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Abstract

Retrovirus particle assembly is mediated by the Gag protein. Gag is a multi-domain protein
containing discrete domains connected by flexible linkers. When recombinant HIV-1 Gag protein
(lacking myristate at its N terminus and the p6 domain at its C terminus) is mixed with nucleic acid,
itassembles into virus-like particles (VLPs) in a fully defined system in vitro. However, this assembly
is defective in that the radius of curvature of the VLPs is far smaller than that of authentic immature
virions. This defect can be corrected to varying degrees by addition of inositol phosphates to the
assembly reaction. We have now explored the binding of inositol hexakisphosphate (1P6) to Gag and
its effects upon the interactions between Gag protein molecules in solution. Our data indicate that
basic regions at both ends of the protein contribute to IP6 binding. Gag is in monomer-dimer
equilibrium in solution, and mutation of the previously described dimer interface within its capsid
domain drastically reduces Gag dimerization. In contrast, when IP6 is added, Gag is in monomer-
trimer rather than monomer-dimer equilibrium. The Gag protein with a mutation at the dimer
interface also remains almost exclusively monomeric in IP6; thus the “dimer interface” is essential
for the trimeric interaction in IP6. We discuss possible explanations for these results, including a
change in conformation within the capsid domain induced by the binding of IP6 to other domains
within the protein. The participation of both ends of Gag in IP6 interaction suggests that Gag is folded
over in solution, with its ends near each other in three-dimensional space; direct support for this
conclusion is provided in a companion manuscript. As Gag is an extended rod in immature virions,
this apparent proximity of the ends in solution implies that it undergoes a major conformational
change during particle assembly.
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Introduction

The principal structural component of a retro-virus particle is the virus-coded Gag protein.1
In the context of the mammalian cell, expression of the protein is sufficient for the efficient
production of virus-like particles. However, several lines of evidence indicate that protein—
RNA, as well as protein—protein, interactions contribute to particle assembly.l_7 Gag always
contains at least three domains, designated (from N to C terminus) the matrix (MA), capsid
(CA), and nucleocapsid (NC) domains. After the assembled particle is released from the host
cell, Gag is cleaved by the viral protease, resulting in the production of free MA, CA, and NC
proteins, and frequently other, virus-specific cleavage products. These cleavages lead to an
overall structural rearrangement of the immature particle and its conversion to a mature, fully
infectious particle.

The analysis of the assembly process was dramatically simplified by the demonstration that
recombinant Gag protein can spontaneously assemble into virus-like particles (VLPs) in a
defined system in vitro, in which the protein is simply mixed with nucleic acid under
appropriate buffer conditions.# In the case of avian retroviruses, Mason-Pfizer monkey virus,

murine retroviruses (unpublished results), and HIVV-1 Gag with a substantial deletion in its
MA domain,gllO the VLPs closely resemble immature particles formed in vivo (except for the
absence of the membrane that encloses authentic virions). In contrast, HIV-1 Gag protein with
an intact MA domain (termed Ap6 because it lacks the p6 domain found at the extreme C
terminus of authentic HIV-1 Gag) assembles under these conditions into VLPs that are much
smaller than authentic HIV-1 particles.11 These VLPs have a diameter of only 25-30 nm, while
retrovirus particles assembled in vivo have a diameter of ~100-150 nm. We reported earlier
that addition of inositol phosphates (IPs) to the assembly reaction corrects the radius of
curvature with which the protein assembles, leading to the formation of 100-150 nm diameter
particles.12

Ultimately, the formation of a rather regular three-dimensional structure (the VLP) must derive
from the interactions between its constituent Gag molecules. In turn, the ability of IPs to alter
the VP structure in a defined in vitro system suggests that they can directly influence Gag—
Gag interactions. Here, we have analyzed the interactions of Gag molecules with each other
and with IPs. Since nucleic acids were not included in these experiments, the protein remained
in solution rather than assembling into VLPs, so that discrete interactions could be detected.
Our results indicate that both the MA and NC domains of Gag contribute to its interaction with
IPs; this finding suggests that the protein is folded over in solution, placing these domains near
each other in three-dimensional space despite the fact that they are at opposite ends of the
protein. We also found that Gag is in monomer-dimer equilibrium in solution. The dimeric
contact between Gag molecules is evidently via the previously described dimer interface in the
C-terminal domain (CTD) of CA, 1314 since mutation of a pair of key residues at this interface
greatly reduces the affinity of Gag molecules for each other. Finally, IP6 binding directly affects
Gag-Gag interaction, as expected: in the presence of this assembly cofactor, Gag is in
monomer-trimer equilibrium rather than monomer-dimer equilibrium. Gag with a mutation at
the “dimer interface” is also impaired with respect to trimerization, raising the possibility that
the same region of the protein is involved in both dimeric and trimeric interactions.
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Since IP5 and IP6 have dramatic effects on VLP assembly in vitro,12 it was of considerable
interest to define their interactions with pure Gag protein. The Gag protein used in all
experiments described here is Ap6, which differs from authentic Gag protein in that it lacks
both the myristate modification at the extreme N terminus and the p6 domain at its C terminus.
11 We measured binding of [3H]IP6 to Gag with a pelleting assay, as described in Materials
and Methods.1° (Radioactive IP5 is not readily available from commercial sources, and we
have only studied IP6 here. The effects of IP5 and IP6 on assembly are similar, although not
identical.lz) Figure 1(a) shows binding isotherms obtained at 0.2, 0.3, 0.4, and 0.5 M NaCl.
It is evident that the number of IP6 molecules binding to a Gag molecule is quite sensitive to
the ionic strength of the solution: approximately five molecules bind in 0.2 M NaCl, but only
one binds in 0.5 M NaCl. Data presented below indicate that the protein in these assays is
probably a mixture of monomers and oligomers; it is possible that the oligomeric state of the
protein affects its IP6-binding properties. We have not attempted to dissect this potential
complexity in these experiments.

