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Abstract

Phosphatidylinositol 4,5-bisphosphate (PIP2) is critical for HIV-1 virus assembly. The viral membrane is
enriched in PIP2, suggesting that the virus assembles at PIP2-rich microdomains. We showed previously that
in model membranes PIP2 can form nanoscopic clusters bridged by multivalent cations. Here, using purified
proteins we quantitated the binding of HIV-1 Gag-related proteins to giant unilamellar vesicles containing
either clustered or free PIP2. Myristoylated MA strongly preferred binding to clustered PIP2. By contrast,
unmyristoylated HIV-1 MA, RSV MA, and a PH domain all preferred to interact with free PIP2. We also found
that HIV-1 Gag multimerization promotes PIP2 clustering. Truncated Gag proteins comprising the MA, CA,
and SP domains (MACASP) or the MA and CA domains (MACA) induced self-quenching of acyl chain-labeled
fluorescent PIP2 in liposomes, implying clustering. However, HIV-1 MA itself did not induce PIP2 clustering. A
CA inter-hexamer dimer interface mutation led to a loss of induced PIP2 clustering in MACA, indicating the
importance of protein multimerization. Cryo-electron tomography of liposomes with bound MACA showed an
amorphous protein layer on the membrane surface. Thus, it appears that while protein—protein interactions are
required for PIP2 clustering, formation of a regular lattice is not. Protein-induced PIP2 clustering and
multivalent cation-induced PIP2 clustering are additive. Taken together, these results provide the first
evidence that HIV-1 Gag can selectively target pre-existing PIP2-enriched domains of the plasma membrane
for viral assembly, and that Gag multimerization can further enrich PIP2 at assembly sites. These effects could

explain the observed PIP2 enrichment in HIV-1.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

Introduction

Assembly of retroviruses, such as human immuno-
deficiency type 1 (HIV-1), is driven by the structural
polyprotein Gag. Approximately 2500 copies of Gag
assemble at the plasma membrane (PM) to form an
immature virion, with the N-terminal MA domain
associating with the inner leaflet of the PM, the central
CA domain forming a hexameric lattice arranged as an
incomplete sphere, and the C-terminal end of Gag
bound to viral genomic RNA [4,5]. During or immedi-
ately after budding, the virus undergoes major rear-
rangements triggered by cleavage of Gag by the viral
protease resulting in the formation of a mature virion.
For HIV-1, the PM phospholipid PI(4,5)P2 (referred to
throughout as PIP2) is enriched in the viral membrane
approximately three-fold in comparison with the PM [6].

A recent study estimated that virus particles contain
three times as many PIP2 molecules as total Gag
molecules [7]. PIP2 depletion in cells reduces both HIV-
1 Gag PM localization and virus release, redirecting
Gag to intracellular membranes [8,9]. Super-resolution
live cell imaging also suggests that for HIV-1 assembly
site formation is highly dependent on PIP2 and that
HIV-1, Gag specifically restricts PIP2 mobility in living
cells [10,11]. Consistent with in vivowork, PIP2 strongly
enhances the binding of Gag and its derivative proteins
to liposomes in vitro [9,12—14]. Thus, we and others
have speculated that in assembly, HIV-1 Gag specif-
ically targets membrane microdomains that are
enriched in PIP2 [15].

The MA domain of HIV-1 directs Gag to the
negatively charged inner leaflet of the PM through a
bipartite signal, an N-terminal 14-carbon myristate
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modification and a nearby patch of basic residues
[16]. The insertion of myristate into membranes,
providing ~8 kcal/mol in free energy, is essential,
since mutation of the glycine at position 2 blocks
myristoylation [17] and leads to loss of PM budding
and reduction in membrane binding in vitro [18—20].
According to surface plasmon resonance and
liposome flotation assays, MA myristoylation in-
creases the membrane affinity by a factor of 10
[18]. While this fatty acyl modification is necessary, it
is not sufficient for stable membrane binding. The
patch of basic residues on the globular head of MA,
including the highly basic region (HBR) spanning
residues 15-31, also is critical for efficient mem-
brane binding [21]. These amino acids, exposed on
the surface of the protein [21,22], interact with
negatively charged lipids in the inner leaflet, phos-
phatidylserine (PS) and PIP2 [9,13,23,24]. The
relative contributions of electrostatic interactions
and the hydrophobic interactions have been difficult
to decipher [25-27].

HIV-1 MA is reported to contain a specific PIP2
binding pocket [28] or binding surface [29], which
prominently includes residues K30 and K32 (or K29
and K31). Myristoylated Gag with mutations in these
crucial amino acids displays an almost 3-fold
decrease in binding to PIP2-containing liposomes
[9,14]. Interestingly, a Gag mutant with all HBR
lysines and arginines switched with each other
(HBR/RK switch) exhibits almost no binding to
PIP2-containing liposomes. This result indicates
that not only the overall charge but also the specific
amino acid sequence within HBR is critical for Gag—
PIP2 interaction [13,30]. In addition, the PIP2-
binding site overlaps an RNA-interaction site in MA
[31]. RNA bound to the MA blocks interactions with
PS-containing membranes, but not with PIP2-
containing membranes, suggesting that RNA might
serve as a regulator to ensure that Gag targets PIP2-
rich sites at the PM [32,33]. Overexpression of
polyphosphoinositide 5-phosphatase IV (5ptaselV),
which depletes PIP2 at the PM, abrogates HIV-1
virus particle release and redirects Gag to intracel-
lular compartments [8]. According to several lipido-
mic studies, PIP2 enrichment in HIV-1 viral
membranes is MA-dependent [6,34,35]. Altogether,
these results demonstrate that the specific interac-
tion between HIV-1 MA and PIP2 is essential for
correct PM targeting and virus assembly.

In addition to directing HIV-1 Gag to the PM, the
MA domain also is involved in incorporation of
envelope (Env) proteins into virus particles [36,37].
While the mechanism of Env localization to
assembly sites remains unclear, many studies
provide evidence of a direct interaction of HIV-1
MA and the cytoplasmic tail (CT) of Env [38-50].
Assembly-competent MA mutants that fail to
incorporate Env can be rescued by large C-
terminal truncations of the CT of Env or by

compensatory mutations in MA [48]. Similarly,
Env mutants with small deletions in the CT, leading
to Env-deficient particles, can be rescued by
mutations in MA [48]. Multimerized Gag reduces
Env mobility at assembly sites [51], consistent with
the idea that the MA domain interacts with, and
retains, Env in the nascent virus.

Both the CA and the short adjoining SP1 domains
are critical for HIV-1 Gag multimerization [52,53].
Like all retroviral CA proteins, HIV-1 CA is composed
of two distinct folded sub-domains, often called the
CAntp and CActp, respectively. Assembly-defective
mutations in CA are clustered in three regions: a
surface composed of helices H4 to H6 in CAnp, the
CA dimer interface in CActp, and the loop preceding
H8 at the base of CActp [54,55]. The dimer interface
is critically important for particle assembly, matura-
tion, and infectivity [53,56—59]. The short conserved
region SP1, just C-terminal to CA, together with
seven residues upstream, fold into a six-helix bundle
(6HB), which helps form and stabilize the immature
Gag hexamer [60—63]. The 6HB is required not only
for proper assembly, but also for Gag-PM associa-
tion [64,65], apparently due to the decreased
membrane affinity resulting from a defect in multi-
merization [64].

PIP2 has been proposed to exist as spatially
separated pools [66]. Recently, we showed by self-
quenching and Foérster resonance energy transfer
(FRET) techniques that PIP2 forms clusters in
model membranes that resemble the inner leaflet
of the PM [67]. This clustering is unique to
phosphatidyl inositol species. Clustering occurs
even at the extremely low PIP2 concentration of
0.05% of total lipid, is dependent on the presence of
multivalent cations, and is influenced by the sur-
rounding lipid environment. For example, clustering
occurs under physiological conditions of pH 7.2, 100
mM KClI, 0.5 mM Mgz", and 2 mol% PIP2 in an inner
leaflet model membrane. These results suggest that
in living cells, PIP2 most likely exists both in free and
in clustered forms in the PM. Other than multivalent
cations, numerous cellular PIP2 binding proteins are
also proposed to modulate PIP2 distribution and
induce PIP2 cluster formation, either by sequestra-
tion electrostatically, such as MARCKS [68], or by
protein multimerization, like the pleckstrin homology
(PH) domain of dynamin [69]. However, the contri-
bution of electrostatic interaction together with
protein multimerization has not been carefully
examined in the case of PIP2 enrichment at HIV-1
Gag assembly sites.

