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Abstract

Assembly of HIV-1 particles is initiated by the trafficking of viral Gag polyproteins from the 

cytoplasm to the plasma membrane (PM), where they co-localize and bud to form immature 

particles. Membrane targeting is mediated by the N-terminally myristoylated matrix (MA) domain 

of Gag and is dependent on the PM marker phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2]. 

Recent studies revealed that PI(4,5)P2 molecules containing truncated acyl chains [tr-PI(4,5)P2] 

are capable of binding MA in an “extended lipid” conformation and promoting myristoyl 

exposure. Here we report that tr-PI(4,5)P2 molecules also readily bind to non-membrane proteins, 

including HIV-1 capsid (CA), which prompted us to re-examine MA-PI(4,5)P2 interactions using 

native lipids and membrane mimetic liposomes and bicelles. Liposome binding trends observed 

using a recently developed NMR approach paralleled results of flotation assays, although the 

affinities measured under the equilibrium conditions of NMR experiments were significantly 

higher. Native PI(4,5)P2 enhanced MA binding to liposomes designed to mimic non-raft-like 
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regions of the membrane, supporting proposals that Gag binding may nucleate raft formation. 

Studies with bicelles revealed a subset of surface and myr-associated MA residues that are 

sensitive to native PI(4,5)P2, but cleft residues that interact with the 2′-acyl chains of tr-PI(4,5)P2 

molecules in aqueous solution were insensitive to native PI(4,5)P2 in bicelles. Our findings call to 

question extended-lipid MA:membrane binding models, and instead support a model put forward 

from coarse-grained simulations indicating that binding is mediated predominantly by dynamic, 

electrostatic interactions between conserved basic residues of MA and multiple PI(4,5)P2 and 

phosphatidylserine molecules.

Graphical Abstract

Introduction

Assembly of human immunodeficiency virus (HIV) particles is initiated by the cytoplasmic 

trafficking of viral genomes and virally encoded Gag proteins to assembly sites on the 

plasma membrane (PM). Genomes are initially anchored to the PM by a small number of 

Gag proteins (~12 copies or fewer) [1–4], where they diffuse laterally and stochastically, 

then collide to form dimers [5] and become fixed at sites where additional Gag proteins bind 

[1–6]. Proteins of the cellular protein sorting machinery are also recruited to assembly sites 

to promote budding [3,7,8]. Trafficking to the PM is mediated by Gag’s N-terminal matrix 

domain (MA), which contains a bipartite targeting signal comprising an N-terminal 

myristoyl group and a highly basic region (HBR). Mutations that either block myristoylation 

or lead to acylation by unsaturated fatty acids can disrupt trafficking [9], and mutation of 

conserved HBR residues can cause retargeting of Gag to intracellular compartments [10–

12]. Both types of modification inhibit virus production [9–12].

Membrane targeting is also dependent on phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] 

[10], a member of a family of differentially phosphorylated phosphoinositidyl phosphates 

(PIPs) that normally function in the recruitment of peripheral membrane proteins to specific 

organelles [13]. PI(4,5)P2 is considered a major landmark for the inner leaflet of the PM 

[13]. Induction of enzymes that reduce PM PI(4,5)P2 levels can inhibit Gag binding to the 

PM and attenuate virus production, whereas induction of enzymes that enhance PI(4,5)P2 
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levels in endosomal membranes can retarget virus assembly to endosomes [10]. PI(4,5)P2-

dependent membrane targeting and/or virus assembly has also been observed for other 

retroviruses, including the evolutionarily distant Moloney murine leukemia virus and 

Mason-Pfizer monkey virus (which assembles in the cytoplasm prior to PM binding) [14–

17], suggesting that the ability of retroviruses to exploit the PI(4,5)P2 signaling system is 

evolutionarily conserved.

The inner leaflet of the PM contains other lipid constituents that are enriched in the HIV-1 

envelope relative to the PM of the producer cells [including cholesterol, PI(4,5)P2, 

phosphatidylserine (PS), sphingomyelins, plasmalogen-phosphatidylethanolamine (pl-PE), 

and saturated fatty acids], indicating that the virus either assembles at sites enriched in these 

constituents or concentrates them during virus assembly [18–21] (reviewed in:[20,22–25]). 

These lipid constituents, as well as several specific cellular proteins, are enriched in PM 

puncta and have been historically referred to as “rafts” or “raft-like microdomains”. By 

definition, rafts comprise a heterogeneous collection of sterol- and sphingolipid-enriched 

domains that differ in protein and lipid composition, as well as in temporal stability [26,27]. 

Studies indicate that the envelope of HIV-1 exists in a liquid-ordered-like state [28], an 

historical hallmark of rafts [26,27,29,30]. Although raft-like domains are typically enriched 

with acidic lipids, assembly of HIV-1 Gag proteins at rafts is not due strictly to electrostatic 

interactions, since cholesterol depletion significantly attenuates virus particle production 

[31,32]. Some studies indicate that PI(4,5)P2 associates preferentially with lipid rafts [33], 

but others suggest that PI(4,5)P2 is homogeneously dispersed within the PM of quiescent 

cells and only co-localizes with lipid rafts upon cellular stimulation [34]. Thus, Gag may 

either assemble at pre-existing raft-like domains (i.e. domains enriched in cholesterol and 

acidic lipids), or enrich PI(4,5)P2, cholesterol, and other membrane constituents as it 

assembles at the PM.

A number of in vitro biophysical methods have been employed in attempts to identify the 

mechanism utilized by retroviruses to target the PM and acquire a raft-like bilayer coat. 

Flotation experiments have shown that retroviral Gag constructs bind preferentially to 

liposomes that contain PI(4,5)P2 and are enriched in both cholesterol and acidic 

phospholipids [35–38]. NMR and analytical ultracentrifugation studies revealed that HIV-1 

MA exists in solution in an equilibrium mixture of myristoyl-sequestered and -exposed 

states, and that soluble PI(4,5)P2 analogs containing truncated acyl chains [tr-PI(4,5)P2] are 

capable of binding MA with relatively weak affinities (Kd = 0.08 – 0.15 mM) and promoting 

myristoyl exposure [39]. NMR studies further showed that tr-PI(4,5)P2 molecules bind in an 

“extended lipid” conformation, in which the 2′-acyl chain binds to a hydrophobic cleft on 

MA and the 1′-acyl chain exists in a solvated, unstructured state that could potentially 

interact with a membrane [39]. Protein foot printing experiments conducted with MA and tr-

PI(4,5)P2 are consistent with the NMR-derived structures [40]. The extended lipid-binding 

model (with one acyl chain embedded in the membrane and the other sequestered by the 

protein) was originally proposed to explain phospholipid-cytochrome c binding [41–43], and 

computational studies suggested that this binding mode might be preferred under conditions 

of negative membrane curvature [41,43,44]. Two other lipid analogs that contain truncated 

acyl chains were also found to bind MA in solution in an extended lipid conformation, and a 

“trio engagement” model involving MA interactions with PI(4,5)P2, PS, and PE in extended 
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lipid states was proposed [45]. Recent coarse grained (CG) simulations indicated that 

extrusion of the seven buried methylenes from the hydrophobic pocket of MA for membrane 

binding is energetically feasible, costing ~ 8 kCal/mol [46]. However, extrusion of the 20-

carbon 2′-acyl chain of PI(4,5)P2 from the membrane is predicted to be significantly more 

costly (~ 24 kCal/mol [47,48]), and during the entire course of the CG simulations, both acyl 

chains of PI(4,5)P2 remained buried within the membrane and did not interact with MA 

[46].

