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Abstract

APOBEC3G belongs to a family of DNA cytosine deaminases that are involved in the restriction
of a broad number of retroviruses including HIV-1. Prior studies have identified two distinct
mechanistic steps in Vif-deficient HIV-1 restriction: packaging into virions and deaminating viral
cDNA. APOBEC3A, for example, although highly active, is not packaged and is therefore not
restrictive. APOBEC3G, on the other hand, although having weaker enzymatic activity, is
packaged into virions and is strongly restrictive. Although a number of studies have described the
propensity for APOBEC3 oligomerization, its relevance to HIV-1 restriction remains unclear.
Here, we address this problem by examining APOBEC3 oligomerization in living cells using
molecular brightness analysis. We find that APOBEC3G forms high-order multimers as a function
of protein concentration. In contrast, APOBEC3A, APOBEC3C and APOBEC2 are monomers at
all tested concentrations. Among other members of the APOBEC3 family, we show that the
multimerization propensities of APOBEC3B, APOBEC3D, APOBEC3F, and APOBEC3H
(haplotype 1) bear more resemblance to APOBEC3G than to APOBEC3A/3C/2. Prior studies
have shown that all of these multimerizing APOBECS3 proteins, but not the monomeric family
members, have the capacity to package into HIV-1 particles and restrict viral infectivity. This
correlation between oligomerization and restriction is further evidenced by two different
APOBEC3G mutants, which are each compromised for multimerization, packaging, and HIV-1
restriction. Overall, our results imply that multimerization of APOBEC3 proteins may be related
to the packaging mechanism and ultimately to virus restriction.
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Introduction

APOBEC3G (A3G) is one of seven APOBEC3 (A3) proteins and one of a total of eleven
family members capable of being expressed by human cellsl. A3G has been studied
intensively because it was the first family member shown to block Vif-deficient HIV-1
replication2. Current working models suggest a two-stage mechanism (reviewed
recently3-). First, A3G is thought to package into viral particles through an RNase sensitive
interaction with the viral structural protein Gag. Second, A3G compromises the integrity of
the virus by deaminating cDNA cytosines to uracils and by interfering with the progression
of reverse transcription. Negative-strand uracils template the insertion of plus-strand
adenines and account for the well-documented phenomenon of G-to-A hypermutation.
APOBEC3D (A3D), APOBEC3F (A3F), and stable APOBEC3H (A3H) haplotypes are
thought to restrict HIV-1 through a similar two-step mechanism. APOBEC3B (A3B) is able
restrict HIV-1 replication in some cell types (293, HeLa), but not in T cell lines such as
CEM-SS and SupT1. In contrast, APOBEC3A (A3A) and APOBEC3C (A3C) as well as
more distantly related family members AID, APOBEC1, APOBEC2 (A2), and APOBEC4
are unable to interfere with HIV-1 replication. Inactivity is presumed to be mostly due to a
failure to package because these proteins are less efficiently detected in viral particles by
immunoblotting, even in the context of over-expression. Moreover, a normally non-
restrictive DNA deaminase such as A3A can be targeted to viral particles through fusion to
Vpr or the N-terminal half of A3G (the RNA-interacting packaging domain), with the result
being potent restriction and hypermutation®’.

An unresolved problem in APOBEC3 biology is the role of oligomerization. Many studies
have reported A3G-A3G interaction through co-immunoprecipitation®-11, Self-association
has also been reported using yeast two-hybrid experiments and bimolecular fluorescence
complementation studies®12. Density gradient separation of cytoplasmic components has
also indicated that A3G can exist in a variety of states from low mass (<100 kDa) to
extremely high mass complexes (~1 MDa)13-18, Structural, biochemical, and single
molecule biophysical approaches have shown a range of entities from monomers up to very
large oligomers1419-23_ Finally, microscopy studies of living and fixed cells have
documented A3G in bright cytoplasmic bodies, which presumably constitute aggregations of
large numbers of monomeric units16:24-30,

Fluorescence fluctuation spectroscopy (FFS) is a biophysical method for quantifying protein
association directly inside the living cell31. The technique relies on a small optical
observation volume created within the cell. Fluorescently labeled proteins randomly passing
through the observation volume give rise to fluctuations in the recorded fluorescence
signal32. These fluctuations carry information about the concentration, mobility, and
stoichiometry of the labeled protein, which are extracted with statistical analysis methods33,
The most widely used approach is based on autocorrelation analysis of the fluorescence,
which is also known as fluorescence correlation spectroscopy (FCS), and determines
dynamic processes, such as diffusion, from the fluctuations3#3°. However, diffusional
mobility of proteins only provides a qualitative measure of their interactions in cells. Thus,
this study will rely mainly on brightness, an FFS parameter with the ability to quantify
protein complex formation3®.

