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Abstract

APOBEC3A (A3A) inhibits the replication of a range of viruses and transposons and might also 

play a role in carcinogenesis. It is a single-domain deaminase enzyme that interacts with single-

stranded DNA (ssDNA) and converts cytidines to uridines within specific trinucleotide contexts. 

Although there is abundant information that describes the potential biological activities of A3A, 

the interplay between binding ssDNA and sequence-specific deaminase activity remains 

controversial. Using a single-molecule atomic force microscopy spectroscopy approach developed 

by Shlyakhtenko et al. [(2015) Sci. Rep. 5, 15648], we determine the stability of A3A in complex 

with different ssDNA sequences. We found that the strength of the complex is sequence-

dependent, with more stable complexes formed with deaminase-specific sequences. A correlation 

between the deaminase activity of A3A and the complex strength was identified. The ssDNA 

binding properties of A3A and those for A3G are also compared and discussed.
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APOBEC3A (A3A) belongs to a family of single-stranded DNA (ssDNA) cytidine 

deaminases that inhibit the activity of a diverse number of retrotransposons1–3 and 

retroviruses4–8 and might also play a role in cancer.9 There are seven members of the 

APOBEC3 family in humans. A3A, A3C, and A3H have only one Zn-binding deaminase 

domain capable of converting cytidine into uridine in ssDNA.10 Unlike other single-domain 

family members, A3A has the unique capability to deaminate 5′-methyl cytidine into 

thymidine in ssDNA.2,11,12 Recently, both nuclear magnetic resonance (NMR) and crystal 

structures of A3A have been determined, and surfaces important for binding and deaminase 

activity have been identified.10,13

The relationship between A3A ssDNA binding and catalytic activities has been 

discussed.5,13 One study indicated that A3A binds and deaminates ssDNA substrates in a 

length-dependent manner, with the minimum being six to nine nucleotides.13 The same 

study indicated that the efficiency of binding of A3A to ssDNA increased with substrate 

length. However, higher concentrations of A3A were needed to achieve full deamination of 

longer targets. At the same time, several catalytically inactive A3A mutants still retained 

efficient ssDNA binding activity, suggesting that these two activities are separable. A 

considerable amount is known about the biophysical and biochemical properties of A3A, 

including binding specificity and deaminase activity;3,5,10,13 however, little is known about 

how different ssDNA sequences affect complex stability. This paper addresses this topic and 

particularly how deaminase-specific and nonspecific sequences affect the strength of A3A–

ssDNA complexes.

To accomplish this goal, we applied a single-molecule atomic force spectroscopy (SMFS) 

technique, which has been widely used for the study of the protein–protein and protein–

DNA interactions (see the recent review in ref 14 and references cited therein). We utilized 

SMFS to directly measure the strength of A3A–ssDNA complexes, based on the approach 

recently developed to study complexes of A3G with ssDNA.15 Our analysis of three 

different ssDNA targets revealed that A3A–ssDNA complexes are sequence-dependent, 

forming stronger complexes with deaminase-specific ssDNA targets than non-specific ones.

 MATERIALS AND METHODS

 DNA Preparation

Three 69-nucleotide ssDNA substrates with thiol attached to the 5′ end were used in this 

study: deaminase-specific sequence 1, 

5′TACGTGTAGGAATTATATTAAAGAGAAAGTGATTTCATTTGAATGAATTTCATTTT
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GTTAGAATTGTTA3′; deaminase-specific sequence 2, 

5′TACGTGTAGGAATTATATTAAAGAGAAAGTGAAACCCAAAGAATGAAAACCCAA

ATGTTAGAATTGTTA3′; nonspecific sequence 3, 

5′TACGTGTAGGAATTATATTAAAGAGAAAGTGAAAAGAAGAGAATGAAAAAGAA

GATGTTAGAATTGTA3′. Deaminase sites are underlined. All 5′-thiol-modified 69-

nucleotide sequences were obtained from Integrated DNA Technologies, Inc. (Coralville, 

IA).

 Protein Purification

Detailed procedures for A3A purification and ssDNA deamination activity quantification 

have been described previously.16,17

 A3A Preparation

For force spectroscopy experiments, imidazole was removed from the protein’s storage 

buffer by dialyzing the protein with Slide-A-Lyzer dialysis cassettes (3.5K molecular weight 

cutoff, Thermo Fisher). The protein was dialyzed into 50 mM Tris-HCl (pH 8.0), 300 mM 

NaCl, 0.1% Triton X-100, and 10% glycerol buffer.

