Viruses 20185, 7, 2210-2229; doi:10.3390/v7052210

OPEN ACCESS

viruses

ISSN 1999-4915
www.mdpi.com/journal/viruses

Article

NMR Structure of the Myristylated Feline Immunodeficiency
Virus Matrix Protein

Lola A. Brown !, Cassiah Cox !, Janae Baptiste !, Holly Summers !, Ryan Button !,

Kennedy Bahlow !, Vaughn Spurrier !, Jenna Kyser !, Benjamin G. Luttge 2, Lillian Kuo 2,
Eric O. Freed >* and Michael F. Summers '-*

1

Howard Hughes Medical Institute, University of Maryland Baltimore County, 1000 Hilltop Circle,
Baltimore, MD 21250, USA; E-Mails: lola.brown@yale.edu (L.A.B.); cassiah.cox@nih.gov (C.C.)
janaeb@umbc.edu (J.B.); hsummers@umbc.edu (H.S.); ryan.button@umaryland.edu (R.B.);
kennedy.bahlow@temple.edu (K.B.); vspurrier@uchicago.edu (V.S.); jmk216@lehigh.edu (J.K.)
Virus-Cell Interaction Section, HIV Drug Resistance Program, National Cancer Institute at
Frederick, Frederick, MD 21702-1201, USA; E-Mails: bxI244@case.edu (B.G.L.);
kuols@mail.nih.gov (L.K.)

Authors to whom correspondence should be addressed; E-Mails: efreed@mail.nih.gov (E.O.F.);
summers@hhmi.umbc.edu (M.F.S.); Tel.: +1-301-846-6223 (E.O.F.); +1-410-455-2527 (M.E.S).

Academic Editor: Andrew Mehle

Received: 5 March 2015 / Accepted: 21 April 2015 / Published: 30 April 2015

Abstract: Membrane targeting by the Gag proteins of the human immunodeficiency viruses
(HIV types-1 and -2) is mediated by Gag’s N-terminally myristylated matrix (MA) domain
and is dependent on cellular phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2]. To determine
if other lentiviruses employ a similar membrane targeting mechanism, we initiated studies
of the feline immunodeficiency virus (FIV), a widespread feline pathogen with potential
utility for development of human therapeutics. Bacterial co-translational myristylation was
facilitated by mutation of two amino acids near the amino-terminus of the protein
(Q5A/G6S; myrMAYAGES) These substitutions did not affect virus assembly or release
from transfected cells. NMR studies revealed that the myristyl group is buried within a
hydrophobic pocket in a manner that is structurally similar to that observed for the
myristylated HIV-1 protein. Comparisons with a recent crystal structure of the unmyristylated
FIV protein [myr(-)MA] indicate that only small changes in helix orientation are required to
accommodate the sequestered myr group. Depletion of PI(4,5)P2 from the plasma membrane
of FIV-infected CRFK cells inhibited production of FIV particles, indicating that, like HIV,
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FIV hijacks the PI(4,5)P2 cellular signaling system to direct intracellular Gag trafficking
during virus assembly.

Keywords: Feline immunodeficiency virus (FIV); nuclear magnetic resonance (NMR); protein
structure; retrovirus assembly; membrane targeting; phosphatidylinositol-4,5-bisphosphate
[PI(4,5)-P2; PIP2]

1. Introduction

Assembly of human immunodeficiency virus (HIV) particles occurs by a complex, multistep mechanism
that includes temporally and spatially dependent interactions with several cellular host factors at or near
the plasma membrane (PM) [1-6]. Several thousand copies of Gag self-associate to form a single virus
particle, which is enveloped by a lipid bilayer derived from the host cell [5]. The viral envelope of
HIV-1 is enriched in phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2], cholesterol, and lipid constituents
associated with lipid raft-like microdomains [7—13], indicating that virus assembly occurs in rafts.
Membrane binding is dependent on a basic surface patch that is conserved among known strains of
HIV-1, HIV-2, and SIV, as well as an N-terminal myristyl group that is added co-translationally during
ribosomal protein synthesis.

Targeting of Gag to PM assembly sites is mediated by PI1(4,5)P2 [14—19], a member of a family of
differentially phosphorylated phosphatidylinositides that serve as membrane markers for cellular
proteins [20-23]. P1(4,5)P2 is normally enriched in the inner leaflet of the PM [21], and depletion of
PI(4,5)P; inhibits virus assembly and leads to accumulation of Gag at the membranes of late endosomes
and multivesicular bodies (MVBs) [14]. In addition, induction of PI(4,5)P;-enriched endosomes can
retarget Gag to endosomes and MVBs and induce intravesicle budding, and substitution of HIV-1 MA
by the membrane-binding N terminus of Fyn kinase reduces the sensitivity of virus assembly to PI(4,5)P,
manipulation. These studies collectively indicate that PI(4,5)P,-dependent membrane selection is mediated
by the MA domain of Gag [14]. NMR studies of HIV-1 and HIV-2 myrMA indicate that P1(4,5)P2 binds
to a surface cleft common to both proteins, and that binding triggers myristate exposure [17,24]. In vitro
binding assays with other lipid constituents containing truncated acyl chains have led to proposals that
phosphatidylserine, phosphatidylethanolamine, and phosphatidylcholine may also bind HIV-1 myrMA
in extended lipid conformations, and thereby help target Gag to PM rafts [25].

Other retroviruses also appear to utilize a PI(4,5)P2-dependent membrane targeting mechanism.
Moloney murine leukemia virus (MoMuLV), an evolutionarily distant gammaretrovirus that encodes
an N-terminally myristylated Gag protein, is dependent on PI(4,5)P2 for membrane targeting and virus
production [26]. The Gag protein of equine infectious anemia virus (EIAV) also binds PI(4,5)P2 and
other phosphoinositides, but this protein is not myristylated and appears to target internal membranes
prior to viral release [19,27]. Studies with the betaretrovirus Mason-Pfizer monkey virus (M-PMV)
revealed a functional dependence of PI(4,5)P2 for PM targeting, despite the fact that M-PMV Gag
proteins assemble in periplasmic regions of the cell before associating with the PM [28].

We have initiated efforts to understand the structural and functional roles of MA in feline
immunodeficiency virus (FIV) assembly. FIV is a lentivirus that infects about 8% of the feline
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population in the United States and is gaining interest as a model for therapeutic and vaccine
development [29,30]. Felines provide an alternative to HIV animal models [31-34]—they have an immune
system similar to that of humans, are easily housed and maintained, and cost about ten times less than
simians [35]. Additionally, studies on FIV have been shown to be translatable to HIV [36-38]. Felines
were the initial animal model used in FDA-approved HIV-1 integrase and reverse transcriptase inhibitor
studies [38]. Additionally, the first in vivo studies demonstrating that nucleoside analogs are an effective
HIV-1 drug target were performed in felines [39,40]. This work led to the development of Tenofovir, a
drug frequently used in HIV-1 HAART therapy [38]. In addition to similarities in the clinical response
between HIV and FIV, the genomic organization and viral life cycle of FIV are similar to those of HIV.
Mutational studies indicate that, as observed for HIV-1, membrane binding is dependent on a basic
surface patch and N-terminal myristylation [41,42].