Since the previously determined MA:lipid NMR structures were determined from data 

obtained in the absence of membranes and using water-soluble PI(4,5)P2 analogs with 

truncated acyl chains [14,39,40,45,49], the biological relevance of the findings warrants 

further investigation. In addition, most previous studies of MA interactions with membranes 

were conducted using flotation assays that required the use of liposomes with high anionic 

charge and non-equilibrium centrifugation approaches to distinguish membrane-free and -

bound MA proteins [35–38,50]. In this study, we employed NMR-based approaches to 

monitor the influence of PI(4,5)P2 on MA binding to liposomes with biological-like raft and 

non-raft compositions. We also re-examined the extended lipid hypothesis by characterizing 

MA interactions with bicelles that contain PI(4,5)P2 molecules with native, full-length acyl 

chains.

Results

tr-PI(4,5)P2 binds to non-membrane proteins

Previous studies have shown that amphipathic dodecyl-containing detergents can readily 

interact with hydrophobic surface patches on soluble proteins [51]. We were therefore 

concerned that truncated analogs of PI(4,5)P2 might also bind to non-membrane associated 

proteins with hydrophobic surface patches. 2D 1H-15N HSQC spectra were obtained upon 

titration of diC8-PI(4,5)P2 with three autonomously folded Gag domains: the native N- and 

C-terminal subdomains of CA (CANTD, and CACTD, respectively), and the nucleocapsid 

(NC) domain, none of which are believed to interact directly with membrane surfaces during 

replication[11,50,52,53]. As shown in Supplementary Fig. S1, diC8-PI(4,5)P2 interacts with 

all three domains. Notably, the affinity of diC8-PI(4,5)P2 for sites on CANTD (Kd as low as 

0.25 ± 03 mM) are comparable to the affinity of diC4-PI(4,5)P2 for MA (Kd = 0.15 ± 0.03 

mM). Similar results were obtained upon titration of CANTD with 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC), a lipid analog that contains 6-carbon acyl chains (Fig. 

S1d). Thus, the binding mode and affinity of tr-PI(4,5)P2 molecules for MA, and the 

proposed “extended lipid” binding models proposed to explain PM and raft targeting by the 

MA domain of Gag [14,39,45,54], may be a consequence of the general affinity of 

moderately water soluble amphipathic molecules, with hydrophobic acyl chains, for protein 

surface patches [51].

MA binding to liposomes is enhanced by native PI(4,5)P2

We employed a recently developed NMR approach [55,56] to monitor protein binding to 

liposomes. This approach allows measurement of the amount of protein that remains free in 

solution in the presence of liposomes under equilibrium conditions, and is based on the fact 
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that NMR signals are readily detectable for proteins the size of HIV-1 MA (~15kDa) but 

generally undetectable (or “dark” [55]) for proteins and protein complexes as large as 

liposomes (>60MDa). Provided that on/off membrane exchange is intermediate-to-slow on 

the NMR chemical shift time scale, binding to liposomes is expected to render all but the 

highly flexible MA residues NMR-invisible [55,56]. As shown in Fig. 1a, small signal losses 

(13%) were observed upon titration of MA with liposomes containing 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC, or here-in abbreviated PC). Titration of MA with PC-

liposomes containing increasing amounts of PI(4,5)P2 resulted in increased signal 

attenuation, indicating that PI(4,5)P2 enhances the affinity of MA for liposomes. Binding 

isotherms were analyzed by applying non-linear least squares fitting to a single-site binding 

model, which afforded an apparent MA:PI(4,5)P2 dissociation constant [Kd(apparent)] of 

10.2 ± 2.1 μM (Fig. 1b). By comparison, no signal losses were observed upon titration of 

HIV-1 CA and NC with liposomes, including those prepared with native PI(4,5)P2 (Fig. S2).

NMR titrations were conducted with liposomes containing increasing mole percentages of 

phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] (enriched in late endosomes) and 

phosphatidylinositol 4-phosphate [PI(4)P] (enriched in Golgi membranes) (Fig. 1b,c,d). 

PI(3,5)P2 promoted liposome binding about half as well as PI(4,5)P2 [Kd(apparent) = 22.0 

± 1.4 μM], whereas PI(4)P exhibited a more significantly reduced ability to promote MA 

binding to liposomes [too weak for reliable quantitation], Fig. 1b,e. At similar 

concentrations, PS was even less effective at promoting liposome binding than the 

diphosphoinositides, Fig. 1b,f.

Mutations and conditions that modulate myristoyl exposure affect liposome binding

To determine the influence of the N-terminal myristoyl group on liposome binding, we 

prepared and analyzed MA proteins that either lacked the myristoyl group [myr(−)MA] or 

contained a mutation (leucine-8 to isoleucine, MAL8I) known to inhibit both myristoyl 

exposure in vitro and PM targeting in vivo [11,57–59]. As shown in Fig. 2, signal losses 

upon titration of myr(−)MA with PC liposomes were very small (nearly imperceptible), 

indicating that ~5% of the proteins were bound to liposomes under the conditions employed. 

However, myr(−)MA exhibited significant affinity for liposomes containing PI(4,5)P2 (2.5 

mol%) or PI(3,5)P2 (2.5 mol%) (40% and 28% myr(−)MA bound, respectively) (Fig. 2b). 

Similarly, MAL8I bound poorly to PC liposomes, but binding was significantly restored 

when the liposomes contained PI(4,5)P2 or PI(3,5)P2 (67% and 50% bound, respectively) 

(Fig. 2b). These results suggest that the myristoyl group contributes to initial membrane 

association, but is not required for specific recognition and discrimination of 

phosphoinositidyl phosphates.

Previous NMR studies showed that myristoyl exposure is enhanced under acidic conditions 

[60], presumably due to the stabilization of a salt bridge between the protonated side chain 

of H89 and the acidic side chain of E12 [61,62]. Other studies have indicated that MA binds 

preferentially to membranes containing lipids with unsaturated acyl chains, which is also 

compatible with the extended lipid binding models [37]. To test both of these hypotheses, we 

measured MA binding to liposomes comprising either PC or the fully saturated lipid, 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC), at pH 5.5 and pH 7.4 (T = 35 °C). We 
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observe that at physiological pH MA bound weakly to both liposomes. However, the affinity 

of MA for both liposomes was significantly greater (~3-fold) at the lower pH (Fig. S3), 

consistent with an equilibrium shift towards the myristoyl-exposed species.

Influence of conserved basic residues on liposome binding and virus infectivity

Substitution of conserved HBR residues K30 and K32 by glutamate can result in the 

retargeting of Gag to intracellular compartments [12,63]. To test the hypothesis that 

retargeting is due to a gain of affinity for PI(3,5)P2 or PI(4)P, which are the most abundant 

PIs in late endosomal and Golgi membranes, respectively, we prepared the myristoylated 

double mutant MA protein (MAK30E/K32E) and measured liposome binding in the presence 

of physiologically relevant levels of PIs (Fig. 2). As observed for wild-type MA, a small 

reduction in signal intensity was observed upon titration with PC liposomes, but no 

additional significant losses were observed for liposomes containing PIs (Fig. 2a). The 

native, myristoylated MA protein exhibits concentration-dependent myristoyl exposure, 

presumably stabilized by intermolecular myristoyl-myristoyl interactions [61]. The HBR 

mutant MA proteins also exhibited concentration-dependent shifts, indicating that the 

binding defect is not due to a defect in myristoyl exposure. K32 is conserved in over 99.68% 

of the 4,376 sequenced strains of HIV, whereas K30 is conserved in 27.2% (with 44.9% Arg) 

(http://www.hiv.lanl.gov/). We therefore constructed a single K32E mutant (MAK32E) and 

examined its ability to bind liposomes. As shown in Fig. 2, MAK32E exhibits significantly 

reduced affinity for liposomes and does not discriminate between PIs under the conditions 

tested, indicating that K32 is a key contributor to both PI(4,5)P2 discrimination and 

membrane binding.

