analysis

Data concerning superoxide production is
presented as means + SD. The significance of
differences between variables were calculated

by ANOVA, p<0.05 was considered statistically
significant.

RESULTS

Computational simulation revealed
three docking sequences in Nef
HIV-1 protein

Compromises of the functionality of phago-
cytic cells, favoring the reactivation and deve-
lopment of opportunistic infections throughout
AIDS progression during HIV-1 infection have
been described. Nef protein can affect the innate
immune system by impairing oxidative burst in
HIV-1 patients (9, 27, 28). Nef is expressed ear-
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ly in the viral replication cycle and has a signi-
ficant role in viral replication and pathogenesis.
Even though no significant enzymatic functions
have been reported, interactions with several
host cellular proteins such as p21-activated ki-
nase 2 (Pak2) (29), Vav (30) and p22phox (17),
have been demonstrated. The aim of this work
was to identify Nef-HIV-1 structural domains
involved in p22-phox interaction. Constructs
were designed through the progressive remo-

AG=-1051 cal/mol (88%)
57 ocur/clust (81%)

AG=-994 cal/mol (81%)
101 ocur/clust (144%)

Superoxide production is correlated
with Gibbs free energy (AG)

p22-phox works as an adaptor protein be-
tween the membrane and the cytoplasmic com-
ponents of the enzymatic complex (17) , thus
each truncated Nef protein was tested in order
to determine whether the SH3 region or c-termi-
nal were involved to mediate functional change
in NOX2 NADPH-oxidase. NefA proteins were

AG= -1166 cal/mol (98%)
116 ocur/clust (165%)

AG=-1222 cal/mol (103%)
96 ocur/clust (137%)

Fig.3. 3D models of the interaction between the truncated forms of Nef (green) and p22-phox (blue). Each model
shows changes in Gibbs free energy (AG) and the steric feasibility (occurrences / cluster) among p22-phox and
NefA12 (3a), NefA14 (3b), NefA36 (3¢), and NefA38 (3d). Arrow points the hypothetical interaction sequence
between p22-phox and each truncated form. 3e Shows sequences (GFPVT 68-72, FPDW 121-124 and REVLE
179-183) on Nef are critical for interaction with p22-phox.

Vol. 57(3): 305 - 319, 2016
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val of a functional domain and their adjacent
fragments (Figs. 2a-e). Bioinformatics analysis
showed multiple 3D models of p22-phox-Nef
interaction, with favoring energetic states and
less AG (Fig. 3). These analysis shows that the
myristoylation area and dimerization domain,
apparently are not involved with p22-phox in-
teraction (Figs. 3a and 3c). In addition, the pre-
sence of the SH3 binding domain (Fig. 3b), and
C-terminal portion (Fig. 3d), increase the chan-
ce of interaction between both proteins, sugges-
ting multiple docking sites between Nef-HIV-1
and p22-phox, likewise to PACS-1/PACS-2 and
Nef interaction (31).

40—

25—
20—
15—
10—

generated by PCR amplification and cloning in
pet21d vector. Recombinant plasmids obtained
were used to transform E coli RIPL and fina-
lly recombinant truncated proteins (NefA) were
expressed and tested by electrophoresis (Fig.
4a) and western blot (Fig. 4b). NefA proteins
were used to induce superoxide production in
PMNs from healthy individuals. Fig. 5 shows
that Nef wt, NefA38 and NefA36 significantly
increased superoxide production in freshly iso-
lated neutrophils as compared to unstimulated
cells (Figs. 5a-d, p<0.05), Interestingly, NefA36
which is lacking of the second PAK2 binding

domain and REVLE _ .. domain sequence is

v Y
-
v B q
5-—-

A A 4
12 3

ap
w e
o »

Fig.4. SDS PAGE and western blot of truncated and wild type of Nef. Shows electrophoresis 4a and western blot 4b
of Nef wt and truncated form: 1. Empty vector, 2. Nef wt, 3.NefA12, 4. NefA14. 5. NefA36 and 6. NefA38.
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able to double the production of superoxide re-
garding Nef wt and NefA38 (Figs. 5c and 5d).
Superoxide production was correlated with a
lower Gibbs AG of interaction (y = -0, 0808x
+ 122,62, R2=0 9875) Since GFPVT
quence is present both in NefA36 and NefA14
which did not induce superox1de productlon
and REVLE _, .. sequence is present only in
NefA38, we suggest that GFPVT ” and RE-
VLE 179-183 are probably involved in protein
docklng and FPDW _ . sequence is involved
in superoxide production.

