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Abstract

The single-stranded DNA (ssDNA) cytidine deaminase APOBEC3F (A3F) deaminates cytosine
(C) to uracil (U) and is a known restriction factor of HIV-1. Its C-terminal catalytic domain (CD2)
alone is capable of binding single-stranded nucleic acids and is important for deamination.
However, little is known about how the CD2 interacts with single-stranded DNA (ssDNA). Here
we report a crystal structure of A3F-CD2 in complex with a 10 nucleotide (nt) ssDNA composed
of poly-thymine, which reveals a novel positively-charged nucleic acid binding site distal to the
active center that plays a key role in substrate DNA binding and catalytic activity. Lysine and
tyrosine residues within this binding site interact with the ssDNA, and mutating these residues
dramatically impairs both ssSDNA binding and catalytic activity. This binding site is not conserved
in APOBEC3G (A3G), which may explain differences in sSDNA binding characteristics between
A3F-CD2 and A3G-CD2. In addition, we observed an alternative Zn-coordination conformation
around the active center. These findings reveal the structural relationships between nucleic acid
interactions and catalytic activity of A3F.
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Introduction

The members of the APOBEC family of cytidine deaminases share a conserved zinc-
coordinating cytidine deaminase domain (CD) and generally possess the ability to catalyze
cytosine into uracil on ssDNA or RNA. In humans, there are eleven related members that fall
within the APOBEC family: APOBEC-1, APOBEC-2, seven APOBEC-3s (A3A through
A3H), APOBEC-4, and Activation-Induced Deaminase (AID). These are involved in diverse
biological processes including lipid metabolism, antibody generation, virus/retroelement
restriction, and cancer genome hypermutation (reviewed and references therein(1-4)). The
A3 subfamily is particularly well known for being a key part of the innate immune response
against viral infection and intrinsic retroelements (reviewed and references therein(5-8)).
The double-domain A3F and A3G are among the A3 proteins that have been characterized
as potent antiviral factors and can restrict HIV-1 replication in the absence of HIV-1 Vif (9-
13). A3F and A3G can be incorporated into HIV virions, inhibiting HIV-1 replication by
blocking reverse transcription, introducing dC-to-dU hypermutations in viral cDNA (or G-
to-A hypermutations in viral DNA), and inhibiting proviral DNA formation(9,10,13-21).
However, the HIV viral protein Vif suppresses A3F, A3G and some other APOBEC proteins
by mediating their degradation through the Cul5-E3 ligase pathway(22-29).

A3F and A3G both contain two CD domains. Although the C-terminal CD2 of both A3F
and A3G are responsible for catalysis, A3F-CD2 and A3G-CD2 display distinctive binding
for substrate ssSDNA(30-32). The catalytic activity of A3G-CD2 alone is about three orders
of magnitude weaker than full-length A3G, and the ssDNA binding of A3G-CD2 is barely
detectable by a gel-shift assay(30,32,33). In contrast to A3G, the activity of A3F-CD2 alone
is only about 25 times weaker than full-length A3F, the ssDNA binding of A3F-CD2 alone
is readily detectable by a gel-shift assay, and the presence of its CD1 domain enhances the
strength of sSDNA binding as well as deamination activity by about 10 fold(31). Also, the
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A3F-CD2 residues on a loop close to the active center (loop 7) are shown to be involved in
both ssDNA binding and catalytic activity in A3F-CD2(31). However, it is not clear how
loop 7 affects the sSDNA binding, or how other structural elements outside of loop 7 away
from the active center are involved in ssDNA binding.

Previous research has suggested that the CD1 domains of A3F and A3G are primarily
involved in viral incorporation and nucleic acid binding, while the CD2 domain largely
determines the catalytic activity and substrate specificity(31,33-43). However, it has been
shown that the CD2 domains of A3F and A3G are also involved in nucleic acid binding and
viral incorporation(33,37,44,45), and so an exact picture of how these functions are
regulated and occur has yet to be fully explained. It may be possible that different functions
may incorporate binding at multiple sites on different APOBEC proteins. For example, a
recent study of mass spectrometry of A3G peptides cross-linked to bound nucleic acids
revealed three separate regions on A3G involved with DNA interactions(46), each of which
may independently or cooperatively bind ssSDNA or RNA. Despite the publication of several
apo-structures of APOBEC proteins(30,32,47-59), the only reported co-crystal structures of
nucleic acids bound to members of the APOBEC family include a structure revealing
ssDNA bound at the inactive Zn-center of a primate A3G-CD1(32), and structures showing
ssDNA bound at the active Zn-centers of A3A and a chimeric A3B-CD2(60,61), all of which
present only 3-6 nt bound to the Zn-center despite oligomers with lengths of 7-15 nt being
used during crystallization. Because longer oligomeric ssDNA with lengths greater than six
nucleotides generally show tighter binding and higher deamination activity(18,50,62), it is
likely that substrate sSDNA must also bind to APOBEC proteins beyond the Zn-center for
efficient deamination, and possibly for other biological processes. The molecular details of
how nucleic acids bind to the areas outside the Zn-center is unknown for any APOBEC
protein so far, including the CD2 of A3F.