Recently, the structure of the unmyristylated form of FIV MA [(myr(-)MA] was determined by
X-ray crystallography [43]. The protein adopts a globular structure similar to that observed for the HIV
and SIV myr(-)MA proteins. The structure also contains features that were not observed in the HIV and
SIV MA structures, including relatively long peptide stretches that were ordered but did not adopt
canonical o-helical or B-sheet type conformations. In addition, dynamic light scattering and protein
cross-linking suggested that FIV MA forms a dimer in mildly acidic solutions and at high protein
concentration (400 uM, pH 6.0) [43]. In contrast, HIV-1 myr(-)MA was observed to be monomeric in
solution under similar conditions, even at high concentrations [44,45], and both HIV-1 and SIV myr(-)
MA proteins were found to crystallize as trimers [46—48]. Recent cryo-electron microscopic studies
indicate that the MA domains of HIV-1 Gag do not form an ordered oligomeric array when bound to the
inner membranes of immature particles [49]. Although the FIV myr(-)MA structure is of high quality
and the studies provided important new insights, several questions emerged, particularly regarding the
location of the acyl chain and potential structural alterations that might occur in the myristylated form
of the protein [43]. It is also important to know if FIV assembly is dependent on PI(4,5)P2. To address
these questions, we have conducted solution-state NMR studies with a recombinant form of FIV MA,
engineered to facilitate bacterial co-translational myristylation, as well as virus assembly/release studies
with MA-mutant and wild-type viruses.

2. Materials and Methods
2.1. Plasmid Cloning

The FIV MA gene was PCR amplified from the Petaluma strain, clone 34TF10 (accession code
NC _001482) kindly provided by J. Elder (Scripps Research Institute, La Jolla, CA) through the National
Institutes of Health (NIH) AIDS Research and Reference Reagent Program) and cloned into the pET
11a co-expression vector followed by a nucleotide sequence for a 6x histidine tag. The co-expression
vector also contained the yeast N-terminal myristyltransferase (yYNMT) gene. To allow for myristylation
of FIV MA using yYNMT, Q5A/G6S mutations were introduced into the FIV MA gene using QuikChange
Kit according to manufacturer’s instructions (Stratagene, La Jolla, CA, USA). Plasmids were sequenced
through the University of Maryland Sequencing Facility (College Park, MD, USA) or Genewiz, Inc.
(South Plainfield, NJ, USA).
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2.2. Protein Expression

BL21 DE3(RIL) E. coli cells (Agilent Technologies, Tewksbury, MA, USA) transformed with the
FIV MA/yNMT plasmid were grown in 4 L of Luria Broth medium supplemented with either 10 mg/L
unlabeled myristic acid or uniformly labeled '*C myristic acid (Sigma Aldrich, St. Louis, MO, USA) at
37 °C until the ODeoo reached between 0.6—0.7. The cells were centrifuged and washed with 1 x M9 salt
before transferring them to 1 L of M9 minimal medium containing 'N-NH4Cl and/or *C glucose
(Cambridge Isotope, Tewksbury, MA, USA) as the sole carbon and nitrogen source. The cells shook for
1 h before induction with 1mM isopropyl-D-thiogalactoside (Sigma Aldrich). Cells were grown at 30 °C
for 12—14 h and lysed using a microfluidizer (Microfluidics, Westwood, MA, USA). The proteins were
purified by cobalt affinity chromatography (Clontech, Mountain View, CA, USA) and cation exchange SP
column chromatography (GE Life Science, Piscataway, NJ, USA). Molecular weights and efficiency of
myristylation were confirmed by electrospray ionization mass spectrometry (David King, UC Berkeley,
or Molecular Characterization and Analysis Complex, UMBC. Representative result: expected 15532.4,
actual 15532.6 £ 0.3, >95% myristylation). Samples for all NMR experiments were prepared in 50 mM
sodium phosphate, 150 mM NaCl, 10 mM DTT, pH 7.0.

2.3. NMR Spectroscopy

NMR data were collected with Bruker DMX (600 MHz 'H, 800 MHz 'H) spectrometers equipped
with cryoprobes, processed with NMRPIPE [50] and analyzed with NMRView] [51,52]. A combination
of two-, three- and four-dimensional NOESY data were obtained for combinations of natural abundance,
I5N- and °N-,'3C-labeled protein samples (20 °C) [53-56]. Protein backbone signals were assigned using
standard triple resonance methods [57]. Intermolecular '"H-'H NOEs between °N-,'*C-labeled protein and
unlabeled myristate were assigned using 2D 'H-"H NOESY [58] and 2D 'H-"*C HMQC [59] datasets.

2.4. Structure Calculations

Structures were calculated in torsion angle space with CYANA [60]. Upper interproton distance
bounds of 2.7, 3.3 and 5.0 A (with appropriate corrections for pseudoatoms) were employed for NOE
cross peaks of strong, medium, and weak intensity respectively, which were qualitatively determined
following intensity normalization of the different NOE data sets. We were unable to obtain residual
dipolar couplings due to precipitation that occurred when myrMA was introduced to gels. Structure
figures were generated with PyYMOL [61]. The electrostatic surface potential was generated using the
Adaptive Poisson Boltszmann Solver (APBS) [62].

2.5. FIV Release Assays

HEK 293T cells (ATCC) were transfected with pFP93 (FIV Gag expression vector) or Crandall-Reese
Feline Kidney (CRFK) cells (obtained from ATCC) were co-transfected with pFIV-Orf2rep (FIV-Petaluma
proviral clone) and plasmids expressing human Arf6 in either its native or constitutively active form or
human 5-phosphatase-IV (5ptaselV) in its native or catalytically inactive form using Lipofectamine LTX
and PLUS reagent (Invitrogen, Life Technologies, Grand Island, NY, USA), at a ratio of 9:1
(FIV:Arf6/5ptasel V). The SptaselV expression plasmid, pcDNA4TO/MycSptaselV, was a kind gift from
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P. Majerus (Washington University School of Medicine, St. Louis, MO, USA). The A1 SptaselV mutant
lacking the phosphatase signature domain has been described [14]. Plasmid expressing HA-tagged
Arf6/Q67L, pXS/ArfoQ67L-HA, was a generous gift from J. Donaldson (National Heart, Lung, and
Blood Institute, NIH). pFIV-Orf2rep is a derivative of pFIV-34TF10 (kind gift of J. Elder) that was
modified by site-directed mutagenesis to restore encoding for full-length Orf2/Orf-A. The pFP93 vector
(kind gift of E. Poeschla) expresses FIV Gag with a CMV promoter for studies in human cells. Methods
for metabolic labeling and immunoprecipitation of FIV proteins were performed as described [33].
Transfected cells were metabolically radiolabeled with [**S] Met/Cys for 6 h. Cell and viral lysates were
prepared and immunoprecipitated with mouse anti-FIV p24gag (clone PAK3-2C1). Gag proteins
were quantified by phosphorimager analysis. Virus release efficiency was calculated as the amount of
virion-associated Gag as a fraction of total (cell plus virion) Gag, normalized to samples containing FIV
plasmid alone. Reverse transcriptase (RT) assays were performed as described previously [33].

