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FIG 6 Generation of SIV/HIV-1 chimeric Vpu proteins resistant to macaque tetherin. (A) Amino acid sequences of various Vpu proteins. Alignments of the
sequences and the boundary between TM/cytoplasmic domains are shown based on previously reported information (26). mon, SIVmonCMLI (GenBank
accession number AY340701); mus, SIVmus1085 (GenBank accession number AY340700); gsn, SIVgsn166 (GenBank accession number AF468659); HIV-1,
NL4-3 (32). HIV-1mt clones (MN4 series) have vpu genes identical to that of NL4-3. monTM-, musTM-, and gsnTM-Vpu were constructed by fusing each TM
domain of SIVmon/mus/gsn Vpu with the cytoplasmic domain of HIV-1, ., Vpu. (B) RhM tetherin antagonism by various Vpu proteins. 293T cells were
cotransfected with a vpu-deficient proviral clone (MN4Rh-3-AU), pClneo-RhM tetherin, and various pSG-VpucFLAG constructs. On day 2 posttransfection,
virion production in the culture supernatants was determined by RT assays. Virion production levels relative to that of MN4Rh-3-AU in the absence of RhM
tetherin were calculated, and mean values of three independent experiments are shown with the standard deviations. (C) Downregulation of cell surface
CD4 and tetherin by HIV-1y,, , Vpu or gsnTM-Vpu. MAGI, LLC-MK2, and HEp2 cells were used to determine the downregulation of CD4, RhM
tetherin, and human (Hu) tetherin by Vpu, respectively. Cells were transfected with the pIRES-hrGFP (control), pIRES-HIV-1 Vpu-hrGFP, or pIRES-
gsnTM-Vpu-hrGFP construct. On day 2 posttransfection, cells were stained for cell surface CD4 or tetherin and analyzed by two-color flow cytometry.
Values presented are CD4 or tetherin fluorescence intensities of GFP-positive cells relative to that of the control. Mean values * standard deviations of

three independent experiments are shown.

central lines of the helices are similar between MN4/LSDQ and
MN4/LSDQdtu, whereas they are different in MN4/LSDQgtu.
These results suggest the possibility that the structural properties
of the tetherin interaction surface of the MN4/LSDQgtu Vpu TM
domain are very different from those of the Vpu TM domains of
MN4/LSDQ and MN4/LSDQdtu. Further studies are necessary to
verify this issue.