The influence of the HBR mutations on virus production, Env incorporation, virus 

infectivity, and virus replication was also measured. Viruses containing the Gag-K30E/

K32E, Gag-K32E, and Gag-K30E mutants were transfected into HeLa cells, and the 

efficiency of virus release and Env incorporation was determined by quantitative western 

blotting (Fig. 3a, b). The infectivity of the released virus particles was also measured in the 

single-cycle TZM-bl indicator cell assay. Finally, the replication kinetics of the mutants were 

determined in the Jurkat T-cell line. The K30E mutant exhibited near wild-type viral release, 

Env incorporation and infectivity, and only modestly delayed replication kinetics (Fig. 3c). 

In contrast, the K32E mutant displayed severely attenuated Env incorporation and viral 

infectivity, and even though virus release was only moderately reduced, no replication was 

discernable. The Gag-K30E/K32E double mutant showed severely abrogated Env 

incorporation and infectivity, significantly reduced virus released efficiency, and a complete 

loss of replication, consistent with earlier findings [64]. These results demonstrate that both 

K30 and K32 are required for PI(4,5)P2 binding and virus release, with K32 apparently 

playing a more significant role.

Influence of other lipid constituents on liposome binding

The HIV-1 envelope is enriched in lipids commonly associated with raft-like microdomains, 

and there is considerable evidence that HIV-1 Gag proteins co-localize and assemble at rafts 

[31,65,66]. To determine the potential influences of other lipid constituents on membrane 

binding, we evaluated MA interactions with liposomes containing cholesterol, PE, PS, and 
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PI(4,5)P2. Although PS was relatively ineffective at promoting binding to liposomes at low 

concentrations (~ 5 mol%; Fig. 1f), the affinity of MA for liposomes increased from ~15% 

(100% PC liposomes) to ~40% for liposomes that contained 16 mol% PS, Fig. 4. Neither 

cholesterol nor PE had significant effects on liposome binding when present either 

individually or together at physiological molar concentrations (up to 44 mol%, and 8 mol%, 

respectively) (Fig. 4e), and PE did not appear to influence binding when included in 

liposomes in combination with other lipid constituents (Fig. 4e). However, liposomes that 

contained both cholesterol and PS bound MA with significantly greater affinity than 

liposomes containing only PS or cholesterol (chol) (70% bound for PC:Chol:PS = 40:44:16 

mol%, Fig. 4e). These findings support proposals that cholesterol may indirectly enhance the 

ability of PS to bind MA [37]. Since PS contains a polar head group and cholesterol does not 

(and is generally believed to be buried within the bilayer), enhanced binding could be due to 

an increase in surface charge density resulting from an increase in the PS/PC ratio.

In addition to examining the role of individual lipid constituents on MA binding to PC 

liposomes, we measured binding to liposomes that contained combinations of lipid 

constituents at ratios approaching raft-like and non-raft-like regions of the PM inner leaflet 

(raft-like liposomes = 44 mol% cholesterol, 8 mol% PE, ~3 mol% PI(4,5)P2, 16 mol% PS, 

29% PC; non-raft-like liposomes = 17% cholesterol, 6% PE, 1% PI(4,5)P2, 6% PS, 70% 

PC) [18,19]. (Note: in this work, cholesterol is included as a lipid when calculating mol 

percentages; see Table S1 for details). A caveat is that the liposomes lack pl-PE, an inner-

leaflet PM constituent (~32 mol% abundance), as this lipid is known to induce liposome 

curvature [67] and is not generally employed in model membrane systems [68]. Thus, the 

liposomes employed in the present studies contained phosphatidylcholine (PC) as a 

substitute for pl-PE. Titrations were conducted in the absence and presence of PI(4,5)P2. 

Unexpectedly, MA exhibited significant affinity for raft-like liposomes, even in the absence 

of PI(4,5)P2 (Fig. 5). Although MA exhibited very low affinity for non-raft liposomes that 

lacked PI(4,5)P2 (as expected; see Fig. S3), significant binding was observed to non-raft-like 

liposomes that contained PI(4,5)P2 at levels expected for non-raft regions of the PM inner 

leaflet (Fig. 5). These findings suggest that, although HIV-1 virions contain raft-like lipid 

bilayers, Gag could bind initially to non-raft regions of the PM and either laterally associate 

with rafts or induce formation of local raft-like structures.

We also determined the relative abilities of HBR and switch-defective mutant MA proteins 

to bind raft-like and non-raft membrane mimetic liposomes. As observed for wild type MA, 

MAL8I bound tightly to raft-like liposomes in the absence of PI(4,5)P2, (Fig. 5b). However, 

this mutant did not exhibit significant affinity for non-raft liposomes, even upon addition of 

PI(4,5)P2 (Fig. 5b). Myr(−)MA did not significantly bind raft-like liposomes in the absence 

of PI(4,5)P2, however, PI(4,5)P2 presenting raft-like liposomes were able to significantly 

enhance liposome binding (Fig. 5b). In contrast, myr(−)MA did not exhibit significant 

affinity for non-raft liposomes, either in the absence or presence of PI(4,5)P2 (Fig. 5b). The 

MAK30E/K32E double mutant did not exhibit significant affinity for any of the liposome 

compositions tested (Fig. 5b). The HBR mutant MAK32E retained an ability to bind raft-like 

membranes (36%) and experienced a 1.7-fold increase in affinity in the presence of 

PI(4,5)P2. Interestingly, MAK32E bound with wild type affinity to non-raft like liposomes, 

and addition of PI(4,5)P2 to liposomes that otherwise have non-raft like compositions did 
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not lead to a significant increase in protein binding (Fig. 5b). These results collectively 

indicate that (i) the ability to expose the myristoyl group is essential for association with 

either raft-like or non-raft like membranes, and (ii) K32 plays a significant role in PI(4,5)P2-

dependent enhancement of membrane binding.

MA interactions with bicelles

To gain insight into the intermolecular interactions and potential structural changes in MA 

that occur upon membrane binding, we initiated NMR studies with lipid bicelles. Bicelles 

have been employed to study a variety of membrane-associated proteins in their active forms 

[69–72]. Vlach and Saad showed that titration of HIV-1 MA with 1,2-dihexanoyl-sn-

glycero-3-phosphocholine (DHPC) micelles and DMPC/DHPC bicelles caused NMR 

chemical shift perturbations consistent with membrane-promoted exposure of the myristoyl 

group [61]. Unfortunately, global signal broadening precluded further analysis of the 

MA:bicelle complex. Those studies were conducted with bicelles with long chain (DMPC)/

short chain (DHPC) lipid a ratio (q) of 0.5 [45]. We conducted titration experiments a higher 

DHPC-to-DMPC ratio, q = 0.3 bicelles, which has afforded high quality NMR spectra for 

other membrane-protein systems [73,74]. In addition, since previous studies showed that 

HIV-1 MA myristoyl exposure is favored at lower pH [61,62], the bicelle titration studies in 

the present study were conducted at pH 5.5 (which also enhanced MA binding to liposomes, 

Fig. S3).