3. Results
3.1. Construct Design

Attempts to prepare myristylated FIV MA using the dual expression vector developed for the
HIV-1 myrMA [63] resulted in efficient production of myr(-)FIV MA protein and the yeast
N-myristyltransferase (yYNMT) enzyme but did not produce the desired myristylated FIV MA protein.
This co-expression plasmid was previously shown to function more efficiently in E. coli than the human
NMT [63]. Unfortunately, yNMT does not appear to be able to efficiently recognize the N-terminus of
the FIV MA protein. The most common myristyl signal is M-G-X-X-X-S/T (M = methionine,
G = glycine, S = serine, T = threonine, X = variable amino acid) [64], whereas the N-terminus of FIV
MA contains a M-G-N-G-Q-G (N = asparagine; Q = glutamine) sequence. Mutations to alter the 6™
amino acid of FIV MA to a threonine resulted in a low level of myristylation when co-expressed with
yNMT. Optimal myristylation was achieved with the double mutant, Q5A/G6S (myrMAA/G6S),

3.2. N-Terminal Mutations do not Affect Virus Assembly or Release

To determine if the mutations made to optimize myristylation of FIV MA by yNMT affect MA
function, assembly and release assays were conducted (Figure 1). Viral release assays, performed on
wild-type FIV and Q5A/G6S mutated viruses and assayed by *°S-Met/Cys radioactivity of viral lysates,
revealed no significant differences in virus particle production (p < 0.15). Reverse transcriptase (RT)
assays were also performed and showed no significant difference between wild-type and Q5A/G6S
mutated viruses (p < 0.15). As a control, the budding-deficient late-domain mutant PSAP- [33] was
included in the analysis. Together, these data indicate that Q5SA/G6S mutations did not significantly
affect FIV particle assembly or release.
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Figure 1. Mutation of the feline immunodeficiency virus (FIV) Gag myristylation signal
does not significantly affect virus assembly or release from transfected 293T cells. Top
panel, cells were metabolically radiolabeled with [*°S] Met/Cys and FIV proteins were
immunoprecipitated from cell and viral lysates with anti-FIV p24gag (see Materials and
Methods). Virus release efficiency was calculated as the proportion of virion-associated FIV
capsid compared with total (cell + virion) FIV Gag. Lower panel, virus release was
determined by measuring the reverse transcriptase (RT) activity in the transfected cell
medium. Error bars indicate standard error of the mean (SEM) from at least 3 independent
experiments. Differences between WT and the Q5A/G6S mutant were determined to not be
statistically significant by the paired Student’s #-test. PSAP- is an FIV late domain mutant
that displays a severe defect in virus release [33] and thus serves as a negative control.

3.3. NMR Signal Assignments

Both the unmyristylated and myristylated forms of FIV MAQA/G6S

, and the unmyristylated form of
wild-type FIV MA, were co-expressed in E. coli and purified by column chromatography. Purity and
myristylation efficiency were verified by mass spectrometry. Two dimensional (2D) ['H-'>N] HSQC
spectra obtained for all three proteins were very similar, except for signals associated with residues
Ser 17, Glu 32, Arg 40, Leu 60, Ser 101 and the stretch of residues near the N-terminus (G4-R7)
(Figure 2). For all proteins, the 'H and '’N NMR signals were insensitive to concentration over the range
of 50 uM to ~1 mM. These findings contrast with those obtained previously for HIV-1 myrMA, in which

a subset of signals were shown to shift progressively toward the frequencies observed for myr(-)MA
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upon increasing the protein concentration. The changes observed for the HIV-1 protein were attributed
to a concentration-dependent shift in a monomer-trimer equilibrium that occurs with concomitant
exposure of the myristyl group [63]. The absence of concentration-dependent shifts for FIV myrMAQ3A/66S
over the concentration range of 50-400 puM indicates that the protein exists in a unique conformation

under these conditions.
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Figure 2. 'H-">"N HSQC of FIV myr(-)MAQACSS (green) overlaid with wild-type FIV
myr(-)MA (black, on left) and FIV myrMA®A66S (red, on right). Residues marked in red
indicate mutated residues (A5, S6). Asterisk denotes peak present in lower levels.

2D 'H-'H NOESY, 3D "N edited NOE, and 2D 'H-'3C HMQC NOE data obtained for FIV
myrMA A6 samples prepared using uniformly labeled '3C-myristic acid exhibited NOEs between
protons of the myristyl group and the side chains of Trp 9, Ile 53, Glu 55, Phe 90, Leu 60 and Ala 91.
Representative portions of the 2D 'H-'3C HMQC NOE data collected for myrMAQAS6S containing
amino acids at natural isotopic abundance, but with uniformly '3C-enriched myristic acid, are shown in
Figure 3. These data indicate that the myristyl group is buried within the core of the protein and makes
contacts with the side chains of Trp 9, Ile 53, and Glu 55. In addition, strong NOE cross-peaks were
observed between the terminal methyl group (myr-C'*Hs; ~0.65 ppm) and the side chains of Phe 90,
Leu 60 and Ala 91, indicating a close packing of the myristyl group against these hydrophobic residues.
In all spectra obtained, no intra-protein NOEs were detected that would be indicative of a significantly
different myristate-dependent protein conformation, and the relatively small spectral differences observed
for residues Ser 17, Glu 32, Arg 40, Leu 60, Ser 101 of the myr(-)MAY6S and myrMA A6 proteins
reflect minor local adjustment to allow insertion of the myristyl group. NMR signal assignments have
been deposited in the BMRB (http://www.bmrb.wisc.edu; accession number 25573).
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Figure 3. 2D 'H-'*C HMQC-NOESY data obtained for FIV myrMA*/SS prepared using
3C-myristic acid, showing intermolecular NOEs between protons on FIV MA and '*C labeled
myristyl group (myristate is uniformly !*C labeled, FIV MA at natural carbon abundance).

3.4. Structure Determination

A total of 835 interproton distance restraints, including 258 intraresidue, 275 sequential (|j-1] = 1),
and 302 medium/long range restraints (|j-i| > 2) were derived from the NOE data. In addition, 302 hydrogen
bonding restraints identified on the basis of NOE cross peak patterns and reduced HY chemical exchange
rates were used for structure calculations (Table 1). A set of 20 structures with total target functions
(sum of the square of the distance violations) of 0.05 A? or less and maximum individual violations of
0.10 A or less were generated for the intact protein using random initial atom coordinates. Considering
the experimentally restrained residues (3—123, excluding glycines), 93.5% have backbone torsion angles
that map to the most favored regions of the Ramachandran map, 5.7% are in additional allowed regions,
and only 0.8% are in disallowed regions [65]. Statistical information (Table 1) and overlay of the best
fit superpositions of the backbone atoms (Figure 4) demonstrate that the calculations afforded structures
with low residual distance violations and good internal convergence. The atomic coordinates have been
deposited in the Protein Data Bank (www.pdb.org; accession number 2N1R).

Table 1. Structure statistics for FIV MAQA/G6S
NMR-Derived Restraints '

Interproton restraints 835
Intraresidue 258
Sequential (Ji-j| = 1) 275
Medium/long range (|i-j| > 1) 302
Protein-myristate 8
'H-'H distance restraints 302
Total restraints 1137
Average restraints per residue 9
Residual Restraint Violations

CYANA target function, A? 0.04 £ 0.007
Maximum violations

Upper limits, A? 0.0053 £ 0.09
Lower limits, A2 0.0057 +£0.07

Van der Waals, A2 0.7 +0.08
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Table 1. Cont.

Structure Convergence

Pairwise rms deviations?