Here we report a crystal structure of a wild-type CD2 of A3F in complex with a 10 nt poly-
dT ssDNA that reveals an unexpected ssDNA-binding surface of A3F-CD2 that is distal to
the zinc active center. Multiple tyrosine and lysine residues within the interface form
hydrophobic and electrostatic interactions with the sSSDNA respectively. Subsequent
mutagenesis studies demonstrated that these residues on the DNA-binding surface play a
role not only in ssDNA binding, but also in RNA binding and in catalytic activity. Most of
these residues interacting with the sSDNA on this positively charged surface are specific to
A3F-CD2 and not conserved in A3G-CD2, suggesting this ssDNA interface is a unique
property of A3F-CD2. Based on this structure, a model of how A3F-CD2 interacts with its
ssDNA substrate has been proposed.

Crystal structure reveals a positively-charged patch of A3F-CD2 binds to a poly-dT ssDNA

In order to get the complex structure of deaminase active A3F-CD2 domain with ssDNA, we
expressed and purified wild-type (WT) hA3F-CD2 (residues 190-373) that was cleaved
from a GST-fusion construct. \We obtained co-crystals of the WT A3F-CD2 in complex with
a 10 nt poly-dT ssDNA, and determined the protein-ssSDNA complex structure at a resolution
of 3.7 A. In one asymmetric unit (ASU), there are eight A3F-CD2 molecules and two well-
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ordered 10 nt ssDNA molecules, with each ssSDNA interacting with four A3F-CD2 subunits
(Table 1, Figure 1A). Each A3F-CD2 molecule contains a highly positively charged surface
area (Figure 1B), composed of five lysine residues (residues 334, 337, 352, 355, and 358).
This positively charged surface interacts with the negatively charged ssDNA phosphate
backbone via electrostatic interactions mostly through three lysine residues K352 (K1),
K355 (K2), and K358 (K3) (Figure 1C, 1D). However, two tyrosine residues located within
this positively-charged surface also interact with ssDNA. Specifically, Y333 (Y1) of all four
A3F-CD2 subunits form hydrophobic pi stacking interactions with the thymine bases of T1,
T3, T7, T9 respectively (Figure 1C, 1D). The respective Y359 (Y2) residues on two of the
A3F-CD2 subunits (chains A and D) stack with the bases of T2 and T8, whereas the other
two Y359 residues (chains B and C) may interact with T4 and T6 only (Figure 1C, 1D).
Therefore, the poly-dT ssDNA interacts with A3F-CD2 through a combination of
electrostatic interactions with its negatively charged backbone and hydrophobic interactions
with its non-paired bases, which are consistent with interactions expected for non-sequence
specific binding of single stranded nucleic acids.

Because one ASU contains eight molecules of A3F-CD2 and two 10 nt dT ssDNA, with
each ssDNA binding to four monomers of A3F-CD2, we tried to further understand the
oligomerization status of A3F-CD2. During purification, the cleaved hA3F-CD2 eluted as
two major peaks on size exclusion chromatography (SEC) (Supplement Figure 1A), one of
which (peak 1) was large oligomers in the void volume, while the other (peak 2) had an
estimated molecular weight of approximately 29 kD. The estimate fell between the
calculated molecular weight (MWt) of a monomer (21 kD) and a dimer (42 kD), but is
closer to the monomeric form. Such elution observations suggest a possible transient
interaction between two molecules at any given moment, where the mix of monomeric and
dimeric states resulted in a peak position larger than expected for a monomer alone. We then
used dynamic light scattering (DLS) to test the purified hA3F-CD2 that was crystallized,
alone and in the presence of 10 dT ssDNA. The protein formed aggregates at 25°C, but
behaved mostly as a dimer, with some larger oligomeric forms (see supplement Figure 1B,
1C) at 8°C, the lowest temperature the DLS instrument could be adjusted to. Upon adding
the 10 dT ssDNA, the dimer disappeared, and tetramer and some larger oligomers were
observed. This result suggests the multimerization of A3F-CD2 occurs upon binding to the
10 nt ssDNA.

To compare the roles of both the electrostatic and hydrophobic interactions between this
mostly positively charged surface and ssDNA that were observed in the crystal structure, we
generated three mutant constructs for testing the effects on ssDNA binding strength: one
triple mutant K352A/K355A/K358A, and two individual mutants Y333A and Y359A. The
initial efforts in purifying full length (FL) A3F wt and its mutant proteins yielded multimeric
aggregated forms with nucleic acids contamination. To avoid complications of interpreting
the nucleic acid binding data to the aggregated FL-A3F proteins with contaminated nucleic
acids, A3F-CD2 construct and its mutants were used for the nucleic acid binding study. Also
because it is known that A3F-CD2, similar to other APOBECS, has little binding to dsSDNA
(18,56), only ssDNA binding was tested in this study. To avoid potential Kinetic effects due
to substrate turnover from catalysis during binding assays using various ssDNAs, the
catalytically inactive E251A version of A3F-CD2 (designated as WTi) was used to generate
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all three mutants for this DNA binding assay. The three mutant constructs were soluble and
showed similar SEC elution profiles as the wild-type (Supplement Figure 1A). The binding
strength of A3F-CD2 WTi and the three mutants on a 10 nt poly-dT ssSDNA was tested using
EMSA. The results showed that the triple lysine mutant K352A/K355A/K358A essentially
abolished ssDNA binding completely (Figure 2, Table 2), indicating that the electrostatic
interactions are critical for the interactions between A3F-CD2 and poly-dT ssDNA. The