We analyzed the binding at 0.5 M NaCl in somewhat greater detail. As shown in Figure 1(b),
these binding data are all compatible with a single binding system, with a K4 of ~18 uM. Thus,
under these relatively stringent conditions, Gag appears to have a single IP6 binding site. As
the stringency is reduced, additional 1P6 molecules can bind (Figure 1(a)), presumably more
weakly.

In an effort to localize the binding site that is resistant to 0.5 M NaCl, we tested a panel of
deletions, truncations, and mutant Gag proteins for their ability to bind IP6. As shown in Table
1 (fourth column), C-terminally truncated Gag proteins, including a protein lacking only the
NC domain (MA-CA), showed no significant binding under these conditions. However, Gag
proteins with alterations in the MA domain, including the 8N mutant, which differs from wild-
type Gag onlg/ in that eight basic residues in the MA domain have been replaced with
asparagine,1 also failed to bind IP6 under these conditions. Thus the single “binding site”
retained in 0.5 M NaCl evidently involves both the N-terminal, MA domain and the C-terminal,
NC domain.

We also estimated the number of IP6 molecules binding to the proteins in 0.2 M NaCl. As
shown in the third column of Table 1, removal of the NC domain (in MA-CA) reduces the
binding somewhat, but removal of the CTD of CA (in the truncation mutants MA or MA-NTD)
has a drastic effect. Thus the binding that occurs under these less stringent ionic conditions
may involve the CTD directly, or may depend upon oligomerization of Gag (see below). We
have not investigated this weaker binding further.

We also identified residues involved in IP6 binding by a footprinting approach. Recent lysine
surface topology studies using mass spectrometric footprinting enabled us to identify Gag
residues interacting with IP5 and phosphatidyl inositol 4,5-bisphosphate.17 Here, we used a
similar method to compare the surface topologies of lysine and arginine residues in free Gag
and Gag-1P6 complexes. 20 uM Gag solutions were analyzed directly or were mixed with 50,
100, or 150 uM IP6 to form Gag-1P6 complexes before modification.

Mass spectrometric footprinting of free Gag indicated that 24 lysine residues (residues 18, 26,
30, 32, 95, 103, 110, 112, 113, 114, 157, 272, 290, 302, 314, 335, 359, 388, 391, 397, 410,
411, 415, and 424) and ten arginine residues (residues 20, 22, 39, 43, 275, 286, 294, 384, 403,
and 406) were readily accessible to N-hydroxysuccinimidobiotin (NHS-biotin) and p-
hydroxyphenylglyoxal (HPG) modifications, respectively. Of the 34 basic residues modified
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in the free polyprotein, only the peptides containing residues K30 and K32, K290, K314, K359
and K410, K411, and K415 were significantly protected in the presence of IP6 (Figure 2(a)
and data not shown).

In order to distinguish between higher and lower affinity binding sites, we compared the
protection of these lysine residues by IP6 in the presence of 100 mM and 250 mM NaCl (Figure
2(a)). (Little protection is observed at 0.5 M NaClj; this is probably because the IP6:Gag
complex is somewhat unstable under these conditions, allowing NHS-biotin transitory access
to susceptible residues.) Representative analysis of fragments by mass spectrometry and
quantitative analysis are depicted in Figure 2(a) and (b), respectively. As noted above, the
intensities of the peptide peaks containing modified lysine residues K30/K32, K290, K314,
K359 and K410/K411/K415 were all significantly reduced by IP6 at the lower ionic strength.
Raising the NaCl concentration to 250 mM increased the susceptibility of these lysine residues
to NHS-biotin modification, but the protection of K30/32 in the MA domain and of K410/
K411/K415 in the NC domain was still quite strong at this salt concentration (black bars in
Figure 2(b)). While we cannot exclude the possibility that protection against NHS-biotin
modification results from IP6-induced changes in Gag conformation or Gag—Gag interaction,
it seems likely that the protection of these lysine residues at 250 mM NacCl results from direct
binding of IP6 to these basic stretches in the protein. The protection of residues in both the MA
and NC domains, even at this more stringent ionic strength, is fully consistent with the direct
binding measurements shown in Table 1.

Monomer-dimer equilibrium of Gag protein

In our initial biochemical experiments with the Gag protein, we noted that its mobility in gel
filtration columns was a function of its concentration. An example of this behavior is shown
in Figure 3(a). A series of Gag solutions (in buffer containing 0.5 M NaCl, as in all experiments
described here unless otherwise specified), ranging from 7.5 to 44 uM, was passed over a
Superose 12 column that was connected to a static light-scattering (SLS) detector. The elution
times of the protein were monitored by absorbance, and the weight-average molecular weights
of the eluted proteins were also determined simultaneously from the SLS readings on the
eluates. Bovine serum albumin (BSA) was also fractionated on the column as a control. It can
be seen that the Gag peak eluted at ~36.6 min in the case of the most concentrated solution,
but at ~38.2 min in the most dilute solution. The time of elution decreased continuously with
increasing concentration over this concentration range. In addition, the apparent molecular
weights obtained from the SLS readings are shown above the elution profiles. In each case,
the Figure presents both the data-points (colored dots) and the apparent molecular weight
averaged over the peak (horizontal lines). Notably, the SLS readings show that the apparent
molecular weight increases from 5.0x10% to 5.9 x 10% with increasing Gag concentration.
Moreover, the data-points for each peak are higher in the center of the peak (where the protein
concentration is highest) than at the sides of the peak. This fluctuation across the peak, which
is most notable with the highest Gag concentrations, is not seen with the BSA control (blue
line). While the lower Gag concentrations eluted more slowly than BSA (as expected, since
the molecular weight (MW) of Gag is 50 kDa while that of BSA is 68 kDa), the higher
concentrations eluted more rapidly. The apparent molecular weight of BSA obtained by SLS
measurements on the column fractions was 6.5x10% Da, nearly identical to its actual molecular
weight. Thus, the measurements performed here all show that the apparent molecular weight
of Gag increases as a function of its concentration, strongly suggesting that it undergoes
oligomerization under our solution conditions.