In the present work, we used purified HIV-1 Gag
derivatives and model membranes to study the
interplay of the PIP2—-PIP2, Gag—PIP2, and Gag-
Gag interactions that may take place during HIV-1
assembly (A diagram of the key experimental set-
ups is shown in Figure S1). Giant unilamellar
vesicles (GUVs) were used for protein fluorescence

Please cite this article as: Y. Wen, G. W. Feigenson, V. M. Vogt, et al., Mechanisms of PI(4,5)P2 Enrichment in HIV-1 Viral
Membranes, Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2020.07.018



https://doi.org/10.1016/j.jmb.2020.07.018

PI(4,5)P2 Enrichment in HIV-1 Viral Membranes

binding assays, and large unilamellar vesicles
(LUVs) were used for cuvette-based fluorescence
quenching assays. First, we found that HIV-1 Gag
shows preference for clustered PIP2 over free PIP2,
in contrast to other PIP2 binding proteins. We then
showed that Gag multimerization on model mem-
branes induces PIP2 clustering. Taken together,
these results provide a mechanistic underpinning of
PIP2 enrichment in HIV-1 viral membranes.

Results

PIP2 can form multivalent cation-dependent
clusters in the absence of proteins

PIP2 is hypothesized to exist as “spatially sepa-
rated pools” at the inner leaflet of the PM [70]. Our
previous study showed that physiological levels of
PIP2 can form clusters in the presence of multivalent
cations, as shown both by self-quenching and by
FRET [67]. We first detected this clustering using a
fluorescence self-quenching assay. We prepared
100 nm LUVs with an inner leaflet lipid composition
POPE/POPS/Chol/PIP2 (32/30/36/2), and tested
fluorescence quenching at different ratios of natural
brain PIP2 and fluorescently labeled TopFluor PIP2
(TF-PIP2), always at final total 2 mol % PIP2 (Figure
S2A). All of these fluorescence quenching assays
were carried out at a ratio of brain-PIP2/TF-PIP2 = 7/
3, which gives modest quenching in the presence of
multivalent cations that are present on both leaflets
of LUVs. Buffers were prepared to mimic the ions
and pH of the cell: 100 mM KCI, 20 mM HEPES, (pH

7.2), either with addition of 1 mM EDTA or of
multivalent cations (Figure 1). The fluorescence from
TF-PIP2 in each buffer was converted into a
percentage relative to the maximum fluorescence
from TF-PIP2in EDTA, in which PIP2 is known to be
free (unclustered) [67]. Reduction of TF-PIP2
fluorescence due to self-quenching indicates PIP2
clustering. The buffer with 0.5 mM Mg?* and 10 uM
Ca®*, modeling a physiological transient calcium
influx in cells, gave moderate PIP2 clustering, while
the buffer with 0.5 mM Mg?* and 5 uM AI®* gave
stronger PIP2 clustering, as reported previously
[67]. AI®* was used, as it was previously shown to
cause the greatest amount of PIP2 clustering as
measured by quenching. Under all tested buffer
conditions, GUVs labeled with TF-PIP2 look uni-
form, implying that these PIP2-cation clusters are
nanoscopic, below optical resolution (Figure S2B).
In summary, a physiological level of PIP2 can form
PIP2-cation clusters on membranes in the absence
of protein binding. PIP2 lateral organization, i.e.
extent of clustering, can be modulated experimen-
tally by controlling multivalent cation type and
concentration.

Myristoylated HIV-1 MA preferentially binds to
clustered PIP2 over free PIP2

We asked how HIV-1 MA and other PIP2 binding
proteins respond to the lateral distribution of PIP2 in
GUVs. The proteins were expressed and purified
from Escherichia coli as fusions with monomeric
Neon Green (MNG) [71]. GUVs with model PM inner
leaflet lipid composition were prepared with or
without 2% unlabeled natural (brain-derived) PIP2.
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Figure 1. Physiological levels of PIP2 form clusters bridged by multivalent cations in inner leaflet model membranes.
LUVs were composed of POPE/POPS/Chol/PIP2 (32/30/36/2). The 2 mol% total PIP2 was a mixture of Brain-PIP2 and
TF-PIP2 ata 7/3 ratio. LUVs were prepared in each buffer independently at a final concentration of 500 uM lipid. All buffers
were based on 100 mM KCI, 20 mM HEPES (pH 7.2), with additional EDTA or multivalent cations as shown. All buffers
were prepared with high-purity chemicals and stored in Teflon bottles. TF-PIP2 fluorescence of LUVs in EDTA was set to
100%, while TF-PIP2 fluorescence of LUVs in other buffer conditions was converted to a percentage relative to the
maximum fluorescence in EDTA. Note that TF-PIP2 fluorescence quenching was from both inner and outer leaflets of
LUVs, as both leaflets were exposed to buffers. Assays were performed at room temperature at least three times with error
bars of standard deviations from the means. Slits of Ex’Em 485/515 were 2.5/2.5 nm in these and all similar experiments.
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Three buffer conditions were used to give different
PIP2 lateral distributions [67]: 1.0 mM EDTA (free
PIP2), 0.5 mM Mg?* and 10 uM Ca?* (moderately
clustered PIP2), and 0.5 mM Mg?*" and 5 uM AI®*
(strongly clustered PIP2). All protein-GUV binding
assays were carried out at 1 yM final protein
concentration (Figure 2). All proteins tested have
measurable membrane binding at this protein con-

centration. The binding is below saturation at 100 mM
KCI. The fluorescence intensity of bound protein on
membranes is optimal for visualization under the
conditions used. In the absence of PIP2, the
membrane binding of each protein was very similar
under these three buffer conditions (Figure 2),
suggesting that the absence or presence of
multivalent cations does not influence protein
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Figure 2. Myristoylated HIV-1 MA (myrMA) prefers binding to clustered PIP2, whereas the pleckstrin homology domain
from phospholipase C (PH) favors binding to free PIP2. The myristoylated alanine-rich C kinase substrate effector domain
(MARCKS(ED)) shows no preference. GUVs were prepared with no PIP2 [POPE/POPS/Chol (34/30/36)] or with 2 mol%
PIP2 [POPE/POPS/Chol/brain-PIP2 (32/30/36/2)]. All GUVs were labeled with the membrane dye 18:1 Dil at a dye/lipid
ratio of 1/2500. Both types of GUVs were harvested into one of three buffer conditions 5 h prior to protein binding. All three
buffers were based on 100 mM KCI, 20 mM HEPES (pH 7.2), with either EDTA or multivalent cations. For GUVs incubated
with 1 mM EDTA (top row), PIP2 is free; for GUVs incubated with 0.5 mM Mg?*" and 10 yM Ca>* (middle row), PIP2 is
modestly clustered; for GUVs incubated with 0.5 mM Mg?* and 5 uM AI®* (bottom row), PIP2 is strongly clustered. All
proteins used in GUV assays were fused with mNG, with constructs shown in (a) mMNG-PH, (b) mNG-MARCKS(ED), and
(c) HIV-1 myrMA-mNG. Each mNG-labeled protein was added to the outside of GUVs at a final concentration of 1 uM.
GUVs with protein bound were subject to confocal imaging under the same setting. Each GUV was examined at 488 nm for
mNG fluorescence and at 561 nm for Dil fluorescence for locating GUVs. Fluorescence intensity above background
(measured outside the GUV) at 488 nm (MNG) was analyzed by line scans in Imaged across the perimeter of each GUV.
The values were averaged and plotted with error bars representing the standard deviation. For each protein, a higher mNG
fluorescence intensity indicates a higher membrane binding affinity. For GUVs with no PIP2, at least 15 GUVs were
analyzed, and for GUVs with 2 mol% PIP2, at least 30 GUVs were analyzed, under each buffer condition. GUVs for each
condition were prepared at least three times independently.
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interaction in the bulk lipid environment (PE, PS,
and Chol).