Y 333A mutant also significantly impaired the poly-dT ssDNA binding (Figure 2, Table 2).
On the other hand, the Y359A construct showed no impairment, and instead appeared to
show a slight increase in the strength of poly-dT ssDNA binding (Figure 2, Table 2). The
differences between the two tyrosine mutations could potentially be rationalized from the
co-crystal structure in that each sSDNA interacts with the Y333 of all four bound subunits,
but interacts with only two of the four Y359, suggesting that Y333 plays a more important
role in binding the poly-dT ssDNA.

The A3F-CD2 poly-dT interface is important for substrate binding and deamination

Considering the poly-dT ssDNA lacked a canonical deamination sequence motif, it was
necessary to consider the role that substrate sequence has on the interaction with residues of
the positively charged surface of A3F-CD2. Consistent with what we observed with a poly-
dT substrate, a binding assay using a 30 nt substrate ssDNA containing a mixed DNA
sequence and canonical TC motif for deamination showed a similar trend for the three
mutants of A3F-CD2 (Figure 3A, B). Overall, binding of the 30 nt substrate with A3F-CD2
and all three mutants appeared to be stronger than with the 10 nt poly-dT (Figure 2, Figure
3A, B, Table 2), likely because of the length difference in the SSDNA allowing for stronger
interactions. Both Y333A and K352A/K355A/K358A significantly impaired the substrate
binding (Figure 3A, B, Table 2), whereas Y359A had slightly enhanced substrate binding.
This result indicates that Y333 and K352/K355/K358 are involved in binding to the longer
ssDNA consisting of a mixed sequence with a TC motif.

In order to determine if the observed changes in ssDNA binding also affected deamination
activity on the substrate DNA, we tested the same set of mutant A3F-CD2 constructs, this
time with the wild-type catalytic E251 residue. The deamination activity was observed on
the same 30 nt ssDNA substrate consisting of a mixed sequence with central TC motif. The
deamination assay revealed that the catalytic activity of both the Y333A and K352A/
K355A/K358A mutants were dramatically reduced by about 70% compared to WT A3F-
CD2 (Figure 3C, D), suggesting that these residues are critical for the deamination activity
of A3F-CD2, probably through mediating the interactions with the substrate sSSDNA.
Interestingly, although the Y359A mutant showed no reduction of ssDNA binding compared
with wild type A3F-CD2 (Figure 3A, B), its catalytic activity was reduced (Figure 3C, D)
(Table 2, Table 3).

A3F-CD2 binds ssDNA and RNA differently through the identified positively-charged

surface

We next tested the RNA binding of A3F-CD2 WTi (containing the catalytic inactive E251A
mutation) and the positively charged surface mutants by gel shift assays with a 50 nt RNA
containing an unstructured, mixed sequence (Figure 4). The results showed that all the
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mutants had reduced RNA binding when compared to A3F-CD2 WTi (Figure 4A). In
general, the amount of shifted RNA was significantly less than ssDNA, even though the
length of tested RNA was longer than the tested sSDNA (containing 30 nt). For example, at a
50 uM A3F-CD2 protein concentration, almost 100% of the ssDNA was shifted with both
the A3F-CD2 WTi and mutants Y333A and Y359A (Figure 3B), whereas only 50% of the
RNA was shifted with the WTi (Figure 4B), and only ~30% of the RNA was shifted with
mutants Y333A and Y359A. RNA binding by mutant K352A/K355A/K358A was not
detectible under experimental conditions. Furthermore, for ssDNA binding, the Y359A
appeared to be slightly stronger than WTi, and Y333A was significantly weaker (Figure 3A);
whereas for RNA binding, both Y359A and Y333A were significantly weaker than A3F-
CD2 WTi (Figure 4A). These results suggest that, even though these mutated residues of
A3F-CD2 are involved in binding nucleic acids, their exact role in interacting with sSDNA
and RNA appears to differ, and a more detailed understanding of their interaction mode
would require a comparison between complex structures of A3F-CD2 binding to ssDNA and
RNA molecules.

Interestingly, when comparing the molecular surface charge features of A3F-CD2 with the
available CD2 structures of A3G, another potent anti-HIV double domain APOBEC, it is
obvious that the positively-charged surface identified for ssDNA binding in A3F-CD2 is
actually negatively charged on A3G-CD2 (Figure 5A, 5B). Analysis of a sequence alignment
between A3F-CD2 and A3G-CD2 showed that the equivalent residues to Y359 and the three
positively charged residues K352, K355, and K358 in A3F-CD?2 are negatively charged or
neutral (E366, Q359, D362, D365) in A3G (Figure 5C), with only residue Y333 aligned
between the two proteins.