As a more rigorous approach to the analysis of this putative oligomerization, we also analyzed
Gag protein by sedimentation equilibrium (SE) experiments. Gag solutions at four different
concentrations, ranging from 2 to 30 uM, were subjected to SE analysis at 18,000 and 20,000
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rpm. Since CA protein has previously been shown to dimerize,14 the self-association of Gag
was modeled as a monomer-dimer equilibrium. All eight profiles were analyzed to obtain a
global fit with a monomer-dimer association model, assuming the monomer mass to be 50,169
Da. The top panel in Figure 3(b) superimposes the eight profiles. The continuous line through
each data set is the non-linear regression fit to the data and to a K, of 1.816x10° M~ for dimeric
association of the monomers, with a global reduced chi-square 32 =2.6657 for the fit. The
bottom panel shows a plot of the respective residuals for each fit. It is evident that (with the
exception of the 2 uM samples (triangles), which have the lowest signal:noise ratio) the
residuals are all close to zero and mostly randomly distributed. The determined association
constant corresponds to a Kg =5.5 pM.

To further examine the validity of this analysis, we tested the SE data against another model
for Gag oligomerization. Assuming that Gag could form trimers as well as dimers did not
significantly improve the fit: the K, for dimerization was virtually unchanged under this model,
and the level of trimers would be extremely small (less than 1% of Gag would be trimeric,
while >80% would be dimeric, in a 100 uM (=5 mg/ml) solution) (data not shown).

We also analyzed the self-association properties of Gag by isothermal titration calorimetry
(ITC). A concentrated Gag solution was diluted into the ITC cell and the heat taken up was
monitored. As shown in Figure 3(c) (upper panel), the first injections of concentrated protein
solution into buffer in the cell produced a significant endothermic effect. Then, as the
concentration of protein in the cell increased, the amount of absorbed heat decreased.
Eventually, the protein “saturated” the cell and continued injection of protein into the cell did
not lead to further heat uptake.

The integrated heats of injection gave a curve (lower panel) that was typical for molecular
dissociation.18 The processing of this curve yielded a K, of 6.7x104 M1 (corresponding to a
Kq of 14(x9) uM), in excellent agreement with the SE results presented above. The enthalpy
of dissociation was determined to be 30.9(%9.1) kcal/mol and the entropy was 81.4(+31.8) cal/
mol K.

Monomer-trimer equilibrium of Gag in the presence of IP6

Because IP6 dramatically alters the assembly properties of Gag, we also analyzed the
oligomerization of the protein in the presence of IP6. This was accomplished using 6, 12, and
30 uM Gag solutions in the presence of a 1:1 molar ratio of IP6 at three rotor speeds in order
to perform a global analysis of the self-association. These nine data sets were analyzed globally
by non-linear regression analysis. For clarity of presentation we only show the data and fits in
Figure 4 for four of the nine SE scans. We first attempted to fit the data with a monomer-dimer
association model, but the fit was poor (x2 =12.195). Changing the model to a monomer-dimer-
tetramer association gave a worse fit. In contrast, good fits to the data were obtained with a
monomer-trimer association model as shown in Figure 4. The continuous line through each
data set is the nonlinear regression fit to the data for a fixed sequence monomer molar mass
value of 50,169 and the determined K, of 6.714x 10° M2, The bottom panel shows a plot of
the respective residuals for each fit. The y2 value for the entire nine data sets is 3.555. This
Kameans that half of the protein would be trimeric at a total concentration of ~14 uM. Assuming
that the protein could form dimers as well as trimers yielded a K, for dimerization of 1.107 x
102 M1 and a K, for trimerization of 6.745x10° M2, with a 52 value of 3.578 for the fit. These
association constants would indicate that even at 100 uM, <1% of the protein would be dimeric,
while ~85% would be trimeric. It is clear that including the ability to dimerize as well as
trimerize, does not significantly improve the fit, since there would be almost no dimers formed
under our experimental conditions, and the K for trimerization is unchanged by allowing dimer
as well as trimer formation. We conclude that IP6 causes Gag to shift from monomer-dimer to
monomer-trimer equilibrium.

J Mol Biol. Author manuscript; available in PMC 2008 January 19.
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It has previously been reportedgllzl19 that a Gag protein lacking residues 16 through 99 in its
MA domain forms VLPs with the correct radius of curvature even in the absence of IPs. Since
wild-type Gag requires IPs for this type of assembly and since IPs shift the oligomeric
interaction between Gag molecules from dimeric to trimeric, it seemed possible that the deleted
protein would form trimers in solution without addition of IPs. However, as shown in Figure
5, A16-99 Gag protein is in monomer-dimer equilibrium in solution. The analysis gave a log
K, of 5.368, corresponding to a Ky of 4.3 uM, very similar to that for Gag (Figure 3(b)). These
assays for oligomerization were performed at 0.5 M NaCl; since no binding of 1P6 to A16-99
Gag was detected at this salt concentration (Table 1), we assume that this ligand would not
affect the oligomeric state of the protein under our experimental conditions.