RhM APOBEC3-, TRIM5«-, and tetherin-resistant HIV-1mt
clone MN4/LSDQgtu replicates comparably to SIVmac239 in
RhM PBMCs. Here we constructed distinct HIV-1mt clones with
respect to their resistance to RhM TRIMS5a and tetherin:
TRIM5a- and tetherin-susceptible MN4Rh-3, TRIM5a-resistant
but tetherin-susceptible MN4/LSDQ, and TRIM5«- and tetherin-
resistant MN4/LSDQgtu. Of note, all these clones are RhM
APOBECS3 resistant (see Fig. 1 for their genomes). To investigate
the effect of the increased resistance to these macaque restriction
factors, various viruses were examined for their growth potential
in PBMCs from four TRIM5a homozygous RhM individuals. As
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shown in Fig. 8, SIVmac239, a comparative standard virus in ma-
caque cells, replicated constantly in all PBMC preparations. The
growth potentials in the RhM PBMCs of the HIV-Imt clones
tested markedly and stably differed. As a likely result of RhM
TRIMS5a-resistant Gag-CA, MN4/LSDQ replicated much more
efficiently than MN4Rh-3. By virtue of RhM tetherin-resistant
Vpu, MN4/LSDQgtu grew significantly better than MN4/LSDQ.
Essentially the same results for HIV-1mt growth kinetics were
obtained in M1.3S cells. The M1.3S cell line and macaque PBMCs
always responded similarly to various SIVs/HIVs (our unpub-
lished observations). Moreover, by comparing the peak day of
viral growth kinetics and the peak level itself, MN4/LSDQgtu
was shown here to have the ability to replicate comparably to
SIVmac239 in RhM PBMCs, except for one preparation (from mon-
key 565) (Fig. 8). The results show that the increased resistance to
macaque restriction factors correlates well with the enhanced viral
growth potential. In sum, MN4/LSDQgtu, which exhibits resistance
to known major restriction factors (APOBEC3, TRIMS5, and tetherin
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FIG 7 Effects of various Vpu proteins carrying a different TM domain on tetherin antagonism and HIV-1mt replication in macaque cells. (A) Alignment of
amino acid sequences of the Vpu TM domain in each HIV-1mt clone. MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu encode the Vpu TM domain derived
from HIV-1y,.; (32), HIV-15y,, (22), and SIVgsn166 (GenBank accession number AF468659), respectively. (B) Species-specific tetherin antagonism by
SIVmac239 and various HIV-1mt clones carrying different Vpu proteins. SIVmac239 (MA239N) and its nef-deficient clone (MA239N-AN) were used as positive
controls for RhM tetherin resistance. 293T cells were cotransfected with proviral clones and the indicated amounts of the pCIneo-RhM tetherin or pClneo-
Human tetherin expression vector. On day 2 posttransfection, virion production was determined by RT activity released into the culture supernatants. Values are
presented as RT activity of each sample relative to that of each proviral clone without tetherin expression. Mean values * standard deviations of three
independent experiments are shown. AU, vpu deficient; Hu, human. (C) Growth kinetics of various HIV-1mt clones and their vpu-deficient clones in M1.3S cells.
Viruses were prepared from 293T cells transfected with the indicated proviral clones, and equal amounts (5 X 10° RT units) were inoculated into M1.3S cells (2 X
10° cells). Virus replication was monitored by RT activity released into the culture supernatants. Representative data from three independent experiments are
shown. (D) Structural modeling of Vpu TM domains of MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu. Predicted models are shown in a ribbon represen-
tation. Amino acid residues corresponding to the residues in HIV-1 Vpu crucial for binding with human tetherin (54) are highlighted in a red stick represen-
tation. Crucial residues in Vpu TM domains of MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu are A14/A18/W22, A15/V19/W23, and T15/L19/L23, respec-
tively. TM regions analyzed (see panel A for amino acid sequences) are indicated in parentheses.
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FIG 8 Growth kinetics of SIVmac239 and various HIV-Imt clones in
TRIM5a homozygous RhM PBMCs. PBMCs were prepared from four RhM
individuals with the different TRIMS alleles indicated. Viruses were prepared
from 293T cells transfected with the indicated proviral clones, and equal
amounts (2.5 X 10° RT units) were used to spin infect PBMCs (2 X 10° cells).
Asa control experiment, rhesus M1.3S cells (2 X 10°) were infected with equal
amounts of viruses (5 X 10° RT units). Virus replication was monitored by
RT activity released into the culture supernatants. Monkey identification
numbers are indicated in each panel.

proteins), is the best HIV-1mt clone generated so far, replicating with
an efficiency similar to that of STVmac239 in RhM cells.

DISCUSSION

In this study, we generated a novel HIV-1mt clone, designated
MN4/LSDQgtu, that exhibits resistance to RhM TRIM5a and
tetherin in addition to APOBECS3 proteins (Fig. 1). By sequence
homology- and structure-guided CA mutagenesis and by screen-
ing the multicycle growth potential of CA mutant viruses in M 1.3S
cells, we successfully obtained viruses with enhanced replication
efficiency in macaque cells as well as increased macaque TRIM5a
resistance (Fig. 2 to 5). The transfer of the TM domain of
SIVgsnl66 Vpu into the corresponding region of HIV-1mt Vpu
conferred the ability to specifically counteract macaque tetherin
on the virus (Fig. 6 and 7). Furthermore, the increased resistance
to both RhM TRIM5a and tetherin contributed to the viral
growth enhancement in RhM PBMCs (Fig. 8).

