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During the late phase of the HIV-1 replication cycle, the viral
Gag polyproteins are targeted to the plasma membrane for
assembly. The Gag-membrane interaction is mediated by bind-
ing of Gag’s N-terminal myristoylated matrix (MA) domain to
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,). The viral
envelope (Env) glycoprotein is then recruited to the assembly
sites and incorporated into budding particles. Evidence suggests
that Env incorporation is mediated by interactions between
Gag’s MA domain and the cytoplasmic tail of the gp41 subunit of
Env (gp41CT). MA trimerization appears to be an obligatory
step for this interaction. Insufficient production of a recombi-
nant MA trimer and unavailability of a biologically relevant
membrane system have been barriers to detailed structural and
biophysical characterization of the putative MA-gp41CT-mem-
brane interactions. Here, we engineered a stable recombinant
HIV-1 MA trimer construct by fusing a foldon domain (FD)
of phage T4 fibritin to the MA C terminus. Results from
NMR experiments confirmed that the FD attachment does not
adversely alter the MA structure. Employing hydrogen-deu-
terium exchange MS, we identified an MA-MA interface in the
MA trimer that is implicated in Gag assembly and Env incorpo-
ration. Utilizing lipid nanodiscs as a membrane mimetic, we
show that the MA trimer binds to membranes 30-fold tighter
than does the MA monomer and that incorporation of PI(4,5)P,
and phosphatidylserine enhances the binding of MA to nano-
discs. These findings advance our understanding of a funda-
mental mechanism in HIV-1 assembly and provide a template
for investigating the interaction of MA with gp41CT.

During the late stage of HIV-1 replication cycle, the Gag
polyproteins are transported to the plasma membrane (PM)?
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for assembly, virus budding, and release (1-7). During or
shortly after virus budding, the viral protease cleaves the Gag
polyprotein into matrix (MA), capsid (CA), nucleocapsid (NC),
two spacer peptides (SP1 and SP2), and P6 to form mature
virions (reviewed in Refs. 8 —10). It is demonstrated that Gag
binding to the PM is mediated by the MA domain, which for
most retroviruses contains a bipartite signal consisting of a
highly basic region (HBR) and an N-terminal myristoyl (myr)
group. The affinity of Gag binding to membranes is regulated by
electrostatic and hydrophobic interactions, protein multim-
erization, cellular and viral RNA, and recognition of specific
phospholipids (7, 11-16). Pioneering studies from the Freed
laboratory established that binding of HIV-1 Gag to the PM
depends on phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,)
(7). Efficient Gag binding to membranes is also dependent on
phosphatidylserine (PS), an abundant phospholipid in the inner
leaflet of the PM (15, 17-19).

Analysis of the molecular arrangement of Gag in the imma-
ture HIV-1 particle and its cleaved domains in the mature par-
ticle has often relied on cryo-EM data. Although the molecular
details of the hexameric CA lattice are well-understood (20—
24), cryo-EM studies were unable to provide details of the MA
domain due to lack of periodicity on the inner leaflet of the
membrane (21). Structural studies using NMR or X-ray crystal-
lography approaches indicated that the structures of myristoy-
lated and unmyristoylated MA proteins are nearly identical
(25—-29). X-ray crystallography studies of the unmyristoylated
MA protein (myr(—)MA) of HIV-1 (25) and simian immuno-
deficiency virus (30) revealed a trimer arrangement of MA mol-
ecules. However, NMRstudiesindicatethatmyr(—)MAismono-
meric in solution (26, 28, 29). On the other hand, NMR studies
of the MA protein confirmed that the protein is in a monomer-
trimer equilibrium (29). That study also revealed that the myr
group can adopt sequestered and exposed conformations and
that myr exposure is coupled with protein trimerization (29).
Structural details of the MA trimer in solution are not defined

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine; MSP, membrane scaffold protein;
HSQC, heteronuclear single quantum coherence; CSP, chemical shift
perturbation; ITC, isothermal titration calorimetry; HDX, hydrogen-
deuterium exchange; CA, capsid; NC, nucleocapsid; SP1 and SP2, spacer
peptides 1 and 2, respectively; HBR, highly basic region; PS, phosphatidyl-
serine; 1D and 2D, one- and two-dimensional, respectively; MAFD, matrix-
foldon; PDB, Protein Data Bank; PEI, polyethyleneimine.
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because of the lack of a stable recombinant construct that reca-
pitulates the functional trimer protein (29). For example, it is
not yet known whether the MA-MA interface in the MA trimer
is similar to that in the X-ray structure of myr(—)MA (25).

Over the past decade, we and others have employed struc-
tural and biophysical approaches to characterize binding of ret-
roviral monomeric MA proteins to various phospholipids and
membrane mimetics, such as bicelles, micelles, and liposomes
(28,31-41). These studies provided invaluable insight into how
the MA proteins interact with membranes, which enabled iden-
tification of key molecular determinants of MA-mediated
assembly. However, structural studies of proteins in micelles
and bicelles are sometimes complicated by their unfavorable
effect on protein stability and folding. Liposomes, on the other
hand, are large, with diameters on the order of micrometers and
contain thousands to millions of phospholipids, which does not
enable utilization in structural studies either by NMR spectros-
copy or X-ray crystallography. Additionally, the convex curva-
ture of the liposome surface may also be unfavorable for pro-
tein-binding studies. Over the last decade, lipid nanodiscs
(NDs) have been increasingly used as membrane mimetics to
characterize protein-membrane interactions (42-49). A lipid
ND is a noncovalent assembly of phospholipids and a geneti-
cally engineered membrane scaffold protein (MSP) (43-48).
Phospholipids (120-160 molecules) associate as a bilayer
domain stabilized by two MSP molecules wrapped around the
edges of the discoidal structure in a beltlike configuration. One
advantage of using membrane NDs is that they can be modified
in size and lipid composition to accommodate a variety of
membrane proteins. Another major advantage of using NDs is
the ability to obtain quantitative measurements of binding to
proteins by calculating the ND concentration based on the
absorbance of the MSP at 280 nm.