A mutation in the CA domain inhibits both dimerization and trimerization of Gag

HIV-1 CA has previously been shown to be in monomer-dimer equilibrium in solution.13:
14,20 The dimeric interface has been characterized b%/ X-ray crystallographyM’21 and has
been studied in detail using a number of approaches. 2-24 The interface centers around
residues tryptophan 184 and methionine 185 of CA (i.e. residues 316 and 317 of Gag, counting
from the initiator methionine), and evidently plays an important role in formation of the conical
core of the mature particle after the release of CA from Gag by proteolysis.14*25‘27 To test
the possibility that Gag protein is dimerizing via the same interface, we mutated both of these
residues to alanine. The mutant protein (designated WM Gag) was then subjected to SE analysis
as described above. Species analysis was performed on SE profiles of WM Gag at a loading
concentration of 12.8 uM (=0.64 mg/ml), centrifuged at 16,000, 18,000 and 20,000 rpm. Under
these conditions, an ideal single-component model gave a good fit to the data, and the non-
linear global regression model gave a molar mass of 51,069 Da, a 2% deviation from the
sequence molar mass for WM Gag (data not shown). Thus, WM Gag is predominantly
monomeric at the concentration employed in the experiment. However, species analysis of a
larger SE data set, including higher protein concentrations (20, 40, and 60 uM) centrifuged at
10,000 and 12,000 rpm, indicated the presence of some ~100 kDa as well as ~50 kDa molecules
in the solution. We therefore globally fit the entire data set to a monomer-dimer equilibrium
model (a subset of the data is shown in Figure 6(a)). We obtained an excellent fit (2 = 1.524),
in which the K, for dimerization was 1.9x10% M1, corresponding to a K4 of ~0.53 mM. A
solution of 100 uM WM Gag would then contain ~1/5 of its protein in dimeric form. Postulating
the ability to form trimers in addition to dimers did not significantly improve the fit (x2 =1.48).
In conclusion, these results strongly suggest that Gag dimerizes via the previously
characterized dimer interface in the CTD of CA, and that changing Trp316 and Met317 to
alanine reduces the affinity at this interface by about two orders of magnitude.

We also tested the WM Gag protein for its ability to oligomerize in the presence of IP6. The
SE profiles of a portion of the data are shown in Figure 6(b). While the mutant protein was
largely monomeric at low concentrations, the best fit (shown in the Figure) was obtained by
assuming that WM Gag, like its wild-type counterpart (Figure 4), is in monomer-trimer
equilibrium. The Kj for this equilibrium, obtained by a global fit of data at 12, 20, 40, and 60
1M, was 8.5x10% M2, or more than two orders of magnitude weaker than the wild-type
equilibrium. The 2 for this fit was 1.519. This K, would mean that only at a total concentration
of 400 uM (=20 mg/ml) would half the protein be in trimers. We also fit the data to a model
in which the protein was in monomer-dimer equilibrium. This analysis yielded a K, of 1.4x103
M1, but the y2 value for this fit was 1.796, or somewnhat less satisfactory than the monomer-
trimer model. With the weak association that is characteristic of WM Gag, the data do not
permit a truly definitive conclusion as to the nature of the oligomerization of the mutant protein
in IP6. Nevertheless, it is clear that the trimerization of Gag observed in IP6 is dependent on
Trp316 and Met317 in the dimer interface in CA.
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Oligomeric interactions between WM and wild-type Gag

It was also of interest to estimate the ability of WM Gag to co-oligomerize with wild-type Gag.
As one approach to this question, we produced WM Gag protein in the presence of the
tryptophan analog 5-hydroxytryptophan. The resulting protein, in which some of the
tryptophan residues are replaced by the analog, absorbs light at wavelengths longer than 280
nm. In order to measure the ability of a WM Gag molecule to participate, together with wild-
type Gag, in oligomer formation, we then performed SE analysis on this protein (using
absorbance at 306 nm to specifically follow the labeled mutant protein) in the presence of an
equal amount of unlabeled wild-type Gag.

The results of this experiment are shown in Figure 7. The profiles were modeled on the
assumption that three types of dimer would be formed in this mixture: homodimers of wild-
type; homodimers of WM Gag; heterodimers between wild-type and WM Gag; and higher
order oligomers as described in Materials and Methods. The K,s for the first two reactions were
fixed at 1.8x10° and 1.9x103 M1, respectively (Figures 3(b) and 6(a) above). Using the
SEDPHAT software then enabled us to solve for the K of the heterodimeric interaction. Global
fits to the data obtained with mixtures containing 3, 6, and 9 uM of each of the proteins, each
analyzed at 14,000, 16,000 and 18,000 rpm, yielded K, values for the heterodimeric association
of 7.6x10%-2.0x10% ML, In other words, the dimeric affinity of the “half-interface” between
these two proteins is ~1/10-1/20 of that between two wild-type Gag molecules. It was necessary
to postulate the formation of higher-order oligomers in order to obtain satisfactory fits, although
the fits gave negligible amounts of these species.

We also attempted to analyze the equimolar mixture between labeled WM Gag and unlabeled
wild-type Gag in the presence of equimolar IP6. A species analysis of the SE profile indicated
that the WM Gag was present in molecules of ~150 kDa as well as ~50 kDa, suggesting that
it can participate in trimer formation together with wild-type Gag (data not shown). However,
there is, to our knowledge, no software available to model the SE profile of this complex
mixture, in which we would expect to find two homotrimers and, perhaps, two distinct hetero-
trimeric species (1 wild-type:2 WM and 2 wild-type:1 WM) as well. We are therefore unable
to determine the relative amounts of these two species.

Discussion

Recombinant HIV-1 Gag protein is capable of assembly into VLPs in a defined system in
vitro. We have reported 2 that several properties of the VLPs, including their radius of
curvature, are dramatically affected by addition of IP5 or related compounds to the assembly
reactions. Here, we have investigated the interaction of the HIV-1 Gag protein with IP6, along
with the interactions between Gag molecules in solution. Our key findings can be briefly
summarized as follows.

First, the data indicate that basic regions at both ends of the Gag protein participate in
interactions with IP6, even under ionic conditions limiting this interaction to a single IP6
molecule per Gag molecule. Second, Gag is in monomer-dimer equilibrium in solution. Third,
addition of IP6 shifts this oligomerization to monomer-trimer, rather than monomer-dimer
equilibrium.