Backbone heavy atoms, A? 0.96+0.24
All heavy atoms, A’ 1.79 +0.39
Ramachandran Analyses 2
Most favored regions, % 93.5
Additional allowed regions, % 5.7
Generously allowed regions, % 0.8

! Gly 124- Tyr 135 were not restrained; 2> Based on residues Asn 3- Glu 123, excluding Gly.

Figure 4. (A, B) Views of the NMR ensemble (20 structures, generated by superposition of
backbone atoms of refined residues) showing the relative orientation of helices and position
of the myristyl group; (C, D) Representative NMR structure showing (C) the packing of the
myristyl group with the side chains of buried hydrophobic residues; and (D) relative position
and orientation of the three-strand pseudo-B-sheet; (E) Comparison of a representative
myrMA Y6 NMR structure with the X-ray crystal structure of myr(-)MA.

3.5. Structure Description and Comparisons with other MA Structures

FIV MA is comprised of five alpha helices and two short beta sheet-like structures (Figure 4). Helices
I, 11, II1, and V are packed against helix IV to form a globular protein. Residues Gly 2—Ser 6 appear to
be unstructured based on the absence of amide-amide and amide-side chain NOEs (i to i+1 and i to i-1).
Helix I spans from Arg 7 to Asn 18 and is positioned near the N terminus of helix II and the C terminus
of helix IV. Despite the G6S mutation, there is no cap at the N terminus of helix I evidenced by the
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absence of NOEs from amide of Arg 7 to the alpha and beta protons of Ser 6. A cluster of positively
charged residues comprised of Lys 26, Lys 28, and Lys 29 form a basic patch between helix I and II.
Helix IV is the central helix of FIV MA, extending from Ser 77-Leu 96. Helix IV interacts with the other
helices of the protein and is extremely hydrophobic, characteristic of the core of the protein. Helix V
spans from Thr 102-Leu 115 and lays across helix IV. Helix V makes an interesting C-terminal cap
between Tyr 110 and Leu 115. The aromatics of Tyr 110 are in close proximity with the beta, gamma
protons of Leu 115, resulting in very upfield shifted Leu 115 side chain peaks. The side chains of residues
Trp 9 (helix I), Phe 35 (helix II), and Phe 90 (helix IV) comprise a buried aromatic cluster. Residues
following the C terminus of helix V are unstructured.

There are two adjacent beta interactions in the protein, both of which include residues in the flexible
region near the C terminus of helix I. The first B interaction involves residues near the C terminus of
helix I and the N terminus of helix II and include Val 19, Lys 28, Phe 30, and Val 21. The second 3
interaction involves residues near the C terminus of helix I and the N terminus of helix V and include
Ala 20, Ser 101, and Thr 102. These interactions stabilize Val 19, Ala 20, and Val 21 to keep Lys 26,
Lys 28, and Lys 29 (basic patch) solvent exposed. The position of the myristyl group was determined
through the collection and analysis of the 2D 'H-'"H NOESY and 2D 'H-*C HMQC NOESY (Figure 3).
The terminal methyl group of the myristyl group (C'*H3) packs in close proximity to the side chains
of Trp 9, Phe 35 and Leu 60 while the methylenes (C*!'Hz2), which are degenerate and cannot be
individually assigned, interact with the side chains of Trp 9, Ile 53 and Glu 55. The myristyl group
penetrates about 10.6 A from the surface of the protein.

FIV myrMA is a positively charged protein at physiologic conditions and creates a positively charged
face, with a series of basic residues including Arg 7, Lys 10, Lys 14, Arg 15, Arg 36, Arg 40, and Arg 48.
Interestingly, several negatively charged residues are distributed on the opposite face of the protein
(Glu 49, Asp 52, Glu 55, Glu 69, Asp 66, and Asp 58), resulting in a bipolar protein surface (Figure 5).
The positive surface resides near the myristate binding pocket and likely serves as the site of
membrane binding.

K14

R7

R15

D58 E55

Figure 5. (Left) Cartoon representation of FIV myrMA@AG6S highlighting basic (blue) and
acidic (red) residues as sticks. (Right) Electrostatic surface map showing a basic face (blue)
and acidic face (red) of FIV myrMAQ3/G6S,
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The structure of FIV myr(-)MA was recently solved using X-ray crystallography [43]. The structure
of FIV myrMA @468 ig similar to that of FIV myr(-)MA. The backbone atoms of residues Asn 3- Glu 130
are well defined and are in good agreement with coordinates of FIV myr(-)MA. The linker between
helices I and II are glycine rich and flexible. As such, this region of the protein is less well defined. We
do not observe NOEs between the amide of Gly 22 to the side chain of Ser 27 or from the amide of
Gly 24 to the side chain of Ser 27, which are in close proximity in the crystal structure. It is likely that
the protein structure is compact in this region within the crystal and more dynamic in solution. Guillon
and colleagues [43] also observe a short helix turn near the C- terminus of the protein. Our data show no
secondary structure after helix V.

Serriere et al. [43] suggest two possible locations of the myristyl group using the molecular docking
program AutoDock. The first putative myristyl position is close to Trp 9, Phe 35, Ile 39, Ile 53, and
Phe 90, which is in agreement with our observations. The second proposed site is close to Ala 12, Arg 15,
Glu 55, and Leu 95. We have no evidence of the myristyl group being in proximity to these residues.

Trp 9 alpha protons are in close proximity to Phe 90 aromatic protons in both the FIV myr(-)MA and
myrMA structures. In the 'H-'H 2D NOESY of myrMA, however, Phe 90.h{ exhibits an upfield shifted
resonance as compared to the 'H-'H 2D NOESY of myr(-)MA. It is plausible that as the myristyl group
packs into the protein, there is a slight shift that causes Phe 90 and Trp 9 to come in closer proximity,
resulting in this upfield shifted peak of Phe 90 aromatics. However, these rearrangements would be very
small, as the NOEs associated with Phe90 are similar in the myrMA and myr(-)MA proteins.

The global structure of FIV myrMAQ¥/G6S is similar to the structures observed for the HIV-1 MA
and HIV-2 MA proteins (Figure 6). Helices I, II, III, and V are similarly positioned around helix IV.
Additionally, the myristyl group of both proteins lies in homologous regions. Notably, the myristyl group
of FIV myrMA@A66S packs in a hydrophobic pocket in a manner similar to that observed for the HIV-1
and -2 myrMA proteins, making contacts with the branched side chains of several buried hydrophobic
residues, as well as with the aromatic side chains of Phe90 and Trp9. There are, however, minor differences
between the structures. Helix I of HIV-1 MA and HIV-2 MA form an uncommon 310 helix whereas helix
I of FIV MA has a more frequently observed 413 helix. Whereas there is no noted secondary structure
between helix I and II of HIV-1 MA, there are two small beta interactions that keep Lys 26, Lys 28
and Lys 29 solvent exposed. The likely primary function of this basic patch is to make electrostatic
interactions with the plasma membrane, although it has been suggested that the basic patch may also
serve to interact with the viral genome [66]. FIV MA has a longer region between helix I and II and
fewer positively charged residues than HIV-1 MA and HIV-2 MA. This may allow for more flexibility
to interact with the PM. The C-terminal helices of FIV myrMA®~6% and HIV-2 MA (helix V)
NMR structures are shorter than the extended helix V of HIV-1 MA crystal structure, possibly due to
trimer-dependent intermolecular packing. FIV myrMA®~6%S also bears close similarity to SIV MA
(PDB: 1ECW) and EIAV MA (PDB: 1HEK), although EIAV is not N-terminally myristylated. Notably,
FIV MA does not bear any similarity to the myristylated MoMuLV MA (PDB: 1MNS). Although
MoMuLV MA has 5 alpha helices similar to most other retroviral MA proteins, the orientation of the
helices is significantly different.
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Figure 6. Best-fit superposition of helix backbone atoms of representative myrMAQ>4/G65
(orange), myrHIV-1 MA (blue, PDB: 2H3I) and myrHIV-2 MA (green, PDB 2K4H),
showing the high degree of similarity in structural architecture and location of the
sequestered myristyl groups (red).