Genetic, in vivo, and biochemical studies suggested that
incorporation of the Env protein into virus particles is mediated
by interactions between the MA domain of Gag and the cyto-
plasmic tail of the transmembrane subunit of Env (gp41CT)
(50-54). Higher-order organization of MA on the membrane
appears to be essential for Env incorporation (55-58). The
HIV-1 MA and MACA proteins have been shown to assemble
as hexagonal cage lattices on PS/cholesterol membrane mono-
layers and as hexamers of trimers in the presence of PI1(4,5)P,
(57, 59, 60). Of note, those trimer and hexamer arrangements
form the basis of the models proposed to explain Env incorpo-
ration (55, 57, 58). A recent study provided biochemical evi-
dence that MA trimerization is an obligatory step in the assem-
bly of infectious HIV-1 by demonstrating a correlation between
loss of MA trimerization and loss of Env incorporation (55).
Therefore, structural and biophysical characterization of the
MA trimer and how it interacts with membranes is required for
elucidating the mechanisms of virus assembly and Env incor-
poration. Toward this end, we engineered a stable MA timer
construct and identified the MA-MA interface within the
trimer by hydrogen— deuterium exchange MS (HDX-MS). Fur-
thermore, we developed methods to examine interactions of
MA with lipid NDs by NMR, biochemical, and biophysical
techniques.

SASBMB

Interaction of HIV-1 matrix trimer with membranes

Results
NMR studies of MA binding to lipid NDs

Reduction in signal intensity upon binding of proteins to
large molecules such as NDs is often caused by slow tumbling
due to an increase in the molecular weight of the complex
and/or by an intermediate to slow exchange process on the
NMR time scale between the free and bound states (61). NDs
were prepared with various lipids, such as 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphoserine (POPS), and PI(4,5)P,. We
employed 2D 'H-'""N HSQC NMR methods to determine
how MA interacts with NDs. First, we assessed binding of
myr(—)MA and MA to NDs made of 100% POPC. No chemical
shift perturbations (CSPs) were observed upon the addition of
POPC NDs into myr(—)MA, indicating no detectable binding.
However, titration of POPC NDs into MA led to substantial loss
in intensity for a subset of "H-'°N signals corresponding to
residues 2—20, Val®®, Trp*¢, Arg®®, Gly*®, Glu®?, His®*®, QIn*°,
and Arg”" (Fig. S1).* Those distinctive CSPs are indicative of
exposure of the myr group (29, 32, 62). This result is in agree-
ment with the previous finding that MA interactions with
membrane mimetics such as micelles and bicelles triggered myr
exposure (32).

Next, we examined whether PS enhances binding of MA to
NDs. As observed in Fig. 14 and Fig. S2, titration of POPC:
POPS (80:20) NDs into MA led to substantial loss in intensity
for numerous signals across the NMR spectrum. At a 0.02:1
ND:MA molar ratio, the '"H-'°N signals corresponding to resi-
dues in the N-terminal domain were severely broadened. A
steady decrease in intensity for most of the 'H-'°N signals was
clearly observed as a function of increased ND concentration.
At 0.16:1 ND:MA, the majority of 'H-'°N signals were broad-
ened except for those corresponding to residues located in the
flexible C-terminal region of MA (Fig. 1A and Fig. S2). An
increase of the PS concentration in the POPC:POPS (50:50)
NDs led to an accelerated loss of signal intensity for numerous
signals, indicating tighter binding than that observed for POPC:
POPS (80:20) NDs (Fig. S2). This result suggests that the uni-
form intensity reduction of signals reflects the increase in
molecular weight and that a more rapid reduction in intensity is
caused by the exchange-broadening effect due to chemical shift
changes upon binding.

To examine how incorporation of PI(4,5)P, impacts binding
of MA to NDs, we performed titrations of MA with NDs made
of POPC:POPS:PI(4,5)P, (72:20:8) followed by acquisition of
'H-'*N 2D HSQC spectra. Considering the lipid composition
and the fact that a single ND contains ~150 lipid molecules
(44), on average, six molecules of PI(4,5)P, are incorporated
within each leaflet of the ND. As shown in Fig. 1B and Fig. S2,
the addition of POPC:POPS:PI(4,5)P, (72:20:8) NDs to MA led
to substantial signal dampening across the spectrum. Loss of
signal intensity is larger than that observed for POPC:POPS at
80:20 or 50:50 ratios, indicating that MA binding to NDs is

*The N-terminal Met, which is absent in the myristoylated protein, is desig-
nated as residue 1. In contrast, other studies considered the N-terminal Gly
of the myristoylated protein as residue 1.
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Figure 1. NMR spectra of MA upon titration with NDs. A and B, selected
regions of 2D "H-">N HSQC spectra obtained for '°N-labeled samples of MA at
100 um in the presence of 0 (red), 0.0025 (orange), 0.01 (yellow), 0.04 (green),
0.08 (cyan), and 0.16 (blue) molar equivalents of POPC:POPS (80:20) NDs (A)
and POPC:POPS:PI(4,5)P, (72:20:8) NDs (B). C, 1D slices of representative cross-
peaks from B showing the decrease in signal intensity upon the addition of
POPC:POPS:PI(4,5)P, (72:20:8) NDs.

enhanced significantly upon inclusion of PI(4,5)P,. Of note, sig-
nals of residues in the HBR of MA (Lys®°, Lys*’, Lys®’, and
Lys®?; Fig. 2) exhibited significant loss in intensity at low con-
centration of POPC:POPS:PI(4,5)P, NDs (Fig. 1B). The further
addition of POPC:POPS:PI(4,5)P, NDs led to a steady decrease
in signal intensity for the vast majority of signals except for
those corresponding to the flexible C-terminal region (amino
acids ~115-132) (Fig. 1 (B and C) and Fig. S2). Altogether, our
data indicated that the myr group is readily exposed and
anchored to the membrane bilayer, that the affinity of MA
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Figure 2. MA-ND interaction interface. Shown are a cartoon representation
(left) and electrostatic map (right) of the HIV-1 MA structure (PDB code 2H3I)
highlighting basic residues in the HBR (blue) and the N-terminal helix (green)
that exhibited substantial loss in signal intensity and/or CSPs upon binding to
POPC:POPS:PI(4,5)P, NDs. The myr group is shown in red. Residues 116-132
are not shown for clarity.

binding to NDs is enhanced upon incorporation of PS and
PI(4,5)P,, and that the interaction interface in MA is located in
the HBR. These findings demonstrate that NDs are a relevant
membrane mimetic to study binding of retroviral MA proteins.