We found that some proteins can sense PIP2
lateral distribution and others cannot. The phospho-
lipase Cd1 PH domain (mMNG-PH) is the best
characterized, specific PIP2 binding protein, having
a structured binding pocket for the PIP2 headgroup
[72,73]. As expected, mNG-PH showed almost no
binding to membranes without PIP2. This protein
bound most extensively to GUVs with free PIP2, in
the presence of EDTA, with approximately 2-fold
reduction in binding to moderately clustered PIP2, and
almost 10-fold reduction to strongly clustered PIP2
(Figure 2(a)). Thus, it appears that cation-bridged PIP2
clusters hinder specific PH-PIP2 interactions. This
result agrees with a previous study showing that Ca®*
can confine the PIP2 headgroup tilt angle and inhibit
PH recognition and binding, as evidenced both by
liposome experiments and molecular dynamics simu-
lations [74]. In contrast to PH-mNG, the well-
characterized MARCKS effector domain (amino acids
151-175) peptide, termed MARCKS(ED) [75], fused to
mNG was not sensitive to PIP2 clustering, with
apparently equal membrane affinity for all three PIP2
clustering conditions (Figure 2(b)), even though
MARCKS has been reported to sequester approxi-
mately three PIP2 headgroups [76,77]. Thus, it is
possible that the preference for PIP2 lateral organiza-
tion by each protein is different than its ability to
sequester PIP2 laterally.

The membrane affinity of the naturally myristoy-
lated HIV-1 MA protein (myrMA) was clearly sensi-
tive to PIP2 lateral organization (Figure 2(c)). In
GUVs with 2mol% PIP2, myristoylated HIV-1 MA
had the highest affinity for membranes containing
strongly clustered PIP2, with almost a 2-fold
increase over membranes in EDTA (Figure 2(c)).
We interpret these data to mean that HIV-1 myrMA

prefers binding to clustered PIP2 over free PIP2. As
expected, HIV-1 MA lacking myristoylation had
much lower GUV binding at the same protein
concentration, due to a loss of the binding energy
from the hydrophobic myristate insertion into the
membrane. Strikingly, however, HIV-1 MA without
the N-terminal myristate exhibited the opposite
behavior as myrMA, with highest affinity for mem-
branes containing free PIP2, almost 4-fold higher
than for strongly clustered PIP2 (Figure 3(a)). We
also assayed MA from Rous sarcoma virus (RSV),
which is not naturally myristoylated. Monomeric RSV
MA-mNG behaved like unmyristoylated HIV-1 MA,
with a 5-fold higher binding to free PIP2 than to
clustered PIP2 (Figure 3(b)). However, a hexameric
version of the same protein, RSV MA-CcmK4-mNG,
behaved similarly to HIV-1 myrMA, exhibiting the
highest affinity for membranes containing strongly
clustered PIP2. This protein was created by fusing MA
with the cyanobacterial carboxysome shell protein
Ccmk4 (Figure 3(c)). RSV MA-CcmK4-mNG has an
enhanced membrane binding, as reported previously
both in vitro and in vivo [78].

To test independently whether this preference for
PIP2 clusters is a consequence of myristoylation, we
created a pair of electrostatic sensor proteins
comprising mNG with eight consecutive lysine or
arginine residues, with or without an N-terminal
myristate, myrKR8-mNG and KR8-mNG, respectively.
Similar to HIV-1 myrMA, myrkKR8-mNG preferentially
bound to clustered PIP2, showing approximately 2-fold
more binding with strongly clustered PIP2 than with free
PIP2 (Figure 4(a)). Similar to HIV-1 MA, KR8-mNG
without the myristate modification preferred binding to
free PIP2 (Figure 4(b)). The mechanism by which
myristate modulates preference for PIP2 lateral
organization in both HIV-1 MA and KR8-mNG is
unclear. We interpret this result to support the
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Figure 3. Sensitivity of non-myristoylated and multimerized protein to PIP2 clustering. Quantification of mNG-labeled
protein bound to GUVs was carried out as described in Figure 3. (a) Non-myristoylated HIV-1 MA-mNG binding in the
absence and presence of 2% PIP2 without (EDTA) or with multivalent cations. (b) Naturally non-myristoylated RSV MA-
mNG binding as in (a). (c) Synthetically hexamerized RSV MA-CcmK4-mNG protein binding as in (a).
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Figure 4. Myristoylation confers binding preference to clustered PIP2. Quantification of protein binding to GUVs with the
same composition and buffer conditions was carried out as detailed in Figure 3. (a) Myristoylated KR8-mNG protein and (b)
non-myristoylated KR8-mNG protein. The myristoylation signal at the N-terminus for the protein (amino acids GAR) is the

same as in HIV MA.

hypothesis that proteins interacting most strongly
with membranes, such as those with bipartite
signals or that multimerize, can compete with
multivalent cations for interaction with PIP2 clusters.

Multimerization of HIV-1 Gag proteins induces
PIP2 clustering in the absence of multivalent
cations

Evidence suggests that in cells, membrane-bound
HIV-1 Gag co-localizes with PIP2 clusters [10].
However, it remains unknown if such co-localization
is due to Gag binding to pre-existing PIP2 clusters,
or alternatively is due to Gag enriching this lipid at
assembly sites because of Gag lattice formation.
Here, we sought to test, using model membranes, if
HIV-1 Gag proteins can induce PIP2 to form clusters
independently of multivalent cations. We made
fluorometric measurements of 100 nm LUVs with
POPE/POPS/Chol/PIP2 (32/30/36/2) at a ratio of
brain-PIP2/TF-PIP2 = 7/3. In order to eliminate
multivalent cation-induced PIP2 clustering, 1 mM
EDTA was included in all buffers. In this cuvette
assay, the maximum TF-PIP2 fluorescence in 400
UM total lipids, in the absence of protein, was
defined as 100% (Figure 5). First, we tested both the
PH domain and the 25-residue MARCKS(ED)
peptide, which contains an unstructured basic
surface [79]. Addition of 20 pM of either PH or
MARCKS peptide led to a 30% drop in TF-PIP2
fluorescence (Figure 5(a)). This value is highly
significant considering the precision of such
cuvette assays, and that quenching occurs only
from the outer leaflet of LUVs where lipid head
groups are exposed to added protein (Figure 1).
The observation that the PH domain both prefers
binding free PIP2 (Figure 3) and can induce PIP2
to cluster is discussed in detail in the discussion

section below. In a concentration series, MARCKS
peptide induced similar levels of PIP2 clustering at
concentrations as low as 5 yM (Figure S3). The
fluorescence decrease occurred rapidly, within 15
s after mixing proteins with LUVs, as shown by
time course measurements.

These results are consistent with a previous
study, which reports that the addition of 0.5 pM of
either PH or MARCKS peptide can induce about
30% quenching in 100 nm LUVs composed of 100
MM DOPC and 1 mol % caproic acid (C6)- or palmitic
acid (C16)-BODIPY-TMR-PIP2 [69]. MARCKS is
reported to electrostatically sequester three PIP2
headgroups upon binding [75,76,80,81], consis-
tent with the 30% loss of fluorescence after
addition of MARCKS ED. Our system has several
advantages over that used in the previous report.
First, the model membranes used here reflect the
PM inner leaflet lipid composition where PIP2 is
found, and include a high percentage, 70%, of the
total PIP2 as the natural brain-PIP2. Second, the
buffers contain EDTA, ensuring that PIP2 is in its
free form prior to protein binding.