Titration of pre-formed bicelles into MA at lipid concentrations above the critical micelle 

concentration (CMC) of DHPC resulted in the shifting of amide 1H and 15N NMR signals of 

N-terminal residues (G2–G11) to values similar to those of the myristoyl-exposed protein 

conformer [61], indicating that MA binds to the bicelles under the conditions employed, and 

that binding occurs via the myristoyl-exposed state, Fig. 6a [61]. Significant chemical shift 

perturbations were also observed for additional residues that are on the surface of MA that 

were not previously observed to be sensitive to the position of the myristoyl-exposed/

sequestered equilibrium [61], Fig. 6b. To determine if these additional perturbations are due 

to interactions with the short-chain lipid of the DMPC/DHPC bicelles, titrations were 

conducted with DHPC alone. Interestingly, at concentrations below the DHPC CMC (15 

mM) DHPC did not perturb the chemical shifts of the N-terminal residues, indicating that 

monomeric DHPC does not trigger myristoyl exposure, Fig. 6c. Chemical shift changes 

indicative of myristoyl exposure were only observed after DHPC concentrations exceeded 

the CMC (Fig. 6c, red signals). In contrast, the amide signals for the surface residues that are 

insensitive to the myristoyl switch but exhibited sensitivity to titration with bicelles 

exhibited significant chemical shift changes at DHPC concentrations well below the CMC, 

Fig. 6d. Analysis of concentration-dependent chemical shifts afforded a DHPC dissociation 

constant of 3.8 ± 2.9 mM. Thus, the perturbations observed for these residues in the bicelle 

titration experiments are likely due to weak interactions with soluble DHPC molecules and 

do not result from the binding of MA to bicelles or DHPC micelles.

Bicelle and DHPC titration experiments were also conducted with the unmyristoylated 

matrix protein to determine the influence of the myristoyl moiety on bicelle and DHPC 

binding. Titration with bicelles did not lead to significant perturbations of the myristoyl 

Mercredi et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2017 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



switch signals, but did lead to large shifts of the same surface residue signals that were 

perturbed upon titration of the MA protein with bicelles, Fig. 7a,b. In addition, titration of 

myr(−)MA with DHPC led to progressive amide chemical shift changes similar to those 

observed for the MA protein (Fig 7c,d), except that only minor signal broadening was 

observed at DHPC concentrations that approached or exceeded the CMC (Fig 7c,d, red 

signals). These findings confirmed that DHPC molecules bind weakly to the surface of 

myr(−)MA (Kd = 6.4 ± 2.5 mM), and suggest that the protein does not bind with significant 

affinity to DHPC micelles.

Finally, we conducted 15N NMR relaxation experiments (600.13 MHz 1H frequency) to 

determine if the signal broadening observed in the bicelle titration experiments was actually 

due to binding to bicelles (rather than intermediate-exchange interactions with soluble 

DHPC). The 15N R1 and R2 values, and the ratio of the average R2/R1 values, for the 

structured residues of myr(−)MA (residues 20–100; 1.52 s−1, 9.06 s−1, and 5.96, 

respectively) are consistent with expectations for a 15 kDa protein [75–77], Fig. S4. The 

average R2/R1 ratio exhibited a small increase in the presence of bicelles (6.96, 

myr(−)MA:bicelle = 1:2), providing further evidence that myr(−)MA does not bind with 

significant affinity to bicelles under the conditions employed, and that the chemical shift 

changes observed upon bicelle titration are due to weak interactions with soluble DHPC. 

Previous NMR and sedimentation studies revealed that MA weakly self-associates into 

trimers and higher-order species at concentrations above 0.2 mM [61]. 15N NMR R1 and R2 

measurements for MA were therefore made at relatively low protein concentrations (0.05 

mM), in which the protein is predominantly monomeric and the measured R1 and R2 rates, 

and the average R2/R1 ratio (1.48 s−1, 9.70 s−1, and 6.56, respectively) are similar to those 

observed for the myr(−)MA protein. Unlike observations for the myr(−)MA protein, 

addition of bicelles (to a MA:bicelle ratio of 1:2) resulted in significant increases in R1 and 

R2 and to a 200% increase in the average R2/R1 ratio (1.28 s−1, 17.11 s−1, and 13.38, 

respectively), Fig. S4. These data provide further evidence that the NMR chemical shift 

changes described above for the MA protein are at least partly due to binding to bicelles.

Influence of native phosphoinositides on MA binding to bicelles

To determine the binding properties of native PI(4,5)P2 in a membrane-like environment, 

and experimentally test the extended lipid hypothesis, we titrated physiologically relevant 

molar percentages of native PI(4,5)P2 into a pre-formed MA:bicelle complex. Titration of 

PI(4,5)P2 resulted in distinct changes in a subset of NMR resonances, Fig. 8a,c,d. The 

chemical shift changes appear to saturate at PI(4,5)P2/lipid molar ratios of ~5% (Fig 8c), 

which is similar to estimates of inner-leaflet PI(4,5)P2 concentrations in HIV-1 virions [19]. 

The resonances that experience the largest changes with addition of PI(4,5)P2 (A3, R4, A5, 

Q28, and K32) are localized to the N-terminal region of the protein and a loop between 

helices I and II, Fig. 8e. Importantly, titration of PI(4,5)P2-containing bicelles into MA did 

not perturb residues between Helices II and IV, including T81, V84, and Q90, that were 

previously shown to interact with the 2′-acyl chain of tr-PI(4,5)P2 molecules (Fig. 8b) 

[39,59]. The 2′-acyl chain of native PI(4,5)P2 is highly unsaturated, and significant chemical 

shift perturbations would have been expected for these residues (due to the proximity of 

double bond pi electrons) if native PI(4,5)P2 bound to MA in the same extended lipid mode 
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observed for the tr-PI(4,5)P2-MA complex in solution. Although it is conceivable that DHPC 

interactions somehow inhibited binding of the PI(4,5)P2 2′-acyl chain to the hydrophobic 

cleft, this seems unlikely since (i) residues of the hydrophobic cleft were unperturbed by 

DHPC (as observed previously [45]), and (ii) the affinity of DHPC for MA is low (3.75 mM; 

see above).

We also tested for the ability of other physiologically relevant phosphatidylinositides to 

interact with MA in bicelles. PI(3,5)P2 is a constituent of late endosomal membranes, and 

titration of MA:bicelles with this membrane marker induced concentration-dependent 

chemical shift changes similar to those observed for PI(4,5)P2, Fig. S5. Although these 

findings suggest that MA could potentially target Gag to membranes that contain sufficiently 

high quantities of PI(3,5)P2, the cellular levels of PI(3,5)P2 are approximately 100-fold 

lower than those measured for PI(4,5)P2 [78,79], and it is therefore unlikely that PI(3,5)P2 

plays an important role in HIV biology. The cellular levels of Golgi constituent PI(4)P are 

1–3% (comparable to PI(4,5)P2 levels) [78]. However, titration of PI(4)P into MA-

containing bicelles did not lead to detectable NMR spectral changes, Fig. S5.

Paramagnetic relaxation enhancement studies of MA bound to bicelles

To gain structural insight into the nature of the MA:bicelle interface, we conducted 

paramagnetic relaxation enhancement (PRE) experiments with the bicelles containing both 

PI(4,5)P2 (4.5 mol%) and the paramagnetically labeled lipid, 5-doxyl-phosphatidylcholine 

(5-DOXYL-PC). 5-DOXYL-PC harbors a nitroxyl radical at position 5 of the sn-2 stearoyl 

side chain that induces line broadening of NMR resonances for nuclei that are in close 

proximity to the surface of the bilayer [80]. Significant reductions in amide signal intensity 

were observed for G2, A3, R4, A5, S6, and L8, indicating that these residues likely reside at 

or near the surface of the bicelle and closest to the 5-DOXYL-PC nitroxyl moiety, Fig 9a,b. 

The largest reductions are observed for G2, inferring that the myristoyl group is embedded 

in the bilayer. Smaller but significant reductions in intensity were also observed for residues 

that reside on a helix (helix II) located directly adjacent to the exposed myristoyl group. 

These findings are consistent with empirical models derived from mutagenesis studies 

[81,82], and with computationally derived models [46,83], that place conserved and essential 

basic residues of helix II in close proximity to the surface of the membrane.