Thermodynamics of MA binding to NDs

We employed ITC methods to obtain the thermodynamic
parameters for MA binding to NDs. ITC provides values for the
dissociation constant (K), stoichiometry of binding (n),
enthalpy change (AH") and the entropic term (TAS°). ITC data
were collected on MA titrations into NDs made of varying pro-
portions of POPC, POPS, and PI(4,5)P,. Whereas titration of
MA into 100% POPC NDs produced no detectable heat of bind-
ing, titration of MA into POPC:POPS (80:20) NDs yielded a
thermogram with low heat values, which precluded accurate
fitting of the data (not shown). These results are consistent with
weak binding of MA to membranes containing POPC and low
amounts of POPS (38). However, similar ITC titrations of MA
into POPC:POPS:PI(4,5)P, (75:20:5) NDs yielded a thermo-
gram characteristic of an exothermic binding process (Fig. 3).
Data were best fit with a model for a single set of identical
binding sites and yielded an apparent K, of 10.3 = 1.9 uMm and
n = 10.3 = 0.2 (Fig. 3). Of note, the n value indicates that 10
molecules of MA are capable of binding to one ND (two mem-
brane surfaces). Remarkably, the apparent K, of MA to POPC:
POPS:PI(4,5)P, (75:20:5) NDs is virtually identical to that
obtained for MA binding to PI(4,5)P, embedded in liposomes
(38). Taken together, we have shown that MA binds to lipid
NDs in a PI(4,5)P,- and PS-dependent manner, that up to 10
molecules of MA are capable of binding to one NDs, and that
MA binding to NDs is mediated by the HBR implicated in Gag
assembly on the PM.

Production of HIV-1 MA trimer

As mentioned above, previous studies indicated that the
HIV-1 MA protein resides in a monomer-trimer equilibrium
(29). Although it has been shown that the monomer-trimer
distribution is regulated by protein concentration and pH (29,
62), a stable and homogeneous trimer form of MA has not been
produced or characterized. Previous studies have used the
C-terminal domain of T4 fibritin (foldon; FD) as an artificial
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trimerization domain in the generation of HIV-1 gp120 and
influenza hemagglutinin trimers (63-65). The FD domain, a
30-amino acid segment that forms a 3-propeller consisting of
monomeric B-hairpin segments, is obligatory for the formation
of the fibritin trimer structure (66, 67). Here, we devised a strat-
egy to produce a stable MA trimer by engineering a molecular
clone encoding for the FD domain fused to the flexible C-ter-
minal domain of MA (Fig. 44). The matrix-foldon (MAFD)
gene has been inserted into a vector harboring the yeast N-myr-
istoyl transferase to produce a myristoylated MAFD protein.
Previous structural studies indicated that residues 115-132 of
MA are unstructured (26 —29). We hypothesized that the flex-
ibility in the C-terminal tail may render the MA trimer flexible.
To decrease flexibility within the MAFD trimer without com-
promising the structure of the globular domain, we deleted res-
idues 123-132 of MA. The resulting construct is referred to as
MA,,,FD (Fig. 4A). Both myr(—)MA,,,FD and MA,,,FD have
been prepared and characterized. The identity of proteins and
efficiency of myristoylation were confirmed by mass spectrom-
etry (MS). Electrospray ionization MS analysis of MA,,,FD
(Fig. S3) identified a component with molecular mass of
18,212.0 Da corresponding to a myristoylated protein (theoret-
ical mass = 18,212.6 Da).

To examine whether the FD domain promoted the formation
of MA trimer, we ran a gel filtration assay for myr(—)MA,,,FD
and compared it with the monomeric myr(—)MA protein. As
shown in Fig. 4B, the myr(—)MA,,FD protein eluted as a sin-
gle peak at 15.8 ml, whereas that of the myr(—)MA protein
eluted at 18 ml. A gel filtration mobility assay with known pro-
tein standards (Fig. 4C) indicated that the apparent molecular
mass of myr(—)MA,,,FD was ~75 kDa, which is slightly higher
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Figure 4. Gel filtration assay of MA proteins. A, protein sequence of
MA,,,FD. Amino acids of FD are highlighted in green. B, elution profiles of
myr(—)MA and myr(—)MA,,,FD on a HiLoad Superdex 200 (10/300 GL) col-

umn. C, a molecular weight calibration curve used to determine the approx-
imate molecular weight of proteins.

than the calculated mass of a trimer (~60 kDa). The migration
behavior of myr(—)MA,,,FD can be attributed to its shape, as
shown previously with other proteins (68 —70). In comparison,
the elution profile of myr(—)MA is consistent with a mono-
meric ~17-kDa species (Fig. 4, B and C). Similar experiments
were conducted for the MA,,FD protein and yielded similar
results (see Fig. S6). Next, we performed sedimentation velocity
experiments for the MA,,,FD and MA proteins. To ensure
sample homogeneity, samples were run on a gel filtration col-
umn prior to sedimentation. As shown in Fig. 5, the sedimen-
tation velocity profiles for both proteins exhibit a single sedi-
mentation boundary distribution. Analysis of the data using
SEDFIT yielded peaks at 1.7 and 4.9 S for MA and MA,,FD,
respectively. Molecular weight distribution analysis gave ~17
and ~70 kDa for the MA and MA,,,FD proteins, respectively.
These results are consistent with the trimeric nature of the
MA,,,ED protein. In summary, for the first time, we were able
to produce a soluble, homogeneous, and myristoylated MA
trimer.
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MA structure is not altered by trimerization

To examine whether the attachment of the FD fragment to
the C terminus of MA and deletion of residues 123132 altered
the structure of MA, we obtained 2D HSQC data on '°N-la-
beled samples of both myr(—)MA,,,FD and MA,,,FD and
compared them with those of the myr(—)MA and MA proteins,
respectively (Fig. 6 and Fig. S4). As shown, the chemical shifts
corresponding to the MA residues are very similar, demon-
strating that the global structure of MA is not altered upon
fusion of the FD fragment or deletion of residues 123-132.
Interestingly, the spectrum for the MA,,FD protein is signifi-
cantly broader than that of the myr(—)MA,,FD protein (Fig. 6
and Fig. S4). Moreover, for MA,,,FD, the '"H-'"N signals cor-
responding to residues 2—20, Val®®, Trp®®, Arg®®, Gly**, Glu®?,
His®’, QIn®°, and Arg®' are significantly shifted or severely
broadened. These characteristic CSPs are indicative of confor-
mational changes involving exposure of the myr group (29).