 A3A-Cys Preparation

A3A cysteines C64 and C171 were identified as surface cysteines based on NMR data10 and 

were replaced with two alanines by site-directed mutagenesis in the pcDNA3.1-A3Ai-

mycHis plasmid.18 An extra cysteine codon TGC was introduced into the 3′ end of six-His 

codons by overlap extension polymerase chain reaction. The encoded recombinant A3A-2A-

mycHisCys (A3A-Cys), with cysteine at the C-terminus, was purified as described above.

 Single-Molecule Force Spectroscopy (SMFS)

 Tip Modification: Covalent Attachment at the N-Terminus of A3A—The details 

of AFM probe functionalization have been described in refs 19 and 20 and recently in ref 15. 

Briefly, the AFM probe (MSNL, Bruker, Santa Barbara, CA) was cleaned with methanol 

followed by UV irradiation for 1 h. The cleaned AFM probe was amino-functionalized with 

an APS solution.21 Then, the amino-functionalized AFM probe was incubated with 2 mM 

bifunctional linker SVA-PEG-SVA (MW = 3400; Laysan Bio Inc., Arab, AL) in a dimethyl 

sulfoxide (DMSO) solution for 3 h. The probe was washed with PBS buffer (pH 7.8), 

immersed in a 5 nM A3A solution, and left overnight. Before the experiment, 1 M Tris-HCl 

buffer (pH 7.4) was used to wash out the excess nonbound protein and to block nonreacted 

NHS groups on the surface of the probe. Finally, the probe was immersed in a probing buffer 

containing 50 mM HEPES (pH 7.4), 100 mM NaCl, 5 mM MgCl2, and 1 mM dithiothreitol 

(DTT).

 Tip Modification: Covalent Attachment of A3A-cys at the C-Terminus—After 

the steps described above, the amino-functionalized AFM probe was incubated with 500 μM 

bifunctional SVA-PEG-MAL linker (MW = 3400; Laysan Bio Inc.) in a DMSO solution for 

3 h. The probe was then washed with PBS buffer (pH 7.1) to remove DMSO and incubated 

overnight with 5 nM A3A-cys. The A3A-cys-immobilized probe was washed and left in the 
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probing buffer. A3A-cys was treated with DTT to disrupt possible disulfide bonds. An ethyl 

acetate extraction method was used to remove DTT, as described in the protocol from 

Integrated DNA Technologies, Inc.

 Surface Modification

This procedure was described previously.15,19,20,22 Briefly, the freshly cleaved mica surface 

was amino-functionalized with APS as described previously.15,21 Then, the amino-

functionalized mica surface was coated with maleimide groups by treating the surface with 

500 μM sulfo-GMBS [GMBS, N-y-maleimidobutyryl-oxysulfosucciminide ester (Thermo 

Fisher Scientific Inc., Waltham, MA)] in DMSO for 3 h. Then, the surface was washed with 

PBS buffer (pH 7.1) and incubated overnight with 30 μM 5′-thiol-modified 69-nucleotide 

oligonucleotides that were treated with DTT followed by an ethyl acetate extraction as 

described above. After the samples had been washed, the functionalized surface was 

immersed in probing buffer.

 Single-Molecule Force Spectroscopy Experiments

They were conducted on the MFP3D instrument (Asylum Research, Santa Barbara, CA). 

The spring constant of the functionalized AFM probe (MSNL from Bruker) was measured 

using the thermal noise method and was in the range of 20–40 pN/nm. The force distance 

curves for interactions between ssDNA covalently attached to the surface through thiol 

groups at the 5′ end of ssDNA and A3A covalently attached via the N-terminus or C-

terminus were recorded at room temperature in probing buffer. The parameters for the force 

spectroscopy experiments were set as follows: trigger force at contact, 100 pN; dwell time, 

0.5 s; approach rate, 500 nm/s. The pulling velocity was varied in the range of 100–3000 

nm/s.