FSC

SSC

60
-
404
-
-
-
20+

[]

DHR123 + (%)

DISCUSSION

Data obtained from functional and in silico
analysis in the present study, showed how se-
quences (GFPVT . ., FPDW , = and REVLE
170.153) ON Nef are critical for p22 phox (RPQIG
146 and PGGP ) docking and for supe-
roxide production (FPDW ). Another inte-
resting finding from this study was that removal
of REVLE /.. in C-terminal portion, doubled
superoxide production, when neutrophils were

exposed to Nef A36, suggesting that this domain

Empty vector
NefAl2

Nefwt
NefA38

401

304 oo

o
£ ..
+ - *le
o 204 -
-
S - &
S 10 2 LA
-
-® ce® .. h
o Sers—
S >
e«F‘ﬁ éév & &v'? ‘;&v?

Fig.5. Detection of superoxide production in neutrophils responding to Nef and truncated form (NefA) during 60
min. 5a. A representative dot plot gating neutrophils population. 5b A representative histogram showing supe-
roxide production induced by empty vector (filled gray), Nef wt (red line), NefA12 (blue line), NefA14 (green
line). NefA36 (yellow line) and NefA38 (black line). Se. Shows percentage of superoxide production induced
by Nef wt (22.37%; £16), NefA12 (2.7%; £1.3), NefAl14 (4.3%; +4). NefA36 (41.6%; +13) and NefA38
(24.33%; £14.6) (n=9). 5d. Shows Mean fluorescence intensity (MFI) of superoxide production induced
by Nef wt (12.48%; £7.3), NefA12 (1.4%; £1.6), NefA14 (1.6%; +1.4). NefA36 (24.46%; £7.9) and NefA38

(15.22%; +6.8) (n=9).
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possible exert an steric interference in binding
of Nef and p22-phox, and the fully activation of
the NADPH oxidase complex.

The ability of Nef to alter several cellular
pathways by acting as an adaptor protein and a
manipulator of protein trafficking, signal trans-
duction and apoptotic pathways has been pre-
viously described. Several sequences in Nef
have been reported to be involved in interact
with host proteins, for example: 1) a hydropho-
bic patch of 10 residues encompassing W, L,
G, R, I, and L, residues, interact with
cytoplasmic tail of CD4 (32); 2) the cluster of
two glutamic acids (E ,, E ;) that precedes the
di-leucine motif, is also involved in modulation
of endocytic traffic(33); 3) bipartite site on Nef
formed by the EEEE , . on the N-terminal do-
main and W, . in the core domain are critical
for interaction with phosphofurin acidic cluster
sorting protein-1 (PACS-1) and PACS-2, which
is supposed to mediate retention of MHC-I in
the trans-Golgi (31) (18); 4) a leucine-based
motif (E/D  xxxLL . ), found in the C-termi-
nal flexible loop of HIV-1 Nef, is involved in
recruitment of clathrin-associated adaptor pro-
tein (AP) complexes that participate in vesicu-
lar transport within the endocytic pathway (34-
37); 5) N-myristoylation of Nef is required for
its association with cellular membranes (18); 6)
a polyproline (PQVPLR _, ) motif is required
for interactions with cellular proteins containing
SH3 domains, (38), such as tyrosine kinases of
the Src family, cytoplasmic tail of CD4, Hck and
Vav, and is central to Nef ability to induce cellu-
lar activation (30); 7) two arginines at the N-ter-
minus of helix a4 of Nef (R, ., R /) are required
for its interaction with Pak (39), and PxxP motif
itself appears to be required for the activation of
Pak via the recruitment of Vav, but does not par-
ticipate directly in the interaction between Nef
and Pak (39); and 8) hydrophobic motif compo-
sedof W .,V ., and M 20 interacts with mu-1A
at the tyrosine motif-binding site (40). In this

study multiple docking sites between Nef and
p22-phox were shown. The amino acids next to
polyproline motif and C-terminal PAK?2 binding
domain, are involved with establishment of Nef/
p22-phox docking; meanwhile FPDW ., . se-
quence is most likely responsible for superoxide
production.