Identification of the MA-MA interface by HDX-MS

HDX-MS is rapidly becoming a key technique for exploring
protein structure and dynamics and protein-protein interac-
tions (reviewed in Ref. 71). This approach exploits the fact that
exposure of a protein to D,O induces amide hydrogen-to-deu-
terium exchange. Typically, the rate of the exchange depends
on pH, temperature, participation in hydrogen bonding, and
general solvent accessibility. This means that, at constant tem-
perature and pH, tightly folded elements and regions involved
in binding to other factors are much more protected from
HDX. After incubation in D,O for various time periods, pro-
teins are digested, and the deuterium uptake for individual pep-
tides is analyzed by MS, allowing for structural characterization
of individual regions within the protein. We applied this
approach to determine whether introducing the FD domain
promoted trimerization of the globular MA region and, if so,
which regions of MA are involved in the trimer interface.
HDX-MS experiments were conducted on the MA and
MA,,,FD proteins. The deuterium incorporation profiles of
peptide fragments obtained from both proteins were analyzed.
By comparing the percentage of deuteration for peptides iden-
tified in both MA and MA,,,FD, we observed nearly identical
profiles at all time points throughout most of the protein

18604 . Biol. Chem. (2019) 294(49) 18600-18612
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(Fig. S5). However, several overlapping peptides (residues
43-52, 45-50, 45-51, and 45-52) exhibited a significant
increase in protection for MA,,,FD when compared with the
deuteration profile of MA (Fig. 7A and Fig. S5). The disparity in
protection is observed at shorter time points and converges
as the exchange periods are increased. Small differences in pro-
tection evident at early times have previously been interpreted
as due to time-dependent dissociation of a dynamic oligomer
(72). Thus, this pattern likely indicates protection from
exchange for this region upon induction of MA trimerization,
leading us to conclude that this region is most likely located in
the trimer interface. Remarkably, this region corresponds to
one side of the interface displayed in the crystal structure of the
MA trimer (Fig. 7B). Our data are not only in agreement with
the currently accepted models for MA trimerization, but also
provide the first biophysical evidence for the location of the
trimerization interface in solution.

Anti-FD Fab binding to the MA, ,,FD protein

One of the major aims of this study was to characterize how
the MA trimer interacts with lipid bilayers. Our initial attempts
to characterize the interactions of MA,,,FD with NDs were
unsuccessful due to heavy precipitation of the resulting com-
plex. We hypothesized that precipitation of the MA |,,FD-ND
complex is caused by overcrowding of the ND-binding surface,
creating large insoluble aggregates. To overcome this chal-
lenge, we devised a novel approach in which the MA, ,,FD pro-
tein was complexed with anti-FD Fab prior to characterization
of its binding to NDs. We hypothesized that complexation of
MA,,,FD with the anti-FD Fab may create steric hindrance and
limit the number of MA,,FD molecules bound to each layer of
the ND.

First, we employed a gel filtration assay to assess whether the
anti-FD Fab binds to the MA,,,FD protein. A sample of
MA,,,FD-Fab complex prepared at a 1:1 molar ratio eluted as a
single peak at 15.6 ml (Fig. S6). In comparison, the free
MA,,FD and anti-FD Fab proteins eluted at 17.5 and 18.2 ml,
respectively. Fractions of the complex were analyzed via SDS-
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Figure 7. HDX-MS data of MA and MA,,,FD. A, deuterium exchange profile
forresidues 45-51 of MA and MA, ,,FD at various time points. Points and error
bars represent the average values and 95% confidence intervals calculated
from six independent HDXMS experiments. B, cartoon representation of the
HIV-1 MA crystal structure (PDB code THIW) with residues 45-51 highlighted
in red located at the MA-MA interface.

PAGE (Fig. S6). As shown, bands for the light and heavy chains
of Fab as well as the MA,,,FD protein are observed with rela-
tively equal intensities, suggesting the formation of a 1:1
MA,,,FD:Fab complex (three Fabs bound to an MA,,,FD
trimer). A gel filtration mobility assay with known protein stan-
dards (Fig. S6) revealed that the free Fab migrates as a ~50-kDa
species, consistent with a complex of heavy and light chains
cross-linked via a disulfide bond. Based on the mobility assay,
the elution profile for the MA,,FD-Fab complex corresponds
to a molecular mass of ~250 kDa, consistent with a MA ,,FD
trimer bound to three Fab molecules.

Next, we employed ITC methods to obtain the thermody-
namic parameters of Fab interaction with MA,,FD. Titration
of anti-FD Fab into MA,,FD yielded a thermogram character-
istic of an exothermic binding process. Data were best fit to a
single set of identical sites (Fig. S7) and yielded a K, of 60 = 5
nMm. As indicated by the thermodynamic parameters (Table 1),
the interaction is enthalpically driven. Of note, the # value indi-
cates that one Fab molecule binds to one MA,,,FD (i.e. 3 Fab
molecules per MA,,,FD trimer). Altogether, our data demon-
strate that anti-FD Fab forms a tight complex with MA ,,FD.
Finally, we assessed whether binding of anti-FD Fab to the FD
fragmentin MA,,FD had any effect on the structure of the MA
globular domain. To do so, we collected 2D 'H-">N HSQC data
on free and Fab-bound '°N-labeled myr(—)MA,,,FD. As
shown in Fig. S7, the "H-"°N signals corresponding to FD resi-
dues shifted or became undetectable due to significant signal
broadening. However, the amide signals corresponding to res-
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idues within the globular region of MA were still detectable and
are unperturbed. This result indicates that the anti-FD Fab
binds to FD without altering the structure of the globular
domain of MA. Altogether, we presented a strategy in which
anti-FD Fab is used to form a stable complex with the MA
trimer to enable a quantitative assessment of binding to lipid
bilayers.

Interaction of MA, ,,FD-Fab with NDs

Formation of a stable and homogeneous MA ,,,FD-Fab com-
plex with a well-defined stoichiometry afforded an opportunity
to study how the MA trimer interacts with lipid NDs. First, we
employed ITC methods to obtain thermodynamic parameters
of the MA,,,FD trimer interaction with NDs. To do so, we
prepared a MA,,,FD-Fab complex and passed it through a gel
filtration column as described above. Fractions were pooled
from the center of the gel filtration elution peak of the
MA,,,FD-Fab complex. Titration of the MA,,,FD-Fab com-
plex into POPC:POPS:PI(4,5)P, (75:20:5) NDs yielded a ther-
mogram characteristic of an exothermic binding process (Fig.
8). Fitting the data to a one-site binding model provided a K, of
320 * 32 nM. Intriguingly, the affinity of MA,,,FD trimer bind-
ing to NDs is 30-fold tighter than that of the monomeric MA
protein (Table 1). As indicated by the # value, two MA,,,FD
trimers bind to one ND. The stoichiometry of binding is smaller
compared with that observed for binding of monomeric MA to
NDs (n = ~10), likely due to steric hindrance caused by the
presence of three Fab molecules. No binding was detected
when Fab was titrated into POPC:POPS:PI(4,5)P, (75:20:5)
NDs (not shown), indicating direct binding between MA,,,FD
and NDs.