J Mol Biol. Author manuscript; available in PMC 2015 March 20.
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In this study, we perform FFS experiments on EGFP-labeled A3 proteins to characterize
their multimerization behavior directly inside the cell. Our results indicate that A3 proteins
can be broadly classified into two categories: A3 proteins that show pronounced
multimerization and A3 proteins that lack multimerization. We extended A3G
characterizations to include two different mutants, which have been reported to lack
multimerization capabilties as well as activities associated with oligomerization10.30.37,
Taken together, our studies reveal an interesting correlation between multimerization and
viral packaging of A3 proteins. Only A3 proteins that show pronounced multimerization
seem to be packaged efficiently into HIV virions. Because packaging into the virion is a
prerequisite for the restriction activity of A3 proteins38-49, the ability to multimerize appears
to be of importance for function as HIV-1 restriction enzymes.

Molecular brightness quantifies protein associations in living cells

Brightness is a unique parameter that relies on the single molecule sensitivity of
fluorescence fluctuation spectroscopy and provides the average fluorescence signal
contributed by a single molecule passing through the optical observation volume. The
brightness of a cellular protein tagged with EGFP reveals its oligomeric state. A monomeric
protein will carry the same brightness as the fluorescent protein alone. However, if two of
the monomers associate to form a dimeric complex, then the brightness of the complex is
doubled as illustrated in Fig. 1a. Because brightness scales linearly with the number of
labeled proteins in the complex, it is convenient to measure brightness relative to that of
EGFP alone. Thus, a monomer results in a brightness of 1, while a dimer has a value of 2.

FFS experiments not only determine brightness, but also the concentration of the labeled
protein. This feature allows us to explore changes in the oligomeric state of a protein as a
function of its concentration. For example, the brightness of EGFP measured in the
cytoplasm of U20S cells was 1 at all measured concentrations (Fig. 1b), demonstrating the
well-known monomeric nature of the protein. Similarly, a recombinant tandem EGFP,
which we used as a control to mimic a dimeric complex, gave rise to a concentration-
independent brightness of 2 (Fig. 1b). These controls demonstrate that brightness provides a
quantitative measure of the number of EGFP-labels within a protein complex.

Cellular proteins that form homo-complexes give rise to concentration-dependent changes in
brightness. This concept is illustrated in Fig. 1c for a protein with a monomer-dimer
transition. The protein is monomeric at low concentration, which corresponds to a starting
brightness value of 1. At high concentration the brightness reaches the value 2, which
represents the dimeric protein. The concentration-dependent increase in brightness provides
a direct visualization of the gradual shift in protein population from a monomer to a dimer.
Thus, FFS provides a unique way to determine the binding curve and stoichiometry of
proteins in cells. We refer to experiments that measure brightness as a function of
concentration as brightness titration experiments. Such FFS studies have been used to
characterize homo- and hetero-oligomers in cells*1:42,

Concentration-dependent A3G multimerization in living cells

Transfected U20S cells were identified by epi-fluorescence microscopy and subsequently
measured with two-photon excitation. The recorded fluorescence counts were analyzed to
recover the brightness and concentration. Each experiment consisted of measuring in excess
of 20 transfected cells expressing A3G-EGFP at different levels to cover a wide range of
protein concentrations. Figure 2a shows the brightness as a function of A3G-EGFP
concentration. Brightness is graphed on a logarithmic scale to clearly display large and small
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brightness values. To examine the reproducibility of the result we repeated brightness
titration experiments multiple times. These experiments were performed on different days
with newly prepared cells. Each experiment is identified by a Roman numeral as indicated in
the legend. The brightness values of A3G-EGFP scattered, but all five experiments lead to
brightness curves that overlap within the intrinsic scatter. Furthermore, the variance of the
scatter was approximately constant for all experiments. Thus, the brightness of A3G in
U20S cells was reproducible from day to day within experimental error. We took these five
experiments and interpolated an averaged curve (black solid line in Fig. 2a) that described
the concentration dependent brightness of A3G. The interpolated curve serves as a
condensed representation of the experimental data. As can be seen in Fig. 2a, the brightness
of A3G exhibited a clear increase as a function of concentration. It initially started at a low
value and reached ~10 at a concentration of 1 pM. Even at the lowest measured
concentrations (~50 nM) the brightness was slightly above one indicating the presence of a
small population of multimers. Note that brightness experiments intentionally cover a wide
concentration range. Examining proteins at high, non-physiological concentrations helps to
populate multimers, which are not readily observed at low concentrations where their
population is small.