Comparisons with coarse-grained simulations of MA binding to PI(4,5)P2 in bilayers

We compared the PRE and PI(4,5)P2 titration NMR data obtained here with results of 

coarse-grained simulations employed recently to model MA-membrane interactions [46], 

Fig. 9c,d. Although the myristoyl moiety migrated from a protein cavity into the membrane 

during the simulations, the 2′-acyl chain of native PI(4,5)P2 remained within the membrane 

and did not migrate into the hydrophobic cleft of MA [46] that had previously been 

identified as a potential 2′-acyl chain binding site [39]. Upon revisiting the population 

dynamics, we found that PI(4,5)P2 interacts with statistically significant residence times at 

multiple protein sites during the simulations. In addition, multiple PI(4,5)P2 molecules were 

often found to be interacting with different regions of the protein simultaneously. Although 

the predominant site involves the basic residues of the HBR, consistent with the NMR 

structures of the tr-PI(4,5)P2:MA complexes in solution, other states in the simulations place 
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the PI(4,5)P2 head group in close proximity to R4 and the myristoyl group, and to K27 (Fig 

9c,d). All of these residues and/or their adjacent residues exhibit chemical shift sensitivity to 

the presence of PI(4,5)P2 in bicelles (Fig. 8e). Notably, residues R4 and K27 are separated 

by ~24 Å, which is consistent with the multi-site binding models suggested by the 

simulations. Earlier structural and electrostatic modeling suggested that membrane binding 

by MA may occur in the absence of a unique, high-affinity PI(4,5)P2 binding site [83]. Thus, 

the PRE and PI(4,5)P2 titration NMR findings presented here are fully compatible with the 

multi-structure, dynamical binding models suggested by the electrostatic modeling [83] and 

coarse-grained simulations [46].

Discussion

Previous NMR studies have shown that soluble PI(4,5)P2 analogs containing truncated acyl 

chains bind MA in an “extended lipid” conformation in aqueous solution, with the 2′-acyl 

chain inserted within the hydrophobic cleft on the surface of the protein and the 1′-acyl 

chain exposed to solvent to potentially interact with a membrane [39]. PS, PC, and PE were 

proposed to promote membrane binding in a similar manner, based on solution-state NMR 

studies with lipid analogs containing truncated acyl chains [45]. These lipid-binding models 

are not without precedent, as an extended lipid model was originally proposed to explain 

how cytochrome-c may be anchored to membranes [41–43]. PI(4,5)P2 molecules containing 

their native, unsaturated (rather than fully saturated) 2′-acyl chains have been shown to be 

more efficient at promoting MA binding to vesicle membranes [84], and we observed similar 

behavior in our NMR-detected liposome binding experiments (data not shown). These 

findings are compatible with an extended lipid-binding model. However, it is also possible 

that the modified 2′-acyl chain alters the structure or accessibility of PI(4,5)P2 in the 

membrane, or alters the membrane itself, in a manner that inhibits MA binding [37,84]. Our 

finding that PI(4,5)P2 molecules with truncated acyl chains can bind without discrimination 

to Gag domains that do not associate with membranes, coupled with previous observations 

that lipids with truncated acyl chains readily bind to hydrophobic surface patches on soluble 

proteins [51], raises questions about the biological relevance of the extended lipid:MA 

binding models.

In the present studies, we probed for MA interactions with native PI(4,5)P2 and other 

membrane constituents using a recently developed NMR-detected liposome binding assay 

[56]. In the absence of anionic phospholipids, MA exhibited low but detectable affinity for 

PC liposomes. This finding differs considerably from results obtained using flotation assays 

[35–38], where MA binding was “absolutely dependent” on the presence of acidic 

phospholipids [85] and only weak binding was observed for liposomes containing high 

levels of PS (PC:PS = 2:1; Kd ~ 1 μM) [38,85]. We suspect that the differences in observed 

affinity may be due to a Le Châtelier’s effect during the flotation experiments, in which the 

membrane “floats” on one end of the centrifugation tube and free MA is mechanically 

concentrated at the other end. We found that centrifugation of buffered solutions of MA or 

myr(−)MA for 45 min in the absence of sucrose gradients (50 μM; 90,000 RPM) resulted in 

the concentration of ~85% of the protein at the bottom third of the centrifuge tube, leaving 

only ~5% of the protein in the top third of the tube where the membrane would accumulate 

(Supplementary Figure S6). Variations in centrifugation conditions, or protein loss/
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degradation resulting from the multi-step flotation analytical process [86], might at least 

partially explain well-documented disparities among HIV Gag-membrane binding studies 

[85].

Because the NMR experiments were conducted under equilibrium conditions that do not 

require the use of highly anionic lipid compositions, we were able to quantitatively compare 

the relative influences of different lipid constituents on MA binding to otherwise neutral PC 

liposomes. Of the lipids tested, PI(4,5)P2 and PI(3,5)P2 exerted the strongest influence on 

liposome binding, as might be expected based on their high negative charges. Although 

PI(3,5)P2 is enriched in endosomal membranes relative to the other phosphoinositides, its 

abundance in cells is significantly lower than that of PI(4,5)P2 (~100-fold lower [13]). It is 

therefore likely that PM targeting results from the high relative concentration of PI(4,5)P2 

rather than differences in affinity of MA for these phosphoinositides. PI(4)P (−2 charge) was 

also significantly better at promoting liposome binding than PS (−1 charge), as expected on 

the basis of charge. Interestingly, although cholesterol and PS alone did not significantly 

promote MA binding to liposomes, even at higher concentrations normally associated with 

the inner leaflet of the PM (44.0 mol% and 16.4 mol%, respectively; see Table S1), the 

presence of cholesterol and PS together strongly promoted MA binding to liposomes under 

the conditions employed. PM cholesterol is critical for virus assembly [18,31,32,65,87–92], 

and virus-associated cholesterol, which is enriched in the HIV-1 envelope [93], is important 

for infectivity [94–96]. Although the role of cholesterol in HIV assembly remains unclear 

[97], one explanation is that it indirectly enhances the ability of anionic lipids to interact 

with MA, possibly by altering the structure or dynamical properties of the membrane and its 

constituents. Although this could explain our finding that MA binds more readily to PS-

containing liposomes that also contain cholesterol, we cannot rule out the possibility that 

enhanced binding is due to an increase in surface charge density associated with the increase 

in PS/PC ratios employed in our assays.

There is also considerable evidence that HIV assembles at cholesterol-rich raft-like 

microdomains [18,27,30,65,66,93,98], and recent studies have shown that the HIV-1 

envelope contains a raft-like lipid composition [18,32,66,95]. However, it is not currently 

known whether Gag (i) binds initially to non-raft regions of the PM and recruits raft-like 

membrane constituents, (ii) binds to non-raft regions and then laterally migrates to pre-

existing rafts, or (iii) is targeted initially to pre-formed raft-like domains [19,39]. Although 

our studies show that MA binds with highest affinity to liposomes with raft-like 

compositions, significant affinity was also observed for liposomes designed to mimic non-

raft-like regions of the PM inner leaflet. Our finding that HBR mutations known to cause 

aberrant membrane targeting in vivo have only a modest influence on binding to raft-like 

liposomes, but considerably attenuate MA binding to non-raft-like liposomes, appears to 

support a mechanism in which the initial step of virus assembly involves Gag interactions 

with non-raft-like regions of the PM.

The HBR residues of MA are critical for virus assembly, and studies have shown that 

mutation of K30 and/or K32 cause a mistargeting of Gag to late endosomal/multivesicular 

body compartments [12,63,64,99]. This retargeting phenotype is essentially identical to that 

induced by depletion of PI(4,5)P2 from the PM [10], suggesting that MA residues K30 and 
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K32 might promote Gag targeting to the PM by interacting directly with PI(4,5)P2. The data 

presented here are consistent with this hypothesis. We had speculated that mutation of MA 

residues K30 and K32 might retarget Gag to late endosomes by shifting the 

phosphoinositide preference from PI(4,5)P2, which is concentrated on the PM, to PI(3,5)P2, 

which is enriched in late endosomes. This seems to not be the case, as the binding of the 

K30E/K32E to liposomes is not significantly enhanced by either PI(4,5)P2 or PI(3,5)P2 (Fig. 