Next, we used a gel filtration assay to further assess binding of
the MA,,,FD-Fab complex to POPC:POPS:PI(4,5)P, (75:20:5)
NDs. The MA,,,FD-Fab-ND complex was prepared by mixing
apure and homogeneous MA ,,,FD-Fab complex with NDs at a
molar ratio of 6:1, respectively. In contrast to mixing MA,,,FD
with NDs, no precipitation was observed here. As shown in Fig.
9 (top), a peak with an elution volume of 12.8 ml was distinct
from those of the free NDs (16.2 ml) and MA,,,FD-Fab com-
plex (15.5 ml), indicating formation of a stable MA,,,FD-
Fab-ND complex. All components of the MA,,,FD-Fab-ND
complex were clearly observed in the SDS-PAGE (Fig. 9, bot-
tom). The apparent molecular mass of the MA,,,FD-Fab-ND
complex is estimated at 450 kDa. The elution profiles of free
NDs and MA,,,FD-Fab complex are consistent with 150- and
170-kDa species, respectively. Based on the estimated molecu-
lar weight of the complex, two MA | ,,FD-Fab complexes appear
to bind to one ND (i.e. 2 trimers per one ND), which is consis-
tent with the ITC data. These results indicate that a stable com-
plex is formed between the MA,,,FD-Fab complex and lipid
NDs enriched in PI(4,5)P,, demonstrating that Fab binding to
the FD fragment does not affect binding of MA,,,FD to NDs.

Taken together, our data show that trimerization of the MA
protein greatly enhances association with lipid bilayer, which
supports the hypothesis that MA organizes as trimers on the
membrane surface. These results also validate the utility of lipid
NDs as membrane mimetics to study retroviral MA-membrane
interactions.
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Table 1

ITC-binding constants and thermodynamic parameters for MA protein interactions with NDs and Fab
Titrations were conducted in a buffer containing 50 mm sodium phosphate (pH 6.0) and 50 mm NaCl.

Titrations n K, AH® —TAS® AG”
M keal/mol keal/mol keal/mol
MA into POPC:POPS:PI(4,5)P, (75:20:5) NDs 10.3 = 0.2 103 1.9 —43+03 —25+ 04 -6.8+0.1
MA,,,,FD into Fab 1.00 * 0.03 0.060 *+ 0.005 -32+02 —6.8 =02 —10.0 = 0.1
MA,,,FD-Fab into POPC:POPS:PI(4,5)P, (75:20:5) NDs 6.0 =02 0.32 + 0.03 -57*1.1 -33+*1.1 —9.0* 0.1
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Figure 8. ITC analysis of MA trimer binding to NDs. Shown are ITC data
obtained for titration of MA,,,FD-Fab (152 um) into POPC:POPS:PI(4,5)P, (75:
20:5) NDs (2.7 um). The top panel shows the baseline-adjusted thermogram,
and the bottom panel depicts the binding isotherm and fit to the data (red
line).

Discussion

Biochemical and genetic data demonstrated that higher-or-
der organization of MA is an important element for HIV-1 Gag
assembly on the membrane and Env incorporation (55, 57— 60,
73). Previous studies have shown that the HIV-1 MA and
MACA proteins assembled as hexamers of trimers on mem-
brane monolayers enriched with PI(4,5)P, (59). This arrange-
ment is widely used as a model to explain how the Env protein is
incorporated into virus particles (55-57, 73). Cryo-EM studies
of both mature and immature virus particles have provided
detailed structures of the hexameric capsid lattice but were
unable to resolve any well-ordered density for the membrane-
bound MA domain (20 -24). Structural investigation of the MA
trimer and how it interacts with membranes is key to under-
standing Gag assembly and Env incorporation.

In this study, we engineered a stable MA trimer construct
and characterized its interactions with lipid NDs by NMR, bio-
chemical and biophysical tools. The rationale behind designing
this construct was that tethering the three MAs together at the
flexible C terminus would drive the natural equilibrium toward
the trimeric state. NMR and HDX-MS data demonstrated that
the global structure of MA was unperturbed by the attachment
of FD. Intriguingly, relative to the monomeric MA protein, the
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Figure 9. Gel filtration assay of the MA,,,FD-Fab-ND complex. Top, elu-
tion profiles of MA,,,FD-Fab, ND, and their complex on a Superose 6 (10/300
GL) column. Bottom, SDS-PAGE of MA,,,FD, Fab, ND, and their complexes. All
components of the complex are clearly observed in the elution peak of the
MA,,,FD-Fab-ND complex. Asterisk denotes a minor impurity.

HDX-MS data revealed an increased protection in multiple
overlapping peptides in the MA ,,FD protein. This region (res-
idues 43-52) corresponds to the MA-MA interface in the crys-
tal structure of the myr(—)MA trimer (25). Of note, one of the
mutants reported to inhibit trimerization and Env incorpora-
tion is located in this region (A45E) (55). Our data clearly estab-
lished the overall structural similarities between the MA,,FD
and myr(—)MA trimer models and provided the first biophys-
ical evidence for the trimer interface in solution. This is signif-
icant because the crystal structure of the trimer remains the
basis for most models describing the organization of MA on the
PM (55,59, 60). The trimer structure of myr(—)MA was docked
into the low-resolution density map of the 2D crystal lattice of
MA on membrane (59). Our results indicated that a down-
stream oligomerizing domain such as the CA and NC domains
of Gag, or FD as in our case, is essential for formation of an
MA-MA interface that otherwise is undetectable in weakly
associating MA molecules. Previous studies have shown that
the trimeric, myristate-exposed species is enhanced upon
inclusion of the capsid domain, indicating that exposure is
enhanced by subdomains that promote self-association (29).
Here, we have shown that attachment of the FD domain to the
C terminus of MA may have also promoted myr exposure.
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The second most important aspect of this study is the utili-
zation of lipid NDs as a membrane bilayer mimetic, which
enabled quantitative characterization of the interactions with
MA monomer and trimer proteins. NDs are routinely used as a
model lipid bilayer system for studying the structure and func-
tion of integral membrane proteins (reviewed in Ref. 42). NDs
are flat lipid bilayers that are more analogous to the inner leaflet
of cellular membrane than other lipid analogues such as
micelles or liposomes (42). The ability to calculate the molar
concentration of NDs based on the absorbance of the MSP pro-
tein at 280 nm (two copies per ND) allows for calculation of the
binding parameters, including stoichiometry. Despite these
advantages, NDs have been rarely used in studies investigating
the binding properties of peripherally associated membrane
proteins such as MA (48, 74, 75). Considering that the use of
NDs in binding experiments is a relatively novel concept, we
first conducted our studies with the MA monomer before
expanding them to include the MA,,,FD trimer. We have
shown that MA binding to NDs is significantly enhanced upon
incorporation of PS and PI(4,5)P, and that the interaction is
mediated by the HBR located in the N terminus. Our data also
indicated that the myr group is readily exposed for anchoring
into the ND even in the absence of PS and PI(4,5)P,. These
results demonstrated that NDs are a viable mimetic of biologi-
cal membranes that can be reliably used to study membrane-
associated proteins. Altogether, these findings allowed for con-
struction of a model of MA trimer bound to a membrane bilayer
(Fig. 10).