Interactions with IP6

We found (Figure 1) that the binding of IP6 to Gag is strongly affected by the ionic strength
of the medium. This observation suggests that electrostatic forces play a major role in the
binding, as might be expected from the extremely high charge density of the IP6 molecule.
Two independent approaches, i.e. measurements of binding to mutant or truncated Gag proteins
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(Table 1) and identification of surface residues protected by IP6 from chemical modification
(Figure 2), implicated both the MA and NC domains in IP6 binding. It seems unlikely that
either of these domains of Gag can influence the conformation of the other, since there are
several flexible regions between them.14,28,29-32 Thys, the 1P6 binding studies lead us to
favor the idea that a Gag molecule is folded over in solution, with its N and C-terminal domains
near each other in three-dimensional space. Biophysical studies in the accompanying
article®0 provide direct support for the hypothesis that Gag is folded over in solution even in
the absence of IP6. Thus, this conformation is not induced by 1P6 binding, although it could
be stabilized by 1P6.33 It should be noted that a recent study implicated a different set of basic
residues in the interaction of MA protein with phosphatidylinositol 4,5-bisphosphate, a
molecule closely related to 1P6.34

Monomer-dimer equilibrium of Gag

As noted above, the CTD of free CA protein contains a well-characterized dimer interface.
13,14,21,22-24 geyieral lines of evidence indicate that Gag dimerizes via this same interface.
We found that the Ky for Gag dimerization, 5.5 uM (Figure 3), is very similar to that of isolated
CA protein (10-18 uM).14 Dimerization of Gag is exothermic, with a AH of 30.9 kcal/mol
(Figure 3(c)); this magnitude suggests the possibility of a major role for hydrogen bonds and/
or salt-bridges in the dimeric linkage between Gag molecules. Dimers of the CTD of CA are
apparently held together by both of these types of bonds.21 Moreover, deletion of the majority
of the MA domain does not significantly affect the Kq4 for dimerization of Gag (Figure 5).
Finally, mutation of a pair of key residues, i.e. W316 and M317 (residues 184 and 185 of CA),
within the dimer interface of CA greatly attenuates the tendency of Gag to dimerize (Figure 6
(@)). In turn, this mutant protein remains almost entirely monomeric at concentrations as high
as 20 uM; we have exploited this property in a biophysical analysis of the mutant protein
(accompanying article50).

Monomer-trimer equilibrium of Gag in IP6

Remarkably, addition of IP6 alters the interaction between Gag molecules, resulting in a
monomer-trimer, rather than monomer-dimer equilibrium (Figure 4). It seems likely that the
threefold interaction is determined by protein—protein interactions between the MA domains,
since free MA protein crystallizes as a trimer,3:36 and since histidine-tagged recombinant
MA and MA-CA proteins can apparently trimerize spontaneously.37 However, it is interesting
that WM Gag, bearing a mutation at the dimer interface in the CTD of the CA domain, is also
greatly impaired in its ability to trimerize in IP6. Thus, the dimer interface within CA is crucial
for the trimeric interaction (Figure 6).

One explanation for this property of WM Gag is that dimerization is a prerequisite for
trimerization. For example, perhaps trimers are formed by addition of a monomer to a pre-
formed dimer. Alternatively, it is possible that IP6 switches the CTD region into an alternative
conformation, in which Trp316 and Met317 participate directly in a threefold contact between
Gag molecules. Unfortunately, we were unable to quantify the ability of WM Gag to participate
in trimerization together with wild-type Gag, and thus could not distinguish between these
possibilities. We also have no information on the relative orientations of the molecules in Gag
oligomers.

It is intriguing to note that this shift in CTD conformation, if it occurs, would be dictated by
the binding of IP6 to the MA (or, conceivably, NC) domain. This suggests that conformational
information might be transmitted between the different domains of Gag, despite the presence
of one flexible linker between MA and NTD3C and another between NTD and CTD.14:28,
29 While there is no direct evidence that the structure of CTD can be affected by MA, the
change in conformation of the NTD upon its release from MA is WeII-documented,28v30!38’
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39 and the NTD and CTD of free CA protein can evidently interact with each other.40:41
Another report has also raised the possibility that the CTD domain of Gag exhibits domain-
swapping, relative to its structure in free CA protein.42

Implications for HIV-1 particle assembly

It was reported earlier that Gag protein with a large deletion in its MA domain (A16-99) does
not require IP5 or IP6 (IP5/6) for assembly of full-sized VLPs.912,19 A might be expected,
the absence of most of the MA domain greatly reduced the affinity of this protein for IP6 (Table
1). The ability of A16-99 Gag to form full-sized VLPs without IP5/6 suggests that the latter
cofactor, with its high negative charge density, is needed to overcome repulsive interactions
between basic residues in MA that might interfere with proper assembly. We found (Figure 5)
that the deleted protein dimerizes in solution (these SE measurements were made at 0.5 M
NaCl, where there is no detectable interaction of this protein with IP6). This result may indicate
that trimerization in solution is not essential for correct VLP assembly. However, the assembly
analyses are performed at much lower ionic strength (0.1 M NaCl); thus, it is also possible that
A16-99 Gag, lacking stretches of basic residues in MA, switches spontaneously to trimeric
interaction in the assembly reactions. In any case, the fact that this protein, lacking most of its
MA domain, does not trimerize (in 0.5 M NaCl) is further evidence for the idea that residues
within MA direct the trimerization of Gag when IP6 is added.

In some ways, the binding of IP6 to the MA domain of Gag seems to mimic myristylation of
the N terminus of MA or MA-CA.43 In both cases, the protein trimerizes in relatively
concentrated solutions. Further, if a CA moiety is present, then the CA domain enhances the
trimerization reaction. This analogy raises the possibility that the IP5/6 requirement for correct
assembly in vitrol2 only arises because our recombinant Gag protein lacks the myristate
modification. It would be of great interest to determine whether myristylated Gag protein,
which would presumably trimerize in solution, would form full-size VLPs in a defined system
containing only nucleic acid as cofactor. We have thus far been unable to produce myristylated
Gag in soluble form (data not shown). Functional replacement of the myristate group with
IP5/6 would be remarkable, since these two small molecules are extremely dissimilar in their
chemical characteristics.