2b). The mechanisms leading to Gag’s diversion from the PM to late endosomes upon 

disruption of PI(4,5)P2 binding (via either PI(4,5)P2 depletion or mutation of key PI(4,5)P2-

binding residues in MA) remains to be determined.

The above studies enabled quantitative comparison of the relative affinities of MA (and MA 

mutants) for bilayers with various lipid compositions under equilibrium conditions. 

However, it was not possible to probe the structural determinants of binding because 

residues of the globular portion of the liposome-bound protein are NMR-dark. We therefore 

extended studies to bicelles, which have rotational diffusion properties appropriate for 

solution-state NMR methods. As observed previously by Saad and co-workers, we found 

that MA binds to DMPC/DHPC bicelles in a myristoyl-exposed conformation [45]. Our 

studies further showed that chemical shift perturbations observed for several residues upon 

titration with bicelles are probably due to weak interactions with free DHPC, and that these 

interactions do not contribute to the anchoring of the protein to the bicelle. The 

paramagnetic relaxation enhancement and 15N NMR relaxation experiments indicated that 

MA is anchored to the bicelles, the myristoyl group is inserted into the bilayer of the bicelle, 

and the protein is oriented on the surface of the bicelle in a manner predicted by 

crystallographic [82] and computational [46,83] studies. Results of NMR chemical shift 

perturbation experiments were also consistent with this binding model. However, we did not 

observe PI(4,5)P2-dependent NMR chemical shift changes that would be expected for the 

extended lipid binding mechanism. Specifically, chemical shifts and linewidths of residues 

of the hydrophobic cleft that were proposed to sequester the unsaturated 2′-acyl chain of 

PI(4,5)P2 (on the basis of solution-state studies with truncated PI(4,5)P2 analogs [39]) were 

either unperturbed or exhibited negligible changes upon PI(4,5)P2 titration. Signals for these 

residues would have been significantly perturbed by the π-bonds of the unsaturated 2′-acyl 

chain if the extended lipid binding structure had been adopted. Our findings are more 

compatible with computationally-derived models of the MA:membrane interface [46,83], in 

which multiple surfaces on MA interact transiently and dynamically with one or more 

PI(4,5)P2 head groups, and both acyl chains of PI(4,5)P2 remain embedded in the 

membrane.

In summary, we have obtained quantitative information on the relative contributions of lipid 

constituents on MA binding to membrane-mimetic liposomes and detergent bicelles under 

equilibrium conditions. Our findings support proposals that PI(4,5)P2 functions in PM 

targeting by interacting directly with the MA domain of Gag, but do not support proposals 

that PI(4,5)P2 adopts an extended lipid conformation. Our findings are fully compatible with 

computational models in which both acyl chains of PI(4,5)P2 remain anchored in the PM 

bilayer, and one or more PI(4,5)P2 head groups interact electrostatically and dynamically at 

multiple sites on the surface of the protein. Data obtained for HBR mutants support an 

assembly model in which Gag initially associates with non-raft-like regions of the PM. Gag 
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would then either laterally migrate to pre-formed raft-like assembly sites, or recruit raft-like 

lipid constituents as the Gag proteins assembled. The NMR and computational approaches 

employed here may now be used to study MA interactions with other viral and cellular 

constituents that were not amenable to traditional solution-state methods, including MA 

interactions with the intra-viral domain of Env and tRNAs (underway).

Materials and Methods

Protein expression and purification

HIV-1 MA constructs containing amino acid changes L8I, K30E/K32E, and K32E were 

made by using QuikChange II site-directed mutagenesis kit (Agilent, Santa Clara, CA) and 

sequenced at Genewiz (South Plainfield, NJ). Nitrogen-15 labeled HIV-1 MA for bicelle 

studies was prepared from recombinant E. coli cells as follows: Cells were first grown in 4 L 

of LB medium at 37 °C [for myristoylated proteins, when the OD600 reached ~ 0.25–0.3 the 

media was supplemented with myristic acid (10 mg/L; Sigma)] and allowed to grow until 

the OD600 reached ~ 0.6–0.7. Next, cells were spun down and washed with 1 X M9 salt 

before transfer to 1 L of M9 minimal medium containing 15NH4Cl as the sole nitrogen 

source and then growth for 1 h before induction with isopropyl-β-D-1-

thiogalactopyranoside. Cells expressing 15N labeled samples were grown at 37 °C for ~ 12–

14 h and lysed using a microfluidizer and the proteins were purified by cobalt affinity 

chromatography (Clontech, Mountain View, CA) and hydrophobicity column 

chromatography (Butyl column; GE Healthcare) and ion exchange column chromatography 

(SP column; GE Healthcare) [59,61,81]. Unlabeled MA protein was expressed and purified 

as described above except that expression was carried out in 2 L of LB for 4 h.

Molecular weights and efficiency of myristoylation were confirmed by electrospray 

ionization mass spectrometry [Mmeas/Mcalc = 15,746.31±104: 15744.66, 17532.08±143: 

15534.31, 15740.22±401: 15746.54, 12746.32±13.98: 15746.54, 15745.39±13.35: 

15745.39, for MA and myr(−)MA, MAL8I, MAK30E/K32E, and MAK32E, respectively]. 

Uniformly 15N-enriched and unlabeled P24-WT, P24-AA, CA-NTD, CA-CTD, and NC 

were expressed as previously described [61,100–102] and the integrity of the samples were 

confirmed by mass spectrometry.

Liposome preparation

Liposomes were prepared from stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (PC; Avanti), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (POPS; 

Avanti), L-α-phosphatidylethanolamine (PE; Avanti), L-α-phosphatidylinositol-4,5-

bisphosphate ([PI(4,5)P2]; Avanti), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phospho-(1′-

myo-inositol-3′,5′-bisphosphate) ([PI(3,5)P2]; Avanti), and L-α-phosphatidylinositol-4-

phosphate ([PI(4)P]; Avanti) lipids dissolved in chloroform and used without further 

purification. Lipids were dried to a thin film using a centrifugal evaporator. The dried lipids 

were then hydrated with liposome buffer, generating 5.76 mg/mL, (100 mM NaCl, 50 mM 

sodium phosphate [pH 7.4], and 5 mM beta-mercaptoethanol) and vortexed until the lipid 

film was completely dissolved. To prepare large unilamellar vesicles by Extrusion 

(LUVETs), the rehydrated lipid solution was subject to extrusion using a mini-extruder 
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block (Avanti) 28 times through a polycarbonate membrane with a pore size of 100 nm. 

Liposome samples were used within 24 h of preparation. Molar percentages of 

heterogeneous liposomes were prepared by decreasing the amount of PC relative to the 

amount of lipids added.

Bicelle preparation

Bicelle lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dihexanoyl-sn-

glycero-3-phosphocholine (DHPC) were obtained commercially (Avanti) and used without 

further purification. DMPC was initially dissolved in benzene:ethanol (95:5) vacuum dried 

and re-dissolved in NMR buffer (50 mM sodium phosphate [pH 5.5] and 5 mM DTT) 

containing DHPC to make bicelles with a q values of 0.3, q=[DMPC]/[DHPC].

NMR spectroscopy

NMR data were collected at 35 °C on 600 MHz Bruker Avance III spectrometers equipped 

with cryogenic probes. Unlabeled protein samples contained 0.05 mM protein. For solution 

state liposome binding assays, a fraction of the LUV liposome suspensions (total, 866.4 μg 

lipids) was mixed with a protein sample (~150 μg) with 10% D2O and incubated at ambient 

temperature for a minimum of 5 minutes before NMR data acquisition in 3 mm NMR 

tubes. 1H-1D spectra were acquired with 512 transients, 1 sec relaxation delay, 32768 time 

domain points, and a spectral window of 12019 Hz. Studies with increasing molar 

percentages of phosphoinositides and other lipid constituents were repeated in triplicate and 

duplicate, respectively, for estimation of errors (shown as mean ± standard deviation). 