We further explored whether the multimerization of A3G-EGFP was cell line dependent by
performing equivalent brightness titration measurements in both HeLa and 293T cell lines
(Fig. 2b). The brightness values from U20S cells are shown as solid triangles for
comparison with the results from multiple HeLa cell experiments (squares), and a single
experiment in 293T cells (circles). We observed that the multimerization of A3G was very
similar across all the examined cell lines.

We next explored whether the multimerization of A3G was tied to one of its two domains by
FFS experiments. The brightness of A3G-CTD-EGFP had a value of ~1 at every
concentration examined, demonstrating that A3G-CTD-EGFP was monomeric (Fig. 2c),
which agrees with earlier studies234344, While A3G-CTD-EGFP appeared monomeric, the
brightness of A3G-NTD-EGFP was close to that of full-length A3G (Fig. 2¢). We concluded
that the main determinants of A3G multimerization reside within the NTD. However,
because the NTD brightness titration was slightly reduced compared to that of the full-length
protein, our data indicate that the CTD may provide a supporting role in the multimerization
of A3G, which is in agreement with in vitro studies that reveal CTD self-interaction at
higher protein concentrations3:4°,

Autocorrelation function characterizes the mobility of protein complexes

The same experimental fluctuations that determine the brightness were also used to calculate
the autocorrelation function. The decay of the autocorrelation characterizes the diffusional
mobility of the protein. The average time for a labeled protein complex to pass through the
optical observation volume is its residence time, which is characterized by the time period
over which the fluctuation amplitude decays to one half the original value. A larger protein
mass leads to a decrease in mobility and therefore to an increase in the residence time. In
addition, transient interaction of the complex with other cellular factors, such as RNA,
reduces the mobility and increases the residence time. Table 1 displays the average
residence time (0.91 ms) of monomeric EGFP in the cytoplasm of U20S cells. Dimeric
EGFP5 resulted in a residence time of 1.15, which was 1.25 times higher than the
monomeric residence time and in good agreement with the estimated increase by a factor of
1.26 according to the Stokes-Einstein relation assuming spherical proteins. We determined
the residence time of A3G-EGFP from the same data used for brightness analysis. The
residence time exhibited a concentration dependent decrease in mobility. For simplicity, we
reported the average residence time from all data with concentrations between 200 nM and
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1000 nM. The recovered average residence time was 50 + 20 ms (mean + standard
deviation, Table 1), which is ~50 times longer than EGFP, indicating the presence of large
complexes. On the other hand, the average residence time of the A3G-CTD-EGFP was 1.8 +
1.2 ms, a value close to that of EGFP, indicating that the CTD lacked the ability to form
large complexes (Table 1). The residence time of A3G-NTD-EGFP was 90 + 60 ms, which
was similar to that of full-length A3G-EGFP (Table 1).

FFS analyses of APOBEC2 and other APOBEC3 proteins

There are seven members in the A3 family: A3A, A3B, A3C, A3D, A3F, A3G and A3H.
Before we characterized their multimerization in cells with brightness analysis, we briefly
examined APOBEC?2 (A2), because recent studies reported that the protein is monomeric
under in vitro conditions*6. A brightness titration curve of A2 labeled with EGFP expressed
in U20S cells identified a brightness of ~1 at all measured concentrations (Fig. 3a), which
established that A2 exists as a cytoplasmic monomer. Autocorrelation analysis further
revealed the absence of large protein complexes (Table 1).