An alternative inter-molecular zinc-coordination at the A3F-CD2 catalytic center

The typical catalytic center of APOBEC proteins contains a zinc atom coordinated by a
histidine and two cysteines, which are essential for catalytic activity. All but one of the
previously determined crystal structures of APOBEC proteins have so far had the typical
zinc-coordinated active center conformation (Figure 6A) (53,54,56). Only one of the
previously determined structures of various A3F-CD2 constructs was shown to be zinc-free,
which was obtained at low pH (57). In the co-crystal structure of WT A3F-CD2 in complex
with a poly-dT ssDNA, we found two A3F-CD2 molecules of a tetrameric unit had no Zn
atom at the active center, and the other two A3F-CD2 molecules had a Zn atom that is
located about 5 A away from the canonical Zn position and with a different coordination
conformation. The zinc atom is coordinated by three residues: H247 and H249 on loop 3, as
well as residue H228 from loop 2 of an adjacent molecule (Figure 6B). Among the three
histidine residues involved in this alternative coordination, only H249 belonged to the
canonical active center residues. This suggests that A3F-CD2 has the potential to form
alternative zinc coordination in solution beyond what is normally observed at the active Zn
center. In order to test if this slightly off-positioned Zn atom has a role in regulating the
catalytic activity by competing with the active-center Zn needed for deamination, we
mutated H228 and H247 to abolish the alternative Zn-coordination. These mutants showed
very similar deamination activity to the wild-type (Figure 6C). This result suggests that the
alternative zinc-coordination conformation observed in the crystal structure has no critical
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role in regulating the catalytic activity /n vitro. At this moment, it is not clear what this
alternative Zn conformation means for the functions of A3F in vitro and in vivo. Combined
with previous reports showing that A3F-CD2 can have Zn-free or Zn-coordination forms in
different pHs (53,54,56,57), it appears that A3F-CD2 is unique in that its active center Zn
may be less tightly held by the active center coordination bonds than those in other
APOBEC members.

Discussion

A3F is a member of the APOBEC deaminase family of proteins that is capable of restricting
HIV infection by targeting viral complementary ssDNA through a deaminase-dependent
manner. The catalytic activity of these deaminases is not only determined by the catalytic
center and surrounding loops, but also depends on how efficiently the enzyme binds to
ssDNA substrates and allows the target sequence to access the active center. In this study, we
reported the first co-crystal structure of the A3F-CD2 catalytic domain in complex with a 10
nt ssSDNA consisting of a poly-dT sequence that reveals an unexpected ssDNA binding mode
by this APOBEC protein. The structure revealed a positively-charged patch unique to A3F-
CD2 that is involved with ssDNA binding. Mutating residues within this positively-charged
interface significantly reduced the strength of sSDNA binding and dramatically impaired the
deamination activity, suggesting that interactions mediated by this patch are indeed critically
related to the catalytic activity.

The presented structure reveals that residues within this positively charged surface employ
both electrostatic and hydrophobic interactions to bind ssDNA, and activity studies of
mutants demonstrated that they are also related to substrate sSSDNA binding and deamination
activity. However, these two types of interactions appear to have different contributions. The
electrostatic interactions are critical for both ssDNA binding and deamination, as both were
dramatically reduced by mutating three lysine residues on the positively charged surface
(Figure 3). However, the hydrophobic interactions revealed by the tyrosine mutations appear
to disrupt deamination activity more profoundly than sSDNA binding activity (Figure 3).
These results suggest that not all interactions with nucleic acids are equal in terms of their
roles in affecting catalysis, i.e. some interactions with nucleic acids may be more “relevant”
than others with respect to deamination activity. In this case, it is possible that the ssDNA
substrates are bound to this positively-charged patch at different orientations non-
specifically through electrostatic-interactions, but only some ssDNA substrates are “guided”
by Y333 and Y359 through hydrophobic interactions to the specific orientation that is more
favored for deamination.

It is noted that in the structure the sSDNA binding interface is not in proximity to the
proposed active center pocket, and the orientation of the sSDNA does not point to the active
center of the same A3F-CD2 molecule (Figure 1B). During purification, we also have
observed that, under lower salt concentration (below 250 mM), A3F-CD2 tends to
oligomerize and form large aggregates. Full length A3F is also shown to oligomerize into
large molecular weight complexes both 7 vitroand in cells (31,63,64). The DLS results
showed that A3F-CD2 forms tetramer or larger oligomers in the presence of 10 nt ssSDNA,
and that even larger oligomers are expected to form with longer ssSDNA. Therefore, it is
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possible that this positively-charged patch may help capture and guide the sSDNA substrate
for the deamination catalyzed by an adjacent A3F molecule in the A3F oligomeric complex.