Reported affinities of HIV-1 MA binding to membranes tend
to vary, depending on the experimental technique. For exam-
ple, in one study (15) using a liposome flotation assay with a
lipid composition of POPC:POPS (2:1), K, was found to be
extremely weak (10 mm). In another study, by using surface
plasmon resonance methods to study MA interaction with pla-
nar membrane models of similar lipid composition, the affinity
was reported to be ~2000-fold tighter (K, ~5 um). The surface
plasmon resonance study also provided a K, of 1.4 um for mem-
branes composed of dioleoyl-phosphatidylcholine:dioleoyl-PS:
PI(4,5)P, (80:15:5) (76). More recently, by employing an NMR-
detected liposome-binding assay, the apparent K, of MA
binding to PI(4,5)P, embedded in liposomes was found to be
~10 um (38). Here, our ITC data of MA binding to POPC:
POPS:PI(4,5)P, (75:20:5) NDs afforded an apparent K, of 10
M, a result that is comparable with that obtained by the NMR-
detected liposome binding assay. As mentioned above, one
major advantage of using lipid NDs is the ability to obtain an
accurate stoichiometry of binding. We have shown that 10 mol-
ecules of MA are capable of binding to one ND. Estimated from
the NMR structure of HIV-1 MA (PDB entry 1UPH), one mol-
ecule should occupy about 7.5 nm? of the membrane surface.
Based on the inner diameter of the MSP1 ND (~7.6 nm) (44)
the total surface area of ND is ~45 nm?. Therefore, each ND
surface is capable of accommodating five MA molecules.

We initially attempted to perform binding studies of
MA,,FD to NDs in the same manner in which we conducted
the experiments with the MA protein. However, titration of
MA,,,FD into NDs led to the formation of insoluble aggre-
gates. We circumvented this problem by forming a complex
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Figure 10. A model of HIV-1 MA trimer bound to membrane. Shown are
top and bottom views of the MA trimer bound to a membrane bilayer. The
interaction is mediated by the myr group, the acidic polar head of PI(4,5)P,,
and basic residues (Arg??, Lys?®, Lys?’, Lys®’, and Lys®?) in the HBR (blue).
Residues colored in red are located in the trimeric interface, as revealed by the
HDX-MS data. Membrane bilayer was generated in the VMD membrane
builder plug-in (92). PI(4,5)P, was generated in Avogadro (93). The MA trimer
was constructed by superimposition of the structure of myr-exposed MA and
the X-ray structure of myr(—)MA.

between MA,,,FD and an anti-FD Fab prior to titrations into
NDs. Our ITC data indicated that the MA,,,FD-Fab complex
binds to NDs at a stoichiometry of two trimers per ND. The
addition of Fab into the complex most likely created enough
steric hindrance so as to only allow a single trimer to bind each
side of the ND. Perhaps this is an important consideration
going forward with these types of binding experiments. If
peripherally bound proteins contain multiple binding sites,
then care must be taken to ensure that the binding surface only
allows for a discrete number of binding partners. Of note, Fabs
have emerged as a promising solution in structural studies of
membrane proteins to yield a homogeneous population of the
protein and to obtain diffraction quality crystals (77). They are
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often used to provide contrast and/or stability in EM and crys-
tallographic studies (78, 79). As shown here, Fabs may also
serve as a useful tool to prevent formation of insoluble aggre-
gates in membrane binding experiments. In summary, we pres-
ent the first successful utilization of NDs to assess retroviral
MA-membrane interactions, which therefore can be expanded
to examine binding of other retroviral MA and Gag proteins.

Previous studies have used MA fusion constructs to study the
role of oligomerization in membrane interactions. In one study
(80), two constructs were examined in which dimerization or
hexamerization domains were fused to the C terminus of MA.
These multimerization domains were chosen to mimic two
well-characterized oligomeric states of CA. By utilizing lipo-
some floatation assays, these studies revealed only modest
increases in affinity for the dimeric and hexameric MA con-
structs relative to the MA monomer (~1.5- and 2-fold, respec-
tively) (80). Our data clearly indicate that the MA ,,FD trimer
imparts a greater increase in affinity to membranes relative to
the monomeric MA. One possible explanation for this disparity
in the affinity of MA multimers binding to membranes is the
different techniques and methods used to measure the affinity.

Recent studies from our laboratory revealed that the struc-
ture of gp41CT contains three a-helical domains that are
tightly associated with the membrane (81). More recently, pull-
down studies provided evidence for a direct MA-gp41CT inter-
action and suggested a role for MA trimerization (58). If a direct
MA-gp41CT interaction occurs during Gag assembly, it is rea-
sonable to suggest that a tight association of MA with mem-
brane is required to facilitate this interaction. However, if the
alternative model (55) based on steric exclusion of gp41CT is
accurate, then tighter membrane association could be an unre-
lated consequence of the trimer formation. In either case,
detailed structural studies of the MA trimer and gp41CT in a
membrane context are warranted. We hope that the tools and
techniques described in this report could facilitate such studies.

In summary, we developed new methods that allowed for the
generation of a stable MA trimer and enabled characterization
of its interaction with membranes using lipid NDs. These meth-
ods can be applied to study the binding properties of other
membrane-interacting proteins, including those of other retro-
viruses, and can be used as a template for future investigation of
the MA-gp41CT-membrane complex. Elucidation of the struc-
tural basis for MA-gp41CT-membrane interactions is key to
understanding the mechanisms of virus assembly and Env
incorporation.

Experimental procedures
Sample preparation

Plasmid construction—The DNA gene encoding for HIV-1
MA (amino acids 2—132) was amplified from the pNL4-3 isolate
(GenBank™ number AF324493.2) with Ncol and HindIII re-
striction sites on the 5'- and 3'-end, respectively. The DNA
gene encoding for the FD domain of phage T4 fibritin (Gen-
Bank™ number AF158101.6) plus a His, tag at the 3'-end was
amplified from the pWAC plasmid provided by Dr. Alasdair
Steven (National Institutes of Health) (82). The amplified FD
DNA fragment contained HindIII and Xhol restriction sites on
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its 5'- and 3'-end, respectively. The MA and FD DNA frag-
ments were ligated via the HindIII site. The resulting MA-FD
fragment was ligated into a co-expression plasmid encoding
for yeast N-terminal myristoyltransferase provided by Dr.
Michael Summers (Howard Hughes Medical Institute, Uni-
versity of Maryland Baltimore County). The DNA region
encoding for residues 123-132 of MA was deleted using a
QuikChange Lightning multi site-directed mutagenesis kit
(Agilent Technologies).