Next, we sought to test whether RSV Gag-derived
proteins, which like HIV-1 are known to interact with
PIP2, can induce PIP2 clustering. There is no
evidence of multimerization of RSV MA, and RSV
MA is believed to be monomeric in solution. Addition
of 20 yM RSV MA failed to induce any PIP2 quenching
(Figure 5(b)). However, RSV MACASP*8, a truncated
Gag extending from the MA domain through the
first 6 residues of NC, thus including the sequence
that forms a 6HB [82], resulted in a dramatic 30%
self-quenching (Figure 5(b)). This protein was
shown previously to form hexamer-like contacts
on membranes [83]. The self-quenching induced
by MACASP*® was concentration-dependent (Fig-
ure S4) in the range of 0.4 to 40 yM, with near
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Figure 5. HIV-1 and RSV Gag-derivative proteins can induce PIP2 clustering, as measured by fluorescence quenching.
LUVs with 2% PIP2 were prepared as in Figure 2 using 1 mM EDTA to eliminate all multivalent cation binding. Protein at a
final concentration of 20 uM was added after LUV formation, and thus the inner leaflet of the liposomes was not exposed to
protein. Top panels: TF-PIP2 fluorescence quenching by (a) control proteins, (b) RSV membrane binding proteins, and (c)
HIV-1 membrane binding proteins. TF-PIP2 fluorescence of LUVs mixed with buffer was set to 100%, and the effect of
added protein was recorded. Note that for protein-induced PIP2 clustering, the Y-axis is shown only from 50% to 100%,
since TF-PIP2 fluorescence quenching occurred only from the outer leaflet where lipids were exposed to the proteins.
Each bar in the graph represents the average TF-PIP2 fluorescence % from three time points 1, 2, and 3 min post-mixing.
Each quenching assay was performed at least three times with error bars of standard deviations from the means. (a—c,
bottom panels) Time course of quenching. For each assay, TF-PIP2 fluorescence was measured at 0.25, 0.5, 1, 2, and 3

min post-mixing.

maximum quenching occurring at 10 pM, suggest-
ing saturation of protein—-membrane binding at
higher concentrations. Thus, we chose to test all
further viral proteins at 20uM, a concentration that
should nearly maximize the effect of proteins on
PIP2 reorganization. To further explore the effect
of protein multimerization on PIP2 clustering, we
tested the artificial hexameric chimeric protein
RSV MA-CcmK4 [78,84,85]. Indeed, this protein
led to an even stronger degree of TF-PIP2 self-
quenching than RSV MACASP*® (Figure 5(b)),
perhaps because MA-Ccmk4 can pre-assemble
into hexamers in solution while RSV MACASP*®
probably multimerizes efficiently only on mem-
branes. Collectively, these results imply that RSV
Gag multimerization is key to protein-induced PIP2
clustering.

To explore the effect of HIV-1 Gag proteins on PIP2
lateral re-organization, we first prepared both myristoy-
lated and non-myristoylated versions of MA. Neither of
these proteins caused fluorescence quenching of the
TF-PIP2 (Figure 5(c)). By contrast, addition of HIV-1
(non-myristoylated) MACASP, a Gag derivative ex-
tending from MA to the beginning of NC, led to a 35%
drop in fluorescence, indicating a pronounced PIP2
clustering effect (Fi Ggure 5(c)). HIV-1 MACASP, similar
to RSV MACASP*®, has the capability of multimerizing
on membranes. In summary, for both RSV and HIV-1,
Gag proteins capable of binding to membranes and
multimerizing there promote PIP2 clustering. Thus, we
infer that the retroviral structural protein Gag can enrich
PIP2 at assembly sites on the PM.

In the process of carrying out these experiments,
we made the surprising discovery that a C-terminal
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binding as described above.
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6His tag on MA has a profound effect that leads to
artifactual results. Most previously published reports
on the biochemical or biophysical behavior of
purified HIV-1 MA have been based on 6His-
tagged protein [86—-88]. In comparing C-terminally
tagged and untagged MA, we found that the stretch
of His residues leads not only to higher protein—
membrane binding, but also to significant PIP2
clustering (Figure S5). This artifact was confirmed
by testing purified myristoylated HIV-1 MA, non-
myristoylated HIV-1 MA, and RSV MA, all with or
without a C-terminal 6His tag. Thus, as with many
other proteins, drawing convincing conclusions
requires addressing possible adventitious effects of
artificial peptide tags. For this reason, all proteins
presented in this study, unless specifically stated
otherwise, were not 6His tagged.

Mutations in the HIV-1 MA-PIP2 binding site
block Gag-induced clustering

We tried to elucidate the contribution of each Gag
domain to the PIP2 clustering ability of HIV-1 Gag
proteins. Amino acids K30 and K32 in MA have been
reported to play an important role in Gag localization
to the PM in vivo [26,50,89]. In cells, Gag with these
residues mutated to acidic residues (K30E/K32E)
(Figure 6) is reported to lack efficient particle
assembly and release, and to be targeted to a
multivesicular compartment instead of the PM.
Furthermore, this mutant Gag shows reduced
binding to PIP2-containing membranes in vitro [27].
We examined membrane binding of these dual KE
mutants, both in the context of MA and of MACASP
(Figure 6(a) and (b)). Consistent with previous
reports, the mutant MA protein showed low mem-
brane binding to PIP2-containing LUVs and, like the
wild-type protein, caused no clustering of this lipid
(Figure 6(b)). The same mutations in MACASP led to
a 2-fold decrease in membrane binding, but the more
dramatic effect was the complete loss of protein-
induced PIP2 clustering (Figure 6(b)). We interpret
this result to mean that direct MA-PIP2 interaction is
critical for the induction of PIP2 clustering. Another
well-known MA mutation, E17K (Figure 6(c)), is
reported to lead to both enhanced membrane
binding and more efficient virus release [50,91].
Consistent with published data, in our hands MA
E17K increased membrane binding by about 2-fold
(Figure 6(c)). This mutation in the context of
MACASP caused a slight increase in PIP2 self-
quenching, perhaps due to the observed increase in
apparent membrane affinity.

We also examined the effects of several other
known mutations in HIV-1 MA, both in the context of
MA and of MACASP. One of the earliest crystal
structures of MA was of an MA trimer [90,92,93]
(Figure 7(a)). Also, 2D crystallography had revealed
that MA can form a lattice composed of hexamers of

trimers on PIP2-containing membranes [94]. More
recent studies have demonstrated that mutating
residues at the trimer interface results in a decrease
of trimerization of MA, both in vivo and in vitro[95]. To
test if MA trimerization influences PIP2 clustering,
residues positioned at the MA trimer interface were
mutated. A single mutant (T69D) and a double mutant
(T69R/L74E) were tested (Figure 7(b)). As expected,
no self-quenching of TF-PIP2 was observed for either
of the trimer-defective mutants (Figure 7(c)). The
same result was obtained under enhanced membrane
binding conditions at 50 mM KCI (Figure S6).
Similarly, the Q62R trimer-enhancement mutant [96]
also did not promote PIP2 clustering (Figure 7(b) and
(¢)). Finally, an HIV-1 MA protein with 8 of its Lys and
Arg residues switched with each other [13,30] (RK
switch, Figure 7(c) and (d)) also caused no quench-
ing. To rule out the possibility that the lack of induced
PIP2 clustering was due to a loss of membrane
binding, liposome pelleting assays were carried out
for all four proteins. Only modest reductions in
membrane binding were observed (Figure 7(c)
bottom). The four mutations described above also
were introduced into HIV-1 MACASP. All of the
resulting proteins showed a 30% drop in TF-PIP2
fluorescence, like the wild-type protein. This obser-
vation indicates that the MA domain does not
significantly enhance Gag multimerization. Taken
together, all of these results lead to the conclusion
that MA directs specific MA-PIP2 interactions
required for promoting PIP2 cluster formation. The
MA domainis necessary, but not sufficient. to induce
PIP2 clustering.