Even though the CD1 domain plays an important role in oligomerization of A3F and other
double-domain APOBECSs (32,33,37,45,49), the full-length A3F with a disrupted CD1
domain still forms high molecular weight complexes (65), suggesting that A3F-CD2 may
also be involved in oligomerization. The crystal packing of the eight molecules within one
ASU reported here, or those A3F-CD2 apo structures reported earlier (53,54,56,57) does not
show an interface with significant buried areas for the formation of a stable dimer or
multimer. One possible oligomerization interaction within the CD2 domain of A3F may be
somewhat similar to what is observed for the dimer interactions of a primate A3G-CD1
(rA3G-CD2) involving residues around the C-terminal part of helix 6 (h6) (32). Similarly, a
recent study of A3C suggested dimerization can occur in the presence of a S188I
polymorphism around the C-terminal part of h6 (66). The equivalent residue 188 in A3F-
CD2 is already isoleucine near the C-terminus of h6, away from the positively charged patch
around the N-terminus of h6. Hence, A3F-CD2, which shares ~80% sequence identity with
A3C, may also have a similar dimerization interface near the C-terminal end of h6 as in A3C
and rA3G-CD1. A hypothetical model can be made for A3F CD2 dimerization based on the
previously solved rA3G-CD1 dimer (32), which is categorized within the same Z2
hereditary domain class (Figure 7A). In this model, the angle between the two molecules is
about 90°. When the structure of one A3F-CD2 molecule with bound ssSDNA is
superimposed onto the rA3G-CD1 dimer structure, the positively charged patch of A3F-CD2
binds the 5" end of the DNA and guides the 3" end towards the active center of another
molecule (Figure 7B). In this model, the active-center loop 7 of the second molecule is right
next to the bound DNA, consistent with a previous report that loop 7 of A3F-CD2 is
involved in substrate binding (31).

Alternatively, the bound ssDNA on the positively charged surface may be flexible enough to
extend its target TC motif to the active center of the same A3F molecule, which is roughly
36 A away from the bound ssSDNA (or about the length of six nucleotides of ssDNA) (Figure
7C). In this model, the sSDNA could reach the active center by taking the shortest path over
h6 and then passing between loop 1 and loop 7, around which there are several positively
charged and hydrophobic residues that could interact with single stranded nucleic acids. A
similar path over h6 and between loop 1 and loop 7 has been proposed previously for
binding ssDNA (1,30). One common feature for both the aforementioned dimer model and
the monomer model is that the ssDNA substrate is captured by a positively charged surface
far away from the Zn-active center pocket, with the target C extended into the pocket. The
surface electrostatics analysis of A3F-CD2 shows the area right around the Zn-active center
pocket is surprisingly not highly positively charged (Supplement Figure 2). This feature is in
contrary to that of A3A and A3G-CD1, which both are highly positively charged right
around the Zn-active center pocket (Supplement Figure 2). This makes it a very interesting
question as to whether that is the reason for the prior success in obtaining the co-crystal
structures showing tightly bound ssDNA at the pocket of A3A (with a C) and A3G-CD1
(witha T) (32,60,61), but not bound at the pocket of A3F-CD2.
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The proposed positively-charged patch provides a substrate binding site that is specific to
A3F-CD2. This surface patch is in fact negatively charged in A3G-CD2. Interestingly, a
recent study of mass spectrometry of A3G peptides cross-linked to nucleic acids mapped
three spatially separated regions of A3G that cross-linked with DNA, one of which involved
A3G-CD2 residues 345-374 around h6 (46). These A3G-CD2 residues partly overlap with
the A3F-CD2 residues (333-358) located within its unique positively charged patch that
were shown to bind substrate sSSDNA. Without a structure of A3G-CD2 in complex with
sSDNA, it is not clear how A3G would bind ssDNA through the three different regions,
including the region around residues 345-373 in particular. Nevertheless, it does appear that
A3G lacks a surface with positive charge in this region, which may explain the difference in
strength of ssDNA binding and deamination activity observed for the individually expressed
A3F-CD2 and A3G-CD2 domains. In A3F, it has been shown that the CD2 domain alone
has easily detectable substrate binding and deamination, although the presence of its CD1
domain can enhance the strength of ssDNA binding as well as deamination activity by ~10
fold (31). On the contrary, in A3G, CD2 alone showed almost undetectable ssSDNA binding,
probably because it lacks this positively charged surface, and as such the CD1 domain for
A3G appears to be much more critical for substrate binding and further enhancing
deamination activity by ~1000 fold (30,38).

The structural and biochemical results reported herein may also imply that A3F can bind to
RNA and ssDNA differently, as A3F-CD2 appears to bind ssDNA stronger than RNA
(Figure 3, 4). Full-length A3F associates with RNA and has been shown to form higher-
order ribonucleoprotein (RNP) complexes (67). Thus, most RNA binding may be mediated
by the N-terminal non-catalytic CD1 domain, similar to A3G and A3B (49,68). In addition,
we observed the lack of zinc atoms coordinated within the active center of the crystal
structure, which is consistent with one previous report of an A3F-CD2 apo-structure that has
no zinc present (57), further confirming that at least for A3F-CD2, the zinc coordination is
not necessary in order to maintain a stable structure.