While our data here and in the accompanying paper50 indicate that Gag is folded over in
solution, an immature retrovirus particle is composed of highly elongated, rod-shaped Gag
molecules.10:44.45 Our results thus imply that a Gag molecule must undergo a drastic
conformational change during the process of assembly. It should be noted that the VLPs
assembled in the absence of IP5/6 are so small (25-30 nm in diameter)11 that they cannot be
composed of radially arranged 20-25 nm rods, as in authentic immature particles. We therefore
believe that Gag is folded over in these small VLPs, as well as in free solution. One hypothesis
that is consistent with the entire body of data is the following: Gag is compact in solution.
Binding to nucleic acid causes it to assemble into VVLPs, but does not induce the extension of
the protein, so that the VVLPs are very small. IP5/6 binds to a Gag molecule at both ends in
solution, perhaps stabilizing the folded conformation.33 However, when both IP5/6 and nucleic
acid are present, nucleic acid displaces the IP5/6 from the NC domain, finally allowing
extension of Gag and assembly into full-sized VLPs. (It is also possible that
phosphatidylinositol (4,5) bisphosphate, rather than IP5/6, modulates the assembly of HIV-1
virions at the plasma membrane of the virus-producing ceII.46) Current experiments are
exploring the conformation of the protein in the presence of nucleic acid and/or IPs.
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Materials and Methods

Protein expression and purification

Escherichia coli BL21(DE3)pLysS cells expressing the protein of interest were grown and
induced for protein expression as described. 1 Proteins were purified by a protocol described
previously1 with some modifications. The frozen bacterial pellet was resuspended on ice in
lysis buffer (20 mM Tris-HCI (pH 7.4), 0.5 M NaCl, 10% (v/v) glycerol, 400 uM ZnCl,, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 mM B-mercaptoethanol, 1 mM Tris(2-
carboxyethyl)phosphine, 0.05% NP40) to make a 10% (w/v) bacterial homogenate. The cells
were broken by sonication, insoluble debris was removed by centrifugation, and soluble protein
was precipitated with 30% saturated ammonium sulfate. The precipitate was resuspended in
lysis buffer without glycerol and the expressed protein was purified by phosphocellulose
(Whatman P11) chromatography. The purified proteins were stored in storage buffer (20 mM
Tris-HCI (pH 7.4), with 0.5 M NaCl, 1 mM PMSF and 10 mM dithiothreitol (DTT)) at 5-10
mg/ml. Protein concentrations were determined by spectrophotometry in 6 M guanidine
hydrochloride; whenever they were compared, these absorbance results were always consistent
with colorimetric (Bradford) assays. The two zinc fingers per molecule in a Gag preparation
were found by flame atomic absorption spectrophotometry to be 75-82% occupied with zinc.
Purified HIV-1 MA, MA-NTD, and MA-CA proteins were kind gifts from Dr Wesley I.
Sundquist, University of Utah. The plasmid expressing “8N” Gag, in which residues 15, 18,
20, 22, 26, 27, 28, and 30 (all lysine or arginine) are replaced by asparagine,16 was constructed
by replacement of a restriction fragment in the original Ap6 expression vector with a fragment
amplified from pGEM 3Z/T7 8N (a kind gift from Dr Marilyn Resh, Memorial Sloan-Kettering
Cancer Center).

Unless specified otherwise, all analyses of Gag and WM Gag proteins were conducted in 0.5
M NaCl/20 mM Tris (pH 7.4). For SE experiments, the proteins were further purified on a
Superose 12 column (Amersham) before use.

WM Gag in which tryptophan residues were partially replaced by hydroxytryptophan was
produced as described.4” BL21/ADE3 bacteria auxotrophic for tryptophan (a kind gift from
A.R. Merrill, University of Guelph) were transformed both with our bacterial WM Gag
expression vector and with a plasmid expressing pLysE, and were induced in minimal medium
containing a mixture of tryptophan and hydroxytryptophan.

Mutagenesis

Mutations were introduced into the Ap6 Gag bacterial expression vector by overlap extension
PCR.48 The entire Ap6 open reading frame was sequenced to confirm the presence of the
desired mutation and the absence of any other changes from the wild-type sequence.

IP6 binding measurements

Binding of [3H]IP6 (Perkin-Elmer) to proteins was measured as described.1? Binding assays
were performed in 20 mM Tris (pH 7.4), 1 mM EDTA, 10 mM DTT in the presence of the
indicated NaCl concentration. Proteins were at 2 uM, together with 1gG as carrier at 1 mg/ml.
Radioactive IP6 bound to protein was collected by precipitation with 20% (w/w) polyethylene
glycol 8000. Unlabeled IP6 was from Calbiochem.

Mapping IP6 binding site by footprinting

The methods used for identifying surface lysine residues that are protected by 1P6 have been
described. 1’ Briefly, Gag at 20 uM is exposed to NHS-biotin (Pierce) in 50 mM Hepes (pH

7.5), 0.1 M NaCl, 2 mM B-mercaptoethanol, 1 mM DTT, and biotinylated lysine residues are
identified by mass spectrometry. We used 400 uM NHS-biotin for footprinting because
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preliminary experiments showed that this concentration did not significantly disrupt a pre-
formed complex between IP6 and Gag.

We also monitored surface accessibility of arginine residues as follows. Free Gag or pre-formed
Gag-1P6 complexes were subjected to HPG (Pierce, Rockford, IL) modification in 50 mM
Hepes, 50 mM boric acid (pH 8.0), 2 mM B-mercaptoethanol, 1 mM DTT, 100 mM (or, where
indicated, 250 mM) NaCl. HPG reacts with guanidino groups on arginine residues resulting in
a 132 Da increment. The reactions were carried out at 37 °C for 60 min and were quenched
with 10 mM (final concentration) arginine in its free amino acid form.