We examined the multimerization of A3A and A3C. Brightness titration data of these
proteins tagged with EGFP are summarized in Fig. 3b. A3A displayed a brightness value of
~1 throughout the experimental concentration range with little scatter. The brightness of
A3C below 1 uM followed the behavior of A3A and only monomeric brightness values
were observed. At concentrations exceeding 1 pM A3C displayed more brightness scatter
than A3A. Although the average A3C brightness tended to be larger than 1 at high
concentrations, the values were still small when compared to A3G. Thus, A3A and A3C
exhibited behavior that was distinctly different from A3G, because strong multimerization
was absent in these two proteins. Since the brightness is ~1 at concentrations below 1 pM,
we classified A3A and A3C as predominantly monomeric. The average residence time of
A3A from autocorrelation analysis was close to that of A2 (Table 1), signaling the absence
of large protein complexes. While the residence time of A3C (Table 1) was much smaller
than for A3G, it nevertheless was significantly larger than for A2 and A3A, indicating the
presence of A3C in complexes (i.e. interactions with unlabeled cellular proteins such as
TRB347.48),

Next we investigated the multimerization of A3B tagged with EGFP. The brightness
titration of A3B in U20S cells revealed a significant brightness increase with protein
concentration (Fig. 3c). Brightness started close to 1 at low concentrations, increased to ~4
at 1 pM and reached values of ~10 at high concentrations. Despite the clear demonstration
of multimerization, the brightness values of A3B were lower than the brightness observed
for A3G. Finally, we turned our attention to the proteins A3D, A3F and A3H. We performed
brightness titration experiments on each of these proteins tagged with EGFP. Fig. 3d
displays their brightness values along with the interpolated A3G brightness curve. Each of
the proteins featured a strong increase in brightness with concentration. Furthermore, the
brightness values of all three proteins were, within experimental scatter, indistinguishable.
Comparison with the interpolated A3G binding curve and the data in Fig. 2a demonstrate
that the brightness of A3D, A3H and A3F show very good agreement with A3G both in
average value and in their degree of scatter. The mobility of EGFP-labeled A3B/D/F/H
ranged from 100 to 120 ms (Table 1), which given the large scatter of more than 60 ms is
comparable to the slow mobility of A3G-EGFP and indicative of participation in larger mass
complexes.

Multimerization, packaging, and Vif-deficient HIV restriction of A3G mutants

It is known that the degree of multimerization of A3G is sensitive to RNase treatment,
suggesting that RNA plays an important role in stabilizing the multimerization of
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A3G8101214,18.2249.50 Because mutation at the N-terminal zinc-coordinating motif from
cysteine 97 to alanine reduces the multimerization of A3G to a monomer1?, we investigated
the multimerization state of the A3G-C97A mutant directly inside cells by measuring the
brightness of the mutant tagged with EGFP. The brightness titration data of A3G-C97A
exhibited monomeric brightness at concentrations below ~1uM (Fig. 4a). Above this
concentration we observed a slight scatter in brightness with values ranging between 1 and
3, which was nevertheless small compared to wildtype A3G. For comparison, we also
performed a brightness titration experiment on another mutant, E259Q, which is known to
be catalytically inactive, but otherwise behaves very similarly to wildtype A3G. The
brightness of A3G-E259Q-EGFP is displayed in Fig. 4a along with the interpolated
brightness curve of wildtype A3G. These data show that the brightness of A3G-EGFP was
unaffected by the E259Q mutation, but severely affected by the C97A mutation.
Autocorrelation comparisons of the two mutants identified a residence time of A3G-E259Q-
EGFP that was virtually unchanged from wildtype, while the residence time of A3G-C97A-
EGFP was significantly reduced compared to wildtype (Table 1).

We next performed single-cycle Vif-deficient HIV-1 infectivity assays to compare the
packaging and restriction potential of A3G-C97A and A3G-E259Q versus wildtype A3G
(Fig. 4b). As shown in several prior studies, wildtype A3G packages and restricts Vif-
deficient HIV-1 infectivity in a dose-dependent manner. Also in agreement with prior
studies, A3G-E259Q packaged in a manner that is indistinguishable from wildtype A3G but
it did not restrict virus infectivity38-49, In contrast, A3G-C97A was expressed poorly in
cells, showed a diminished capacity to package, and had negligible Vif-deficient HIV-1
restriction activity (Fig. 4b, lanes 2 and 15 show near equivalent amounts of cellular A3G,
but differential levels of packaged protein; see Supplemental Figure 1 for quantification
summary). An additional A3G mutant (Y19D-W127A), previously shown to have
compromised cytoplasmic localization activity3, was similarly defective in expression,
multimerization, packaging, and restriction activities (Supplemental Figures 1 and 2). Taken
together these data suggest that multimerization of A3G correlates with the ability to
package efficiently into the virus.