Multimerization-defective mutations in CA abrogate
PIP2 clustering

In all retroviruses multimerization of Gag results
in the formation of an immature lattice and is
based primarily on contacts between CA domains
(Figure 8(a) and (b)). In HIV-1, homotypic dimer-
ization of CActp plays an essential role in multi-
merization [57-59] The CA dimerization-defective
mutant W316A/M317A (WM Gag) leads to a 100-
fold lower dimerization affinity [97,98] and severely
impaired immature particle production in vivo. To
further address the role of Gag multimerization in
promoting PIP2 clustering, we examined MACASP
with this WM mutation. The mutant protein barely
induced PIP2 clustering, with only a 4% drop in
TF-PIP2 fluorescence (Figure 8). This is consistent
with a previous result comparing WT Gag to WM
Gag [99]. We also tested HIV-1 MACA\Tp as well
as MA fused with CACTD (termed MACACTD)
(Figure 8(c)). Both proteins were able to signifi-
cantly induce PIP2 clusters to form, as evidenced
by approximately a 30% drop in TF-PIP2 fluores-
cence (Figure 8(c)). In addition, a chimeric protein
comprising RSV MA fused with HIV-1 CTD
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mutated to R and each R residue has been mutated to K.

(termed RSV MACAcTp) induced a similar level of
PIP2 clustering (Figure S7). For the HIV MACANTD
construct, we predict that the multimerization
occurring is a trimer, as evidenced by a recent
cryoEM analysis of the HIV CAntp trimer interface,
which appears critical for lattice formation [100].
These results suggest that either subdomain of CA

is sufficient to multimerize HIV-1 Gag proteins that
also have an MA domain.

To determine if a lattice was formed on the LUVSs,
we performed cryo-electron tomography on LUVs
with bound MACASP protein. Reconstructed tomo-
grams of virus particles clearly show a protein lattice
[62,82,100-104], and so we hypothesized that if a
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interface between monomers at helix two. The artificial MACActp dimer. (c, center) Effect of MACANtp and MACAcTp on

PIP2 quenching (c, right) and membrane binding.

lattice was forming on the membrane, it should be
detectable using this method. Reconstructed tomo-
grams clearly show a lipid bilayer with regions bound
with protein (Figure S8). However, no clear lattice
was observed. We interpret this to mean that in the
LUV system, protein multimerization via dimer or
trimer interfaces in CA are required for PIP2
clustering, but a lattice of tens or hundreds of
proteins does not occur.

SP-1 is not required for PIP2 cluster formation

During HIV-1 assembly, the SP1 peptide and a few
immediately upstream residues in CA fold into a
6HB, which facilitates immature lattice formation.
Mutations in SP1 [63], like similar mutations in the
corresponding SP segment of RSV Gag [83],
destroy the ability of Gag to assemble correcitly,
pointing to a critical role for this short domain in
proper Gag multimerization. Nevertheless, we ob-
served that HIV-1 SP1 is not required to induce lipid
clustering. MACA induced PIP2 clustering to the

same degree as MACASP (Figure 9). To further
confirm this result, we mutated hydrophobic
residues L363 in CA and M367 in SP1, which are
located on the same side of the helix and mediate
hydrophobic interactions between Gag molecules
in the 6HB [105] (Figure 9(a)). These mutations, in
the context of a Gag protein consisting of the MA-
CA-SP1-NC domains of Gag, but with a deletion of
the amino acid 16-99 MA membrane binding
domain (typically referred to as AMA-CA-SP1-NC
[106]), disrupts immature in vitro virus particle
assembly [59]. Purified MACASP with either
L363A/M367A or L363R/M367R showed mem-
brane binding similar to HIV-1 MACASP WT at
100mM KCI (Figure 9(b)). Yet, both mutant
proteins exhibited the same degree of induced
PIP2 self-quenching (Figure 9(b)). Collectively,
these results imply that SP1 is dispensable for the
PIP2 clustering effect. Thus, the key driving force
for clustering is the CA domain.

Based on the observation that SP1 is dispensable
for PIP2 cluster formation, we examined the same
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WM mutation in the context of MACA. The mutant
protein retained most of its ability to cause PIP2
clustering, and only a slight reduction in PIP2 self-
quenching was observed (Figure S9). Thus, it seems
that the WM mutation affected multimerization
capacity only of HIV-1 MACASP, but not MACA.
To explain these results, we speculate that the WM
mutation mainly disrupts immature MACASP lattice
formation, but not the primary interactions formed by
the MACA protein.

Multivalent cations and proteins can induce
PIP2 clusters independently and additively

The results presented above demonstrate that
both multivalent cations and certain membrane-
binding proteins independently can induce PIP2 to
form clusters in model membranes. The protein
experiments were purposely carried out in 1 mM
EDTA, a non-physiological condition, in order to
separate protein and metal ion effects on PIP2. To
examine protein-induced clustering in a more bio-
logically relevant setting, we tested whether proteins
could promote further PIP2 clustering in the pres-
ence of multivalent cations (Figure 10). HIV-1
MACA, HIV-1 MACASP, RSV MACASP*®, and
MARCKS(ED) were chosen for this analysis. The
same quenching assay was performed in four
parallel buffers: LUVs and protein mixtures in
EDTA to eliminate multivalent cation effects (free
PIP2); 0.5 mM Mg?* to mimic a cytosol resting state
(moderately clustered PIP2); 0.5 mM Mg?* and 10
UM Ca®* to mimic a transient calcium influx
(moderately clustered PIP2); and 0.5 mM Mg?*
and 5 pM AI®* to maximize clustering (strongly
clustered PIP2) (Figure 10). All of the retroviral Gag
mimics tested, as well as the well-studied MARCKS
(ED), further promoted PIP2 clustering, as the TF-

PIP2 fluorescence dropped lower than that in the
respective LUV with EDTA samples. In summary,
these results demonstrate that multivalent cation-
bridged PIP2 clusters do not abolish proteins’
capacity to further promote PIP2 clustering. Thus,
the effects of multivalent cations and protein appear
to be independent and additive.

Discussion

We reported previously that PIP2 can form
multivalent cation-bridged PIP2 clusters in model
membranes that mimic the composition of the inner
leaflet of the PM. We now show that myristoylated
HIV-1 MA preferentially binds to such pre-existing
PIP2 clusters, compared with free PIP2, and that this
preference requires the N-terminal myristoyl modifi-
cation. Binding of Gag proteins promotes further
PIP2 clustering, and this process relies on specific
interactions between the MA domain and PIP2.
Previous work had suggested a model that instead
of targeting pre-existing lipid domains, Gag gener-
ates nanodomains enriched in PIP2/Chol at viral
assembly sites [11,99]. Here, we present an updated
model that HIV-1 Gag not only preferentially targets
pre-existing PIP2 clusters induced by multivalent
cations, but also further sequesters PIP2 as Gag
assembles. Taken together, our study provides
direct evidence for a model that could mechanisti-
cally explain why HIV-1 viral membranes are
enriched in PIP2. In this model, HIV-1 Gag targets
pre-existing PIP2-rich domains as assembly sites,
and then stabilizes and further enriches PIP2 as Gag
multimerization leads to formation of the immature
Gag lattice at the site of virus budding.

The inferences above are based on two assays,
each being robust but having its own limitations. We
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quenching assay was performed at least three times; error bars show standard deviations from the means.

have extensive experience in preparation of GUVs
with known lipid compositions [107]. Quantitation of
fluorescent protein binding is straightforward with
confocal microscopy. However, the composition of a
single individual GUV cannot be determined and
does vary to some extent, which likely accounts in
part for the spread in standard deviations in protein
fluorescence values. Therefore, it is imperative to
make many independent measurements (in our
experiments over 30 for each combination of protein
and GUV) and then acquire statistics. Also, while it is
straightforward to quantitatively compare binding for
different proteins, it is not possible to derive binding
constants from such measurements, especially for
proteins that can multimerize on the membrane. In
our hands, under all conditions tested, fluorescent
protein binding to GUVs appeared uniform, as did
multivalent cation-induced PIP2 clustering, implying
that the inferred lipid clusters are below optical
resolution.