Size-exclusion chromatography and light scattering

A Rainin HPXL solvent delivery system connected to a Rainin Dynamax UV-1 detector and
a Wyatt systems Dawn EOS static light scattering detector was used to study the properties of
the proteins on a Superose 12 (GE Healthcare) column. Data collected simultaneously from
light detectors 5 through 18 (with the exception of detector 13) were used for SLS. ASTRA
software from Wyatt was used to analyze the light scattering data. All studies were done in 20
mM Tris HCI (pH 7.4), 0.5 M NaCl, 1 mM PMSF as a solvent system. The purified proteins
were thawed rapidly in a water bath at 30 °C and then filtered through Pall Microsep centrifugal
filtration devices with 300 or 1000 kDa cutoff, prior to chromatography. Protein concentration
was then determined and 50 pl samples were injected into the column, which had been
previously equilibrated with at least ten bed volumes of solvent. BSA (Sigma) was used with
every run to calibrate the system.

Sedimentation equilibrium measurements

SE analysis was carried out in an Optima XL-A analytical ultracentrifuge (Beckman-Coulter
Instruments). 1 mM DTT was included in the buffer used in these experiments. The biophysical
foundation of this methodology has been reviewed recently.49 Cells with 12 mm optical path
length were loaded with 180 ul of the protein solution, while 3 mm cells contained 50 pl.
Sedimentation equilibrium absorbance data at radial increments of 0.001 cm with ten repeats
were obtained at rotor speeds indicated in the Figure legends. All SE experiments were
performed at 4 °C. Where necessary to avoid saturation of the absorbance measurements, cells
with optical path lengths of 0.3 mm rather than 1.2 mm were used, and absorbance was
monitored at 254 rather than 280 nm. The public domain software program SEDPHAT,
developed by Peter Schuck, was used for the analysis of the sedimentation equilibrium data as
described?. In the SE analysis the measure for the goodness of fit used in the SEDPHAT
software program is the “reduced chi-square” as described?.

Hydroxytryptophan-containing protein was analyzed in the presence of unsubstituted protein
by following absorbance at 306 nm. The molar extinction coefficient e3¢ oOf the substituted
WM Gag was measured as 17,454 cm~1 M1, while unsubstituted wild-type protein had a value
of 870 cm 1 M1,

SE profiles of mixtures of wild-type Gag and hydroxytryptophan-containing WM Gag were
modeled by assuming that each of the two species could form homodimers. In addition, it was
assumed that they could associate to form heterodimers and either of two heterotrimers, as well
as tetramers, as follows:

A+A+B+B < (AA)+(BB) <> A+(AB)+B
< (AA)B+B <> A + A(BB) <> (AA)(BB).

Thttp://www.analyticalultracentrifugation.com/
http://www.analyticalultracentrifugation.com/sedphat/statistics.htm
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Isothermal titration calorimetry

The protein dimer dissociation studies were performed with a VP-ITC Microcalorimeter
(MicroCal LLC, Northampton, MA) at 25 °C. In a typical experiment, 15-20 aliquots, each
15 pl, of 0.1-0.2 mM protein solution in a buffer mixture were injected into the ITC cell
(volume ~ 1.4 ml).

The integrated dilution heat values were adjusted in order to eliminate the post-dilution thermal
effects. The resulting heats of dissociation were fit using MicroCal's Dimer Dissociation Model
software to yield the dissociation constant and enthalpy of dissociation.18 It should be noted
that the lower panel in Figure 3(c), depicting the cumulative heat taken up upon dilution of the
Gag protein, should not be compared to a binding isotherm; rather, it shows the total
concentration of Gag at which the ratio of the monomeric to the dimeric form of the protein in
the lower (diluted) chamber of the calorimeter is becoming constant.
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Figure 1.

Binding of [3H]IP6 to Gag. (a) Binding curves at 0.2 M (circles), 0.3 M (squares), 0.4 M
(triangles), and 0.5 M (diamonds) NaCl. (b) Expanded binding curve at 0.5 M NaCl. Data from
eight individual binding experiments were pooled and then fit to a hyperbolic decay model.
The graph is plotted as a binding isotherm. The error-bars show the standard deviations of the
values.
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Figure 2.

Identification of IP6 binding sites in Gag by mass spectrometric protein footprinting. (a)
Segments of MALDI-ToF data showing IP6 protection of lysine residues in Gag at different
NaCl concentrations. (Top) 20 uM Gag was treated with 400 uM NHS-biotin in buffer
containing 100 mM NacCl. Intensities of the modified peaks at 250 mM NaCl were very similar
(data not shown). (Middle) 100 uM IP6 and 20 uM Gag were pre-incubated in buffer containing
100 mM NaCl and then exposed to 400 uM NHS-biotin. (Bottom) same as middle panel, but
in 250 mM NacCl. Five biotinylated peptide peaks are labeled. The start and end positions of
the amino acids as well as biotinylated lysine residues are indicated. For example, peak 29-39
(K30/K32+2Biot) corresponds to the Gag peptide spanning amino acid residues 29 to 39 in
which two lysine residues (K30 and K32) are biotinylated. The peaks C1 to C6 are unmodified
Gag peaks that serve as internal controls. The 300-305 peptide peak with biotinylated K302
also serves as an internal control as this peak did not show a significant change in the presence
of added ligand. (b) Relative protections of the modified peptide peaks by IP6 at different NaCl
concentrations. The intensities of each biotinylated peak upon modification of free Gag are
considered 100% (light gray columns). Relative intensities of the modified peaks for Gag+IP6
at 100 mM NaCl and 250 mM NaCl are depicted in dark gray and black columns, respectively.
The results represent an average of three experiments, with values all within 5% of the mean.
Only peaks that displayed detectable protections (K30/K32, K290, K314, K359 and K410/
K411/K415) were quantified.
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Gag protein is in monomer-dimer equilibrium. (a) Size-exclusion chromatography and SLS of
HIV-1 Gag at different concentrations. A Superose 12 column was loaded with Gag solutions
at the following concentrations: 44 uM (blue-green); 36 uM (magenta); 14.8 uM (orange); and
7.5 uM (dull green). Elution of protein was simultaneously monitored by Aygg, giving rise to
the elution profiles, and by SLS, yielding the data-points above the elution profiles. The points
indicate the molar mass of the protein in each fraction. These masses in turn were averaged
over the breadth of each peak, producing the horizontal lines above the elution profiles. BSA
(1.5 mg/ml) (dark blue) was also chromatographed as a control. (b) SE analysis of Gag
oligomerization. Solutions of Gag at 2 uM (triangles), 6 uM (inverted triangles), 12 uM
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(squares), and 30 uM (circles) were centrifuged to equilibrium at 18,000 (filled symbols) and
20,000 rpm (open symbols). The data-points were globally fit to a model of dimeric association
with a log K of 5.259. The top panel shows the eight equilibrium Aygg profiles, while the
bottom panel shows the residuals from the fit. Fitting the data to a model of trimeric association
gave a much poorer fit (higher y2 and significant curvature of the residuals), while fitting to a
model allowing both dimerization and trimerization was only marginally superior to the simple
monomer-dimer model. (c) ITC analysis of dissociation of Gag. A Gag solution (150 uM) was
diluted in a VP-ITC Microcalorimeter as described in Materials and Methods. The heat taken
up over the course of the experiment is shown in the upper panel, while the lower panel shows
the cumulative heat uptake as a function of the total amount of Gag released into the mixing
chamber.
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Figure 4.