Discussion

Here we report the first direct measurement of the self-association of APOBEC proteins in
live cells using brightness analysis. The average stoichiometry of these multimers is
concentration dependent as illustrated by the monotonic increase in brightness with
concentration (Fig. 2a). This result implies that multimerization of A3G is governed by the
law of mass action through specific interactions involving the protein itself. The majority of
experiments were performed on U20S cells, because this cell line has a large cytoplasmic
compartment well-suited for FFS measurements. Control experiments on HelLa and 293T
cells revealed a concentration-dependent A3G-EGFP multimerization that was almost
identical to the behavior observed in U20S cells. These findings argue that A3G-EGFP
multimerization is a fairly robust intrinsic property that is cell type independent.

Extension of the brightness characterization to other EGFP-labeled APOBEC proteins
revealed that each protein falls into one of two categories. The first category consists of A2,
A3A, and A3C, which to a good approximation remained cytoplasmic monomers. The other
family members (A3B/D/F/G/H) formed cytoplasmic multimers with increasing protein
concentration. EGFP-labeled A3B/D/F/G/H all have residence times approximately ranging
from 50 to 120 ms. This is ~50 times longer than the predicted value for the monomeric
protein. The slow mobility implies association of these proteins with large complexes, which
is consistent with the observation of high molecular weight (HMM) complexes for A3G,
A3F and A3H13-18,5152 \Whether the other A3 proteins listed above form similar protein
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complexes has not been addressed in the literature, but our brightness and mobility data
suggest that A3B, A3D, A3F, A3G, and A3H associate with large complexes with a
stoichiometry in excess of one.

We observed a reduction in the residence time of A3G at low concentration (¢ < 200nM,
Table 1), which likely reflects a decrease in the population of HMM complexes. A3G has
been described to exist in addition to the HMM form as a low molecular weight (LMM)
complex13-18 L MM complexes are mainly free of RNA and cover a range from 46 to 100
kDa, which corresponds to monomers and dimers of A3G. Because the brightness, although
reduced at low concentration, remained above one, a small population of multimers is likely
present. Thus, the brightness and mobility data suggest the existence of A3G-EGFP in both
HMM and LMM form at low concentrations.

In contrast to the multimer forming proteins, EGFP-labeled A2, A3A and A3G-CTD all had
a residence time around 1-2 ms. Since the mobility is close to the theoretically predicted
value for a monomer, transient interactions of these proteins to RNA or other cellular factors
have to be weak to preserve the high mobility. Thus, mobility indicates the absence of HMM
complexes, while brightness identifies a monomeric protein, which is in agreement with in
vitro studies that have shown A2 and A3A to be monomeric in solution#3:53,

A3C, unlike A2 and A3A, has been reported to dimerize and associate with HMM
complexes®*35. However, brightness analysis identified EGFP-labeled A3C as
predominantly monomeric. The average residence time of A3C-EGFP was 8 ms, which was
much higher than the predicted residence time of 1 ms for a freely diffusing monomeric
protein. While it is difficult to quantify the molecular mass of a complex due to cellular
crowding and transient interactions, an eightfold increase in the residence time corresponds
according to the Stokes-Einstein relation to a ~500x increase in molecular mass over the
monomeric protein. Thus, the mobility data are consistent with the presence of A3C in
HMM complexes, even though the size of these complexes is smaller than for A3G (Table
1).

Viral packaging and Vif-deficient HIV restriction activity of A3A26:56-63
A3B2657,58,61,63-67 A3(26,56-59,61,63,64,66,6869 A3D63.70-73 A3F58,59.697475 A3G
(review’®), and A3H2.72.77-79 haye been studied extensively. A recent review of the
literature’® and additional reports showing both packaging and restriction activities of the
entire A3 family89-82 demonstrate that A3B/D/F/G/H package and restrict Vif-deficient
HIV, while A3A/C do not. It should be noted that A3C is active against simian
immunodeficiency virus84, while many reports show little to no effect of human A3C on
HI\/56:59.66,69.80-82 The reason for this difference is not known currently.