Self-quenching of fluorescent lipid probes, like the
technique of FRET, reports on very local molecular
proximity. In our experiments, PIP2 was labeled on the
sn-2 acyl chain with a BODIPY analogue carrying the
trade name TopFluor. We established previously that
this fluorescent analogue, as well as a different chain-
labeled PIP2, TMR-PIP2, behave like natural PIP2
[67]. In the experiments reported here with large
(~100 nm) unilamellar vesicles, the fluorescent lipid
was always present with an excess of the natural,
brain-derived PIP2, in order to more closely mimic a
biologically relevant PM. As shown previously [67], all

of the other PIPs co-cluster with PIP2, but Pl and other
glycerophospholipids do not, thus leading to the
inference that clustering is mediated by one or more
phosphate groups on the inositol ring. The length and
saturation of the sn1 fatty acyl chain do not play a
measurable role in clustering [67]. Being measure-
ments in cuvettes, the fluorescence values reported
here, with and without different proteins, are precise,
as can be seen for example by the small standard
deviations expressed as error bars in the data.
Therefore, even a small degree of quenching caused
by an added protein is indicative of a degree of
clustering. However, a limitation in interpreting our
results is that it is not possible to infer from our
quenching values the actual distances between lipid
molecules. One can say with confidence only that a
higher level of quenching implies a greater density of
labeled PIP2. The actual density, the possible
presence of other lipids in the cluster, and the size
and molecular structure of the cluster remain
unknown.

To assess both metal cation-induced and protein-
induced PIP2 clustering in LUVs, TF-PIP2 fluores-
cence was converted to a percentage relative to the
maximum fluorescence in the presence of 1 mM
EDTA. When present, metal ions were on both sides
of the membrane whereas the protein was present
only on the outside, under the standard assumption
that the vesicles were not leaky. Thus, the strongest
metal ion quenching by 100 pM AI3*, resulting in a
70% loss in fluorescence, corresponds approximately
to the strongest protein-induced quenching by HIV-1

Please cite this article as: Y. Wen, G. W. Feigenson, V. M. Vogt, et al., Mechanisms of Pl(4,5)P2 Enrichment in HIV-1 Viral
Membranes, Journal of Molecular Biology, https://doi.org/10.1016/j.jmb.2020.07.018



https://doi.org/10.1016/j.jmb.2020.07.018

14

PI(4,5)P2 Enrichment in HIV-1 Viral Membranes

MACASP or MARCKS ED, resulting in a 35% loss in
fluorescence. While AI®* is presumed to be non-
physiological, 0.5 mM Mgz+, which is approximately
the free concentration in cytosols of mammalian cells
[108], also leads to substantial self-quenching, with an
observed 12% loss in total fluorescence or 6% for
each leaflet. And in the presence of an additional 10
uM Ca?*, corresponding to a local transient spike of
calcium influx, the self-quenching is slightly augment-
ed. Insummary, the degree of PIP2 clustering induced
by proteins can be of similar magnitude as that by
multivalent cations, depending on the type of protein
and its local concentration.

The fact that PIP2 clustering can be manipulated by
the presence or absence of multivalent metal ions
allowed us to address the relative preference of
membrane binding proteins for clustered PIP2 versus
freely dispersed PIP2. A striking and unanticipated
finding was that the myristoyl group on proteins
appears to play a role in this process. Thus,
myristoylated HIV-1 MA showed a strong prefer-
ence for metal ion-induced clusters of PIP2, while
unmyristoylated MA preferred to bind to free PIP2.
Similarly, in the artificially constructed mNG protein
with a basic N-terminal tail, the myristoylated
version preferred clustered PIP2 but the unmyris-
toylated version did not. These findings could be
explained, at least in part, by the stronger protein
binding mediated by the fatty acyl modification. We
hypothesize that only strong membrane binding
proteins can compete off PIP2-bound multivalent
cations to gain the access to PIP2 headgroups,
while weaker membrane binding proteins have
access only to free PIP2 headgroups. This model
is supported by the observation that RSV MA-
CcmKa4, the non-myristoylated hexamerized version
of MA that is known to bind very strongly to
membranes, also prefers PIP2 in clusters. By
contrast, monomeric RSV MA prefers to bind to
free PIP2. Other than the RSV [25,29] and HIV-1 MA
domains, there is no conclusive data on specific
PIP2 binding by other retroviral MA domains,
although all MA domains would bind strongly with
PIP2 via electrostatic interactions. However, we
cannot eliminate the additional possibility that PIP2
clusters have a unique acyl chain environment that
is more favorable to myristate insertion than the bulk
membrane.

The phospholipase C51 PH domain probably is the
best known PIP2 binding module, and when fused to
fluorescent proteins, is used commonly as a marker
for the PM. We found that the membrane binding of
PH-mNG is strongly inhibited in cation-bridged PIP2
clusters, being decreased two-fold in Ca?* buffer and
almost 10-fold in AI®* buffer. In addition, the
inhibitory effect of metal ions is consistent with the
report that Ca®* affects the tilt angle of the PIP2
headgroup, preventing optimal interaction with the
PH binding pocket [74]. This PH behavior contrasts

with that of another PM binding module, the
unstructured basic domain of the MARCKS protein
(MARCKS(ED)), which binds equally to clustered
and dispersed PIP2. Thus, PH may serve as a
suitable probe only for free PIP2. The different
behavior of these two cellular protein domains
highlights the importance of the PIP2 lateral
distribution in determining protein interaction. In
cells, PIP2 s likely to exist in both free and clustered
forms. Hence, a local change in multivalent cation
concentration, such as a transient calcium influx,
could quickly modulate protein binding.

Despite several clues, the mechanisms underlying
the ability of proteins to cause PIP2 clustering remain
incompletely understood. While interaction of the
protein with PIP2 in membranes is necessary, it is
clearly not sufficient. The strength of membrane binding
also appears not to be directly related to induction of
PIP2 clustering. Thus, for all proteins tested, PIP2 self-
quenching was similar at 100 mM and 50 mM KCI, even
though protein binding at the lower salt was increased.
For PIP2 clustering to occur, the interacting protein
apparently must have some ability to form multimeric
complexes, as best evidenced by the several HIV-1
Gag proteins that we tested. And yet, while purified MA
can form trimers in solution and in crystals [90,93], and
myristoylated HIV-1 MA can form hexamers of trimers
on PIP2-containing membranes [88,94], neither non-
myristoylated nor myristoylated MA induced PIP2
clustering in our assays. Even MA carrying the
trimer-enhancement mutation Q62R failed to
induce clustering. These results could be ex-
plained by two models. In the first, the MA-MA
protein interactions are too weak to support stable
clustering of PIP2. In the second, three lipid
molecules brought together by an MA trimer are
insufficient to form a cluster that shows self-
quenching of acyl chain labeled PIP2.

The strong and reproducible phospholipase
Cd1 PH domain (PH)-induced PIP2 clustering is
difficult to understood. However, our result here is
consistent with a similar observation from a previous
study [69]. One possibility is that the PH domain can
oligomerize on membranes. Alternatively, perhaps
each PH actually binds to multiple PIP2, contrary to
the 1:1 stoichiometry inferred from structural studies
[109]. The facts that, on the one hand PH preferentially
binds to free PIP2, but on the other PH can promote
PIP2 clustering, remain to be explained in a mecha-
nistic way.

We made the surprising observation that the 6His
tag that is commonly used for purifying HIV-1 MA
[86—88] can induce significant PIP2 clustering. This
artifact was confirmed by testing purified myristoy-
lated HIV-1 MA, non-myristoylated HIV-1 MA, and
RSV MA- all with or without a C-terminal 6His tag.
Not only did the tagged forms of all three proteins
cause PIP2 clustering, but they also exhibited
stronger membrane binding. We speculate that the
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consecutive His residues are sufficient to pull
multiple PIP2 molecules together via electrostatic
interactions. While there are reported artifacts
introduced by 6His tag in other proteins, to our
knowledge, this is the first evidence that the tag can
significantly influence HIV-1 MA membrane binding
properties. It will be critical in future studies by
researchers in this field to be aware of this important
finding.