In summary, we solved a crystal structure of A3F-CD2 in complex with a 10 nt ssDNA
consisting of a poly-dT sequence, and thus revealing the detailed interactions of sSDNA
binding to an A3F-CD2-specific positively charged interface that is outside of the active
center pocket, and demonstrating that key residues within this positively charged surface
play a role not only in ssSDNA binding but also in deamination catalysis. These findings
provide novel insights about the interplay between APOBEC3F and DNA, and broaden
understandings of the molecular mechanisms of the APOBEC cytidine deaminase family.

Protein expression and purification

A wild-type hA3F-CD2 construct (residues 190-373) was cloned into a pGEX-6p-1 vector
with an N-terminal GST tag and PreScission cleavage site. Escherichia coli cells
transformed with the plasmid were grown in LB media (37 °C) until the measured OD600
reached 0.25. Then, the media with cells were transferred into 16 °C shaker until OD600
reached 0.6, and 0.2 mM IPTG was added for overnight induction. The harvested bacteria
cell pellets were resuspended in buffer | (25 mM Tris pH 8.0, 500 mM NaCl, 20 mM
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MgCI2, 1 mM DTT) with 0.1 mg mI~1 RNase A (Qiagen) and lysed via Microfluidizer.
After centrifugation (4 °C, 12,000 rpm, 45 min), the supernatant of the cell lysates was
incubated with GST resin for 2 hours, washed with buffer I, buffer 11 (50 mM Tris pH 8.0,
500 mM NaCl, 20 mM MgCl2, 0.5 mM TCEP) with a 500 mM, 1 M and 500 mM NaCl
gradient and RNase A (0.05 mg ml-1), and eluted with buffer 111 (25 mM Glutathione, 50
mM Tris pH 8.8, 500 mM NacCl, 0.5 mM TCEP). GST-hA3F-CD2 was applied to a
Superdex 200 gel filtration column (GE Healthcare) equilibrated with buffer II.
Concentrated GST-hA3F-CD2 were then pooled, concentrated, and cleaved by PreScission
protease in buffer. The cleaved hA3F-CD2 was then purified by SEC using a Superdex 75
gel filtration column at 4°C. The cleaved hA3F-CD2 showed two SEC elution peaks: a large
peak of oligomers in the void volume, and second peak that eluted at an estimated molecular
weight of 29 kDa. Protein in peak 2 was collected and concentrated for crystallization. A3F-
CD2 mutants were purified by the same methods, which showed very similar SEC behavior
as the wild-type.

Protein crystallization, data collection, structure determination and refinement

Purified hA3F-CD2 was concentrated to 5 mg ml~1 and incubated with 10 nt ssDNA poly-
dT (protein: ssSDNA=1:1.2) on ice for 1 hour for crystallization screening. Tiny rod-shape
crystals were obtained by sitting drop vapor-diffusion method in 0.1 M potassium chloride,
0.005 M Magnesium Sulfate, 0.05 M HEPES PH=7.0, 15%(v/v) MPD. Diffraction data was
collected from Advanced Photon Source 23-1D by 5 pm microbeam using the vector
method. Data sets were indexed, integrated and scaled using the HKL2000 program
package. The structure of hA3F-CD2 was determined by molecular replacement using
molrep (CCP4 suite) with A3F-CD2 (PDB: 3WUS) as the template. After the first round of
refinement, the poly-dT ssDNA was manually built in Coot based on the electron density.
The complex structure was further refined by PHENIX and checked in Coot manually. The
statistics for diffraction data and structural determination/refinement is shown in Table 1.

Deamination assay

A deamination assay was modified and expanded on from previous reports (69,70). Briefly,
the purified wild type hA3F-CD2 and mutants were incubated with 5”-FAM labeled 30 nt
ssDNA (5" ATT TAT ATT ATT TAT TCA TAT TTA TAT TTA 3’) in a buffer consisting of
100 mM HEPES pH 7.2, 100 mM NaCl (10 ul reaction volume), and incubated at 37 °C for
2 h, followed by a brief inactivation at 90 °C for 5 min. Two units of uracil-DNA
glycosylase was added to the reaction mixture, followed by incubation at 37 °C for 1 h. The
reaction mixture was then mixed with 100 mM NaOH and heated at 90 °C for 10 min. The
samples were then mixed with an equal volume of formamide and analyzed by 20%
acrylamide urea-denaturing PAGE. Data from three independent assays were fit using a
Michaelis-Menten model and the Km was calculated (Table 3). It should be noted that, since
the product formation for two of the mutants (Y333A and K352A/K355A/K358A) could not
reach saturation even when we used the maximum protein concentration obtained for these
two constructs, the values obtained for these two constructs should be approximate.
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Electrophoresis mobility shift assay (EMSA)

EMSA was completed as previously described(49). A3F-CD2 and mutants in combination
with the inactivating mutation E251A were incubated with 5"-FAM labeled 10 nt ssSDNA
with a poly-dT sequence, a 30 nt ssDNA (5" ATT TAT ATT ATT TAT TCA TAT TTA TAT
TTA 3") and a 50 nt RNA (AUU AUU AUU AUU UAU CCC UAU UUA UAU UUA UUG
UUA UUG UUA UUG UUA UA) on ice for 10 min, in a buffer condition of 60 mM Tris pH
8.0, 100 mM NaCl (10 pl reaction volume). The reaction mixture was then mixed with 2 pl
of 80% glycerol and analyzed by native PAGE. Un-shifted and shifted (including smears)
complex on the gel was carefully quantified. Because of the formation of different
oligomeric species when adding sSDNA/RNA to the purified A3F-CD2 in solution
(especially the longer oligonucleotides), the DNA binding data from this EMSA assay were
directly used to estimate Kd values for ssDNA/RNA binding. Because the DNA binding data
shows some degree of cooperativity for the A3F-CD2 WTi and some of the mutants with
different oligonucleotides, data from three independent assays were fitted by a non-linear
one site-specific binding model with Hill slope model and Kd values were calculated (Table
2).