The same partitioning of A3 proteins into two groups was observed by brightness titration.
A3B/D/F/G/H displayed a strong propensity to multimerize, while A3A/C did not. Thus, our
data suggest a relation between multimerization of A3 proteins and their ability to efficiently
package and restrict. However, since correlation does not imply causation, three A3G
mutants were studied to further explore the role of multimerization. The catalytically
inactive A3G-E259Q exhibited identical mobility, mutimerization, and packaging efficiency
as the wildtype protein. However, the absence of restriction activity demonstrates that
catalytic activity is required in addition to efficient packaging38—49. The C97A substitution
disrupts the N-terminal zinc-binding domain of A3G and abolishes multimerization in
biochemical assays, while preserving catalytic activityl9-37. Our brightness experiments
confirmed the absence of multimers for A3G-C97A-EGFP. The mutation significantly
increased the mobility of the protein compared to wildtype, which suggests that its RNA
binding ability is impacted. The residence time was still considerably longer than expected
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for a purely monomeric protein, which agrees with a report stating that C97A retains some
capability to bind to RNA37. Similar results were obtained for A3G-Y19D-W127A, which
prior studies have shown to be defective for cytoplasmic localization and RNA binding (see
reference30 and references therein). Even though both of these mutants were expressed at
lower than wildtype levels in cells, quantification of immunoblot data from multiple
independent experiments confirmed a strong packaging defect and reinforced the positive
correlation between oligomerization propensity, packaging, and restriction (Supplementary
Figure 1).

It is well-known that packaging of A3G involves Gag interacting through its NC domain
with RNA-containing A3G multimers2%:83, We observed that packaging of A3G-C97A and
A3G-Y19D-W127A into viral particles is greatly reduced compared to wildtype, and
without efficient packaging no restriction is observed (Fig. 4b and Supplemental Figures 1
and 2). These results suggest that abolishing multimerization of A3G leads to formation of
complexes that do not allow for efficient recruitment into the virion. Conversely, the ability
of A3B/D/F/G/H to multimerize seems to be connected to forming complexes that are
efficiently recruited into the viral particle. However, the mechanistic interplay between
RNA-binding, multimerization, formation of complexes, and packaging through Gag
interactions cannot be addressed by this study alone and requires further scrutiny.

In contrast to this study, it was previously reported that A3G-C97A packages efficiently into
virions10:84_ It is conceivable that this incongruence is associated with different expression
levels. The C97A substitution does not completely abolish packaging into the virion (Fig.
4b). Thus, we expect that sufficiently high expression levels may compensate for the
reduction in packaging efficiency.

The function of A3G multimers is controversial (see introduction). Its multimers are
enzymatically inactive and therefore lack antiviral activity1%:85, Furthermore, upon treatment
with RNAase H, the A3G multimer complex is reduced and its enzymatic activity is
recovered. Although there are reports that the multimerization of A3G is important for the
directionality of deamination as well as lipid raft association86:87, the function of A3
multimerization is still elusive. Here, we show that multimerization of A3 proteins correlates
positively with efficient packaging into virions. Based on this observation, we propose a
model that correlates multimerization and packaging into HIV virions. We propose that
there is an interface that is important for the multimerization of A3 proteins: A3B/D/F/G/H
have the interface, while A3A/A3C and A2 don’t have it. Because A3C binds to RNA, but
remains monomeric, protein-protein interactions have to play an important role in addition
to protein-RNA binding in the case of A3B/D/F/G/H. Both, protein-protein and protein-
RNA interactions have been identified as playing a role in the multimerization of
A3G148889 Binding to RNA might provide a conformational change and/or a correct
scaffold for additional stability, but RNA binding per se as a monomer would not allow for
efficient packaging into HIV virions.