Experiments with bicelles were conducted with HIV-1 myrMA at concentrations of 0.050–

0.450 mM. NMR data was processed using NMRpipe suite [103] and analyzed using 

NMRViewJ [104,105]. The 1H-15N HSQC NMR spectra of 0.45 mM uniformly 15N-labeled 

MA was recorded upon titration with 0.9 mM PC-bicelles containing varying molar 

percentages of PIs (relative to the moles of DMPC lipid). Binding isotherms from 1H-15N 

NMR HSQC titration experiments were calculated with the NMRViewJ titration analysis 

tool.

For studies with paramagnetic probes, 1H-15N TROSY-HSQC NMR spectra were obtained 

for samples containing uniformly 15N-labeled MA (0.45 mM ) PI(4,5)P2 (1.55 mM) 

(Avanti), and 0.9 mM bicelles. The paramagnetic spin-label probe 1-palmitoyl-2-stearoyl-(5-

doxyl)-sn-glycero-3-phosphocholine (5-DOXYL-PC) (Avanti), was dissolved in chloroform, 

dried by vacuum, then dissolved in an NMR sample containing the MA:bicelle:PI(4,5)P2 

complex. The ratio of spin-label to bicelle was 1:4. 1H-15N TROSY-HSQC spectra were 

collected before and after addition of 5-DOXYL-PC, and intensities of the backbone amide 

resonances of the protein were monitored and compared. 5-DOXYL-PC did not alter the 

domain structure as evidenced by the lack of chemical shift perturbations in the NMR 

spectrum of the protein.

Lipid binding analyses

NMR data were processed using Topspin 3.2 (Bruker, Karlsrube, Germany) and analyzed 

with dataChord Spectrum Analyst (onemoonscientific.com), where the integrals of each 

spectrum were obtained using the region from 9.5 to 8.0 ppm, to exclude resonances of the 
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lipids and unstructured regions of the protein. The fraction of protein bound was calculated 

as a function of the missing signal intensity for each lipid/protein molar ratio, discussed 

further [56]. The Gnuplot graphing utility (http://www.gnuplot.info) was used for graphing 

and non-linear least squares fitting of binding isotherms. The following equation was used to 

obtain relative dissociation constants, Kd [56]:

Where CP is represents the total protein concentration (50 μM for these analyses), CL is the 

total available lipid concentration (independent variable), n is the number of 

phosphoinositidyl phosphate lipid molecules bound per protein molecule and y = 1 − I/I0 

where I is the integral of the signal for a given CL, and I0 is the integral of the signals where 

CL = 0. For our analyses, CL was halved to represent the equal distribution of PI(4,5)P2 in 

the external (exposed for MA binding) and luminal (unavailable for MA binding) leaflets of 

the PC liposomes, and n is fixed at 1.

15N NMR relaxation measurements and analysis
15N relaxation data for MA were obtained for the labeled protein at 35 °C using the same 

sample conditions as for the bicelle experiments. Spin-lattice relaxation rate constants (R1) 

and spin-spin relaxation rate constants (R2) were measured for backbone amide relaxation 

by two-dimensional inverse-detected methods using conventional methodologies [106–108]. 

Eight different values for the relaxation times were recorded in an interleaved manner for T1 

(=1/R1; T1 delays = 10, 125, 500, 750, 1000, 1500, 2000, and 2500 ms) and T2 (=1/R2; T2 

= 16.96, 33.92. 67.84, 118.72, 186.56, 271.36, 373.12, and 508.80 ms) relaxation 

experiments.

Coarse-grained simulations

The HIV-1 Matrix protein coordinates have been built from the first frame of the PDB entry 

2H3I [61]. The HIV-1 matrix protein was mapped into a Coarse-Grained (CG) 

representation as previously described [46] with the MARTINI force field [109,110]. An 

elastic network was included between residues less than 0.9 nm distant with a constant force 

of 500 kJ.mol−1.nm−2, excluding the first nine N-terminal residues (Gly2 to Gly10). The 

membrane has also been built as previously described [46]. The membrane is a symmetric 

bilayer that contains 512 lipids on each leaflet with the following molar composition 55% 

PC, 5% PI(4,5)P2, 15% POPS and 25% POPE. Water molecules and counter-ions (203 Na+) 

were added in order to neutralize the global charge, so that the final system was further 

minimized and equilibrated during a first simulation of 1.5 μs. All the energy-minimizations 

and molecular dynamics simulations have been performed with the Gromacs v4.5.5 software 

[111]. The steepest descent algorithm has been used for the energy-minimizations. The 

default parameters for MARTINI MD simulations have been used, the switching function 

being applied from 0 to 1.2 nm for Coulomb interactions and from 0.9 to 1.2 nm for 

Lennard-Jones interactions. To establish the PI(4,5)P2 lipid density, a 24 μs simulation was 
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employed [46]. Analyses of lipid densities were performed on the PO4 atoms using tools 

available in Gromacs.

Replication, release and infectivity of HIV-1 MA mutants

HIV-1 replication was determined in the Jurkat CD4+ T-cell line. Cells were transfected with 

the NL4-3-derived mutants using DEAE-dextran as described previously [11]. Virus 

replication was monitored by measuring reverse transcriptase activity in the culture, as 

described previously [112], from samples collected every two days. Virus release, Env 

incorporation and infectivity were determined using HeLa cells. Cells were transfected with 

NL4-3-derived mutants of HIV-1 using PolyJet (Signagen) following the manufacturer’s 

instructions. After 48 h, 100 μl of supernatant was collected to determine infectivity while 

the remaining supernatant and cell lysate was harvested to determine virus release and Env 

incorporation.

To measure virus infectivity, 10 μl of the supernatant was used to infect TZM-bl cells, a 

HeLa-derived cell line that expresses the receptors necessary to permit HIV infection and 

that expresses firefly luciferase in response to HIV infection; after 48 h the luciferase signal 

was measured with Britelite (Perkin Elmer) following the manufacturer’s instructions. 

Infectivity was calculated as the luciferase signal divided by the reverse transcriptase 

activity.

To measure virus release and Env incorporation, supernatant was collected, passed through a 

0.45 μm filter and centrifuged at 76 000 × g to pellet virus particles. Both the pelleted 

virions and the remaining cells were lysed by the addition of 2 x Laemmli buffer (4% SDS, 

20% glycerol, 10% β-mercaptoethanol, 0.02% bromophenol blue, 120 mM Tris-Cl pH 6.8). 

Both lysates were separated by SDS-polyacrylamide gel electrophoresis and transferred to 

polyvinylidene fluoride membranes for western blotting. Cell lysates were probed with anti-

HIV Ig; the virions were probed first with an anti-gp41 Env antibody (2F5) then 

subsequently with anti-HIV Ig. In all cases, bands were revealed by the use of horseradish 

peroxidase-conjugated anti-human secondary antibodies, enhanced chemiluminescence and 

a Chemidoc XRS+ (Biorad). Band intensities were measured using Image Lab software 

(Biorad). Virus release was calculated as the percentage of CA in supernatant relative to the 

total Gag (released CA/[released CA+cellular CA+cellular p55]x100). Env incorporation 

was calculated as the amount of p41 in the supernatant relative to the amount of CA 

(released gp41/released CA).
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Highlights

The influences of lipid constituents on membrane binding by HIV-1 MA were 

determined.

NMR results differed from those obtained by non-equilibrium flotation assays.

The structural basis for PI(4,5)P2-dependent membrane targeting was re-examined.