Dynamic light scattering measurement of hA3F-CD2 alone and with 10 dT ssDNA

Dynamic light scattering (DLS) was used to measure the molecular weight of hA3F-CD2
with or without 10 dT ssDNA. DLS measurements were performed using a DynaPro Titan
(Wyatt Technology Corp.). The samples were centrifuged at 12,0009 at 4°C for 10 minutes
before making the measurements. The protein was not stable at room temperature, where the
DLS is normally used. We then lowered the temperature of the sample chamber to 8°C (the
lowest it can get to), which appeared to stabilize the protein. The data were collected with 30
acquisitions of 5 seconds each. The regularization analysis was used to analyze the data with
the software DYNAMICS 7.1.7.

Data availability

Atomic coordinates and structure factors for hA3F-CD2 in complex with 10 poly-dT ssDNA
have been deposited in the Protein Data Bank (PDB) with the accession codes 5W2M. Al
other data are available from the authors on reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The first co-crystal structure of sSDNA binding to APOBEC outside the Zn-

active center

Structure of wild-type CD2 domain of APOBEC3F (A3F) in complex with a
well-ordered 10 nt ssDNA, which is the longest ordered ssDNA visible in a
co-crystal structure with APOBEC.

A new nucleic acid binding surface of A3F-CD2 important for both sSDNA
and RNA binding.

A new binding surface distal to active center for substrate binding and for
catalytic activity of A3F-CD2
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Figure 1.
Crystal structure of A3F-CD2 in complex with a 10 nt poly-dT ssDNA. (A) The octameric

crystallographic packing of A3F-CD2 in complex with two copies of 10 nt poly-dT ssDNA
in one ASU. (B) Surface electrostatic potential of one 10 nt poly-dT ssDNA with four copies
of A3F-CD2 molecules, colored according to calculated electrostatic potential of accessible
surface area from =5 kT/e (red) to 5 kT/e (blue). The dashed circle represents the location of
a proposed active center pocket. (C, D) Zoomed-in views of the ssSDNA (orange)-A3F-CD2
interface. Y1, Y333 (green); Y2, Y359 (cyan); K1-3, K352, K355, K358 (magenta). (E) The
electron density map for the entire 10 nt poly dT ssDNA (top) with zoomed-in view
(bottom) from the co-crystal structure of A3F-CD2 bound to ssDNA, showing strong density
for the DNA. The 2FoFc map was drawn at 1.0 sigma level.
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Figure 2.

EMSA assay of A3F-CD2 and mutants binding to a 10 nt poly-dT ssDNA. The
quantification and fitted curves are shown in (A) and one set of representative gels from
three independent assays is shown in (B). Error bars were calculated in s.e.m.
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EMSA assay (A, B) and deamination assay (C, D) of A3F-CD2 and mutants with a 30 nt
substrate ssDNA. For the DNA binding assay, A3F-CD2 catalytic E251A mutant (WTi) and
the corresponding mutants were used to avoid complication of substrate turnover during
DNA binding, but the wild-type catalytic E251 residue was restored in the corresponding
mutants for the deamination assay. One set of representative gels from three independent
assays for the DNA binding assay is shown in (B) and for the deaminase assay shown in (D).
For the deaminase assay, the positions of the the 30 nt substrate sSSDNA and the 16 nt
deamination product ssDNA are indicated. Error bars were calculated in s.e.m. Deamination
curves were fitted with the Michaelis-Menten model (see Methods).
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Figure 4.
EMSA assay of A3F-CD2 and mutants binding to a 50 nt substrate RNA. The quantification

and fitted curves are shown in (A) and one set of representative gels from three independent
assays is shown in (B). Error bars were calculated in s.e.m.

J Mol Biol. Author manuscript; available in PMC 2019 January 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fang et al.

(lI i1}
—_—

A3F-CD2 195 K ..r\r(AY FTMEVVEH H[EP)
A3G-CD2 197 }‘ R”—N" W

Page 21

VERERVDP . .ETHC
FLC nPH<-{"F-EGR

B4

mm—bw_.

A3F-cD2 249 [EEI- ShF‘D'“' SN. ‘al@
A3G-cp2 257 [EN3 IPFWKEDLDQD
u-t u‘
Logannoonan

A3F-cD2 309 FdDTI:V GLR

S SQ S K "'I\D Ex
A3G-CD2 317 'JEI';:.FL 1S 5 "HDG"‘
a2
A3F-CD2 369 O E.oun
A3G-CD2 376 R QNQEN

Figure 5.