During the preparation of this paper, McCarthy et al. reported
several key residues in SIVmac239 CA involved in the interaction
with RhM TRIM5a by genetic and structural analysis (55). Inter-
estingly, the HIV-1mt CA amino acid residues identified in this
study as being the elements responsible for the increased resis-
tance to RhM TRIM5a (M94L/R98S/Q110D/G114Q) were in-
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cluded in those residues. McCarthy et al. reported that H4/5L and
helix 6 of STVmac239 CA also affect TRIM 5« sensitivity (55). In
the construction process for our HIV-1mt clones, we found that
the CA elements involved in the interaction with RhM TRIM5a
are the CypA-binding loop within H4/5L, H6/7L, M94L/R98S
within H4/5L, and Q110D/G114Q in helix 6 (18-20, 56; this
study). Of the substitutions identified in this study, R98S was the
primary residue to increase TRIM5a resistance and improve viral
growth in macaque cells. It was also shown that the TRIM5«
(TRIM5™")-susceptible SIVsmE543-3 clone acquires an adaptive
R97S change in CA (corresponding to R98S in MN4Rh-3 CA) to
evade TRIM5a (TRIMS5™P) restriction during viral replication in
RhM individuals (40). In TRIM5a-sensitive CA, R98S may be a
key residue contributing to the evasion of TRIM5« restriction.
Together, these results suggest that CA elements critical for recog-
nition by TRIM5a may be conserved among primate lentiviruses.
The RhM TRIMS5a-resistant HIV-1 CA constructed in this study
would be useful to define how TRIM5a recognizes CA. On the
other hand, MN4/LSDQ appeared not to evade TRIM5a restric-
tion completely, as STVmac239 did (Fig. 4). In this regard, since it
has been shown that the N-terminal -hairpin domain in the ret-
roviral CA contributes to circumventing TRIMS5« (36, 55, 57), we
constructed various HIV-1mt clones carrying mutations in the
domain (Table 1). However, except for the L61 substitution, none
of the clones were infectious (Table 1). A further CA modifica-
tion(s) may be necessary for complete evasion of TRIM S5« restric-
tion.

Accumulating evidence has shown that tetherin is an impor-
tant cellular restriction factor that affects the replication, adapta-
tion, and evolution of primate immunodeficiency viruses (4, 26).
Its negative effect on viral replication is certainly observed in cul-
tured cell lines and primary cells but is not so evident relative to
those of APOBEC3 and TRIMS proteins (10). Also, in the present
study, RhM tetherin-resistant Vpu significantly contributed to vi-
ral growth enhancement but not as much as TRIM5a-resistant
CA (Fig. 7 and 8). However, tetherin has been suggested to play an
important effector role in antiretroviral activity induced by alpha
interferon (58—60). Also, it has been shown that the pathogenic
revertant virus from nonpathogenic nef-deficient virus acquires
tetherin antagonism by adaptive mutations in the gp41 subunit of
Env (61). Therefore, the ability of HIV-1mt clones to antagonize
RhM tetherin may be very important for optimal replication and
pathogenesis in RhM individuals. In this regard, it has been de-
scribed that naturally occurring polymorphisms in RhM tetherin
sequences are present (30, 31, 61). Although whether these varia-
tions have some appreciable effects on viral replication in vitro is
undetermined, the relationship between tetherin polymorphisms
and the viral replication level in vivo (animals)/viral pathogenic
activity in vivo may be a major issue to address and remains to be
extensively analyzed. It would be intriguing to elucidate how the
viral accessory protein Vpu in vitro is associated with the in vivo
replicative and pathogenic properties of HIV-1 (22).

We constructed an MN4/LSDQgtu clone resistant to the
known major restriction factors (APOBEC3, TRIM5, and tetherin
proteins) in RhM cells. The growth potential of MN4/LSDQgtu
was similar to that of SIVmac239 in most RhM PBMC prepara-
tions (Fig. 8). It was shown previously that the in vivo replication
of SIV is predictable from the virus susceptibility of PBMCs (62,
63). Also, in a series of our studies, the better our HIV-1mt clones
grew in PBMCs, the better they grew in the monkeys (20, 24, 64).
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Thus, it is expected that MN4/LSDQgtu will grow much better in
RhM individuals, at least in the early infection phase, than the
other HIV-1mt clones constructed. As reported previously, the
replication of HIV-1 derivatives in infected macaques was even-
tually controlled, and no disease was induced in the animals (16,
20, 21, 24, 64). It has been suggested that the replication ability of
primate lentiviruses in unusual hosts is more severely affected, via
an interferon-induced antiviral state mediated by unidentified
species-specific factors, than that in natural hosts (23). Moreover,
there are the other significant issues to be considered, such as viral
coreceptor tropism (CXCR4 versus CCR5), the diversity in viral
growth properties (HIV-1 versus SIVmac), and the difference in
host immune responses (human versus RhM) (9, 65-67). Most
importantly, CCR5-tropic but not CXCR4-tropic clones have
been found to be appropriate as input viruses to experimentally
infect RhMs for various HIV-1 model studies in vivo (65-67).
Although MN4/LSDQgtu is a CXCR4-tropic virus, it has clear
potential for the establishment of a model system. MN4/LSDQgtu
can be changed to a pathogenic CCR5-tropic virus through in
vitro and in vivo approaches, as well documented by previous
SHIV studies (68-70). It is also possible to generate entirely new
CCR5-tropic HIV-1mt clones other than MN4/LSDQgtu deriva-
tives on the basis of the key findings for Gag-CA and Vpu-TM in
this study.