3.6. FIV Gag Assembly and Release in Cells are Modulated by PI(4,5)P:

Depletion of PI(4,5)P2 from the PM causes HIV-1 Gag relocalization to internal membranes and
results in a decrease in viral release efficiency [14]. Similar observations have been made for HIV-2 [24].
In addition, expression of a constitutively active human Arf6/Q67L mutant in HeLa cells, which causes
continuous synthesis of PI(4,5)P2, has been shown to sequester PI(4,5)P> away from the PM into
endosomal vesicles, which restricts HIV-1 release [14].

To determine the effect of PI(4,5)P2 localization on FIV release, we co-transfected CRFK cells with
the FIV molecular clone pFIV-Orf2rep and plasmids expressing either 5-phosphatase IV (to deplete
PI(4,5)P2 from the PM), Arf6, or Arf6/Q67L (to induce PI(4,5)P2 relocalization in aberrant endosomal
structures) [14]. FIV release efficiency was restricted in CRFK cells when PI(4,5)P2 levels were
perturbed by expression of either human 5ptaselV or human Arf6/Q67L (Figure 7). FIV release efficiency
was markedly reduced in cells expressing 5-phosphatase IV (5ptase 1V) as compared to the control.
Similarly, cells expressing Arf6 or Arf6/Q67L have moderately reduced viral release. Notably, cells
expressing the enzymatically inactive Sptase 1V derivative, Sptase/Al, [14] show undisrupted FIV
release efficiency. These results suggest that the assembly and release of FIV particles from feline cells
is highly sensitive to PM levels of PI(4,5)P2, similar to HIV-1 and HIV-2 [14,24].
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Figure 7. P1(4,5)P2 disruption impairs FIV particle production. Feline CRFK cells were
co-transfected with pFIV-Orf2rep and plasmids expressing human Arf6 in either its native
or constitutively active form (Q67L) or human 5-phosphatase-1V (5ptaselV) in its native or
catalytically inactive form (Sptase Al) using Lipofectamine LTX PLUS reagent
(Invitrogen), at a DNA ratio of 9:1 (FIV:Arf6/5ptaselV). Cells were metabolically labeled
with [*>S] Met/Cys and FIV proteins were immunoprecipitated from cell and viral lysates
with anti-FIV p24gag (see Materials and Methods). Virus release efficiency was calculated
as the proportion of virion-associated FIV capsid compared with total FIV Gag, normalized
to samples containing FIV plasmid alone. Error bars indicate standard error of the mean
(SEM) from at least 3 independent experiments. Reductions in virus release in the presence
of Arf6/Q67L and SptaselV were statistically significant (paired Student’s ¢-test).

Previous studies have shown that soluble PI(4,5)P2 analogs containing truncated acyl chains are
capable of binding to a cleft on the surface of the HIV-1 myrMA protein and triggering myristate
exposure [17]. However, we have recently found that these PI1(4,5)P> analogs also bind with similar
affinities to a variety of non-membrane proteins (unpublished results). In fact, detergents with truncated
acyl chains can function as general probes for hydrophobic patches on the surfaces of cytoplasmic
proteins [67]. Although "H-'>N HSQC titration experiments indicate that PI(4,5)P2 analogs are capable
of binding FIV myrMA (data not shown), we prefer to defer structural and mechanistic analyses until
studies can be conducted with native PI(4,5)P2 using an appropriate membrane-like environment (studies
are underway).
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4. Discussion

Recent biophysical and X-ray structural studies of the unmyristylated form of the FIV MA
protein provided a number of important insights [43]. Guillon and co-workers showed that the
FIV myr(-)MA adopts a highly helical three dimensional structure that is similar to structures
observed previously by NMR and X-ray crystallography for the HIV-1 and HIV-2 myr(-)MA and
myrMA proteins [17,24,44,46,48,68,69]. Their studies showed that residues near the C-terminal end of
the protein, which are disordered in the HIV MA NMR and X-ray structures, make intermolecular crystal
contacts, and protein cross-linking studies suggested that the protein forms dimers under mild acidic
conditions [43]. However, their studies also showed that deletion of a large C-terminal fragment of MA
that included residues involved in intermolecular crystal contacts did not affect dimerization in solution,
and quantitative analyses of the crystal structures with PISA [70] did not lead to identification of a
functional dimer interface. In addition, docking studies identified two potential sites for myristate
binding: one that is similar to the sequestration site observed for the HIV-1 and -2 myrMA proteins, and
a second site that appears as a nearby hydrophobic groove on the surface of the protein. Thus, questions
remained regarding the location of the myristate binding site, potential structural changes associated
with myristylation, and the interface responsible for protein self-association in solution.

The present studies extend the work of Guillon and co-workers by focusing on a myristylated form
of FIV MA. Our attempts to prepare the native, myristylated protein using a dual expression system
encoding the yNMT enzyme were unsuccessful, due to the inability of yYNMT to recognize and myristylate
the wild-type protein. This interesting problem is discussed further below. We were, however, able to
obtain significant myristylation levels for a mutant construct containing N-terminal residues that more
closely match those of the HIV MA protein. Our rationale for this approach was that these residues are
either unstructured, or appeared to be highly mobile, in the HIV-1 and HIV-2 myrMA proteins, and as
such, we speculated that mutations at these sites would be tolerated. Indeed, transfection and mutagenesis
studies demonstrate that these substitutions do not affect virus assembly or release from a feline kidney
cell line. No concentration-dependent NMR chemical shifts were observed, indicating that the myristyl
group, and the protein in general, adopts a unique monomeric conformation under the conditions
employed (pH 7.0). This suggests that the FIV MA myristyl switch may be regulated by phosphoinositide
binding. Our studies further indicate that the myristyl group is sequestered within a hydrophobic
cavity in a manner similar to that observed for the HIV-1 and HIV-2 myrMA proteins [24,69]. The
NMR signals of the aromatic protons of Phe 90 are shifted slightly relative to signals observed for the
unmyristylated protein, and this is indicative of a structural difference. However, chemical shifts of
protons near aromatic groups can be highly sensitive to very small structural perturbations, and since the
NOE patterns of the myrMA and myr(-)MA proteins are highly similar, the structural perturbation
that accommodates myristate sequestration must be very small (within the limits of measurement by
the NOE experiments employed). We did not observe evidence for myristate binding to the alternative
hydrophobic cleft site identified by computational docking [43].