 Single-Molecule Force Spectroscopy Data Analysis

The selected specific individual rupture force events defined by the position of the rupture 

event corresponding to the tether lengths were analyzed using the Worm-Like Chain (WLC) 

approximation from Igor Pro 6.31 analysis software (Asylum Research), as described 

previously.15 Briefly, the force–distance (F–D) curves were fitted with the Worm-Like Chain 

(WLC) model using the following formula:

(1)

where F(x) is the force at distance x, kB is the Boltzmann constant, T is the absolute 

temperature, and Lp and Lc are the persistence length and the contour length, respectively. 

The persistence length was allowed to vary because of the existence of two flexible linkers: 

the PEG linker from the functionalized AFM probe and the ssDNA from the surface. Each 

experiment, consisting of hundreds of specific force–distance curves fitted with WLC, 

allowed us to determine rupture forces (F), persistence lengths (Lp), and contour lengths 

(Lc). The rupture forces and contour length distributions were assembled into histograms 

and fitted with Gaussian using Origin version 8.5 (Origin Lab, Northampton, MA).
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 RESULTS

In the AFM force spectroscopy approach, as described in ref 15 and schematically shown in 

Figure 1, ssDNA covalently attached to the surface is probed by A3A immobilized on the 

AFM probe via a flexible tether (see Materials and Methods for specifics). The tether (PEG 

linker) provides A3A with orientational freedom for interacting with ssDNA. A3A initially 

is far from the ssDNA target (A) and then forms a complex with ssDNA when the probe 

approaches the surface (B). During the pulling stage (C), both PEG attached on the AFM 

probe and the ssDNA stretch, followed by rupture of the complex (D). Therefore, the rupture 

length defined by tether stretching is a characteristic feature of the specific rupture event. A 

typical overlay of multiple rupture force events is shown in Figure 2. The majority of the 

events are assembled around a single, characteristic rupture length, indicated with an arrow.

More than 1000 events were collected for each pulling rate, with an average yield of specific 

events of around 3–5%. The specificity of the interaction between A3A on the probe and 

ssDNA on the surface was verified by control experiments. In one control experiment, the 

functionalized mica surface without ssDNA attached was probed with A3A protein tethered 

to the AFM probe. The number of rupture events was less than 1%, with an estimated 

contour length of ~25 nm, as expected for a nonspecific interaction of PEG-A3A with the 

functionalized surface. In a second control experiment, the functionalized AFM tip without 

A3A protein (PEG only) was used to probe the interaction with ssDNA tethered to the mica 

surface. The yield of rupture events was only around 0.1%, which indicates that there are no 

specific interactions between ssDNA on the surface and the PEG linker attached to the 

probe.

The rupture events were analyzed in the framework of WLC approximation, as described in 

Materials and Methods, which allowed us to determine two major parameters of force 

spectroscopy data: rupture force (F) and contour length (Lc). Figure 3 shows distributions of 

rupture forces for interactions of A3A with two deaminase-specific sequences (A and B) and 

a nonspecific sequence (C). The data corresponding to the major part of the histogram were 

fitted to a Gaussian curve, and the maxima of the rupture forces were 75.8 ± 3.7 pN for 

deaminase-specific sequence 1, 70.5 ± 3.9 pN for deaminase-specific sequence 2, and 62.1 

± 5.9 pN for nonspecific sequence 3. These data clearly demonstrate the larger rupture force 

between A3A and a deaminase-specific sequence (75.8 ± 3.7 pN) compared to that of a 

nonspecific one (62.1 ± 5.9 pN). Statistically, these two values are substantially different, as 

the independent t test at 0.05 levels shows p ≪ 0.05. Note that when dynamic force 

spectroscopy is applied this difference becomes even more obvious. Indeed, Figure S1 of the 

Supporting Information shows the dependence of rupture forces F (piconewtons) on 

different loading rates ALR (piconewtons per second) for A3A in complex with sequence 1 

(plot A) and sequence 3 (plot B). These data clearly demonstrate that the difference in 

rupture forces monotonously increases with loading rate. Altogether, these results indicate 

that the stability of the A3A–ssDNA complexes is sequence-dependent and the deaminase-

specific sequence makes the most stable complex.

Figure 4 shows the histogram for the distributions of contour lengths (Lc). All histograms 

are fitted to Gaussian curves, and the maxima are 43.0 ± 1.1, 46.4 ± 0.5, and 45 ± 0.7 nm for 
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sequences 1–3, respectively. These results indicate that rupture positions of A3A complexes 

are close.