SE analysis of Gag oligomerization in the presence of equimolar IP6. The top panel shows the
overlay of the absorbance versus radius profiles of four scans obtained at sedimentation
equilibrium at 280 nm for the following experimental conditions: 16,000 rpm for protein (and
IP6) concentrations of 6 uM (open triangles) and 30 uM (open diamonds) respectively; and
the same protein solutions at 20,000 rpm (6 uM, open squares) and (30 uM, open right facing
triangles). Continuous lines show the best fit to the exponential distributions from nonlinear
global regression analysis of the data for a monomer to trimer model using a fixed sequence
monomer molar mass value of 50,169. A log K, of 9.814 was obtained from this global analysis.
A monomer-dimer model gave an extremely poor fit, while the fit to a monomer-dimer-trimer
model was slightly worse than the monomer-trimer model. Residuals of the fitted lines to the
experimental data are displayed in the lower panel with the corresponding symbols listed above.
The best fit rms error is 0.0083.
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Figure 5.

A16-99 Gag is in monomer-dimer equilibrium. The top panel shows the overlay of the
absorbance versus radius profiles of four scans obtained at sedimentation equilibrium at 280
nm for the following experimental conditions: 19,000 rpm for protein concentrations of 12
uM (filled squares) and 18 uM (open inverted triangles), respectively; and the latter protein
solution at 12,000 rpm (open circles) and 15,000 rpm (open triangles). Continuous lines show
the best fit to the exponential distributions from non-linear global regression analysis of the
data for a monomer to dimer model using a fixed sequence monomer molar mass value of
40,410. A log K, of 5.368 was obtained from this global analysis. Residuals of the fitted lines
to the experimental data are displayed in the lower panel with the corresponding symbols listed
above. The best fit rms error is 0.0054.
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Figure 6.

SE analysis of oligomerization of WM Gag protein. (a) WM Gag (12.8 uM) was centrifuged
to equilibrium at 16,000, 18,000 and 20,000 rpm, and solutions at 20, 40, and 60 uM were
analyzed at 10,000 and 12,000 rpm. Profiles of the latter series were monitored at both 254 nm
and 280 nm. The results were globally fit to a monomer-dimer equilibrium model; the fit gave
a log K; of 3.28. Upper panel: Aygq profiles from 12.8 uM at 12,000 (diamonds), 14,000
(squares), 16,000 (triangles), and 20,000 (circles) rpm, and Ays4 profile of 60 uM at 12,000
rpm (xs); lower panel: residuals from the global fit. The best fit rms error is 0.0032. (b) WM
Gag was centrifuged to equilibrium in equimolar IP6. SE profiles were taken from 6, 12, and
18 uM WM Gag at 16,000, 18,000 and 20,000 rpm, and from 20, 40, and 60 uM WM Gag at
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10,000 and 12,000 rpm. The Figure shows the profiles at 18 uM centrifuged at 16,000 (squares),
18,000 (triangles), and 20,000 (circles) rpm, and solutions of 40 (diamonds) and 60 (xs) uM
at 12,000 rpm. All results were globally fit to a monomer-trimer model, giving a K, of
8.51x106 M~2. Upper panel, absorbance profiles; lower panel, residuals from the global fit.
The best fit rms error is 0.0030.
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Figure 7.

Analysis of hydroxytryptophan-containing WM Gag in the presence of equal amounts of
unsubstituted wild-type Gag. Solutions containing 3 uM, 6 uM, and 9 uM each of WM Gag
containing hydroxytryptophan and wild-type Gag containing only normal tryptophan were
centrifuged at 14,000, 16,000 and 18,000 rpm and monitored at 306 nm. The data were globally
fit as described in Materials and Methods, assuming monomer-dimer equilibria with log K,
values of 5.3 (wild-type homodimers) and 3.1 (WM Gag homodimers). This fit gave a log
Kj of 3.9 for wild-type:WM Gag heterodimers. Upper panel, profiles at 18,000 rpm for the 3
uM mixture (squares) and at 14,000 (xs), 16,000 (diamonds), and 18,000 (circles) rpm for the
9 uM mixture; lower panel, residuals. The best fit rms error is 0.0021.
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Table 1

IP6 binding to Gag derivatives
Construct Structure® Binding (0.2M NacCl)P Binding (0.5M NaCl)®
Ap6 5+/-0.5 1
MA | : IEII | ” ~0.2 0
MA-NTD ~0.3 0
MA-CA 2+/-0.5 0.1
A5 E3 P B

0.15 +/-0.05

- B =—— e

aThe three segments of Gag depicted are (left to right) MA (diagonal stripes), CA (horizontal stripes), and NC (vertical stripes).

bMoles IP6 bound/mole of protein.
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