The C-terminal tail of FIV myrMA contains three positively charged residues and three negatively
charged residues that could potentially interact with the charged surface of the folded portion of the
protein. However, our studies indicate that the tail is disordered, and no NMR evidence for intra- or
intermolecular contacts was obtained.
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An additional goal of our studies was to determine if FIV utilizes the cellular phosphoinositide
signaling system as a means for targeting Gag proteins to the PM for virus assembly. Virus assembly
studies demonstrate that FIV release efficiency is severely restricted from cells with either attenuated
PI(4,5)P2 levels in the PM, or enhanced PI(4,5)P2 levels in endosomal membranes. Although solubility
issues precluded quantitative PI(4,5)P2 binding studies, our in vitro titration experiments demonstrate
that FIV myrMA is capable of interacting with P1(4,5)P2. Collectively, these results provide evidence
that, as observed for HIV-1 and HIV-2, FIV utilizes the PI(4,5)P2 signaling system for late phase
intracellular Gag trafficking and membrane targeting.

An interesting and unanswered question that has emerged from these studies is: Why does FIV employ
a non-consensus MA myristylation signal? Whereas the prototypical mammalian NMT recognition signal
is M-G-X-X-X-S/T (X = variable amino acid), the FIV MA myristylation signal is M-G-X-X-X-G. One
possible explanation is that felines generally encode the M-G-X-X-X-G myristylation signal, and FIV
has adapted to its host species. To investigate this possibility, we analyzed a variety of proteins that are
myristylated in humans, and identified the homologous proteins in felines [71]. In nearly all cases, the
myristyl signals employed by the cellular proteins of felines matched those of the corresponding human
proteins (M-G-X-X-X-S/T; Supplementary Table S1). A second possible explanation is that the specific
isolate of FIV used in our studies is divergent from other FIV isolates. However, analysis of the amino
acid sequences of the 25 reported isolates of FIV revealed that, in all cases, the FIV MA myristylation
signal includes a glycine in the 6th position (M-G-X-X-X-G).

The above analysis shows that most myristylated feline host proteins contain a prototypical
mammalian myristylation signal (M-G-X-X-X-S/T). In rare cases, the less conserved myristyl signal is
utilized. For example, the feline protein ADP ribosylation factor 4 is a myristylated protein that has
a non-consensus glycine in the 6th position. The human form of the protein also has a glycine in the 6th
position, supporting its use as a myristyl signal, albeit rarely used. More interesting, however, is that this
less common myristyl signal (M-G-X-X-X-G) is conserved across the 25 known isolates of FIV. Other
retroviruses, including HIV-1, HIV-2, SIV and bovine leukemia virus, also utilize the more common
mammalian myristylation motif. It appears that FIV has evolved to prefer glycine instead of Ser/Thr in
the 6th position, making the yNMT enzyme used in our expression system unable to myristylate
wild-type FIV MA protein.

It remains unclear to us as to why FIV MA utilizes a non-consensus myristylation signal, even though
most feline host proteins employ the more common mammalian myristylation signal. Considering that
all of the FIV isolates we examined have this uncommon signal, there must be an evolutionary advantage
for its use. The non-prototypical signal is used in human and feline host proteins, but only rarely. It is
possible that because yeast NMT (non-permissive to G6) is less evolved than feline NMT (G6
permissive), Gly 6 represents an alternative, more evolved myristylation signal. Alternately, there may
be an unidentified structural or functional advantage of using Gly 6 in the function of FIV MA within
the host cell. Our initial hypothesis that a serine at position 6 would adopt a commonly observed N-cap
structure, and that this might be structurally and/or evolutionarily disadvantageous, was not supported
by our structural findings. Comparative structural and biophysical studies involving the myristylated
wild-type protein could shed light on this unresolved question.



Viruses 2015, 7 2225

Acknowledgments

This work was supported by NIH grant R37 AI30917 (to MFS). LB was supported by an NSF
pre-doctoral grant DGE-1144243, and LB, CC, and JB were supported by an NIH grant that promotes
doctoral diversity (IMSD R25 GM-055036-18). VS was supported through the Temple University
MARC program (NIH grant T34 GM-087239-06). Work in the Freed lab was supported by the
Intramural Research Program of the Center for Cancer Research, National Cancer Institute, NIH, and by
the Intramural AIDS Targeted Antiviral Program.

Author Contributions

Michael Summers and Eric Freed designed the study. Lola Brown, Cassiah Cox, Ryan Button,
Janae Baptiste, Holly Summers, Kennedy Bahlow, Jenna Kyser, and Vaughn Spurrier participated in
various aspects of cloning, mutagenesis, protein expression and purification, and the collection and
analysis of the NMR data. Benjamin Luttge and Lillian Kuo conducted the FIV release assays. All
authors contributed to the data analysis and preparation and/or proofreading of the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Votteler, J.; Sundquist, W.I. Virus budding and the ESCRT pathway. Cell Host Microbe 2013, 14,
232-241.

. Morita, E.; Sundquist, W.I. Retrovirus Budding. Annu. Rev. Cell Dev. Biol. 2004, 20, 395-425.

3. Von Schwedler, U.K.; Stuchell, M.; Muller, B.; Ward, D.M.; Chung, H.Y.; Morita, E.; Wang, H.E.;
Davis, T.; He, G.P.; Cimbora, D.M.; et al. The protein network of HIV budding. Cel/ 2003, 114,
701-713.

4. Ganser-Pomillos, B.K.; Yeager, M.; Sundquist, W.I. The structural biology of HIV assembly.
Curr. Opin. Struct. Biol. 2008, 18, 203-217.

5. Coffin, J.M.; Hughes, S.H.; Varmus, H.E. Retroviruses; Cold Spring Harbor Laboratory Press:
Plainview, NY, USA, 1997.

6. Freed, E.O. HIV-1 assembly, release and maturation. Nat. Rev. Microbiol. in press.

7.  Waheed, A.A.; Freed, E.O. Lipids and membrane microdomains in HIV-1 replication. Virus Res.
2009, /43, 162-176.

8. Leung, K.; Kim, J.O.; Ganesh, L.; Kabat, J.; Schwartz, O.; Nabel, G.J. HIV-1 assembly: Viral
glycoproteins segregate quantally to lipid rafts that associate individually with HIV-1 capsids and
virions. Cell Host Microbe 2008, 3, 285-292.

9. Brugger, B.; Glass, B.; Haberkant, P.; Leibrecht, I.; Wieland, F.T.; Krausslich, H.G. The HIV
lipidome: A raft with an unusual composition. Proc. Natl. Acad. Sci. USA 2006, 103, 2641-2646.

10. Ono, A.; Freed, E.O. Role of lipid rafts in virus replication. Adv. Virus Res. 2005, 64, 311-358.



Viruses 2015, 7 2226

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Holm, K.; Weclewicz, K.; Hewson, R.; Suomalainen, M. Human Immunodeficiency Virus Type 1
Assembly and Lipid Rafts: Pr55gag Associates with Membrane Domains That Are Largely
Resistant to Brij98 but Sensitive to Triton X-100. J. Virol. 2003, 77, 4805-4817.

Graham, D.R.; Chertova, E.; Hilburn, J.M.; Arthur, L.O.; Hildreth, J.E. Cholesterol depletion of
human immunodeficiency virus type 1 and simian immunodeficiency virus with beta-cyclodextrin
inactivates and permeabilizes the virions: Evidence for virion-associated lipid rafts. J. Virol. 2003, 77,
8237-8248.

Briggs, J.A.G.; Wilk, T.; Fuller, S.D. Do lipid rafts mediate virus assembly and pseudotyping?
J. Gen. Virol. 2003, 84, 757-768.