A similar set of data were obtained for the A3A-cys mutant that was attached to the AFM 

probe via cysteine located at the C-terminus. This mutant was obtained by replacing C64 

and C171 with alanine residues, and an extra cysteine was added to the C-terminus10 (see 

details in Materials and Methods). A PEG linker, with the same length as in the case of N-

terminal attachment, was used to provide orientational freedom to the protein during its 

interaction with the ssDNA target on the surface. The analysis of the data was performed in 

the same way that is described above. The force and contour length distributions are shown 

in Figures 5 and 6, respectively. As seen in Figure 5A, the histogram for the rupture force 

distribution for the interaction of A3A-cys with deaminase-specific sequence 2 fitted to a 

Gaussian curve has a maximum of 58.1 ± 6.1 pN (panel A). Nonspecific sequence 3 (panel 

B) produces a distribution with a maximum of 39.8 ± 1.9 pN. These data show that similar 

to the A3A data set, the interaction of A3A-cys is stronger with a specific sequence than 

with a nonspecific sequence, although the difference between forces is larger.

The data for the contour length distribution for A3A-cys are shown in Figure 6. The 

Gaussian distributions have maxima at an Lc of 46.3 ± 1.2 nm for deaminase-specific 

sequence 2 and at an Lc of 43.8 ± 1.1 nm for nonspecific sequence 3, which are similar in 

value.

 DISCUSSION

 Effect of DNA Sequence on the Stability of Complexes with A3A and A3A-cys

The results mentioned above indicate that the stability of A3A complexes is sequence-

specific. The data in the first column of Table 1 represent the values of the rupture forces for 

complexes between A3A and deaminase-specific and nonspecific sequences. The highest 

force was observed for A3A interacting with deaminase-specific sequence 1, while the 

lowest force was observed for interactions with nonspecific sequence 3. The difference in 

strengths of the A3A complexes formed with sequences 1 and 2 is consistent with data from 

prior studies,10,13 in which A3A appeared to bind slightly tighter to TTCA (sequence 1) than 

to CCCA (sequence 2). Taken together with these prior reports, our studies indicate that 

hydrophobic interactions may contribute to the specific binding of A3A to preferred ssDNA 

substrates. The same sequence-specific trend was obtained for the A3A-cys mutant, which 

showed higher rupture forces for complexes with deaminase-specific sequence 2 in 

comparison to nonspecific sequence 3.

 Correlations between ssDNA Deaminase Activity and A3A–ssDNA Complex Stability

The data in Figure S2 of the Supporting Information show the deamination activity of A3A 

compared to that of the A3A-cys mutant. Although both A3A and A3A-cys reach a plateau, 

A3A fully deaminates the ssDNA substrate at a protein concentration approximately 3-fold 

lower than that of A3A-cys (i.e., wild-type A3A is 3-fold more active). As seen in Table 1, 

the maximal rupture forces for protein–DNA (sequence 2) complexes are larger for A3A 

(70.5 ± 3.9 pN) than for the A3A-cys mutant (58.1 ± 6.1 pN). A3A-cys was made by 
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substituting cysteine at position 64 with alanine. According to prior studies,13 residues 57–

70 in loop 3 show conformational changes when bound to ssDNA but are not thought to be 

involved directly in binding ssDNA. Thus, the cysteine to alanine substitution in position 64 

may change the structure of loop 3 and indirectly change the potential of interaction of A3A 

with ssDNA, leading to deceleration of the deaminase reaction for A3A-cys.

A comparison of the A3A complex strength with deaminase-specific sequences 1 and 2 

indicates a correlation between complex stability and deaminase activity. Indeed, our 

observation of a small difference in the strength of A3A complexes with sequences 1 and 2 

is consistent with data presented in refs 10 and 13 that showed that the deaminase activity of 

A3A bound to TTCA (sequence 1) was slightly more efficient than that of A3A bound to 

CCCA (sequence 2).

It is important to compare the force spectroscopy and deamination activity data for A3A and 

A3G proteins. According to prior studies,11 A3A is at least 10-fold more efficient as an 

enzyme than A3G. We have shown recently15 that the rupture force for A3G is around 54.3 

± 2.9 pN, which is considerably lower than the value of 75.8 ± 3.7 pN obtained for A3A. 

These data suggest that the higher deaminase activity of A3A may be attributable to stronger 

interactions with ssDNA substrates.