Protein expression and purification—The HIV-1 MA and
myr(—)MA proteins were expressed and purified as described
(29). The MA,,,FD and myr(—)MA,,,FD proteins were over-
expressed in Escherichia coli BL21-CodonPlus-RIL cells (Agi-
lent Technologies). Cells were grown at 37 °C in Luria—Bertani
broth medium containing 100 mg/liter ampicillin. When A,
reached ~0.2, medium was supplemented with 60 um myristic
acid to produce MA,,FD. When A, reached 0.7-0.8, cells
were induced with 0.5 mM isopropyl 3-p-1-thiogalactopyrano-
side (Gold Biotechnology). Cells were then grown at 16 °C for
18 h, spun down, and stored at —80 °C. The cell pellet was
resuspended in 60 ml of lysis buffer (for 1 liter of culture) con-
taining 50 mm sodium phosphate (pH 8.0), 1 M NaCl, 10%
glycerol, 5 mm CHAPS (Fisher), 20 mm imidazole, 0.1 mMm phe-
nylmethanesulfonyl fluoride (Sigma—Aldrich), and 2 mm benz-
amidine (Sigma—Aldrich). Cells were then sonicated, and lysate
was spun down at 35,000 X g for 40 min. The supernatant was
filtered with a 0.45-um syringe filter (Millex) and loaded into a
cobalt affinity resin column equilibrated in lysis buffer (exclud-
ing protease inhibitors). Resin was then washed with lysis buffer
(excluding protease inhibitors) followed by washing with a
buffer containing 50 mm sodium phosphate (pH 8), 500 mm
NaCl, 5% glycerol, and 20 mm imidazole. The MA,,,FD pro-
teins were eluted via a gradient using a buffer containing 50 mm
sodium phosphate (pH 8), 500 mm NaCl, 5% glycerol, and 500 mm
imidazole. Protein purity was verified by SDS-PAGE. Fractions
containing the protein were pooled and stored at —80 °C. Uni-
formly '*N-labeled MA samples were prepared by growing cells in
M9 minimal medium containing **NH,Cl. Protein purification
was performed as described above. Identity of the proteins and
efficiency of myristoylation were confirmed by MS (see below).

Production of anti-FD Fab—Plasmids encoding for the
anti-FD IgG heavy and light chains were generously provided
by Dr. Jason McLellan (University of Texas, Austin, TX). DH5«
competent cells (Invitrogen) were transformed by introducing
the plasmids, and the QIAfilter maxi kit (Qiagen) was used to
purify plasmids for transfection. Plasmids were transfected in
Freestyle 293-F cells (Gibco) grown in suspension culture with
Freestyle 293 expression medium (Gibco). Cell culture was pre-
pared for transfection according to the manufacturer’s instruc-
tions with minor modifications. Transfection was performed by
diluting 125 ug of each of the heavy and light chain plasmids
into 25 ml of Opti-MEM reduced-serum medium (Gibco). A
stock solution (1 mg/ml) of linear, transfection grade polymer
polyethyleneimine (PEI 25K; Polysciences) was made in a buffer
containing 25 mm HEPES (pH 7.5) and 150 mm NaCl. PEI stock
solution (750 wl) was diluted in 25 ml of Opti-MEM. The plas-
mid solution was then rapidly combined with the 25-ml PEI
solution and incubated for 20 min at room temperature before
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being added to ~1.1 X 10° cells/ml 293F cells in 450 ml of
Freestyle 293 expression medium. Cells were then placed in an
incubator at 37 °C with a humidified atmosphere of 8% CO, on
an orbital shaker platform rotating at 125 rpm. Supernatant was
harvested 6 days after transfection. Antibodies were purified
using Pierce Protein A Plus agarose resin (Thermo Scientific)
and digested by human rhinovirus 3C protease to obtain Fab.
The FC domain was removed by passage over the Protein A
resin and washing with PBS. Fab purity was assessed by SDS-
PAGE under both reducing and nonreducing conditions, con-
centrated to ~100 uMm, and stored at —80 °C.

Preparation of lipid NDs—Membrane scaffold protein 1
(MSP1) plasmid (Addgene catalogue no. 20060) was expressed
and purified as described (44, 46, 74). The MSP1 protein was
stored at ~200-300 uM in ND assembly buffer (20 mm Tris-
HCI, pH 7.4, 100 mm NaCl, 0.5 mm EDTA, and 0.01% NaN,).
POPC, POPS, and PI(4,5)P,, (Avanti Polar Lipids) were stored as
stock chloroform solutions at —20 °C. Chloroform stocks were
mixed at the appropriate ratios (depending on the desired lipid
composition in NDs), and the chloroform was evaporated under
gentle airflow until visibly dry followed by 30 min under vacuum.
Lipids were redissolved in ND assembly buffer supplemented with
100 mm sodium cholate by multiple cycles of freeze/thaw. A MSP1
stock sample was diluted to 120 uMm in the assembly buffer before
being added to lipid solution at an MSP1 to lipid molar ratio of
1:65. Sample was rotated on an orbital shaker at room temperature
for 1 h. Sodium cholate was removed from solution by incubation
with Bio-beads SM adsorbents (Bio-Rad) overnight at 4 °C on an
orbital shaker. ND solution was then passed through a 0.2-um
filter to remove any precipitant or Bio-beads. Properly reconsti-
tuted lipid NDs were then run on a Superdex 200 Increase 10/300
GL column (GE Healthcare). ND fractions were pooled and used
immediately or stored at —80 °C.

Gel filtration assay—The mobility of MA,,FD, Fab, ND, and
their complexes were analyzed by a gel filtration assay. Briefly,
0.5 ml of ~30-100 uM protein samples were loaded on a Super-
dex S200 (10/300) column (GE Healthcare) in a buffer contain-
ing 50 mm sodium phosphate (pH 8) and 500 mm NaCl or on a
Superose 6 (10/300) column (GE Healthcare) in a buffer con-
taining 50 mm sodium phosphate (pH 7.4) and 150 mm NaClL
Protein fractions were analyzed by SDS-PAGE and stained by
Coomassie Brilliant Blue. The approximate molecular weights
of the loaded proteins were determined by molecular weight
calibration kits (GE Healthcare).