Ono, A.; Ablan, S.D.; Lockett, S.J.; Nagashima, K.; Freed, E.O. Phosphatidylinositol (4,5)
bisphosphate regulates HIV-1 Gag targeting to the plasma membrane. Proc. Natl. Acad. Sci. USA
2004, 701, 14889—-14894.

Campbell, S.; Fisher, R.J.; Towler, E.M.; Fox, S.; Issaq, H.J.; Wolfe, T.; Phillips, L.R.; Rein, A.
Modulation of HIV-like particle assembly in vitro by inositol phosphates. Proc. Natl. Acad. Sci.
USA 2001, 98, 10875-10879.

Monde, K.; Chukkapalli, V.; Ono, A. Assembly and replication of HIV-1 in T cells with low levels
of phosphatidylinositol-(4,5)-bisphosphate. J. Virol. 2011, 85, 3584-3595.

Saad, J.S.; Miller, J.; Tai, J.; Kim, A.; Ghanam, R.H.; Summers, M.F. Structural basis for targeting
HIV-1 Gag proteins to the plasma membrane for virus assembly. Proc. Natl. Acad. Sci. USA
2006, /103, 11364-11369.

Shkriabai, N.; Datta, S.K.; Zhao, Z.; Hess, S.; Rein, A.; Kvaratskhelia, M. Interactions of HIV-1
Gag with assembly cofactors. Biochemistry 2006, 45, 4077-4083.

Fernandes, F.; Chen, K.; Ehrlich, L.S.; Jin, J.; Chen, M.H.; Medina, G.N.; Symons, M.; Montelaro, R.;
Donaldson, J.; Tjandra, N.; et al. Phosphoinositides Direct Equine Infectious Anemia Virus Gag
Trafficking and Release. Traffic 2011, 12, 438-451.

Martin, T.F.J. PI(4,5)P2 regulation of surface membrane traffic. Curr. Opin. Cell Biol. 2001, 13,
493-499.

Behnia, R.; Munro, S. Organelle identity and the signposts for membrane traffic. Nature 2005, 438,
597-604.

McLaughlin, S.; Murray, D. Plasma membrane phosphoinositide organization by protein electrostatics.
Nature 2005, 438, 605-611.

McLaughlin, S.; Wang, J.; Gambhir, A.; Murray, D. PIP2 and Proteins: Interactions, Organization,
and Information Flow. Annu. Rev. Biophys. Biomol. Struct. 2002, 31, 151-175.

Saad, J.S.; Ablan, S.D.; Ghanam, R.H.; Kim, A.; Andrews, K.; Nagashima, K.; Soheilian, F.;
Freed, E.O.; Summers, M.F. Structure of the myristylated human immunodeficiency virus type 2
matrix protein and the role of phosphatidylinositol-(4,5)-bisphosphate in membrane targeting.
J. Mol. Biol. 2008, 382, 434-447.

Vlach, J.; Saad, J.S. Trio engagement via plasma membrane phospholipids and the myristoyl moiety
governs HIV-1 matrix binding to bilayers. Proc. Natl. Acad. Sci. USA 2013, 110, 3525-3530.
Hamard-Peron, E.; Julliard, F.; Saad, J.S.; Roy, C.; Roingeard, P.; Summers, M.F.; Darlix, J.-L.;
Picart, C.; Muriax, D. Targeting of Murine Leukemia Virus Gag to the plasma membrane is
mediated by PI(4,5)P2/PS and a polybasic region in the Matrix. J. Virol. 2010, 84, 503-515.



Viruses 2015, 7 2227

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Chen, K.; Bachtiar, L.; Piszezek, G.; Bouamr, F.; Carter, C.; Tjandra, N. Solution NMR characterizations
of oligomerization and dynamics of Equine Infectious Anemia Virus matrix protein and its interactions
with PIP2. Biochemistry 2008, 47, 1928—1937.

Stansell, E.; Apkarian, R.; Haubova, S.; Diehl, W.E.; Tytler, E.M.; Hunter, E. Basic residues
in the Mason-Pfizer monkey virus gag matrix domain regulate intracellular trafficking and
capsid-membrane interactions. J. Virol. 2007, 81, 8977-8988.

Pedersen, N.C.; Ho, E.W.; Brown, M.L.; Yamamoto, J.K. Isolation of a T-lymphotropic virus from
domestic cats with an immunodeficiency-like syndrome. Science 1987, 235, 790-793.

Pedersen, N.C.; Yamamoto, J.K.; Ishida, T.; Hansen, H. Feline immunodeficiency virus infection.
Vet. Immunol. Immunopathol. 1989, 21, 111-129.

Bendinelli, M.; Pistello, M.; Lombardi, S.; Poli, A.; Garzelli, C.; Matteucci, D.; Ceccherini-Nelli, L.;
Malvaldi, G.; Tozzini, F. Feline immunodeficiency virus: An interesting model for AIDS studies
and an important cat pathogen. Clin. Microbiol. Rev. 1995, 8, 87—-112.

Elder, J.H.; Lin, Y.C.; Fink, E.; Grant, C.K. Feline immunodeficiency virus (FIV) as a model for
study of lentivirus infections: Parallels with HIV. Curr. HIV Res. 2010, 8, 73-80.

Luttge, B.G.; Shehu-Xhilaga, M.; Demirov, D.G.; Adamson, C.S.; Soheilian, F.; Nagashima, K_;
Stephen, A.G.; Fisher, R.J.; Freed, E.O. Molecular characterization of Feline Immunodeficiency
Virus budding. J. Virol. 2008, §2,2106-2119.

Burkhard, M.; Dean, G. Transmission and Immunopathogenesis of FIV in Cats as a Model for HIV.
Curr. HIV Res. 2003, 1, 15-29.

Dias, A.S.; Bester, M.J.; Britz, R.F.; Apostolides, Z. Animal models used for the evaluation of
antiretroviral therapies. Curr. HIV Res. 2006, 4, 431-446.

Yamamoto, J.K.; Sanou, M.P.; Abbott, J.R.; Coleman, J.K. Feline immunodeficiency virus model
for designing HIV/AIDS vaccines. Curr. HIV Res. 2010, 8, 14-25.

Wongsrikeao, P.; Saenz, D.; Rinkoski, T.; Otoi, T.; Poeschla, E. Antiviral restriction factor transgenesis
in the domestic cat. Nat. Methods 2011, 8, 853—859.

Hatziioannou, T.; Evans, D.T. Animal models for HIV/AIDS research. Nat. Rev. Microbiol. 2012, 10,
852-867.

Egberink, H.; Borst, M.; Niphuis, H.; Balzarini, J.; Neu, H.; Schellekens, H.; de Clercq, E.;
Horzinek, M.; Koolen, M. Suppression of feline immunodeficiency virus infection in vivo by
9-(2-phosphonomethoxyethyl)adenine. Proc. Natl. Acad. Sci. USA 1990, 87, 3087-3091.
Hartmann, K.; Donath, A.; Beer, B.; Egberink, H.; Horzinek, M.; Lutz, H.; Hoffmann-Fezer, G.;
Thum, I.; Thefeld, S. Use of two virustatica (AZT, PMEA) in the treatment of FIV and of FeLV
seropositive cats with clinical symptoms. Vet. Immunol. Immunopathol. 1992, 35, 167-175.
Manrique, M.L.; Celma, C.C.; Gonzalez, S.A.; Affranchino, J.L. Mutational analysis of the feline
immunodeficiency virus matrix protein. Virus Res. 2001, 76, 103—113.