Nef has been shown to be in equilibrium
between monomeric and oligomeric forms, the
critical residues of so far proposed HIV-1 Nef
homodimers interface are L, I, R ., R
I, L,,, W, andH  (41). However, the exis-
tence of one or more different dimerization
domains has not been excluded (42) and it has
been proposed that F | and D ., (FPDW121-
124) are part of another dimerization interface
(42, 43) and are involved in MHC-I downregu-
lation, by acting in conjunction with P _ to bind
the MHC-I to AP-1 (41).

A previous study also shows that HTQGY-
FPDW . ., Nef epitope elicited CD8 T cell in-
terferon-responses in long-term nonprogressors,
whereas progressors did not maintain an specific
CD8 T cell response to this epitope, suggesting
an exhausted phenotype of CD8 T cells in pro-
gressors, who also show an enhanced level of
expression of inhibitory receptor‘programmed-
death1”(PD-1). The authors suggest that preser-
vation of HTQGYFPDW | .. Nef epitope-spe-
cific T cell responses is associated with a more
benign clinical course of infection (44). Taking
together, these findings suggest that this Nef se-
quence is not only an adaptive immune response
modulator, but also is involved in regulation of
innate immunity, through the modulation of oxi-
dative stress.

GPF,, ., residues near to PQVPLR, also
have been suggested to be necessary for Nef/
activated PAK2 complex formation and MHC-I
downregulation (45). G, and F70 are part of a
bend in the Nef that allows the polyproline he-
lix to be placed in the complex near the YXXL
binding site of AP-1 p 1 and mediate MHC-I

Investigacion Clinica 57(3): 2016
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downregulation. Specifically, GPF .~ are three
highly conserved residues that form a loop be-
tween the polyproline helix and the tetra-gluta-
mate segment EEEE . (46). These sequences
are separated from the PQVPLR binding site,
and would hardly interact with SH3 domain, but
instead with a different region of SH3 domain
containing protein (45).

The mechanism through which, Nef reaches
the intracellular compartment in phagocytes
cells is currently unknown, perhaps an endo-
cytosis process may be involved, a previous
study immunofluorescence shows that Nef and
p22-phox can colocalize intracellularlly (16).
C-terminal portion of p22-phox contains PRR
domain (proline-rich region) ((47), which is
capable to interact with SH3 domains in p47-
phox, this interaction critical to both membrane
recruitment of p47-phox and oxidase activation.
Substitution of G for P 156 (P156Q) in the p22-
phox PRR (a mutation found in a patient with
Chronic granulomatous disease (CGD)) (48) or
substitution of P 152 and R 158 in the p22 phox
PRR (49) avoid activation of the complex. The
flanking PRR region in p22-phox (amino acids
161-164), adopts an a -helix (50), and is invol-
ved in full activation of the phagocyte oxidase,
by fortifying the interaction with the p47-phox
SH3 domain. RIG 142-146 and PGGP 181-184
are nearby from this SH3 binding domain; but
there is no study that assigns a functional acti-
vity to p22-phox. Thus, further work is required
to determinate the role of RPQIG 142-146 and
PGGP 181-184 in PRR domain activation, p47-
phox interaction or superoxide production. The
density of potential protein/protein interaction
domains displayed suggests that Nef is capable
of initiating complex host cell associations in
which two host cell proteins are brought toge-
ther to achieve new interactions within the infec-
ted cell, hence the studies of these mechanisms
are crucial to future considerations and perhaps
will reveal new mechanisms of viral-host inte-

raction.

The mechanism through which Nef, that is
produced intracellularly in infected cells, may
be also present extracellularly and exert effects,
just as demonstrated in this and previous
studies, is currently unknown and require future
investigation, perhaps an endocytosis process
of the protein may be involved since p22 and
Nef can colocalize intracellularly (17). Unrave-
ling the complex interactions between Nef and
the multiple host cell proteins involved in these
Nef activities, opens the possibility of foresee-
ing a new strategy to target HIV pathogenesis
by blocking Nef-p22phox, which is certainly
promising.
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