Sequence and structural comparison between A3F-CD2 and A3G-

electrostatic potential of A3F-CD2 (A) and A3G-CD2 (B), colore

rsﬂﬁEle i

.3_2_.(_4_2_‘_1_2_‘_&_2_2

KYNF LF|
DEHS DS GR

CD2. (A, B) Surface
d according to calculated

electrostatic potential of accessible surface area from =5 kT/e (red) to 5 kT/e (blue), as
calculated by APBS (http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/). (C) Sequence alignments
between A3F-CD2 and A3G-CD2. Depiction of secondary structural elements are shown
above the sequences. Yellow highlighted residues are shown in the structure to interact with
the poly-dT ssDNA and form an A3F-CD2 specific positively charged patch (A), which

corresponds to a negatively charged patch on A3G-CD2 (B). The
graphics were generated using ESPript.
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Figure 6.
The alternative Zn-coordination in the A3F-CD2-poly-dT structure. (A) The classic

intramolecular Zn-coordination within the active center of a wild-type A3F-CD2 structure
(B3WUS) (32). The Zn atom is drawn as a sphere (colored in grey), with three residues
coordinating the Zn atom (H249, C280, C283) drawn in sticks. (B) The non-canonical Zn-
coordination between two A3F-CD2 molecules is mediated by two histidines from loop 3 of
one molecule and one histidine from loop 2 of another. The Zn atom is located about 5 A
away from the canonical Zn position (indicated by a dotted sphere in purple). The histidine
(H249) that normally participates in the active center Zn coordination is also bound to this
Zn atom. (C) The deamination assay of two mutants of the coordinating histidine residues
that are observed to be involved in the inter-molecular Zn-coordination.
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Figure 7.
Hypothetical model of A3F-CD2 binding to a ssDNA at the positively charged patch as a

way of catching a substrate DNA. (A) The dimer structure of rA3G-CD1 (PDB ID 5K82)
(32) that dimerizes through the C-terminal end around hé. (B) A dimer model of A3F-CD2
based on the rA3G-CD1 dimer interface, with one copy of A3F-CD2 drawn as a charged
surface and the bound 10 nt poly-dT shown in orange. The Zn-active center (indicated by red
circle) of one molecule of the dimer is next to the sSDNA that has one end bound to the
positively charged surface of the neighboring A3F-CD2 molecule. (C) A model showing
how the bound ssDNA (colored in orange) interacting with the A3F-CD2 positively charged
patch located away from the active center can take a different direction (the ssDNA
backbone colored in purple) to extend to the active center of the same A3F-CD2. The path is
approximately 36 A in length, which would require about six nucleotides of ssSDNA (with a
conformation of roughly 6.3 A per nt). The active center Zn is indicated by a red circle.
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Table 1

Crystallographic data collection and refinement statistics
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A3F-CD2 + 10nt ssDNA

Data collection
Space group
Cell dimensions
a b cA)
a By A
Resolution (A)

Rsym or Rmerge

P1

68.194 108.489 108.549
79.602 71.798 71.750

50-3.70 (3.83-3.70) *
22.7 (94.5)

ol 47(1.1)
Completeness (%) 96.2 (85.7)
Redundancy 2.8(2.4)
Molecules per ASU 10
Refinement
Resolution (A) 50-3.70
No. reflections 28753
Riuord Riree 24.98/26.66
No. atoms 12926
Protein 12520
Ligand/ion 406
B-factors 107.9
Protein 107.6
Ligand/ion 121.9
R.m.s. deviations
Bond lengths (A)  0.006
Bond angles (°) 11
Ramachandran plot
Favored 81.2%
Allowed 16.1%
Outlier 2.7%

Structure was determined from a single crystal.

*
Highest-resolution shell is shown in parentheses.
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The ssDNA/RNA binding of A3F-CD2 mutants.

Table 2

A3F-CD2 (E251A)

K no extra mutation Y333A Y359A K352A/K355A/K358A
10 nt poly-dT 6.36+0.39 N.D 4.52+0.08 N.D.
30nt substrate sSDNA 1.27+0.16 8.92+0.89 | 1.17+0.08 N.D.
50 nt RNA 1.46+0.52 1.34+0.14 | 0.73+£0.13 N.D.

Page 25

Note: The binding affinity values (Kd) were estimated using native gel-shift assay (see Methods). N.D. indicates the value was difficult to be
determine/measured due to the near background binding activity shown on the gel-shift assay.
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Table 3

Comparison of the Km values of A3F-CD2 WT and mutants.

Km

WT A3F-CD2

Y333A

Y359A

K352A/K355A/K358A

30 nt substrate sSSDNA

0.43+0.01

24.22+87.07

0.88+0.13

8.99+8.10

Note: It should be noted that, since the product formed for two of the mutants (Y333A and K352A/K355A/K358A) could not reach saturation even
when we used the maximum protein concentration obtained for these two constructs, the values obtained for these two constructs should be

approximate.
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