Native PI(4,5)P2 does not bind MA in a predicted “extended lipid” conformation.

MA may bind non-raft regions and recruit raft-like constituents during assembly.
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Figure 1. 
Influence of lipid constituents on MA binding to liposomes. (a) HIV-1 MA binds with 

increasing affinity to PC liposomes containing increasing molar percentages of PI(4,5)P2: 

black, free MA in solution; blue, MA + PC liposomes; green, MA + PC-1%PI(4,5)P2; 

purple, MA + PC-2%PI(4,5)P2; yellow, MA + PC-3%PI(4,5)P2; cyan, MA + 

PC-4%PI(4,5)P2; red, MA + PC-5%PI(4,5)P2. (b) The spectral region between 9.5 and 8.0 

ppm, corresponding to amide signals of structured residues and indicated in (a), was 

integrated and used to calculate Kd(apparent) binding affinities. (c–f) 1H NMR spectra of 

MA free in solution (black) and in the presence of PC liposomes in the absence (blue) and 

presence of increasing amounts of lipid constituents (1 mol%, green; 2 mol%, purple; 3 mol

%, yellow; 4 mol%, cyan; and 5 mol%, red).
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Figure 2. 
HIV-1 MA mutants do not efficiently bind PI presenting liposomes. (a) 1H NMR spectra of 

HIV-1 MA mutants in the presence of liposomes containing 2.5 mol% of the different PIs. 

Colors represent MA alone, black; PC-liposomes, red; PI(4)P, yellow; PI(3,5)P2, purple; 

PI(4,5)P2, green. (b) Fraction of bound MA mutants in the presence of liposomes with 

various PIs.
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Figure 3. 
Mutation of MA residues 30 and 32 disrupts HIV-1 particle production, Env glycoprotein 

incorporation, and particle infectivity. (a, b) HeLa cells were transfected with the indicated 

molecular clones. Virus and cell lysates were harvested at 48 h, subjected to SDS-PAGE and 

western blotting with antibodies specific for gp41 and Gag. Single-cycle infectivity was 

determined on the TZM-bl indicator cell line. Data are presented as luciferase activity 

normalized for viral input (luciferase signal/RT activity). Densitometries were determined 

by quantitative western blotting, and virus release calculated as virus CA/(cell p55 + cell CA 

+ virus CA). Env incorporation was determined by calculating the ratio of virion-associated 

gp41 to CA. (c) The Jurkat T-cell line was transfected with the indicated molecular clones. 

Aliquots of supernatant were harvested every 2–3 days for RT analysis and the cells were 

diluted 1/3 in fresh medium.
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Figure 4. 
Titration of other luminal PM lipids, at physiologically relevant concentrations. (a) Titration 

of PS at and above physiological concentrations. Colors correspond to MA alone, black; PC-

liposomes, blue; 1% PS, green; 5%, purple; 10%, orange; 20% yellow; and 30%, red. (b) 
Fraction bound of MA in the presence of increasing mol% of PS. (c) and (d) Liposomes 

containing cholesterol (44 mol%), red; PE (8.36 mol%), red, respectively. Black and blue 

represent MA alone and PC-liposomes. (e) Bar graphs showing the fraction of MA bound in 

the presence of liposomes containing different lipid combinations. Percent bound represent 

liposomes (3.8 mM total lipid concentration) with mixtures of 100% PC, 56.0% PC: 

44.0%Chol, 91.6% PC: 8.4% PE, 83.6% PC: 16.4% PS, 47.6% PC: 44.0% Chol: 8.4% PE, 

75.2% PC: 8.4% PE: 16.4% PS, 39.6% PC: 44.0% Chol: 16.4% PS, 31.2% PC: 44.0% Chol: 

8.4% PE: 16.4% PS.
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Figure 5. 
MA binds with higher affinity to raft-like liposomes. (a) 1H NMR Spectra of HIV-1 MA and 

myr(−)MA in the presence of non-raft-like and raft-like liposomes. Colors correspond to 

protein alone (black); non-raft-like liposomes with no PI(4,5)P2 (red) or with 1mol% 

PI(4,5)P2 (green), and raft-like liposomes with no PI(4,5)P2 (orange) or 2.5mol% PI(4,5)P2 

(cyan). (b) Fraction of MA mutants bound to liposomes containing different membrane 

compositions.
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Figure 6. 
Titrations of bicelles or micelles promote myristoyl exposure, whereas titrations of 

monomeric DHPC lipids at sub-CMC concentrations do not. Representative 1H-15N HSQC 

data showing titration of (a and b) bicelles, or (c and d) soluble DHPC, into MA. Colors 

correspond to bicelles:MA 0:1, grey; 1:1, blue; 2:1, green; 4:1, yellow; 8:1, red; DHPC:MA 

0:1, grey; 8:1, blue; 16:1, green; 32:1, yellow; 64:1, cyan; 256:1, red.
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Figure 7. 
Titration of bicelles and DHPC do not perturb N-terminal residues for myr(−)MA. 

Representative 1H-15N HSQC data showing titration of (a and b) bicelles, or (c and d) 

soluble DHPC, into myr(−)MA. Colors correspond to bicelles:myr(−)MA 0:1, grey; 1:1, 

blue; 2:1, green; 4:1, yellow; 8:1, red; DHPC:myr(−)MA 0:1, grey; 8:1, blue; 16:1, green; 

32:1, yellow; 128:1, purple; 256:1, red.
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Figure 8. 
Titration of PI(4,5)P2 into MA:bicelles does not support an extended lipid model. Overlay of 

2D 1H-15N HSQC spectra of MA upon titration with (a) bicelle-associated native PI(4,5)P2 

and (b) soluble tr-PI(4,5)P2 molecules. Colors correspond to tr-PI(4,5)P2:MA 0:1, grey; 2:1, 

blue; 4:1, green; 8:1, yellow; 16:1, red; native PI(4,5)P2 0 mol%, grey; 1 mol%, blue; 2 mol

%, green; 3 mol%, red. (c) 15N NMR chemical-shift titration data, which fit to 1:1 binding 

isotherms (Kd
apparent = 2.6 ± 0.4 mol%). (d) Histogram displaying the chemical shift 

perturbation of amide signals caused by addition of 3 mol% PI(4,5)P2 in bicelles to 15N 

labeled MA. Colors correspond to 1 (yellow), 2 (orange), and 3 (red) standard deviations 

from the mean noise (below 0.038 ppm). (e) Ribbon representation of MA highlighting the 

residues corresponding to panel d thresholds that experience to largest perturbation upon 

titration of PI(4,5)P2 in bicelles (R4, A5, Q28 (adjacent to K27), K30, and K32). Side chains 

of basic residues that contribute to electrostatic interactions with the acidic phosphates on 

the inositol head group are labeled.
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Figure 9. 
NMR and MD simulation data support a revised membrane-binding model. (a) Histogram 

displaying the loss of amide signal intensities in the HSQC spectra caused by addition of 5-

DOXYL-PC to 15N labeled MA in the presence of PI(4,5)P2 containing bicelles. Colors 

correspond to 1 (yellow), 2 (orange), and 3 (red) standard deviations from the mean noise 

(below 20%). (b) Ribbon representation of MA highlighting the residues that exhibit 

significant 5-DOXYL-PC-dependent signal reduction (colors correspond to the dashed lines 

in panel a; black denotes no signal loss; white denotes not quantitatively measured due to 

signal overlap. (c and d) Side (c) and bottom (d) views of a representative MA:bilayer 

structure generated during the course of the CG simulations. The green mesh represents the 

most statistically occupied regions over time by the PI(4,5)P2 along the MD simulation 

(>70% of the total simulation duration). Basic residues that exhibit either 5-DOXYL-PC-

dependent signal reduction or perturbation upon titration of PI(4,5)P2 in bicelles are 

represented in blue.
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