NMR spectroscopy—NMR data were collected at 35 °C on a
Bruker Avance II (700-MHz 'H) or Avance III (600- or 850-
MHz 'H) spectrometers equipped with cryogenic triple-reso-
nance probes, processed with NMRPIPE (83), and analyzed
with NMRVIEW (84) or CCPN Analysis (85). '®N-Labeled
myr(—)MA, MA, myr(—)MA,,,FD, and MA,,,FD protein
samples were prepared at ~100 um in 50 mm sodium phosphate
(pH 5.5 or 6.5) and 50 or 150 mm NaCl.

2D 'H-'*N HSQC NMR titrations were conducted with 100
uM samples of '*N-labeled MA in 50 mM sodium phosphate
(pH 6.5), 50 mm NaCl, and 2 mm DTT. Stock solutions of POPC:
POPS and POPC:POPS:PI(4,5)P, NDs were at 220 and 280 um,
respectively. Aliquots of NDs were added to 100 um '°N-la-
beled MA to obtain molar ratios (ND:MA) of 0.0025:1, 0.01:1,
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0.02:1, 0.04:1, 0.08:1, and 0.16:1. Each titration was followed by
acquisition of 1D 'H and 2D "H-'"°N HSQC spectra. Changes in
signal intensities upon ND additions were expressed as relative
reductions according to the formula, RRI = 1 — I/, where RRI
is relative reduction of peak intensity (0 meaning no reduction,
1 meaning signal disappearance), I is peak integral in the pres-
ence of NDs, and I, is peak integral in the absence of NDs. The
RRIs were plotted as residue-by-residue histograms.

Analytical ultracentrifugation

Sedimentation velocity measurements were performed on a
Beckman XL-I Optima system equipped with a 4-hole An-60-
rotor (Beckman Coulter). The MA and MA ,,,FD protein sam-
ples were at 20 uM in a buffer containing 50 mm phosphate (pH
6.0) and 50 mM NaCl. Rotor speed was set at 40,000 rpm, and
scans were acquired at 280 nm and 20 °C. Partial specific vol-
umes (V) and molar extinction coefficients were calculated
using the program SENDTERP, and buffer densities were mea-
sured pycnometrically. Sedimentation velocity data were ana-
lyzed using SEDFIT (86 -89).

Mass spectrometry

MS experiments were carried out on a Synapt G2-Si (Waters
Corp.) and a LEAP HD/X-PAL (Trajan) fluidics system. The
molecular mass measurement of MA,,,FD was conducted with
27 pmol of protein. Proteins were prepared in a buffer contain-
ing 20 mm sodium phosphate (pH 6) and 50 mm NaCl. Protein
was partially separated based on hydrophobicity using a Secu-
rityGuard ULTRA Widepore C4 trap column (Phenomenex).
Liquid chromatography (LC) was carried out using a Shimadzu
SPD-20 series pump system. Protein loading was carried out
using a 0.1% formic acid solution at 0.1 ml/min. Samples for the
HDX experiments contained 36 pmol of MA ,,,FD or MA. Pro-
teins were prepared in a buffer containing 20 mm sodium phos-
phate (pH 6) and 50 mm NaCl. Samples were diluted 10-fold in
an equivalent buffer made with 99.8% D,O. Following dilution,
proteins were incubated at 20 °C for an incubation period of 0,
1, 3, 9, 27, 81, and 729 min. The exchange reactions were
quenched at 2 °Cby a 1:1 dilution with a buffer consisting of 200
mM sodium phosphate (pH 2.1) and 4 M guanidine HCl. The
quenched reaction was then digested by passage over an Enzy-
mate pepsin column at 0.1 ml/min (Waters Corp., pore size 300
A, particle size 5 um, column size 2.1 X 30 mm). Enzymate
pepsin column peptides were partially separated based on their
hydrophobicity using an Acclaim PepMap C18 trap column
(Thermo Fisher Scientific) and an ACQUITY BEH C18 reverse-
phase column (Waters Corp., pore size 130 A, particle size 1.7
pm, column size 1 X 50 mm). Liquid chromatography was car-
ried out using a Shimadzu SPD-20 series pump system. Peptide
loading was carried out using a 0.1% formic acid solution at 0.1
ml/min. Peptide separation was performed using an acetoni-
trile gradient in the presence of formic acid at 0.07— 0.1 ml/min.
Peptides were selected in PLGS (Waters) with a quality score of
6 or greater and a charge state of +1 to +4. The level of deute-
rium exchange was measured using HDExaminer software
(Sierra Analytics).
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Isothermal titration calorimetry

A sample of MA,,,FD-Fab complex was prepared and passed
through a HiPrep 16/60 Sephacryl S-200 HR column (GE
Healthcare) pre-equilibrated with a buffer containing 50 mm
sodium phosphate (pH 7.4) and 150 mm NaCl. Fractions of the
complex were taken from the center of the elution peak, dia-
lyzed overnight in a buffer containing 50 mm sodium phosphate
(pH 6.0) and 50 mMm NaCl, and concentrated as needed. Ther-
modynamic parameters of Fab binding to MA ,,FD and those
of MA and MA,,,FD-Fab binding to NDs were determined
using a MicroCal PEAQ-ITC (Malvern Instruments). ITC data
were obtained in a buffer containing 50 mm sodium phosphate
(pH 6.0) and 50 mMm NaCl. The heat of reaction was measured at
30 or 25 °Cfor 19 injections. The following concentrations were
used: MA,,,FD at 300 um into Fab at 35 um; MA,,,FD-Fab at
160 uM into NDs at 2.7, 4.0, and 4.0 um for POPC:POPS:
PI(4,5)P, (75:20:5), POPC:POPS (80:20), and POPC, respec-
tively. MA at 350 um into NDs at 3.5, 4.0, and 4.0 um for POPC:
POPS:PI(4,5)P, (75:20:5), POPC:POPS (80:20), and POPC,
respectively. The heat of dilution was measured by titrating
MA, MA,,,FD, and MA,,,FD-Fab complex into buffer and was
subtracted from the heat of binding. ITC experiments were
collected in triplicates and yielded similar values. Mean values
and S.D. values of the thermodynamic parameters were calcu-
lated based on the three independent experiments. Data
analysis was performed using PEAQ analysis software. The
thermodynamic parameters were determined by fitting base-
line-corrected data to a binding model for a single set of iden-
tical sites.

Structure visualization

Visualization of structures was performed using PyMOL
(PyMOL Molecular Graphics System, version 2.3.1 Schrédinger,
LLC). Electrostatic potential maps were generated using PDB2PQR
and APBS software (90, 91).
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