Our study here describes the generation and characterization
of a novel HIV-1 derivative minimally chimeric with SIVs. Several
infection model systems using distinct viruses and nonhuman pri-
mates are now available. It is important to define common and
unique characteristics of each virus-host interaction based on the
results obtained from various experimental approaches, including
SIV/natural host and SIVmac/RhM, SHIV/RhM, and HIV-Imt/
RhM infection systems. Such efforts would shed light on a better
understanding of HIV-1/human infection and HIV-1 pathogene-
sis.
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Oligomerization transforms human APOBEC3G
from an efficient enzyme to a slowly dissociating
nucleic acid-binding protein

Kathy R. Chaurasiya', Micah J. McCauley', Wei Wang?, Dominic F. Qualley?, Tiyun Wu3,
Shingo Kitamura#, Hylkje Geertsema’, Denise S. B. Chan®, Amber Hertz?, Yasumasa lwatani34,
Judith G. Levin3, Karin Musier-Forsyth?, loulia Rouzina® and Mark C. Williams'*

The human APOBEC3 proteins are a family of DNA-editing enzymes that play an important role in the innate immune
response against retroviruses and retrotransposons. APOBEC3G is a member of this family that inhibits HIV-1 replication
in the absence of the viral infectivity factor Vif. Inhibition of HIV replication occurs by both deamination of viral single-
stranded DNA and a deamination-independent mechanism. Efficient deamination requires rapid binding to and dissociation
from ssDNA. However, a relatively slow dissociation rate is required for the proposed deaminase-independent roadblock
mechanism in which APOBEC3G binds the viral template strand and blocks reverse transcriptase-catalysed DNA
elongation. Here, we show that APOBEC3G initially binds ssDNA with rapid on-off rates and subsequently converts to
a slowly dissociating mode. In contrast, an oligomerization-deficient APOBEC3G mutant did not exhibit a slow off rate.
We propose that catalytically active monomers or dimers slowly oligomerize on the viral genome and inhibit

reverse transcription.

the innate human immune response to viral pathogens,

including retroviruses and retrotransposons!~*. Of all the
A3 proteins, A3G® is the most potent inhibitor of HIV-1 replica-
tion"*, reducing viral infectivity by several orders of magnitude
in the absence of the HIV-1 viral infectivity factor Vif’~’. In fact,
the function of Vif is to specifically counteract the antiviral
activity of A3G'.

Although A3G is the most studied of all the APOBEC proteins,
the molecular mechanism for A3G-mediated HIV-1 restriction is
still not fully understood. A3G is a deoxycytidine deaminase,
which converts deoxycytidine bases in single-stranded DNA
(ssDNA) to deoxyuridine>!%-!4, A3G deamination of minus-strand
viral DNA formed during reverse transcription results in G to A
hypermutation in the plus-strand!>!%, which effectively impairs
viral replication. However, there are several lines of evidence that
suggest that a deaminase-independent mechanism is also
involved"®!¢, First, A3G catalytic mutants retain antiviral
activity!”-?, Second, A3G inhibits hepatitis B virus replication
without G to A hypermutation?!. Third, A3A inhibits LINE-1 and
Alu retrotransposition®*=?® and parvovirus replication***’ indepen-
dent of deaminase activity. Further evidence for a non-editing
mechanism is based on the reduction of minus-strand viral DNA
levels in HIV-1 particles during endogenous reverse transcription®,
inhibition of reverse transcriptase (RT)-catalysed viral DNA
elongation in vitro by catalytic A3G mutants®-*?, inhibition of
strand transfer reactions in vitro and in cell-based assays**~**, and
A3G-induced inhibition of reverse transcription in viruses from

Q POBECS3 proteins are DNA-editing enzymes that are part of

human CD4™ T cells®>. A roadblock model—in which A3G mol-
ecules bind the template strand at one or a few locations and phys-
ically block viral DNA synthesis—has therefore been proposed as a
molecular mechanism for deaminase-independent inhibition®.