Materials and Methods

APOBEC3 expression constructs

Human A3A, A3B, A3C, A3D, A3F, A3G, A3H hapll, A3G-E259Q were constructed into
pEGFP-N3 vector (Clontech) as previously reported (A3A and A3C, A3B, A3D, A3F and
A3G% A3G-NTD and A3G-CTD3C, A3B, A3H hapl182, A3G-E259Q%, and A3G-Y19D-
W127A30). Human APOBEC2 coding region (NM_006789) was PCR-amplified with
forward oligo 5-NNNGAGCTCACCACCATGGCCCAGAAGGAAGAG -3’ and reverse
oligo 5-NNNCCGCGGACTTCAGGATGTCTGCCAAC-3 digested with Sacl and Sacll
and ligated into pEGFP-N3 vector digested with the same enzymes. Construction of A3G
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and A3G-E259Q with carboxy-terminal 3% influenza virus hemagglutinin (HA) tags in
pcDNA3.1(+) (Invitrogen) were also described in82. A3G-C97A mutant was made by
QuikChange site-directed mutagenesis (Stratagene) using forward oligo 5'-
catatcctggagccccgcecacaaagtgtacaaggg-3’ and reverse oligo 5/
cccttgtacactttgtggcggggctccaggatatg-3’. Proviral construct of vif-deficient HIV-1111B
(GenBank accession no. EU54161792) with tandem stop codons at positions 26 and 27 were
obtained from Michael Malim (King’s College, London, England).

Cell lines for FFS studies

U20S, Hela and 293T cells obtained from ATCC (Manassas, VA) were maintained in
Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum. Cells
were plated into eight-well coverglass chambers (Nunc) and transfected. Transfections were
carried out using transfectin (Bio-rad, Hercules, CA) according to manufacturer’s
instructions. Cells were measured ~24 h posttransfection.

HIV single-cycle infection with replication-proficient virus

Single-cycle infection was performed as described”>:93, Briefly, 293T cells were seeded in
six-well plates at 250,000 cells/well. The following day, cells were transfected using
TransIT transfection reagent (Mirus Bio) with 1 pg of Vif-deficient HIV I11B, and 0, 25, 50,
100 or 200 ng of A3G-3xHA expression constructs or mutants balanced by the parent empty
vector pcDNA3.1-3xHA. Two days post-transfection, virus containing supernatants were
used to infect CEM-GFP reporter cells seeded in 96-well plates at 25,000 cells/well. After
another 2 days, infected CEM-GFP cells were fixed in 4% paraformaldehyde and submitted
for flow cytometry. Infectivity was assessed by determining the percentage of GFP-positive
cells. Virus particles from the same supernatants were isolated by ultracentrifugation and
submitted for western blot analysis. 293T producer cells were also harvested and lysed for
WB analysis. The expression and packaging of A3G or mutants were detected by anti-HA.
11 antibody (Covance). Anti-tubulin (Covance) and anti-p24 blotting were used as loading
controls in cell lysates and virus particles respectively.

FFS measurements

FFS experiments were carried out on a modified two-photon microscope, as previously
described1, using two-photon excitation at a wavelength of 1000 nm. A mode-locked
Ti:sapphire laser (Tsunami, Spectra Physics, Mountain View, CA) pumped by an intracavity
doubled Nd:YVO4 laser (Spectra Physics) serves as source for two-photon excitation. The
experiments were carried out using a Zeiss Axiovert 200 microscope (Thornwood, NY) with
a 63X Plan Apochromat oil immersion objective (N.A.=1.4). Power at the sample for all the
cell measurements is 0.8-1.2 mW. The eight-well coverglass chamber containing the cells is
mounted on an electronic stage (MS-2000 XYZ, ASI, Eugene, OR). After selecting a cell
the two-photon excitation is focused into the cytoplasm for FFS. The data acquisition time is
~60 seconds for an individual cell measurement. The fluorescence is sent to avalanche photo
diodes (APD) (Model SPCM-AQR-14, Perkin Elmer, Vaudreuil, Canada) for detection. The
TTL-output of the APD unit is connected to a data acquisition card (correlator.com), which
stores the complete sequence of photon counts using a sampling frequency of 20 kHz. The
recorded photon counts were stored and analyzed with programs written for IDL 7.1
(Research Systems, Inc., Boulder, CO).

Data analysis

Experimental data were analyzed with Q-analysis where the brightness Asegment is
determined every second®*95, The resulting normalized brightness, b, is calculated by taking
the average brightness of Asegment divided by the monomer EGFP brightness Aggrp that was
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independently measured for calibration at the beginning of the experiments, b = (Asegment)/
Aecep- The concentration of EGFP-labeled proteins is determined by dividing the average
fluorescence intensity of the sample both by the EGFP brightness and by the volume of the
optical observation volume as described in the literature*l. The time over which the

au

tocorrelation function decays to half of its original value is used to define the residence

time. Its value is determined by interpolation from the smoothed experimental

au

Supplement

tocorrelation function.
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Fig. 1.