The probing experiments with A3A and A3A-cys show only one maximum in the contour 

length distribution, contrary to the case for A3G, which had two distinct maxima on the 

contour length distribution.15 This suggests that unlike the two-Zn-coordinating domain 

enzyme, A3G, the one-domain A3A has a single binding mode with ssDNA. Moreover, the 

similar Lc values for A3A and A3A-cys indicate that this mode is independent of the type of 

attachment of A3A to the probe because both the C- and N-terminal attachments have 

identical Lc positions.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

 Acknowledgments

This work was supported by National Institute of General Medical Sciences Grants GM091743 to R.S.H. and 
Y.L.L. and GM118006 to Y.L.L. R.S.H. is an Investigator of the Howard Hughes Medical Institute.

 ABBREVIATIONS

A3A and APOBEC3A apolipoprotein B editing catalytic subunit-like 3A

ssDNA single-stranded DNA

APS 1-(3-aminopropyl)silatrane

SMFS single-molecule force spectroscopy

SEM standard error of the mean
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Figure 1. 
Schematic representation of the experimental setup. Protein is covalently attached to the 

AFM probe via a PEG tether (red), and ssDNA (green) is covalently attached at the 5′ end to 

the functionalized mica surface. (A) Initial position, where A3A and ssDNA are far from 

forming a complex. (B) As the probe approaches the surface, A3A captures ssDNA and 

forms a complex. (C) Retraction step causing stretching of the PEG tether and ssDNA. (D) 

Rupture of the complex.

Shlyakhtenko et al. Page 10

Biochemistry. Author manuscript; available in PMC 2016 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
AFM spectroscopy experiments for probing interactions of A3A with ssDNA. An overlay of 

more than 100 force rupture events. The arrow points to the rupture event signature for the 

A3A complex with the 69-nucleotide ssDNA deaminase-specific sequence (arrow).
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Figure 3. 
Quantitative analysis of the force spectroscopy data for rupture forces (F) obtained from 

probing events of specific and nonspecific sequences. Histograms for the rupture force 

distributions are approximations with a single Gaussian, and the parameters of the fit are 

shown in the boxes with the SEM indicated: (A) complex of A3A with specific sequence 1, 

(B) complex of A3A with specific sequence 2, and (C) complex of A3A with nonspecific 

sequence 3.
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Figure 4. 
Quantitative analysis of contour lengths (Lc) obtained from force spectroscopy data for 

probing events of specific and nonspecific sequences. Histograms for the contour length 

distributions are approximations with a single Gaussian, and the parameters of the fit are 

shown in the boxes with the SEM indicated: (A) complex of A3A with specific sequence 1, 

(B) complex of A3A with specific sequence 2, and (C) complex of A3A with nonspecific 

sequence 3.
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Figure 5. 
Quantitative analysis of the force spectroscopy data for rupture forces (F) obtained from 

probing A3A-cys complexes interacting with specific and nonspecific sequences. 

Histograms for the rupture force distributions are approximations with a single Gaussian, 

and the parameters of the fit are shown in the boxes with the SEM indicated: complexes of 

A3A-cys with (A) specific sequence 2 and (B) nonspecific sequence 3.
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Figure 6. 
Quantitative analysis of contour lengths (Lc) obtained from force spectroscopy data for 

probing A3A-cys complexes interacting with specific and nonspecific sequences. 

Histograms for the contour length distributions are approximations with a single Gaussian, 

and the parameters of the fit are shown in the boxes with the SEM indicated: complex of 

A3A-cys with (A) specific sequence 2 and (B) nonspecific sequence 3.
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Table 1

Summary of the Force Spectroscopy Data Analysis

Protein ssDNA sequence force (pN)a contour length Lc (nm)b

A3A deaminas-specific sequence 1 75.8 ± 3.7 43.0 ± 1.1

A3A deaminas-specific sequence 2 70.5 ± 3.9 46.4 ± 0.5

A3A nonspecific sequence 3 62.1 ± 5.9 45.6 ± 0.7

A3A-cys deaminase-specific sequence 2 58.1 ± 6.1 46.3 ± 1.1

A3A-cys nonspecific sequence 3 39.8 ± 1.9 43.8 ± 1.1

a
Maximal rupture force values obtained from a Gaussian fit.

b
Maximal contour length values obtained from a Gaussian fit.
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