Because only 7 (+4) A3G molecules are incorporated into each
vif-deficient virion®, RT inhibition by an A3G roadblock requires
a slow A3G off rate from single-stranded nucleic acids. In contrast,
these few A3G molecules must have fast on-off rates to deaminate
up to 1,000 sites in several minutes'* using a rapid search mechan-
ism on viral ssDNA%3%, To resolve this apparent paradox, we
hypothesize that A3G exhibits fast binding kinetics as a monomer
or dimer in order to function as an efficient enzyme, and slow kin-
etics on oligomerization in order to block RT from elongating viral
DNA. To test this idea, we used optical tweezers to monitor A3G
binding kinetics on a single DNA molecule.

Results
Single-molecule measurements of A3G binding to ssDNA. For
these studies, a single double-stranded A-DNA molecule was
tethered to two polystyrene beads, with one bead held in an optical
trap and another on a micropipette tip. As the fixed bead was
gradually moved away from the optically trapped bead, the force on
the DNA molecule was measured at each extension, yielding a
force-extension curve (Fig. 1, solid black line). The solution
surrounding the single DNA molecule can be exchanged to measure
the effects of DNA-binding ligands on the properties of DNA.

In the absence of binding ligands, force-induced melting occurs
at a constant force of 61.0+0.5 pN, generating ssDNA, either by

'Department of Physics, Northeastern University, Boston, Massachusetts 02115, USA, *Department of Chemistry and Biochemistry, Center for Retrovirus
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Differentiation, Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland
20892, USA, “Clinical Research Center, National Hospital Organization Nagoya Medical Center, Nagoya, Aichi 460-0001, Japan, *Department of Structural
Biology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15260, USA, *Department of Biochemistry, Molecular Biology and Biophysics,
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Figure 1 | Force-dependent difference in length between DNA and a
saturated A3G-DNA complex allows us to measure A3G binding. Typical
extension in nm per base pair (bp) (solid black) and return (dashed black
line) of a single DNA molecule. At 61.040.5 pN, the molecule undergoes a
force-induced melting transition from dsDNA (green line, Supplementary
equation (1)) to ssDNA (blue line). A3G-saturated ssDNA (200 nM A3G,

t > 500 s, data points fit to Supplementary equation (4), solid purple line) is
longer than dsDNA (Ax,, below the melting transition) and shorter than
ssDNA (Ax,, above the melting transition). A3G-saturated ssDNA is
significantly shorter than ssDNA only (blue line, Supplementary equation
(2)), which suggests that A3G may wrap ssDNA on binding.

peeling from the ends or by forming melting bubbles®*. Although a
stretched form of dsDNA called S-DNA may form on overstretching
at monovalent salt concentrations above 150 mM, it is well-estab-
lished that overstretching is force-induced melting in the presence
of ssDNA binding proteins and at the ionic strength of 50 mM
used in this work®*". At the end of the overstretching transition,
the bead movement reverses direction and the DNA tension is
gradually released (Fig. 1, dashed black line). The minimal hyster-
esis, or mismatch between DNA extension and release, indicates
that the ssDNA generated by force reanneals immediately into
dsDNA during the return. At any given point along the transition,
the molecule is a well-characterized combination of dsDNA and
ssDNA (Supplementary equation (3))*. Pausing at fixed extension
during the melting transition allows precise control of the fraction
of ssDNA substrate available for protein binding.

The force-extension curve probes the length of the captured
DNA molecule at a given force. At forces above 7 pN, ssDNA is
longer than dsDNA. We exploit this force-dependent difference in
length to measure the ssDNA binding properties of A3G. A3G-satu-
rated ssDNA, obtained at a high protein concentration by first over-
stretching the DNA and then allowing A3G to fully bind and
stabilize the DNA in its single-stranded form, is longer than
dsDNA and shorter than ssDNA (Fig. 1). Accordingly, A3G
bound to ssDNA increases the molecule length by Ax, when
below the melting transition, and reduces it by Ax, when above
the melting transition.