In contrast to MA itself, Gag proteins that include the
MA domain as well as downstream domains capable
of multimerizing, caused strong PIP2 clustering. Thus,
for example, MACASP as well as MACA led to
dramatic self-quenching of the acyl chain-labeled
PIP2 reporter. Since only the former protein includes
the SP sequence that forms a 6HB in the Gag lattice,
we expected MACASP to be more potent than MACA
in the quenching assay. However, the two proteins
behaved the same. Similarly, we expected the MA
trimerization-defective mutations in the context of
MACASP to show less quenching, but surprisingly
they did not behave differently than the wild-type
MACASP, suggesting that the MA trimer interface
interactions are weak in the context of other Gag—Gag
interactions. Among all the MA mutations that we
tested, only the K30E/K32E mutant in the context of
HIV-1 MACASRP failed to induce any PIP2 clustering,
even though it still showed membrane binding that
was sufficient for other proteins to induce clustering.
These several results indicate that the predominant
role of the MA domain in inducing PIP2 clustering is to
provide specific interaction with PIP2, while CA is the
key player in promoting PIP2 clustering by Gag
proteins.

To try to dissect what features of HIV-1 CA are the
most important for the PIP2 clustering effect, we
generated a series of mutant forms of the MACA and
MACASP proteins. The mutations were designed to
eliminate or reduce various protein—protein interac-
tions known to occur in the Gag lattice. The best
known such mutation is the W316A/M317A (here
called WM), which disrupts the CActp-CActp dimer
interface at hexamer-hexamer contacts in the imma-
ture lattice [57-59]. This mutation led to a complete
loss in PIP2 clustering in the context of MACASP.
However, the same mutation caused only a slight
decrease in PIP2 clustering in the context of MACA.
To explain this result, we hypothesize that these two
Gag proteins form different lateral protein contacts on
membranes in vitro. The longer MACASP is likely to
form predominantly immature dimer interfaces and
perhaps immature hexamers, since the SP region
could create a 6HB. By contrast, the shorter MACA
can form both an immature or a mature-like lattice, as
evidenced by cryo-electron tomography analysis of
the lattice of virus-like particles from cells expressing
Gag cleavage site mutations [102].

Both HIV-1 proteins that include MA and only a part
of CA, i.e. MACA\ytp and MA-CActp, can promote

clustering. The latter is an artificial construct that joins
two sequences that are not neighbors in Gag. This
implies that both CAytp and CActp can themselves
form multimeric complexes that are sufficient to
sequester multiple PIP2 molecules. According to
published structures, within the immature hexameric
Gag lattice, HIV-1 CAnp forms the inner ring of the
hexamers as well as a trimeric and dimeric interface
between hexamers. The HIV-1 CAcp also forms a
hexamer as well as a dimeric interface between
hexamers. It is not clear from our data for MACAnTp if
one of the three interfaces is more important than the
others for enhancing PIP2 clustering. We did not test
the myristoylated forms of HIV-1 MACASP or of Gag
itself, since those proteins could not be purified at
sufficient concentrations in soluble form. Overall, the
ability of both MACANTp and MA-CActp to promote
PIP2 clustering confirms the critical role of CA in
enriching local PIP2 at assembly sites. This multi-
merization capability might also explain why HIV-1
Gag preferentially binds to clustered PIP2, since
several Gag molecules in a complex would exhibit
strong membrane binding affinity, and thus be able to
displace or bind with multivalent metal ions from
preformed clusters.

In summary, this study demonstrates that both
multivalent cations and proteins can induce PIP2 to
form clusters, independently and additively, in a
biologically relevant lipid environment. Protein is able
to recognize and utilize the lateral organization of PIP2
induced by multivalent cations, and further reorganize
PIP2 lateral distribution upon protein multimerization. In
cells, multivalent cation-induced PIP2 clusters might
serve as a regulatory platform for protein—-membrane
binding. Depending on their intrinsic properties, pro-
teins like HIV-1 Gag could have access predominantly
to locally concentrated PIP2 in clusters, or to free PIP2
headgroups when this lipid is dispersed. Once bound to
membranes, proteins that either contain a long stretch
of basic charges like MARCKS, or that have multi-
merization ability like Gag, might efficiently sequester
more PIP2. Our study provides a mechanistic model to
explain PIP2 enrichment in the HIV-1 membrane. In this
model, Gag assembles at pre-existing PIP2-rich
domains because of the preferential binding of the
myristoylated MA domain to clustered PIP2. Then, as
Gag multimerizes to form the immature lattice, it
causes further PIP2 clustering before virus budding
from the cell.

Materials and Methods

DNA cloning and protein purification

DNA constructs used for non-labeled protein
purification were cloned straight into pSUMO or
pPET3xc vector using Integrated Device Technology
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gene block techniques. For fluorescently labeled
proteins, mMNG was amplified from pHisll 6H-mNG,
and ligated into pSUMO or pET3xc vectors. All
proteins were purified using standard bacterial
expression and affinity column techniques. In brief,
E. coli BL21 cultures were grown at 37 °C to an
optical density at 600 nm of 0.6. For myristoylated
proteins, DNA constructs in the pET plasmid. and
another plasmid that expresses yeast N-terminal
myristoyl transferase, were co-transformed into
BL21. For myristoylated proteins, myristic acid (10
mg/L, Sigma) was added to BL21 cultures 1 h before
induction [86]. IPTG was added to a final concen-
tration of 0.5 mM for induction. Induced cells were
harvested 4—6 h post-induction.

The cells were resuspended in lysis buffer (20 mM
Tris (pH 8), 500 mM NaCl, 2 mM tris(2-carboxyethyl)-
phosphine (TCEP), and 2 mM phenylmethylsulfonyl
fluoride (PMSF)) and lysed by sonication. After
ultracentrifugation in a TLA-110 Beckman rotor at
90,000 rpm for 45 min, the supernatant was collected.
Then, supernatants were treated with polyethylenei-
mine and centrifuged at 10,000 rpm in a Sorvall 600
rotor at 4 °C to remove nucleic acid. To the
supernatant, ammonium sulfate was added until
precipitated protein was observed by eye, usually in
the range of 20%—-30%, followed by centrifugation.
The pellet was resuspended in binding buffer (20 mM
Tris—HCI (pH 8), 100 mM NaCl, and 2 mM TCEP) and
further purified by desalting chromatography (HiPrep
26/10 desalting; GE Healthcare) and Ni<* affinity
chromatography. Following the first round of Ni®*
chromatography, eluted proteins were dialyzed
against buffer (20 mM Tris—HCI (pH 8), 500 mM
NaCl, and 1 mM TCEP). Following the first round of
Ni2* chromatography, eluted proteins were dialyzed
against buffer (20 mM Tris—HCI (pH 8), 500 mM NaCl,
and 1 mM TCEP). Proteins without the 6His tag were
purified by desalting chromatography (HiPrep 26/10
desalting; GE Healthcare) and ion exchange chroma-
tography (HiTrap SP FF; GE Healthcare) directly after
polyethyleneimine and ammonium sulfate treatment.
For proteins expressed in pSUMO vectors, the
dialysis was performed in the presence of approxi-
mately 300 pg of ULP1 protease to cleave off the
SUMO tag. The ULP1 protease and SUMO tag were
removed by a second around of Ni** affinity chroma-
tography [110]. Purified protein at 2 to 10 mg/ml was
flash frozen in aliquots and stored at —80 °C. The final
protein preparation had an A260/A280 ratio of 0.58 to
0.59, indicating the absence of nucleic acid. All
proteins had a purity of approximately 90% after
affinity column purification, as judged from stained
SDS polyacrylamide gels.