Brightness and Stoichiometry. (A) A fluorescent protein with a brightness A is attached to
the protein of interest. The brightness of the labeled monomeric protein is identical to that of
the fluorescent protein alone. Dimerization of the monomers leads to a doubling of the
brightness, because the dimer carries two fluorescent proteins. (B) Brightness of monomeric
EGFP (squares) and the dimeric EGFP (circles) in the cytoplasm of U20S cells. The
control experiment demonstrates that the brightness of the label EGFP is concentration
independent and that brightness doubling is observed for EGFP,. Each data point represents
the brightness measured in a different cell expressing either EGFP or EGFP,. The average
brightness of EGFP is 1 + 0.06, while the average normalized brightness EGFP5 is 1.90 +
0.10. (C) Brightness titration experiment. Schematic representation of the brightness for a
monomer-dimer transition of a labeled protein as a function of its concentration. At low
concentrations the equilibrium is shifted towards monomers, which results in a brightness
close to 1. High concentrations favor the dimer, which is characterized by a brightness of 2.
At intermediate concentrations the brightness is between 1 and 2, which indicates the
presence of a mixture of monomers and dimers.
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Fig. 2.

Multimerization of A3G-EGFP (A) Brightness titration experiments of A3G-EGFP in U20S
cells. Five independent experiments are displayed to illustrate the repeatability. The solid
line is the average brightness curve for A3G determined by interpolation of the experimental
data. (B) Brightness titration for A3G-EGFP in three different cell lines. (C) Brightness
titration experiments with A3G-NTD-EGFP (@) and A3G-CTD-EGFP (A). The solid line
depicts the average brightness of full-length A3G-EGFP for comparison.
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Fig. 3.

Brightness titration experiments in U20S cells of (A) A2-EGFP (@), (B) A3A-EGFP (@)
and A3C-EGFP (a), (C) A3B-EGFP and (D) A3D-EGFP (@), A3F-EGFP (#) and A3H-
EGFP (A). The solid line is the averaged A3G brightness and the dash line indicates the
brightness of a monomer.
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Fig. 4.

A3G-EGFP mutants C97A and E259Q (A) Brightness titration of A3G-E259Q-EGFP (A)
and A3G-C97A-EGFP (@) in U20S cells. The solid line is the average A3G-EGFP
brightness and the dashed line marks the monomeric brightness. (B) The restrictive activity
of A3G and mutants as assessed by a single cycle infectivity assay. Viral infectivity was
measured as the percentage of fluorescent-positive CEM-GFP reporter cells normalized to
results for 0 ng of A3G construct. Error bars indicate the standard deviation from duplicate
experiments. (C) Representative immunoblots from one of five experiments. A3G-3xHA
expression in producer 293T cells and packaging in viral particles were detected by anti-HA
antibody. Anti-tubulin and anti-p24 served as loading controls in cell lysates and viral
particles respectively.

J Mol Biol. Author manuscript; available in PMC 2015 March 20.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Lietal.

Table 1

Page 21

The average residence time of EGFP-labeled APOBEC proteins determined from the autocorrelation function.

Construct Residence time (ms)&
EGFP 0.91 (s=0.2)
EGFP, 1.15 (s = 0.2)
A2-EGFP 12(s=02)
A3A-EGFP 1.4 (s=0.3)
A3C-EGFP 8(s=2)
A3G-EGFP 50 (s = 20)
A3G-EGFP (c < 200nM) 30 (s = 10)
A3G-EGFP CTD 18(s=1.2)
A3G-EGFP NTD 90 (s = 60)
A3G-EGFP E259Q 60 (s = 30)
A3G-EGFP C97A 9(s=8)
A3B-EGFP 100 (s = 60)
A3D-EGFP 120 (s = 90)
A3F-EGFP 120 (s = 80)
A3H-EGFP 110 (s = 70)

a . . . .
the average and standard deviation are calculated from cells expressing protein between 200 nM and 1000 nM unless otherwise noted.
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