Lindwasser, O.W.; Resh, M.D. Myristoylation as a target for inhibiting HI'V assembly: Unsaturated
fatty acids block viral budding. Proc. Natl. Acad. Sci. USA 2002, 99, 13037-13042.

Serriere, J.; Robert, X.; Perez, M.; Gouet, P.; Guillon, C. Biophysical characterization and crystal
structure of the Feline Immunodeficiency Virus p15 matrix protein. Retrovirology 2013, 10, e64.



Viruses 2015, 7 2228

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Massiah, M.A.; Starich, M.R.; Paschall, C.; Summers, M.F.; Christensen, A.M.; Sundquist, W.I.
Three dimensional structure of the human immunodeficiency virus type 1 matrix protein. J. Mol.
Biol. 1994, 244, 198-223.

Matthews, S.; Barlow, P.; Clark, N.; Kingsman, S.; Kingsman, A.; Campbell, 1. Refined solution
structure of p17, the HIV matrix protein. Biochem. Soc. Trans. 1995, 23, 725-728.

Massiah, M.A.; Worthylake, D.; Christensen, A.M.; Sundquist, W.I.; Hill, C.P.; Summers, M.F.
Comparison of the NMR and X-ray structures of the HIV-1 matrix protein: Evidence for
conformational changes during viral assembly. Protein Sci. 1996, 5, 2391-2398.

Rao, Z.; Belyaev, A.S.; Fry, E.; Roy, P.; Jones, LM.; Stuart, D.I. Crystal structure of SIV matrix
antigen and implications for virus assembly. Nature 1995, 378, 743—747.

Hill, C.P.; Worthylake, D.; Bancroft, D.P.; Christensen, A.M.; Sundquist, W.I. Crystal Structures
of the Trimeric HIV-1 Matrix Protein: Implications for Membrane Association. Proc. Natl. Acad.
Sci. USA 1996, 93, 3099-3104.

Bharat, T.A.; Castillo Menendez, L.R.; Hagen, W.J.; Lux, V.; Igonet, S.; Schorb, M.; Schur, F.K.;
Krausslich, H.G.; Briggs, J.A. Cryo-electron microscopy of tubular arrays of HIV-1 Gag resolves
structures essential for immature virus assembly. Proc. Natl. Acad. Sci. USA 2014, 111, 8233-8238.
Delaglio, F.; Grzesiek, S.; Vuister, G.W.; Zhu, G.; Pfeifer, J.; Bax, A. NMRPipe: A multidimensional
spectral processing system based on UNIX pipes. J. Biomol. NMR 1995, 6, 277-293.

Johnson, B.A. Using NMRView to visualize and analyze the NMR spectra of macromolecules.
Methods Mol. Biol. 2004, 278, 313-352.

Johnson, B.A.; Blevins, R.A. NMRview: A Computer Program for the Visualization and Analysis
of NMR Data. J. Biomol. NMR 1994, 4, 603—614.

Kay, L.E.; Marion, D.; Bax, A. Practical aspects of 3D heteronuclear NMR of proteins. J. Magn.
Reson. 1989, 84, 72—-84.

Clore, G.M.; Gronenborn, A.M. Structures of larger proteins in solution: Three- and four-dimensional
heteronuclear NMR spectroscopy. Science 1991, 252, 1390-1399.

Grzesiek, S.; Wingfield, P.; Stahl, S.; Kaufman, J.D.; Bax, A. Four-dimensional 15N-separated
NOESY of slowly tumbling perdeuterated 15N-enriched proteins. Applications to HIV-1 Nef. J. Am.
Chem. Soc. 1995, 117, 9594-9595.

Vuister, G.W.; Clore, G.M.; Gronenborn, A.M.; Powers, R.; Garrett, D.S.; Tschudin, R.; Bax, A.
Increased Resolution and Improved Spectral Quality in Four-Dimensional 13C/13C-Separated
HMQC-NOESY-HMQC Spectra Using Pulsed Field Gradients. J. Magn. Reson. Ser. B 1993, 101,
210-213.

Kay, L.E.; Ikura, M.; Tschudin, R.; Bax, A. Three-dimensional triple-resonance NMR spectroscopy
of isotopically enriched proteins. J. Magn. Reson. 1990, 89, 496-514.

Kumar, A.; Ernst, R.R.; Wuthrich, K. A Two-Dimensional Nuclear Overhauser Enhancement (2nd
Noe) Experiment for the Elucidation of Complete Proton-Proton Cross-Relaxation Networks in
Biological Macromolecules. Biochem. Biophys. Res. Commun. 1980, 95, 1-6.

Mueller, L. Sensitivity enhanced detection of weak nuclei using heteronuclear multiple quantum
coherence. J. Am. Chem. Soc. 1979, 101, 4481-4484.

Guntert, P. Automated NMR structure calculation with CYANA. Methods Mol. Biol. 2004, 278,
353-378.



Viruses 2015, 7 2229

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

DeLano, W.L. The PyMOL Molecular Graphics System; DelLano Scientific: San Carlos, CA,
USA, 2002.

Baker, N.A.; Sept, D.; Joseph, S.; Holst, M.J.; McCammon, J.A. Electrostatics of nanosystems:
Application to microtubules and the ribosome. Proc. Natl. Acad. Sci. USA 2001, 98, 10037-10041.
Tang, C.; Ndassa, Y.; Summers, M.F. Structure of the N-terminal 283-residue fragment of the
immature HIV-1 Gag polyprotein. Nat. Struct. Biol. 2002, 9, 537-543.

Resh, M.D. Covalent lipid modifications of proteins. Curr. Biol. 2013, 23, R431-R435.
Laskowski, R.A.; Rullmann, J.A.C.; MacArthur, M.W.; Kaptein, R.; Thornton, J.M. AQUA and
Procheck NMR: Programs for checking the quality of protein structures solved by NMR. J. Biomol.
NMR 1996, 8, 477-486.

Cerfoglio, J.C.A.; Gonzalez, S.A.; Affranchino, J.L. Structural elements in the Gag polyprotein of
feline immunodeficiency virus involved in Gag self-association and assembly. J. Gen. Virol. 2014, 95,
2050-2059.

Kragh-Hansen, U.; Hellec, F.; de Foresta, B.; le Maire, M.; Moller, J.V. Detergents as probes
of hydrophobic binding cavities in serum albumin and other water-soluble proteins. Biophys. J.
2001, 80, 2898-2911.

Matthews, S.; Barlow, P.; Boyd, J.; Barton, G.; Russell, R.; Mills, H.; Cunningham, M.; Meyers, N.;
Burns, N.; Clark, N.; et al. Structural similarity between the p17 matrix protein of HIV-1 and
interferon-y. Nature 1994, 370, 666—668.

Tang, C.; Loeliger, E.; Luncsford, P.; Kinde, I.; Beckett, D.; Summers, M.F. Entropic switch
regulates myristate exposure in the HIV-1 matrix protein. Proc. Natl. Acad. Sci. USA 2004, 101,
517-522.

Krissinel, E.; Henrick, K. Inference of macromolecular assemblies from crystalline state. J. Mol.
Biol. 2007, 372, 774-797.

Resh, M.D. Fatty acylation of proteins: New insights into membrane targeting of myristoylated and
palmitoylated proteins. Biochem. Biophys. Acta 1999, 1451, 1-16.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