Phospholipids and fluorescent probes

The following lipids were purchased from Avanti
Polar Lipids (Alabaster, AL): 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS), L-a-phosphatidylinositol-4,5-bisphosphate
(bovine brain-Pl(4,5) P2), fluorescently labeled
TopFluor (TF)- PI(4,5)P2 (1-oleoyl-2-{6-[4-
(dipyrrometheneboron difluoride)butanoyl] amino}
hexanoyl-sn-glycero-3-phosphoinositol-4,5-
bisphosphate), TMR-PI (4,5)P2 (1-oleoyl-2-(6-((4,4-
difluoro-1,3-dimethyl-5-(4-methoxyphenyl)-4- bora-
3a,4a-diaza-s-indacene-2-propionyl)amino)hexa-
noyl)-sn-glycero-3- phosphoinositol-4.5-bispho-
sphate. Cholesterol was purchased from Nu-Chek
Prep (Elysian, MN). Cholesterol stock solutions
were prepared by standard gravimetric procedures
to within 0.2% error. Concentrations of all phospho-
lipid stocks were determined to 1% error by
inorganic phosphate assay [111]. The working
stocks of TF- and TMR-labeled PIP2 were prepared
in chloroform:methanol:H,O = 20:9:1. Fluorescent
probe extinction coefficients were obtained from lot
certificates of analysis: 97,000 M~' cm~" at 496 nm
for TF and 56,000 M~ cm~" at 544 nm for TMR.
Probe concentrations were determined in methanol
by absorption spectroscopy using an HP 8452A
spectrophotometer (Hewlett-Packard, Palo Alto,
CA). Lipid purity of 99.5% was confirmed by thin-
layer chromatography (TLC). TLC was performed on
washed, activated silica gel plates (Alltech, Deerfield, IL)
developed with chloroform:methanol:water = 65:25:4
for most phospholipids and for cholesterol with petro-
leum ether:diethyl ether:chloroform = 7:3:3. TLC plates
for PIP2 were pre-run with 10% K>C,0,4 + 2 mM EDTA
and then activated at 100 °C for 30 min before use. TLC
plates for PIP2 were developed with chloroform:
methanol:4 N NH,OH = 45:35:10 [67].

Buffer preparation and metal ion measurement

All buffers used were based on 100 mM KClI, 20 mM
HEPES (pH 7.2). “Pure buffers” were prepared with
KCI (99.999%; Sigma-Aldrich or ACROS (Geel,
Belgium)), HEPES (99.5%; Sigma-Aldrich), and
stored in Teflon fluorinated ethylene propylene bottles
(Nalgene). Water was purified to 18.2 MQ by passage
through a Barnstead MicroPure system (Thermo
Fisher, Waltham, MA). Micromolar levels of Al
Ca?*, and Mg?* were prepared from 100 mM stock
solutions stored at pH 2—3. These stocks were made
with aluminum chloride (99.999%), calcium chloride
(99%), and magnesium chloride hexahydrate (99%),
all from Sigma-Aldrich. Disodium EDTA (99%,; Sigma-
Aldrich) was prepared and stored as a 500 mM stock
solution at pH 7.2. lon concentrations and purities of
all stocks and freshly prepared buffers were confirmed
by inductively coupled plasma optical emission
spectroscopy (ICP-OES) [112] at the Cornell
Nutrient Analysis Laboratory using Spectro Arcos
ICP-OES.
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LUV preparation

A total of 250 nmol lipid mixtures was dispensed
into each borosilicate culture tube using glass
syringes (Hamilton, Reno, NC). LUVs were prepared
using rapid solvent exchange in order to reduce lipid
demixing artifacts, followed by extrusion through
polycarbonate filters 21 times [113]. Samples were
sealed under argon at a final lipid concentration of
0.5 mM.

Self-quenching

Purified proteins were subject to buffer exchange
and concentrating using centrifugal filter columns
(Amicon Ultra 0.5ml-10KD; Millipore Sigma). The
final protein was in buffers matching the correspond-
ing LUV buffers, in 100 mM KCI, 20 mM HEPES (pH
7.2), with or without additional EDTA or multivalent
cations. A volume of 160 pl of 0.5 mM LUVs and 40
pl of purified protein and buffers were mixed in the
microcuvette (115F- Micro cells, 10 x 2-mm light
path; Hellma Analytics) to reach a total volume of
200 pl at room temperature. The final protein—
membrane mixture was 400 pM lipids and 20 pM
proteins. If PIP2 was 2 mol% of total lipids, a
calculated 4 uM PIP2 was exposed to proteins on the
outer leaflet. Fluorescence was collected on a
Hitachi F-7000 FL spectrofluorimeter (Hitachi High
Technologies America, Schaumburg, IL) at 23 °C.
Wavelengths used for self-quenching studies were
(ex/em) as follows: TF (485/515 nm) and light
scattering (440/420 nm). Data were collected with
slits for ex’em = 2.5/2.5 nm and a 10-s integration
time. TF-PIP2 fluorescence under each condition
was converted to percentage relative to the maxi-
mum fluorescence of TF-PIP2 in the LUVs only
sample in the buffer containing 1 mM EDTA.

Liposome pelleting assay

After self-quenching and FRET measurements,
protein—LUV mixtures were ultracentrifuged at
75,000 rpm in a TLA-100 (Beckman) rotor for 15
min at 4 °C, which is sufficient to bring down all the
LUVs to the pellet (data not shown). The supernatant
was removed and the pellet was resuspended and
subjected to SDS-PAGE analysis [83]. Gels were
Coomassie blue stained overnight and destained,
and band intensity was determined by densitometry
analysis using ImageQuant software 5.2 [107].

GUV preparation and confocal imaging

A total of 250 nmol total lipid containing 0.01 mol%
18:1 Dil was mixed in chloroform, partially dried to a
thin film in a culture tube using a rotary evaporator,
and then dried with heating at 55 °C under high
vacuum for 1.5 h. The thin dry film was then hydrated

with wet N, gas at 55 °C for 30 min. Lipid films were
further hydrated with prewarmed ~225 mM sucrose
buffer (Fisher Scientific) and incubated at 55 °C for 2
h. GUVs formed as the sample were cooled over 10
h to room temperature (23 °C) [107]. GUVs were
harvested into pure buffer 100 mM KCI, 20 mM
HEPES (pH 7.2), with or without additional EDTA or
multivalent cations. Harvested GUVs were then
incubated in each buffer condition for at least 5 h
before imaging. All buffers were osmotically bal-
anced, confirmed by measurements using an os-
mometer (model No. 5004; Precision Systems,
Natick, MA). An Eclipse C2+ Confocal Microscope
(Nikon Instruments) with a 60x/1.2 NA water
immersion objective was used for GUV imaging at
23 °C. Sample chambers for observation consisted of
a No. 1.5 coverslip and traditional microscope slide
separated with a silicone spacer (Sigma-Aldrich) of
0.25-mm thickness. Both microscope slide and
coverslip used for GUV—protein binding assays were
pre-coated with 0.03% Casein blocking buffer in PBS
overnight, and then were rinsed with water and dried
before imaging. This blocking procedure prevents
mNG-labeled protein adsorption onto the glass.
Fluorescence signals were quantified in Fiji using
the plot profile function. Line scan analysis was
performed across the perimeter of each GUV to
obtain an average fluorescence intensity on the
membrane, with background fluorescence sub-
tracted. Two separate line scans per GUV were
analyzed. No fewer than 30 GUVs that contained 2mol
% PIP2, and no fewer than 15 GUVs that did not
contain PIP2 were analyzed for each protein under
each buffer condition (see Figure 2).

Cryo-electron tomography of protein bound LUVs

LUVs (POPE/POPS/Chol/PIP2 at mole ratios of
32/30/36/2) and MACASP protein were mixed at the
same ratio as in the pelleting reaction but at five
times higher concentrations (2000 pM lipid, 100 pM
MACASP protein). Final buffer concentrations for
the binding reactions were 100 mM KCI, 20 mM
HEPES (pH 7.2), 1 mM EDTA. Binding reactions
were mixed 1:1 with Protein A conjugated gold 10
nm (Aurion), and 3 pl were spotted onto glow
discharged (45 s, 20 mA) 2/2-3C C-flat grids.
Samples were vitrified in liquid ethane using a
Vitrobot Mark 4 plunger (blot time of 3 s and a blot
force of 0). Samples were stored under liquid
nitrogen until imaging.

Imaging was performed at 200 kV on a Thermo
Fisher Talos Arctica TEM equipped with a Gatan K3
direct detector and BioContinuum imaging filter
using the SerialEM software package [114]. Tilt
series were acquired using a dose symmetric tilt
scheme [115] from —60° to 60° at 3° steps. The
magnification was 63,000 x, with a pixel size of 1.25
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A/pixel. The total dose was ~140 e~/A/s.
Tomograms were reconstructed using IMOD [116].
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