In the presence of 50 nM A3G, the extension curve follows the
DNA-only curve before the melting transition, reflecting no
measurable binding to dsDNA (Fig. 2a, solid line). A3G only
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binds after force-induced melting generates ssDNA. Based on the
observed hysteresis (Fig. 2a, dashed line), most of the protein does
not dissociate on DNA release, preventing the two strands from
fully reannealing. A3G-bound ssDNA is longer than dsDNA
(Fig. 1), so the change in length at a given force (Fig. 2a, Ax)
describes the total fraction of A3G bound to ssDNA (fioup
Supplementary Fig. 1a).

A second stretch of the same molecule does not retrace the
release curve, revealing that some fraction of the protein has dis-
sociated during the 30s incubation at zero force between
stretch-release cycles (Fig. 2b). As soon as any A3G dissociates
at forces below the force-induced melting transition, the two
strands reanneal into dsDNA, which is shorter than A3G-bound
ssDNA (Fig. 2b, Ax;). Accordingly, the second stretch reflects
the fraction of A3G that remains ssDNA-bound (f,,,), which
allows the fraction that dissociates quickly (f,,) to be quantified
as frse = fiotal — fiow The DNA was held at zero force for 30 s
between the first release and the second stretch, but longer wait
times of up to 120 min do not lead to further measurable dis-
sociation (data not shown).

In this experiment, A3G was exposed to ssDNA for 50s.
However, A3G oligomerization observed in bulk experiments
occurs on much longer timescales’’. To measure slow binding,
A3G was incubated for 250 s with ssDNA generated by force-
induced melting (Fig. 2¢). The DNA release curve obtained after
this incubation exhibits a length increase relative to the initial
release curve (Fig. 2¢, Ax,), because additional A3G binds ssDNA
during incubation. This effect increases at longer incubation times
(Fig. 2d), approaching the A3G-saturated ssDNA curve (Fig. 1).
Fits to the DNA release curves at increasing incubation time yield
Jiow(t), while the subsequent stretch (data not shown) quantifies
Jaow(t), and fi ., (¢) is the difference between the two. These measure-
ments for 50 nM A3G are presented in Fig. 3a.

Quantitative binding model. The slow binding component
increases at the expense of the fast component, suggesting that the
A3G-ssDNA reaction may be modelled as a two-step process:

ke ky
A3G + ssDNA = (A3G/ssDNA)q = (A3G/ssDNA),, (1)

in which an initial bimolecular process leads to a fast complex that
converts to a slow, more stable complex in the second unimolecular
step. Binding rates were obtained from fits to this model
(Supplementary equations (9)-(11)) at five A3G concentrations
(Fig. 3b). (A3G precipitates at high concentrations'?, so experiments
were calibrated using force-extension curves at known protein
concentrations.) As expected, the observed fast rate k, and the on
rate k,c are both linear with A3G concentration (Fig. 3c). The
bimolecular rate constant k; = 1.5 (£0.1) x 10°M ™ 's ! and off
rate k_, =12 (4+0.1)x 10 >s™' are consistent with single-
molecule Forster resonance energy transfer (FRET)*! and
fluorescence spectroscopy®” measurements, considering differences
in solution conditions. The observed slow rate k), saturates at
high A3G concentrations (Fig. 3d), and both the on and off rates
for the second, unimolecular step are concentration-independent
(k;=67 (+0.6) x 107°s™" and k_,=28 (4+0.5) x 10 °s™").
Elementary reaction rates were obtained from the data in several
different ways, and agreement of the resulting values
(Supplementary Table 2) supports the binding model.

Oligomerization is responsible for slow binding. To determine
whether slow binding is due to A3G oligomerization, we
expressed and purified the F126A/W127A A3G mutant (A3G
FW), which is severely defective in oligomerization*. When this
mutant was incubated with ssDNA for 1,050 s, the release curve
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Figure 2 | Single-molecule method to measure fast and slow fractions of A3G binding. a, Without protein (black line), a single DNA molecule reanneals
immediately on release, exhibiting minimal hysteresis, or mismatch between stretch (solid) and release (dashed) curves. In the presence of 50 nM A3G, the
stretch curve (solid green line) follows the dsDNA-only curve, indicating negligible A3G-dsDNA binding. A3G binds the exposed ssDNA and prohibits the
DNA strands from reannealing, resulting in hysteresis (dashed green line). For a given force (40 pN shown), there is a corresponding change in DNA length
Ax, between A3G-free dsDNA (left arrow, drawing 1) and partially A3G-bound ssDNA (right arrow, drawing 2). This force-dependent length change
measures A3G-ssDNA binding (Supplementary Fig 1). b, The second stretch (solid blue line) lies between the first stretch and release curves, distinguishing

the fraction of A3G that remains bound (f

low:

) from the fraction that dissociated (f,,) before the second stretch. The A3G that dissociates rapidly allows the

strands to reanneal immediately into dsDNA (drawing 3), resulting in length decrease Ax;. ¢, Pausing at fixed DNA extension after incubating ssDNA with
50 nM A3G results in additional binding (drawing 4), indicated by the corresponding length increase Ax, measured during DNA release. d, A3G binding

increases with total exposure time to ssDNA (dashed lines).

exhibited minimal hysteresis (Fig. 4a), and all the bound
protein dissociated before the subsequent stretch (Fig. 4b).
A direct comparison of the hysteresis observed for wild-type
and mutant A3G is shown in Fig. 4c. The lack of a slow
ssDNA bound fraction observed for the mutant, together with the
striking difference between the hysteresis observed for the two
proteins, shows that the oligomerization-defective mutant
does not exhibit slow ssDNA binding kinetics. We therefore
conclude that the slow kinetics observed for wild-type A3G is
due to oligomerization.

30

Discussion

Here, we use a single-molecule method that allows us to quantify
two distinct modes of A3G binding to ssDNA and characterize
the conversion of a fast state into a slow state. These results
suggest a binding mechanism in which monomers or dimers initially
bind ssDNA and rapidly reach equilibrium (1/k,,=24+1s at
200 nM), before slowly converting to oligomers (1/ky,, = 206 £ 20 s)
(Fig. 5a). Previous bulk solution experiments have established that
A3G oligomerizes in the presence of single-stranded nucleic
acids**®, which inhibits efficient deaminase activity*?. We also
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Figure 3 | Quantifying A3G binding reveals association and dissociation rates for fast and slow binding modes. a, Total binding at 50 nM A3G (f,,, red)
separated into a fast fraction (f;,;, blue) and slow fraction (f,,, green), as a function of ssSDNA-A3G incubation time. Fits to the binding model (solid lines,
Supplementary equations (9)-(11)) yield observed rates ki, and k;,,. b, Slow fraction bound as a function of time for five A3G concentrations. Solid lines are
fits to Supplementary equation (10). Error bars (a, b) are standard error (N > 3) for 50-200 nM A3G and propagated error for 10-20 nM A3G. ¢, Fast rates
(kiaet, blue data points) obtained from fits to the binding model (shown in a for 50 nM A3G). The linear fit (solid blue line, Supplementary equation (13))
yields k; and k_. kic (purple data points) and k_, (red data points) were also calculated from the binding model. Linear fits (solid lines, Supplementary
equations (15) and (17)) yield consistent values of k, and k_,. d, Slow rates (k,,,. green data points) from fits to the binding model (b). Fits to
Supplementary equation (21) (solid green line, Supplementary Fig. 2b) yield k, and k_,. Separate calculations of k, (purple) and k_, (red) from the binding
model (Supplementary equations (24) and (25)) are also shown. Error bars in ¢d are from uncertainty in the fits to the binding model for total rates k¢,
and k,,,, and propagated error for calculated elementary reaction rates.
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Figure 4 | Oligomerization-defective mutant F126A/W127A (FW) demonstrates that the slow kinetics observed for wild-type A3G is due to
oligomerization. a, In the absence of protein (black line), a single DNA molecule reanneals immediately on release, exhibiting minimal hysteresis between
extension (solid) and release (dashed). In the presence of 50 nM F126A/W127A A3G (orange line), the stretch curve (solid) follows the dsDNA-only curve,
indicating no measurable A3G FW binding to dsDNA (drawing 1). Pausing at fixed DNA extension after the melting transition to incubate the ssDNA with
the protein results in sSDNA binding (drawing 2), indicated by the corresponding increase in length Ax, measured during DNA release at a given force
(shown for 40 pN). b, The subsequent stretch (dark blue) follows the initial stretch curve (solid orange line), indicating that all the mutant A3G bound during
incubation dissociates rapidly (drawing 3), resulting in a decrease in length Ax;. ¢, Wild-type A3G (drawing 4) exhibits a greater change in length Ax, relative
to the FW mutant (drawing 2) at 1,050 s incubation due to oligomerization on ssDNA.
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